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He taught physics at Valkenburg, a Jesuit 
University from 1904 to 1914 and 1918-1935.

https://en.wikipedia.org/wiki/Valkenburg_aan_de_Geul
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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  
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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 rume n 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  24  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 changes 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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CAN
Committee for
Astroparticle
Physics in
the Netherlands 

Strategic plan for
Astroparticle Physics 
in the Netherlands

2014–2024

March 2014

http://www.astroparticlephysics.nl

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

4

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

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

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

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

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

Auger
KMNeT

CTA
XENONT

Virgo

Einstein Telscope GRAND GCOS

http://www.astroparticlephysics.nl/papers/astro-roadmap-2014-2024.pdf
http://www.astroparticlephysics.nl
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~25000 students

5886 FTE staff
3343 FTE academic staff
  350 FTE professors

Faculty of Arts
Faculty of Law
Radboud University Medical Centre
Nijmegen School of Management
Faculty of Philosophy, Theology and Religious Studies
Faculty of Social Sciences  
Faculty of Science

Institute for Mathematics, Particle Physics and Astrophysics (IMAPP)
 Department of High Energy Physics
 Department of Astrophysics Astroparticle physics}
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Solar Orbiter

Taking the closest ever images of the Sun, 
observing the solar wind and the Sun’s polar 
regions like never before, unravelling the 
mysteries of the solar cycle

https://www.esa.int/Science_Exploration/Space_Science/Solar_Orbiter
https://www.esa.int/Science_Exploration/Space_Science/Solar_Orbiter/Solar_Orbiter_s_first_images_reveal_campfires_on_the_Sun
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Extreme solar events

Edward W. Cliver1,2 • Carolus J. Schrijver1 • Kazunari Shibata3,4 •

Ilya G. Usoskin5

Received: 12 January 2021 / Accepted: 12 January 2022
! The Author(s) 2022

Abstract
We trace the evolution of research on extreme solar and solar-terrestrial events from the
1859Carrington event to the rapid development of the last twenty years. Our focus is on
the largest observed/inferred/theoretical cases of sunspot groups, flares on the Sun and
Sun-like stars, coronalmass ejections, solar proton events, and geomagnetic storms. The
reviewed studies are based on modern observations, historical or long-term data
including the auroral and cosmogenic radionuclide record, and Kepler observations of
Sun-like stars. We compile a table of 100- and 1000-year events based on occurrence
frequency distributions for the space weather phenomena listed above. Questions
considered include the Sun-like nature of superflare stars and the existence of impactful
but unpredictable solar ‘‘black swans’’ and extreme ‘‘dragonking’’ solar phenomena that
can involve different physics from that operating in events which are merely large.

Keywords Sun ! Superflare stars ! Solar flares ! Coronal mass ejections !
Geomagnetic storms ! Solar energetic particle events ! Extreme solar
activity
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The strongest evidence that a flare-resident acceleration process can contribute to
the proton events observed in space is provided by remote gamma-ray observations
of eruptive flares. Forrest and Chupp (1983) provided the first such evidence—
prompt 4–8 MeV gamma ray line emission observed by the Gamma-ray
Spectrometer (Forrest et al. 1980) on the Solar Maximum Mission (SMM; Bohlin
et al. 1980) during the impulsive phases of flares on 7 and 21 June 1980, requiring
the rapid (within seconds) acceleration of protons to tens of MeV. Subsequently,
Forrest et al. (1986) and Chupp et al. (1987) reported pion-decay emission during
the impulsive phase of a flare on 3 June 1982, indicating proton acceleration
to[ 300 MeV. More recently, from Fermi Large Area Telescope (LAT; Atwood
et al. 2009) c-ray observations of the impulsive 12 June 2010 flare, Ackermann et al.
(2012) determined that the bulk of the[ 100 MeV protons were accelerated with a
delay of *10 s from the[ 300 keV electrons. So there is little doubt that protons
can be accelerated to high energies by a flare-resident acceleration process. The
question is: Can enough escape to make a significant contribution to the high-energy
SEP events observed in space?

Fig. 44 Standard CSHKP-type model for eruptive flares showing the flare-resident particle acceleration
site at an X-type reconnection point above the flare loops and below the disconnected CME (over time,
the X-point will develop into a neutral current sheet between the flare loops and the CME) and CME-
driven shocks (quasi-parallel and quasi-perpendicular). Image adapted from Cliver et al. (2004)
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Extreme solar events Page 79 of 143 ����2�

100-year (1000-year) events are 4.4 9 1033 erg (1034 erg) based on the modified
exponential function. The most energetic LASCO CME occurred on 9 September
2005 (4.2 9 1033 erg; mass = 1.6 9 1017 g; speed = 2257 km s-1; W67).

Fig. 35 CME observed on 28 October 2003 during the Halloween storms (Gopalswamy et al. 2005a, b;
Webb and Allen 2004). The measured linear speed was 2,459 km s-1 versus an average CME speed
of * 450 km s-1. The CME was associated with both an extreme geomagnetic storm and a severe solar
proton event (G5 and S4, respectively on the NOAA Space Weather Scales (http://www.swpc.noaa.gov/
noaa-scales-explanation). (LASCO CME image and Extreme-ultraviolet Imaging Telescope (EIT;
Delaboudinière et al. 1995) image of solar disk. Image reproduced with permission from https://sci.esa.
int/web/soho/-/47806-lasco-c2-image-of-a-cme, copyright by ESA & NASA

Fig. 36 a Downward cumulative distribution (left hand axis) of the number of CMEs from January 1996
to March 2016 with speeds greater than a given value V (black diamond and red circle data points). This
annualized distribution (right hand axis) is fitted with a modified exponential function (solid blue line)
and power-law (dashed red line; for the tail of the distribution (red circle data points) to give the
corresponding annual occurrence frequency distribution (OFD). The fit equations and parameters are
given in the figure panel. b Same as a for CME kinetic energies (E) from 1996 to 2015. Image adapted
from Gopalswamy (2018)
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https://link.springer.com/content/pdf/10.1007/s41116-022-00033-8.pdf
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Article

Detection of a particle shower at the Glashow 
resonance with IceCube

The IceCube Collaboration*

The Glashow resonance describes the resonant formation of a W− boson during the 
interaction of a high-energy electron antineutrino with an electron1, peaking at an 
antineutrino energy of 6.3 petaelectronvolts (PeV) in the rest frame of the electron. 
Whereas this energy scale is out of reach for currently operating and future planned 
particle accelerators, natural astrophysical phenomena are expected to produce 
antineutrinos with energies beyond the PeV scale. Here we report the detection by the 
IceCube neutrino observatory of a cascade of high-energy particles (a particle 
shower) consistent with being created at the Glashow resonance. A shower with an 
energy of 6.05 ± 0.72 PeV (determined from Cherenkov radiation in the Antarctic Ice 
Sheet) was measured. Features consistent with the production of secondary muons in 
the particle shower indicate the hadronic decay of a resonant W− boson, con"rm that 
the source is astrophysical and provide improved directional localization. The 
evidence of the Glashow resonance suggests the presence of electron antineutrinos in 
the astrophysical #ux, while also providing further validation of the standard model 
of particle physics. Its unique signature indicates a method of distinguishing 
neutrinos from antineutrinos, thus providing a way to identify astronomical 
accelerators that produce neutrinos via hadronuclear or photohadronic interactions, 
with or without strong magnetic "elds. As such, knowledge of both the #avour (that is, 
electron, muon or tau neutrinos) and charge (neutrino or antineutrino) will facilitate 
the advancement of neutrino astronomy.

In this Article we present a search for very-high-energy astrophysical 
neutrinos with IceCube. One event was found with a visible energy of 
6.05 ± 0.72 PeV. Given its energy and direction, it is classified as an astro-
physical neutrino at the 5σ level. Furthermore, data collected by the 
sensors closest to the interaction point, as well as the measured energy, 
are consistent with the hadronic decay of a W− boson produced on the 
Glashow resonance. Taking into account only the detector’s energy 
resolution, the probability that the event is produced off-resonance by 
deep inelastic scattering is 0.01 assuming the best-fit flux from ref. 2.  
The neutrino energy is inferred to be about 6.3 PeV by correcting the 
visible energy for shower particles that do not radiate.

Neutrinos are fundamental particles that couple to matter only via 
W± or Z0 boson exchange. As such, they are uniquely suitable messen-
gers to study high-energy particle accelerators in the Universe because 
they can escape dense media surrounding the production region with-
out interaction and travel to Earth without being deflected by magnetic 
fields. In the interaction of electron antineutrinos (νe) with electrons, 
the standard model predicts the s-channel production of a W− boson. 
For a centre-of-mass energy s M= = 80.38 GeVW  (the mass of the W−), 
the cross-section becomes resonantly enhanced1. The standard model 
cross-section, σ(s), for the process ν e W X+ → →e

− −  is:

σ s π Γ B
s M

s M Γ M
( ) = 24

/
( − ) +

(1)W W ν e
W

W W W

2
→ +

2

2 2 2 2e
− −

where ΓW = 2.09 GeV is the W− decay width and BW ν e→ +e
− − its branching 

ratio for the indicated channel3,4. It is clear from equation (1) that σ(s) 
is maximal when s M= W

2 . In the electron (mass me = 0.511 MeV) rest frame, 
the resonance energy is E M m= /(2 ) = 6.32PeVW eR

2 .
The resonance energy lies beyond the reach of terrestrial accelera-

tors, but not astrophysical sources of neutrinos. Additionally, since 
the Glashow resonance is expected to occur for νe, it is a unique probe 
of the production mechanism. Neutrinos are expected to be produced 
in the interaction of high-energy cosmic rays (typically protons) with 
matter or ambient radiation. In the simplest proton–photon (pγ) inter-
action source model, without multi-pion production, the ratio 
ν ν: = 1 : 3.5e e  at Earth3. If, however, there is also a strong magnetic field, 
B ≥ (0.033 T) × η/(1 + z), where z is redshift and η is the Lorentz boost of 
the source, synchrotron losses start to dominate over muon decay. 
This prevents the creation of νe, which results in a near-zero ν ν:e e ratio 
at Earth3,5. In the proton–proton (pp) interaction source model, in which 
cosmic rays interact with the background gas to generate an approxi-
mately equal mixture of π0, π− and π+, one expects the ratio ν ν: = 1 : 1e e  
at Earth. A statistically significant measurement of the Glashow reso-
nance event rate thus directly probes the antineutrino fraction and 
helps to constrain the neutrino production mechanism(s).

As the flux of astrophysical neutrinos drops off following a power 
law in energy6 and its intensity is bounded by cosmic-ray observa-
tions7, a large-volume detector is needed to detect PeV neutrinos. 
The IceCube neutrino observatory, situated at the geographic South 
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measurement of the differential neutrino energy spectrum to 6.3 PeV, 
while 68% upper limits are shown for the lower and upper energy 
bins. Arguments based on energetics25 and astrophysical unification 
models26–30 suggest a common origin of diffuse γ-rays, high-energy 
neutrinos and ultra-high-energy cosmic rays. A precise measurement 
of the cosmic neutrino flux at the Glashow resonance energy would 
be able to test these predictions, and possibly uncover the origins of 
ultra-high-energy cosmic rays if the sources can be identified directly 
via multimessenger observations.

Although the present results focus on just one event, the techniques 
developed here have implications for the future direction of neutrino 
astrophysics. For example, the idealized pγ muon damped model of 
neutrino production is already inconsistent with the result presented 
here of a likely Glashow resonance because such sources produce no 
electron antineutrinos. With just one event, pp source models cannot be 
constrained, but the planned IceCube-Gen2 experiment19 will increase 
the instrumented volume by an order of magnitude. The statistics col-
lected by such a detector should allow us to differentiate between pp 
and idealized pγ models at a high significance level.

In more realistic source models31, multi-pion production in pγ sources 
generates antineutrinos and the ν ν:e e  ratio depends on the photon 
density, the mass composition of cosmic rays and also the magnetic 
field strength of the source. In such cases, a multi-messenger campaign 
to detect the sources of future Glashow resonance candidates could 
help determine their production mechanisms. Using the hybrid  
(early muon and cascade reconstruction) approach could reduce the 
angular uncertainty by a factor of about 5, and, as this technique shows, 
an uncertainty of about 68 deg2 at 90% containment is possible for 
hadronic cascades. In the near future, such techniques would greatly 
aid searches for multimessenger counterparts in real time.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-021-03256-1.

1. Glashow, S. L. Resonant scattering of antineutrinos. Phys. Rev. 118, 316–317 (1960).
2. Mohrmann, L. Update of a combined analysis of the high-energy cosmic neutrino flux at 

the IceCube detector. In Proc. 34th Int. Cosmic Ray Conf. (ICRC 2015) 1066 (Proceedings 
of Science, 2016).

3. Barger, V. et al. Glashow resonance as a window into cosmic neutrino sources. Phys. Rev. 
D 90, 121301 (2014).

4. Zyla, P. A. et al. Review of particle physics. Prog. Theor. Exp. Phys. 2020, 083C01 
(2020).

5. Kashti, T. & Waxman, E. Flavoring astrophysical neutrinos: flavor ratios depend on energy. 
Phys. Rev. Lett. 95, 181101 (2005).

6. Bell, A. R. The acceleration of cosmic rays in shock fronts. I. Mon. Not. R. Astron. Soc. 182, 
147–156 (1978).

7. Waxman, E. & Bahcall, J. N. High-energy neutrinos from astrophysical sources: an upper 
bound. Phys. Rev. D 59, 023002 (1998).

8. Aartsen, M. G. et al. The IceCube Neutrino Observatory: instrumentation and online 
systems. J. Instrum. 12, P03012 (2017).

9. Chirkin, D. Event reconstruction in IceCube based on direct event re-simulation. In Proc. 
33rd Int. Cosmic Ray Conf. (ICRC2013) 0581 (2013).

10. Aartsen, M. G. et al. Energy reconstruction methods in the IceCube neutrino telescope.  
J. Instrum. 9, P03009 (2014).

11. Abbasi, R. et al. The IceCube data acquisition system: signal capture, digitization, and 
timestamping. Nucl. Instrum. Methods A 601, 294–316 (2009).

12. Abbasi, R. et al. Calibration and characterization of the IceCube photomultiplier tube. 
Nucl. Instrum. Methods A 618, 139–152 (2010).

13. Aartsen, M. et al. Search for astrophysical tau neutrinos in three years of IceCube data. 
Phys. Rev. D 93, 022001 (2016).

14. Lu, L. Multi-flavour PeV neutrino search with IceCube. In Proc. 35th Int.Cosmic Ray Conf. 
(ICRC 2017) 1002 (Proceedings of Science, 2018).

15. Aartsen, M. G. et al. Differential limit on the extremely-high-energy cosmic neutrino flux in 
the presence of astrophysical background from nine years of IceCube data. Phys. Rev. D 
98, 062003 (2018).

16. Aartsen, M. G. et al. Measurement of South Pole ice transparency with the IceCube LED 
calibration system. Nucl. Instrum. Methods A 711, 73–89 (2013).

17. Gaisser, T. K., Jero, K., Karle, A. & van Santen, J. Generalized self-veto probability for 
atmospheric neutrinos. Phys. Rev. D 90, 023009 (2014).

18. Argüelles, C. A., Palomares-Ruiz, S., Schneider, A., Wille, L. & Yuan, T. Unified atmospheric 
neutrino passing fractions for large-scale neutrino telescopes. J. Cosmol. Astropart. Phys. 
1807, 047 (2018).

19. Aartsen, M. et al. IceCube-Gen2: the window to the extreme Universe. Preprint at https://
arxiv.org/abs/2008.04323 (2020).

20. Aartsen, M. G. et al. Observation of high-energy astrophysical neutrinos in three years of 
IceCube data. Phys. Rev. Lett. 113, 101101 (2014).

21. Stettner, J. Measurement of the diffuse astrophysical muon-neutrino spectrum with ten 
years of IceCube Data. In Proc. 36th Int. Cosmic Ray Conf. (ICRC2019) 1017 (Proceedings 
of Science, 2019).

22. Abbasi, R. et al. The IceCube high-energy starting event sample: description and flux 
characterization with 7.5 years of data. Preprint at https://arxiv.org/abs/2011.03545 (2020).

23. Aartsen, M. et al. Measurements using the inelasticity distribution of multi-TeV neutrino 
interactions in IceCube. Phys. Rev. D 99, 032004 (2019).

24. Aartsen, M. et al. Characteristics of the diffuse astrophysical electron and tau neutrino 
flux with six years of IceCube high energy cascade data. Phys. Rev. Lett. 125, 121104 (2020).

104 105 106 107 108 109 1010 1011

Energy (GeV)

10–9

10–8

10–7

10–6

All !avours
Q : Q̄ = 1 : 1

IceCube cosmogenic Q, 90% UL (2018)15

Auger cosmogenic Q, 90% UL (2019)34

ANITA I-IV cosmogenic Q, 90% UL (2019)35

Auger cosmic rays (ICRC 2015)36

IceCube northern track Q (ICRC 2019)21

IceCube cascade Q (2020)24

This work

E
2  

   
(G

eV
 c

m
–2

 s
–1

 s
r–1

)
Φ
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extends the measured astrophysical flux to 6.3 PeV. The luminosity densities of 
high-energy neutrinos and extragalactic ultra-high-energy cosmic rays are 
found to be comparable.
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Pole, instruments a cubic kilometre of ice 1,450–2,450 m beneath the 
surface8—a natural detection medium. It has measured the flux of neu-
trinos between 10 GeV and 10 PeV, and is sensitive to neutrinos beyond 
1 EeV. As neutrinos are uncharged, they are detected in IceCube by the 
Cherenkov radiation from secondary charged particles produced by 
their interactions. Cherenkov light collected by digital optical modules 
(DOMs) is used to reconstruct properties such as the visible energy and 
incoming direction of the primary neutrino9,10. The visible energy is 
defined as the energy required of an electromagnetic (EM) shower to 
produce the light yield observed. As it has no magnet, IceCube cannot 
distinguish between neutrino and antineutrino interactions on the basis 
of the charge of the outgoing lepton—whether neutrinos are Dirac or 
Majorana particles (the latter implying that they are their own antiparti-
cles) remains unresolved. However, owing to the good timing resolution 
(about 2 ns) of the DOMs11,12, the structure of waveforms recorded by 
individual modules may contain additional information on the event13.

A machine-learning-based algorithm was run to obtain a sample of 
PeV energy partially contained events (PEPEs)14. By selecting events near 
the edge of the detector, the detection volume is increased compared to 
previous analyses that rely on a smaller, central fiducial volume. Data from 
May 2012 to May 2017, corresponding to a total live-time of 4.6 years, were 
analysed. One event was detected on 2016 December 8 at 01:47:59 UTC 
with visible energy greater than 4 PeV, which is an energy threshold well 
below the resonance energy and chosen a posteriori in order to study 
this particular event. The event is shown in Fig. 1, with a reconstructed 
vertex approximately 80 m from the nearest DOM. The same event was 
also found in the 9-year extremely high energy search15. Accounting for 
systematic uncertainties in photon propagation due to the ice model—a 
parameterization of the scattering and absorption lengths of light in 
the ice16—and the overall detector calibration, the visible energy of the 
event is 6.05 ± 0.72 PeV. This is consistent with a 6.3-PeV W− that decays 
hadronically, since roughly 5% of that energy is expected to be taken by 
particles that do not emit detectable Cherenkov radiation10. The boosted 
decision tree (BDT) classification score is well above the signal threshold, 
and a posteriori studies of this event, discussed below, lead us to conclude 
that the event is very likely to be of astrophysical origin.

The main shower was reconstructed by repeating Monte Carlo (MC) 
simulations under different parameters to find the best-fit energy, ver-
tex and direction9. By varying the ice model used in the reconstruction, 
detector systematic uncertainties on the visible energy, direction and 
vertex position of the shower were evaluated. Additionally, a global 
energy scale uncertainty associated with the overall detector calibra-
tion was applied to the energy reconstruction.

After reconstruction, three of the DOMs closest to the reconstructed 
vertex were found to have detected pulses earlier than is possible 
for photons travelling in ice at v = 2.19 × 108 m s−1. Such pulses can, 
however, be produced by muons created from meson decays in the 
hadronic shower, which travel close to the speed of light in vacuum 
(c = 3.00 × 108 m s−1). These muons outrun the Cherenkov wavefront 
of the main shower (by about 1.23 ns per m) while producing Cheren-
kov radiation near the DOMs, thus depositing early pulses in them, as 
illustrated in Fig. 1a.

A second reconstruction using only the early pulses to fit a track 
hypothesis further improves and verifies the directional reconstruction 
of this event. The two reconstructed directions agree within uncertain-
ties, as shown in Fig. 2. This indicates that the muons and the hadronic 
shower travel along the same general direction, as is expected from 
relativistic kinematics. On the basis of the observation that early pulses 
occurred only on the nearest string, a most-probable leading muon 
energy of 26.4 GeV−12.4

+28.6  was obtained. This is consistent with a distri-
bution of leading muon energies from MC simulations of a 6.3-PeV 
hadronic shower, which has quartiles of (20, 37, 72) GeV.

Information from both reconstructions refines the estimate of 
expected backgrounds compared to the sample average. The only 
possibility for a cosmic-ray-induced atmospheric muon to produce 
both a 6-PeV cascade and early pulses, as in this event, is for it to reach 
IceCube at PeV energies and deposit nearly all its energy over a few 
metres. As a conservative estimate, this background rate was evaluated 
by considering all atmospheric muons that intersect a cylinder centred 
on IceCube with radius 800 m and height 1,600 m. By then requiring 
that muons deposit a visible energy similar to that of the cascade over 
a short distance, but retain the energy allowed by early pulses, the 
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Ultrahigh-energy photons up to 1.4 
petaelectronvolts from 12 γ-ray Galactic 
sources

The extension of the cosmic-ray spectrum beyond 1 petaelectronvolt (PeV; 1015 
electronvolts) indicates the existence of the so-called PeVatrons—cosmic-ray 
factories that accelerate particles to PeV energies. We need to locate and identify such 
objects to !nd the origin of Galactic cosmic rays1. The principal signature of both 
electron and proton PeVatrons is ultrahigh-energy (exceeding 100 TeV) γ radiation. 
Evidence of the presence of a proton PeVatron has been found in the Galactic Centre, 
according to the detection of a hard-spectrum radiation extending to 0.04 PeV (ref. 2). 
Although γ-rays with energies slightly higher than 0.1 PeV have been reported from a 
few objects in the Galactic plane3–6, unbiased identi!cation and in-depth exploration 
of PeVatrons requires detection of γ-rays with energies well above 0.1 PeV. Here we 
report the detection of more than 530 photons at energies above 100 
teraelectronvolts and up to 1.4 PeV from 12 ultrahigh-energy γ-ray sources with a 
statistical signi!cance greater than seven standard deviations. Despite having several 
potential counterparts in their proximity, including pulsar wind nebulae, supernova 
remnants and star-forming regions, the PeVatrons responsible for the 
ultrahigh-energy γ-rays have not yet been !rmly localized and identi!ed (except for 
the Crab Nebula), leaving open the origin of these extreme accelerators.

LHAASO is a dual-task facility designed for cosmic-ray (CR) and γ-ray 
studies at teralectronvolt and petaelectronvolt energies. It consists of 
three interconnected detectors—the Water Cherenkov Detector Array 
(WCDA), Kilometer Square Array (KM2A) and Wide Field-of-view Cher-
enkov Telescope Array (WFCTA)—located at 4,410 m above sea level in 
Sichuan Province, China7 (see Extended Data Fig. 1).

Detailed studies of the performance of KM2A have been carried out 
by Monte Carlo simulations, as well as dedicated measurements using 
the Crab Nebula as a standard candle8. At energies above 100 TeV, under-
ground detectors of the deeply penetrating µ mesons provide excellent 
rejection power (as good as 10−5 at 1 PeV) of the background contributed 
by CR-induced (hadronic) showers. The vast area of the surface detec-
tors of the electromagnetic component of air showers, coupled with 
the high γ–proton (p) separation efficiency, results in a sensitivity of 
the full array—in terms of the minimum detectable energy flux (E2dN/dE,  
where E is the particle energy and N is the number of particles)—that 
approaches 10−14 erg cm−2 s−1, which is substantially below the flux sen-
sitivities of other current and planned space-borne and ground-based 
γ-ray detectors. At 100 TeV, the angular and energy resolutions are about 
15–20 arcmin and better than 20%, respectively, allowing adequate spec-
troscopic and morphological studies. The detection of γ-rays from an 
ultrahigh-energy (UHE) source of Crab Nebula strength (energy flux at 
100 TeV of E2dN/dE ≈ 10−12 erg cm−2 s−1) proceeds in the background-free 
regime with a rate of 0.1 photon per hour, which exceeds the detection 
rate of CR-induced showers (after the so-called ‘muon cuts’) by more 
than an order of magnitude, even for extended, 1°-sized γ-ray emitters8.

The analysis of showers detected within a large field of view by the 
partly completed KM2A in less than one year of operation has revealed 

many hot spots as clusters of γ-rays in specific directions of the sky. 
While the study of the serendipitous search for γ-ray sources is under-
way, here we report 12 γ-ray sources with energies ≥100 TeV detected 
with statistical significance ≥7σ (see Table 1). From two of them, γ-rays 
with energy exceeding 0.8 PeV were detected, and the energy of the 
most energetic photon detected by LHAASO J2032+4102 is 1.4 PeV.

The first source in the list of reported ≥100-TeV sources is the Crab 
Nebula. An energy spectrum approaching 1 PeV provides the first 
model-independent evidence that the Crab Nebula operates as an 
electron PeVatron. In KM2A, Crab is detected as a point-like source. 
The majority of remaining sources represent diffuse γ-ray structures 
with angular extensions up to 1°, and all of them are located along the 
Galactic plane (see Extended Data Fig. 4). At 100 TeV, their fluxes vary 
from 0.4 to 4 CU (CU, flux of the Crab Nebula at 100 TeV; 1 CU = 6.1 × 10−17 
photons TeV−1 cm−2 s−1). In terms of the distance d, the linear size and 
γ-ray luminosity of the sources at 100 TeV are l = 17.5 pcθ d

1 ° (1 kpc)  and 

( )L ≈ 10 CU erg sd
UHE

32
1 kpc

2
−1 , respectively, where θ is the angular 

size of the emitter.
Figure 1 shows the spectral energy distributions of three luminous 

sources with fluxes exceeding 1 CU (at 100 TeV): LHAASO J1825-1326, 
LHAASO J1908+0621 and LHAASO J2226+6057. Above 100 TeV, the 
spectra of these sources are steep, characterized by a power-law 
photon index of Γ ≈ 3. However, a closer look reveals that between 
10 TeV and500 TeV, the spectra experience gradual steepening with 
energy. To explore this tendency, the spectra were fitted by the 
so-called log-parabola function dN/dE ∝ E−Γ(E), where the local pho-
ton index Γ(E) = a + blogE (a nad b are free parameters) characterizes 
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be realized in a scenario in which the accelerated particles have left 
their acceleration site (for example, a supernova remnant) and have 
entered nearby high-density clouds15. The energy spectrum of protons 
approaching the clouds depends not only on the initial (acceleration) 
spectrum but also on the propagation (energy-dependent) timescales 
of CRs and on the distances to the clouds. Therefore, one may indeed 
expect unusual energy distributions of CRs inside the clouds16. In this 
scenario, the middle-aged supernova remnant SNR G40.5-0.5, over-
lapping with the image of LHAASO J1908+0621, could play the role 
of the particle accelerator. It is too old to be a multi-teraelectronvolt 
γ-ray emitter itself, but CR protons and nuclei accelerated at the early 
epochs of this supernova remnant can initiate high-energy emis-
sion in the surrounding clouds. If confirmed, this would be the first 
strong evidence of acceleration of petaelectronvolt protons by an 
supernova remnant.

Although supernova remnants remain prime candidates as sup-
pliers of Galactic CRs, massive stars with powerful winds have been 
proposed as a viable alternative to supernova remnants17,18, primarily as 
contributors to the ‘knee’ region around 1 PeV. A preference for young 
massive star clusters as proton PeVatrons over supernova remnants 
has recently been argued in the context of the 1/r-type (where r is the 
distance from the cluster) spatial distributions of parent protons, 
derived from the observations of extended teraelectronvolt γ-ray 
sources associated with luminous stellar clusters, in particular with 
Cygnus OB219. The positional coincidence of LHAASO J2032+4102 
with the Cygnus Cocoon that surrounds Cygnus OB2, and with pho-
tons exceeding 1 PeV emitted from it, can be treated as evidence of 
the operation of massive stars as hadronic PeVatrons. The leptonic 
(inverse Compton) origin of radiation can be excluded because of the 
lack of brightening of the γ-ray image towards Cygnus OB2. A decisive 
test for the acceleration of protons, presumably via collisions of the 
stellar winds, and continuous injection into the circumstellar medium 
over million-year timescales, would be the derivation of hard injec-
tion spectra and a radial dependence of the density of UHE protons. 
Adequate photon statistics provided by LHAASO for spectrometric 

and morphological studies of this object, which is located in a rather 
complex region crowded by several competing sources, is foreseen 
for the coming 1–2 years.

Regardless of the nature of objects associated with the UHE sources, 
the photons detected by LHAASO far beyond 100 TeV prove the exist-
ence of Galactic PeVatrons. Moreover, it is likely that the Milky Way is 
full of these perfectly designed particle accelerators. The acceleration 
of protons to petaelectronvolt energies requires extreme physical 
conditions, representing a challenge for any Galactic source popula-
tion, including supernova remnants and young massive star clusters, 
as suspected major contributors to Galactic CRs. Pulsar wind nebu-
lae as potential (in fact, the only feasible) electron PeVatrons in our 
Galaxy require even more extreme theoretical speculations. The 12 
UHE sources reported here, detected at about 1 CU, reveal only the 
tip of the iceberg. In the coming years, observations with LHAASO will 
reduce the flux detection threshold by at least an order of magnitude. 
This will dramatically increase the number of UHE sources and, at the 
same time, provide high-quality energy spectra and the morphology of 
UHE sources in the flux range of 1 CU. Extension of the spectra without 
an indication of a cutoff beyond several petaelectronvolts would not 
only robustly identify the hadronic origin of the UHE γ radiation but, 
more importantly, would reveal the sites of super-PeVatrons, the CR 
factories in the Milky Way responsible for the locally observed flux of 
CRs well above the ‘knee’.
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Fig. 1 | Spectral energy distributions and significance maps. a–c, Data are 
shown for LHAASO J2226+6057 (a), LHAASO J1908+0621 (b), and LHAASO 
J1825-1326 (c). Spectral fits with a log-parabola function (solid lines) in the form 
of [E/(10 TeV)]−a − blog[E/(10 TeV)] are compared with the power-law fits E−Γ for: a = 1.56, 
b = 0.88 and Γ = 3.01 (a); a = 2.27, b = 0.46 and Γ = 2.89 (b); and a = 0.92, b = 1.19 
and Γ = 3.36 (c). The dotted curves correspond to the log-parabola fits 
corrected for the interstellar γ−γ absorption (see Methods for the radiation 
fields and Extended Data Fig. 6 for the opacity curves). The comparison of the 
power-law (PL) model and the log-parabola (LOG) model with the Akaike 
Information Criterion20 (AIC) gives: AICLOG = 12.3 and AICPL = 24.4 for LHAASO 
J2226+6057; AICLOG = 15.1 and AICPL = 30.1 for LHAASO J1908+0621; and 

AICLOG = 11.6 and AICPL = 14.8 for LHAASO J1825-1326. The insets show the 
significance maps of the three sources, obtained for γ-rays above 25 TeV. The 
colour bars show the square root of test statistics (TS), which is equivalent to 
the significance. The significance ( TS) maps are smoothed with the 
Gaussian-type point spread function (PSF) of each source. The size of PSFs (68% 
contamination regions) are shown at the bottom right of each map. We note 
that the PSFs of the three sources are slightly different owing to different 
inclination angles. Namely, the 68% contamination angles are 0.49° for 
LHAASO J2226+6057, 0.45° for LHAASO J1908+0621 and 0.62° for LHAASO 
J1825-1326. Error bars represent one standard deviation.
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P. Travnicek,18 C. Trimarelli,25,26 M. Trini,69 M. Tueros,39 R. Ulrich,54 M. Unger,54 M. Urban,14 L. Vaclavek,44 M. Vacula,44

J. F. Valdés Galicia,9 I. Valiño,48,26 L. Valore,20,13 A. van Vliet,1 E. Varela,79 B. Vargas Cárdenas,9 A. Vásquez-Ramírez,87

PHYSICAL REVIEW LETTERS 125, 121106 (2020)
Editors' Suggestion Featured in Physics

0031-9007=20=125(12)=121106(10) 121106-1 Published by the American Physical Society

accelerate only protons. As a consequence the ankle is then
explicable by energy losses of protons through pair pro-
duction across greater distances [30–32] so that the ankle
region would be proton dominated. However, recent results
[26] strongly contradict this expectation: in the ankle region,
ð3–5Þ × 1018 eV, a pure proton composition, or one of only
protons and helium, is excluded at the 6.4σ level. A second
consequence [33] concerns the energy E1=2, at which the
integral intensity falls by a factor of 2 with respect to a
power-law extrapolation from lower energies. The predic-
tion in this framework is that E1=2 ¼ 5.3 × 1019 eV, though
this number may change with fluctuations of source lumi-
nosities and densities that shape the GZK feature [31,34],
and with the maximum achievable energy in the sources.
The value found here, ð2.2$ 0.1$ 0.3Þ × 1019 eV, is at
variancewith the prediction because of the new feature of the
spectrum at ≈1019 eV, which is absent in the popular
paradigm that is thus disfavored.
Relaxing the universality of the source spectra, the

steepening at ≈1019 eV could stem from the distinctive
spectrum of a local source that emits protons and contrib-
utes significantly to the total intensity. At these energies,
diffusive propagation of protons from a nearby source is
excluded by limits set on extragalactic magnetic fields from
rotation measures [35]. Approximately, protons would thus
arrive to the Galaxy as a uniform, parallel beam that may
subsequently be focused or defocused while propagating in
the Galactic magnetic field. As seen from the Earth, the
image of the source is expected to be shifted and broad-
ened, with the effect growing with decreasing energy. Also,
multiple broad images may be produced if uncorrelated
regions of the magnetic field are experienced by the
particles [36–38]. Such a scenario would thus imply the
observation of an anisotropy at intermediate angular scales,
the size of which depends on the model of turbulence for
the magnetic field [39]. Spectral differences would also
consequently appear in some parts of the sky. The softening
at ≈1019 eV, in particular, would not be expected in every
declination range. The absence of such dependence accord-
ingly disfavors the interpretation that the steepening is
due to a source in the local Universe emitting protons.
Furthermore, the interplay between the luminosity of a
given source and its flux attenuation with distance requires
fine-tuning to make viable a scenario in which several
sources would emit protons with a distinctive spectrum
while at the same time no directional effect would be
imprinted upon the observed intensity.
By contrast, our results fit a scenario in which several

nuclear components contribute to the total intensity and
in which the electromagnetic fields permeate source envi-
ronments where nuclei are accelerated to a maximum
energy proportional to their charge (Z). This scenario,
e.g., [40–43], provides a natural framework to explain the
tendency toward heavier masses with increasing energy as
inferred from recent works [23–25]. To illustrate the main

physics aspects without distraction by the many details a
full model scenario would require, we consider here, as in
[43], several nuclear components injected at the sources
with a power-law spectrum and with the maximal energy of
the sources modeled with an exponential cutoff. For
simplicity, the sources are assumed to be stationary and
uniform in a comoving volume. We show in Fig. 2 the best
reproduction of the data by simultaneously fitting the
energy spectrum above 5 × 1018 eV and the distribution
of the depths of the shower maximum (Xmax), which is
mass sensitive (using EPOS LHC [44] as a model of
hadronic interactions in their interpretation). The abun-
dance of nuclear elements at the sources is dominated by
intermediate-mass nuclei accelerated to ≈5Z × 1018 eV
and escaping from the source environments with a very
hard spectrum. In this scenario, the steepening observed
above ≈5 × 1019 eV results from the combination of the
maximum energy of acceleration of the heaviest nuclei at
the sources and the GZK effect. The steepening at
≈1019 eV reflects the interplay between the flux contribu-
tions of the helium and carbon-nitrogen-oxygen compo-
nents injected at the source with their distinct cutoff
energies, shaped by photodisintegration during the propa-
gation. We note that the ratio E34=E23 is 3.4$ 0.3,
matching the mass-to-charge ratio of CNO to He, as
expected from the benchmark scenario shown in Fig. 2.
Some cautionary comments on the illustrative model

considered here are in order. The presence of a subdomi-
nant light component at the highest energies is not excluded
by our data, see, e.g., [45]. Also, viable source scenarios
can be found without resorting to a mixed composition with
a rigidity-dependent maximum energy if, for instance,
predominately heavy (Si to Fe) nuclei are accelerated
and photodisintegrate in the source environment [46] or
en route to Earth [47,48]. Scenarios with a predominantly
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FIG. 2. Energy density obtained with the best fit parameters of
the benchmark scenario used for illustration, as described in the
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suppression, is a new observation. For all parameters and
observables presented in the text, the first error is statistical
and the second systematic.
From the measured energy spectrum one can infer the

differential energy density per dex (dex indicates decade in
log10 E, following the convention of [22]), obtained as
lnð10Þð4π=cÞE2JðEÞ. It provides a measurement of the
energy density of the local Universe attributable to cosmic
rays. Above the ankle, a range in which UHECRs are of
extragalactic origin [5], the integration over energy results
in ð5.66# 0.03# 1.40Þ × 1053 ergMpc−3. This translates
into constraints on the luminosity of the sources, as
discussed below.
A detailed examination of the systematic uncertainties of

the energy spectrum is reported in [8]. The uncertainty in
the flux amounts to 30%–40% near 2.5 × 1018 eV, 25% at
1019 eV, and 60% at the highest energies. The uncertainties
include contributions from the absolute energy scale (the
largest), the exposure, the unfolding procedure, and the
Sð1000Þ reconstruction. No indication of further systematic
uncertainties has been found from a comparison of the
spectra calculated over different time periods, seasons, and
ranges of zenith angle.

The wide declination range covered, from δ ¼ −90° to
δ ¼ þ24.8°, allows a search for dependencies of energy
spectra on declination. For this, we have divided the sky
into three declination bands of equal exposure. In each
band, the estimation of the spectrum is made as for the
whole field of view, but using unfolding-correction factors
relevant to the band in question. We report in Table I the
parameters characterizing the spectral features for each
declination range. They are seen to be in statistical agree-
ment. There is thus no obvious dependence with declina-
tion over the energy range covered. A trend for the intensity
to be slightly higher in the Southern Hemisphere is
observed [8], consistent with the anisotropy observations
[6]. We therefore claim a second new result, namely that the
energy spectrum does not vary as a function of declination
in the range accessible at the Auger Observatory other
than in the mild excess from the Southern Hemisphere
expected in line with the known energy-dependent anisot-
ropies above 8 × 1018 eV. A comparison of the spectrum
with that of Telescope Array measured in the Northern
Hemisphere is discussed in [8] and references therein.
Astrophysical implications of the features of the energy

spectrum.—We now examine the validity of models pro-
posed to explain features of UHECRs using the new
information given here and the data on mass composition
and arrival directions recently reported [5,6,23–28]. If
UHECRs are produced throughout the Universe, to reach
Earth they must cross the background photon fields
permeating the extragalactic space. In particular, the cosmic
microwave background photons induce pion production
with protons colliding at around 5 × 1019 eV and photo-
disintegration of heavier nuclei at a roughly similar thresh-
old, leading to the expectation of a spectral steepening (the
Greisen-Zatsepin-Kuzmin (GZK) effect [29]). Depending
on the energy and chemical composition of the UHECRs,
higher-energy background photons, such as infrared light,
may also be responsible of interactions producing the flux
steepening.
A popular framework has been that what is observed

comes from universal sources, uniformly distributed, that
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FIG. 1. Top: energy spectrum scaled by E2 with the number of
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sequence of four power laws (red line). The numbers
(i ¼ 1;…; 4) enclosed in the circles identify the energy intervals
where the spectrum is described by a power law with spectral
index γi. The shaded band indicates the statistical uncertainty of
the fit. Upper limits are at the 90% confidence level.

TABLE I. Spectral parameters in three different declination
ranges. The energies E12, E23, and E34 are given in units of
1018 eV and the normalization parameter J0 in units of
1018 km−2 sr−1 yr−1 eV−1. Uncertainties are statistical.

½−90.0°;−42.5°' ½−42.5°;−17.3°' ½−17.3°;þ24.8°'
J0 1.329# 0.007 1.306# 0.007 1.312# 0.006
γ1 3.26# 0.03 3.31# 0.03 3.30# 0.03
γ2 2.53# 0.04 2.54# 0.04 2.44# 0.05
γ3 3.1# 0.1 3.0# 0.1 3.0# 0.1
γ4 5.2# 0.4 4.4# 0.3 5.7# 0.6
E12 5.1# 0.2 4.9# 0.2 5.2# 0.2
E23 14# 2 14# 2 12# 1
E34 47# 4 37# 4 51# 4
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mock data from model

Figure 5.15: A fiducial model for the flux of neutrinos which illustrates the qualitative range of
reasonable possibilities. This model consists of three components: 1) a UHECR-produced peak at
1016 eV giving the best-fit to the high-energy astrophysical neutrino flux consistent with UHECR
data from Auger and IceCube, taken from [254]; 2) a peak at 1018 eV due to GZK-produced
neutrinos assuming a 10% proton fraction above 30 EeV, taken from [250]; and 3) a low-energy
component of neutrinos produced by some non-UHECR sources, tuned to give the best-fit to the
low-energy astrophysical neutrino data. The shown points for IceCube-Gen2 are mock data for
this model for 10 years of combined optical and radio measurements. A number of other plausible
models for the astrophysical neutrino flux based on specific astrophysical source types are explored
e.g., in Refs. [255, 437, 465, 484].

individual events, stacking analyses, such as those started by the Auger Collaboration [62, 63], will
allow to push down the neutrino bounds in direct proportion to the number of detected GW events.

5.7.4 Indirect information on neutral particles from UHECR measurements

One of the most important developments that can be expected to take place in the following decade,
specifically in UHECR measurements, is a more precise determination of composition of UHECR
on an event-by-event basis, with the goal to enable composition enhanced anisotropy studies, par-
ticularly at the highest energies. The Auger upgrade AugerPrime [22], is mostly designed with
this as a main objective. Through it, an increase in statistics by at least an order of magnitude
will be achieved, which will also allow a better establishment of the average composition and, in
particular, that of the highest-energy particles. A more accurate determination of UHECR primary
mass will open new possibilities to select samples of particles with enriched rigidity from a large
fraction of the sky, for which the anisotropy signals are likely to be enhanced and easier to be
detected. The study of composition-driven anisotropies will be crucial in further constraining the
sources of cosmic rays, and the secondary fluxes of neutrinos and photons that could arise from
their interactions with matter and/or radiation.

While mass measurements are already giving an increasingly clearer picture of the composition
becoming heavier as the energy rises in the 3 to 50EeV range, there are no measurements at
the highest energies, yet. Composition inference has been achieved with combined fits of the
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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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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
© 2017. The American Astronomical Society. All rights reserved.

* Any correspondence should be addressed to lvc.publications@ligo.org.

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.

1

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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We don’t know yet what DM is... but we do know many of its properties 
 
Good candidates for Dark Matter have to fulfil the following conditions 

•  Neutral 

•  Stable on cosmological scales 

•  Reproduce the correct relic abundance 

•  Not excluded by current searches 

•  No conflicts with BBN or stellar evolution 

Many candidates in Particle Physics 

•  Axions 

•  Weakly Interacting Massive Particles (WIMPs) 

•  SuperWIMPs and Decaying DM 

•  WIMPzillas 

•  Asymmetric DM 

•  SIMPs, CHAMPs, SIDMs, ETCs...  

... they have very different properties 

3"

3

FIG. 1: (Color online) Several well-motivated candidates of DM are shown in the log-log plane of DM relic mass and �int

representing the typical strength of interactions with ordinary matter. The red, pink and blue colors represent HDM, WDM
and CDM, respectively. This plot is an update of the previous figures [453, 562].

emerges from the Peccei-Quinn (PQ) solution to the strong CP problem and the neutralino which emerges from a
supersymmetric solution to the gauge hierarchy problem. In cases such as these and others, the relic abundance of DM
along with DM detection rates are calculable in terms of fundamental parameters, and thus subject to experimental
searches and tests.

Generally, DM relics are considered to be produced in the early Universe in (at least) two distinct ways. One
possibility involves DM particles generated in processes taking place in thermal equilibrium, which we will generically
refer to as thermal production (TP), and the relics produced this way will be called thermal relics. On the other
hand, non-thermal production (NTP), will refer to processes taking place outside of the thermal equilibrium, and the
resulting relics will be called non-thermal relics. The first class of processes will include the freeze-out of relics from
thermal equilibrium, or their production in scatterings and decays of other particles in the plasma. The second will
include, for example, relic production from bosonic field coherent motion or from out-of-equilibrium decays of heavier
states or from bosonic coherent motion.

Working within the Standard Model (SM) of particle physics, it is found that none of the known particles have
the right properties to constitute CDM. At one time, massive SM(-like) neutrinos were considered a possibility.
Measurements of the number of light neutrinos at LEP combined with calculations of their relic abundance rule out
this possibility [324].

Instead, the most often considered theoretical candidate for CDM is the weakly interacting massive particle, or
WIMP. It is worth stressing, however, that the WIMP is not a specific elementary particle, but rather a broad class

Baer et al. 2014 
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(production) 

Indirect Detection 
(annihilation or decay) 

Direct Detection 
(scattering) 

... probing DIFFERENT aspects of their interactions with ordinary matter 

“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
affect observations in the 
other two. 

Dark Matter searches
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IUPAP Statement on the events occurring in Ukraine
We are consternated by the news regarding the Russian military 
offensive in Ukraine and the terrible consequences that this has on 
the lives of our colleagues in Ukraine.  We extend our deepest 
sympathy and solidarity to them and to all the Ukrainian people at 
this difficult time. We praise the large number of Russian 
colleagues who have expressed their sympathy for their Ukrainian 
colleagues and demanded peace for their countries. 
In our 100th anniversary this year, we note the critically important 
historical role that IUPAP has always strived to play in bringing 
physicists together across political divides even during our most 
difficult years in the past. IUPAP continues to embrace and promote 
scientific collaboration across the world as a driver for peace.
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25 June 1927 — 21 December 2020 
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hybrid format  
(this is an experiment, we will see how 
it works out) 

poster flash talks  

parallel sessions
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