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Cosmic ray spectrum, composition  
and arrival direction distribution & PeV γ rays 
at the South Pole
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IceCube Observatory 
the instrumentation
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Digital Optical Module 
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‣ astrophysical neutrinos from the sources of cosmic rays 

‣ atmospheric neutrinos: charm production, oscillations 

‣ cosmic rays: spectrum, composition & anisotropy 

‣ beyond standard model & dark matter


‣ PeV γ-rays, neutron point sources & Earth sciences

IceCube Observatory 
main physics goals
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neutrino identification 
astrophysical neutrinos

• 53(+1) events found 

• estimated background 

9.0+8.0-2.2 atm. neutrinos 

12.6±5.1 atm. muons 

1 atm. muon passing veto 

coincident CR showers 

6.5 σ significance

Aartsen et al. Science 342 (2013) 1242856
Aartsen et al. PRD 88 (2013) 112008

Aartsen et al. PRL 113 (2014) 101101

4 years of HE starting events 
Eν > 60 TeV

ICRC 2015
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full sky observations 
multi-experiment approach

IceCube

North

neutrinos

cosmic rays 
starting neutrinos 

and PeV gamma rays

neutrinos

cosmic rays 
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full sky observations 
multi-experiment approach
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@ South Pole

@ Northern Hemisphere
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cosmic rays 
starting neutrinos 

and PeV gamma rays

neutrinos

cosmic rays 
starting neutrinos 
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• complementary and overlapping regions of the sky 

• IceCube/Antares (arXiv:1511.02149) 

• Auger/TA (arXiv:1409.3128)
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• @Pole same sky visible at all times 

• effectively largest statistics < 60˚-70˚

cosmic and γ rays observations 
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cosmic rays spectrum 
indirect observations
‣ at high energy flux too small for 

direct observations 

‣ ground-based, under-ground / 
water / ice detection

Stanev, Gaisser

≈E-2.7 ≈E-3.1

≈E-2.7
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‣ atmosphere & interaction properties 

‣ energy & mass observations tangled 

‣ limited energy & mass resolution



cosmic rays spectrum 
all-particle energy spectrum
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IceTop



all-particle spectrum depends on the assumed mass composition of primary particles
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cosmic rays spectrum 
all-particle energy spectrum



all-particle spectrum depends on the assumed mass composition of primary particles
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cosmic rays spectrum 
all-particle energy spectrum



cosmic rays composition 
coincident events
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Xmax
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@ high altitude

Ne

Nµ

∝Ne

∝N
µ

cosmic rays composition 
coincident events

@Antarctica

@sea level
Sciutto, Braz. J. Phys. 37 (2007) 2b, São Paulo
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∝Ne

∝N
µ

effect of hadronic 
interaction models

cosmic rays composition 
coincident events

IceCube 
preliminary

ICRC 2015
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cosmic rays composition 
other experiments

Fe

p

cosmic ray composition in 
indirect measurements is 
DIFFICULT 

understanding hadronic 
interaction models at high 
energy is NOT EASY

ICRC 2015
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cosmic rays composition 
other experiments

log10(E/eV)

cosmic ray composition in 
indirect measurements is 
DIFFICULT 

understanding hadronic 
interaction models at high 
energy is NOT EASY



cosmic rays anisotropy 
arrival direction distribution
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• cosmic rays expected to be almost isotropic 

• scrambled by galactic magnetic field 

• anisotropy from source dist. & magnetic fields
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cosmic rays anisotropy 
arrival direction distribution

• 6 years of IceCube 

• 300 billion events 

• anisotropy on the level of 10-3  

• median cosmic ray energy 

• trace sources ? Magnetic fields ?

20 TeV

PRELIMINARY

to be submitted to ApJ

PRELIMINARY
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cosmic rays anisotropy 
arrival direction distribution

IceCube13 TeV

PRELIMINARY

PRELIMINARY

• high energy observations MISSING in 
the northern hemisphere 

• overlapping observations extending 
across the equator will help 

• capable of energy/mass measurement
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cosmic rays anisotropy 
arrival direction distribution
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cosmic rays anisotropy 
full-sky coverage

IceCube - 20 TeV

HAWC - 1 TeV

ICRC 2015

small scale anisotropy 
Abeysekara et al. 2014

Abbasi et al. 2010, 11,12 
Aartsen et al. 2013



‣ galactic sources of PeV γ rays 

‣ disfavored by CASA-MIA & KASCADE 

‣ HAWC, LHAASO, HiSCORE ? 

‣ IceCube the only experiment in 
Southern Hemisphere 

‣ need to reduce the blind region in 
the southern hemisphere (where GC 
is located)

23

PeV gamma rays 
galactic origin

Ahlers & Murase 2013



PeV gamma rays 
galactic origin

IC40 - Aartsen et al., 2012

CASA-MIA

IceCube-40 E-2

E-2.5

5-year IceCube 
sensitivity

H.E.S.S. 
no cutoff
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IC-40

CASA-M
IA

PeV gamma rays 



IC-86HAWC

PeV gamma rays 
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φ 
- a
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α - right ascension

δ - declination

θ - zenith

• sky overlap for cross-calibration 
and systematics 

• extension of the observable sky

cosmic and γ rays observations 
extended sky coverage



neutron point sources 
nearby galactic sources with 4 years of IceTop
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‣ cosmic ray neutron range R ~ 10 pc × EPeV 

‣ all-visible-sky search > 10 PeV 

‣ targeted source search > 100 PeV 

ICRC 2015

θ < 27˚
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‣ cosmic ray neutron range R ~ 10 pc × EPeV 

‣ all-visible-sky search > 10 PeV 

‣ targeted source search > 100 PeV 

‣ no significant excess found in all-sky 
search


‣ no significant correlations found with 
candidate source catalogue

ICRC 2015

θ < 27˚

neutron point sources 
nearby galactic sources with 4 years of IceTop



neutral messengers 

• important for astrophysics of cosmic ray origin 

• Earth ν & γ observatories at comparable high energies (up to PeV range) 

• unveil galactic and/or extra-galactic sources of cosmic rays 

charged cosmic rays 

• important for UHECR: spectrum, composition & anisotropy (Auger & TA) 

• bound to impact understanding of TeV/PeV CR anisotropy 

• probe into local interstellar medium: coherent and turbulent magnetic field 

• impact on e-e+ anomalies and disentanglement from astrophysical sources

30

conclusions 
with extended or full sky coverage



Grazie! 

31
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backup slides



cosmic ray muons and neutrinos 

IC22

33

Fedynitch, Becker Tjus, PD, PRD 86, 114024

• Revent ~ 2200 Hz 

• µ and ν produced in the 
atmosphere by cosmic rays 

• atmospheric temperature 
seasonal variations

• ~ equal amount of µ 
and ν

neutrinos muons

33



cosmic ray muons and neutrinos 
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• Revent ~ 2200 Hz 

• µ and ν produced in the 
atmosphere by cosmic rays 

• atmospheric temperature 
seasonal variations 

• ~1/106 TeV neutrinos interact in 
the ice and is detected and 
reconstructed in IceCube

up-going 
neutrinos

down-going 
muons

IC22

down-going 
neutrinos
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cosmic rays spectrum 
all-particle energy spectrum

35

Cherenkov 
light



cosmic rays spectrum 
all-particle energy spectrum
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simulation CORSIKA - Sybill

�log10(S125) = 0.05

the relationship between S125 and primary 
energy depends on mass and zenith angle
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Aartsen et al. PRD 88 (2013) 042004

cosmic rays spectrum 
all-particle energy spectrum



all-particle spectrum depends on the assumed mass composition of primary particles
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cosmic rays spectrum 
all-particle energy spectrum



cosmic rays composition 
coincident events

39

@ sea level @ high altitude

simulations - Ralph Engel

@Antarctica

@sea level
Sciutto, Braz. J. Phys. 37 (2007) 2b, São Paulo

Ne

Nµ

Xmax
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hIi ⌘
Ni � hNi

hNi
40

cosmic rays anisotropy 
arrival direction distribution

raw map of events in equatorial coordinates (α,δ)i 

reference map from events scrambled over 24hr in   
                        α (or time) 

subtract reference map from raw map to determine  
              the residual relative intensity map 
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cosmic rays anisotropy 
arrival direction distribution

detector acceptance

direct exp measurement 
+ detector acceptance
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measuring cosmic ray anisotropy 
relative intensity
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Abbasi et al., ApJ, 746, 33, 2012 equatorial coordinates

δ
α

disclaimer

‣ sky maps show ONLY modulations across right ascension and NOT declination

ΔN/⟨N⟩ = 7×10-3
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cosmic rays anisotropy 
arrival direction distribution

IceCube - 20 TeV

HAWC - 1 TeV

ICRC 2015

small scale anisotropy 
Abeysekara et al. 2014

Abbasi et al. 2010, 11,12 
Aartsen et al. 2013



0°  0° 

270° 

270° 

v = 29.8 ± 0.5 km/s

Compton & Getting, Phys. Rev. 47, 817 (1935)
Gleeson, & Axford, Ap&SS, 2, 43 (1968)

a known anisotropy 
Earth’s motion around the Sun

44

‣ produced by Earth’s revolution around the Sun 

‣ visible as solar diurnal modulation 

‣ predictable and used as benchmark
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cosmic rays anisotropy 
large and small angular scale
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cosmic rays anisotropy 
large and small angular scale
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angular power 
spectrum

can angular power 
spectrum reveal 

fundamental physics 
properties ?

Giacinti & Sigl 2012 
Ahlers 2014 
Ahlers & Mertsch 2015 
López-Barquero, Farber, Xu, PD, Lazarian 2015

need extended/full sky 
coverage at equivalent 

rigidity
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PeV gamma rays 
galactic origin

IC40 - Aartsen et al., 2012

CASA-MIA

IceCube-40
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ICRC 2015

M. Sutherland - OSU

neutron point sources 
nearby galactic sources with 4 years of IceTop
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Aartsen et al. arXiv:1412.5106

extra-galactic photons from Fermi

cascading down from PeV

Murase, Ahlers & Lacki arXiv:1306.3417

astrophysical neutrinos 
extra-galactic origin • γ-rays & ν’s from pp interactions 


• extra-galactic emission 
(cascaded in EBL): E-2.1 - E-2.2


• these cosmic ray sources 
contribute to 30%-40% of diffuse 
γ-ray background @100 GeV


• low energy tail of GeV-TeV 
neutrino/γ-ray spectra

• sources can be opaque in γ-ray


• ν to probe dense environments



astrophysical neutrinos 
correlations with UHECR from Auger ?
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IceCube 
Auger 

TA
Aartsen et al., arXiv:1511.09408

Auger events

TA events

IceCube cascade events

IceCube starting track events

IceCube through-going track events



astrophysical neutrinos 
galactic origin

53

HE starting neutrino events

E-2.2 - E-2.6

galactic cosmic rays with cut-off of 10 PeV ?

Neronov & Semikoz 2015a

ECR-2.5



astrophysical neutrinos 
galactic origin

54

HE starting neutrino events

galactic cosmic rays with cut-off of 10 PeV ?

Neronov & Semikoz 2015a

ECR-2.5 Neronov & Semikoz 2015b

galactic plane >100 TeV


