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Overview: 
n  Introduction: neutrinos 
n Detection technics  
n Discovery of astrophysical neutrinos by 

IceCube telescope 
n Galactic to extragalactic transition of 

cosmic rays 
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Overview: 
n Neutrino signal from Milky Way Galaxy: 

¨  Theoretical expectations 
¨ Gamma-ray signal  
¨ Significance in IceCube data 

n Extragalactic sources of neutrinos: AGN’s 
n Gamma-ray conterpart to neutrino signal 
n Conclusions 
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INTRODUCTION 
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The Weak Nuclear Interactions concerns all Quarks and all Leptons 
 
The Weak Interaction takes place whenever some conservation law (isospin, 
strangeness, charm, beauty, top) forbids Strong or EM to take place 

In the Weak Interaction leptons appear in doublets: 

Q	 L(e)	=	+1	 L(μ)	=	+1	 L(τ)	=	+1	

0	

-1	

eν µν τν
−e −µ −τ

…and the relevant anti-leptons. For instance:  

Doublets are characterized by electron, muon, tau numbers (each conserved, 
except in neutrino oscillations)  à whose sum is conserved. 

µπ µ ν+ +→ +

Simple facts 
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Fermi Theory of the Beta Decay 

( , ) ( 1, 1) eA Z N A Z N e ν−→ + − + +
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Astrophysical 

Accelerators    2013 

Nuclear Reactors  ü 

Particle-        
Accelerators 

ü 

Earth Atmosphere 
(Low energy Cosmic Rays) 
ü 

Sun ü 

Earth Crust     
(Natural          

Radioactivity) 
 
 

Supernovae 
(Stellar Collapse) 
                SN 1987A ü 

Cosmic Big Bang   
(today 330 ν/cm3) 

   Indirect BBN, CMBR 

ü 



      MEPHI Lecture: Astrophysical Neutrinos   

Extragalactic neutrino flux?   
Sanduleak –69 202          

Large Magellanic Cloud  
Distance 50 kpc        
(160.000 light years) 

Tarantula Nebula 

Supernova 1987A    
23 February 1987     
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Neutrino Signal from SN 1987A 
  Kamiokande (Japan) 
  Water Cherenkov detector 
  Clock uncertainty  ±1 min 

  Irvine-Michigan-Brookhaven 
  (USA) 
  Water Cherenkov detector 
  Clock uncertainty  ±50 ms 

  Baksan Scintillator Telescope 
  (Soviet Union) 
  Clock uncertainty  +2/-54 s 

  Within clock uncertainties, 
  signals are contemporaneous 
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Pion production 
 

µ

µ

ννµ

νµπ

++⇒

+⇒
±±

±±

ee

i
b NN ∑+⇒+ πγ '

p 

n 

γπ 20 ⇒

n⇒ p+ e− +νe

Conclusion: proton, photon and neutrino fluxes are 
connected in well-defined way. If we know one of them we 
can predict other ones: tottot EE νγ ~

N + Ab ⇒ N ' + π∑
i
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Neutrino flux from  sources of 
gamma-rays 

σν p(100 TeV ) = 3⋅10−34cm2

τ =σnICER ~ 3⋅10
−5

€ 

Fν ~ Fγ ~ 10
−12 /cm2 /s = 3 ⋅105 /km2 / yr

Neutrino cross section: 

Which fraction of neutrinos  
interact near/in detector:  

Expected neutrino flux from pp reactions: 

This means few events per year 
Nν ~10(Fγ /10

−12 / cm2 / s) / yr
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Detection of neutrino 
interactions 
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Muon losses 
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Tau energy  losses 



      MEPHI Lecture: Astrophysical Neutrinos   

Experimental detection of 
E<1017eV   neutrinos 

n  Cascade neutrinos 
coming from above are 
HE neutrinos from space 
and secondary  from 
cosmic rays 

n  Muon neutrinos coming 
from below are mixture of 
atmospheric neutrinos 
and HE neutrinos from 
space 

n  Earth is not transparent 
for neutrinos E>1015eV  

n  Experiments: MACRO, 
Baikal, AMANDA, 
ANTARES, ICECUBE  
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Experimental detection of UHE 
(E>1017eV)   neutrinos 

n  Neutrinos are not 
primary UHECR  

n  Horizontal or up-going 
air showers – easy 
way to detect 
neutrinos 

n  Experiments: Fly’s 
Eye, AGASA, HiRes, 

n  AUGER  
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Radio detection 
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Askaryan effect  

G.Askaryan was the first to note that the outer few metres of the Moon's surface,  
known as the regolith, would be a sufficiently transparent medium for detecting  
microwaves from the charge excess in particle showers.  
The radio transparency of the regolith has since been confirmed  
by the Apollo missions. 

In 1962  Gurgen Askaryan suggested that a particle 
 travelling faster than the speed of light in a dense  
radiotransparent medium such as salt or  
produces a shower of secondary 
 charged particles which contain a charge  
anisotropy and thus emits a cone of coherent  
radiation in the radio or microwave part of the 
 electromagnetic spectrum. 
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νe + n → p + e- 
           e- → ... cascade 
 

⇒ relativist. pancake  
      ~ 1cm thick, ∅ ~10cm 
 

⇒ each particle emits  
      Cherenkov radiation 
 

⇒ C signal is  
     resultant of  
     overlapping  
     Cherenkov  cones 

⇒ for λ  >>  10 cm (radio) 
                              coherence 

     ⇒ C-signal ~ E2  

nsec 

negative charge is sweeped into  
developing shower, which acquires 
a negative net charge 
Qnet ~ 0.25 Ecascade (GeV). 

Threshold > 1016 eV 

Experiments: 
GLUE, RICE, FORTE, 
ANITA 
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SLAC 2006: observation of 
Askaryan effect 
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SLAC 2006 
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SLAC 2006 



      MEPHI Lecture: Astrophysical Neutrinos   

Acoustic detection 
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d 

R 

Particle cascade → ionization  
                                 →  heat  
                                      →  pressure wave 

P 

t 

µs 

Attenuation length of sea water  
at 15-30 kHz:  a few km 
(light:  a few tens of meters) 
 
→ given a large initial signal,  
     huge detection  volumes  
     can be achieved. 

Threshold > 1016 eV 

Maximum of emission at ~ 20 kHz 
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Historical 
experiments 
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 4-string stage (1996) 

First underwater telescope 
First neutrinos underwater 
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AMANDA-II 

depth  AMANDA 

Super-K 

DUMAND 
Amanda-II: 
677 PMTs 
at 19 strings 
 

(1996-2000) 
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GLUE  Goldstone Lunar Ultra-high Energy Neutrino Experiment  

 → E2·dN/dE  < 105 eV·cm-2·s-1·sr-1 

Lunar Radio Emissions from Inter- 
actions of ν and CR with  > 1019 eV  

ν
1 nsec 

moon 

Earth 

Gorham et al. (1999), 30 hr NASA Goldstone 
70 m antenna + DSS 34 m antenna 

at 1020 eV 

Effective target volume 
~ antenna beam (0.3°) 
 × 10 m layer 

 → 105 km3 
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RICE   Radio Ice Cherenkov  Experiment  

firn layer (to 120 m depth) 

UHE NEUTRINO             
              →  →  →  → 
DIRECTION      

300 METER DEPTH 

E 2 · dN/dE   
< 10-4 GeV · cm-2 · s-1 · sr-1 

20 receivers +  transmitters 

at 1017 eV  
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Pierre Auger Observatory  
South site in Argentina  almost finished 

North site – project  
Surface Array 
 1600 detector stations 
 1.5 Km spacing 
 3000 Km2  (30xAGASA) 

Fluorescence Detectors 
 4 Telescope enclosures 
 6 Telescopes per 

  enclosure 
 24 Telescopes total 
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ANITA   
Antarctic 
Impulsive 
Transient 
Array 

Flights in 2006,2007 
(35 days) 
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Radio detection cosmic rays 
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Radio detection neutrinos 
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IceCube 

- 80 Strings 
- 4800 PMT  
-  Instrumented           

volume: 1 km3  

-  Installation: 
           2004-2010     

1400 m

2400 m

AMANDA 

South Pole

IceTop 

~ 80.000 atm.ν per year 
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ß 220m à 

ß >100m à 

most transparent medium 
in nature, and in the lab 

absorption length of Cherenkov light 
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Backgrounds: atmospheric muons and neutrinos 
 
Atmospheric neutrinos: 
•  upward tracks are good neutrino 
candidates;  
•  event direction and energy 
criteria can be used to 
discriminate background from 
astrophysical signals.  

Atmospheric muons: 

•  downgoing events background is 
due to mis-reconstructed (fake) 
tracks; 

•  improve analysis filters for 
atmospheric muon background 
rejection.  ANTARES 
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Atmospheric muon background vs depth 

Downgoing muon background is 
strongly reduced as a function of 
detector installation depth. 

Depth >3000 m (≈1 km rock) is 
suggested for detector installation 

NEMO 

NESTOR 

ANTARES 
AMANDA 

Bugaev 

BAIKAL 
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… you looked at 10msec of data ! 
 
muons detected per year: 
 
•  atmospheric*    µ                ~ 1011 
 

•  atmospheric**   ν à µ          ∼ 105 

•  cosmic              ν à µ         ∼  10

* 3000 per second                ** 1 every 6 minutes
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RICE AGASA 

Amanda, Baikal 
2002

2008

AUGER ντ
Anita

AAB 

2012  

km3  

Radio? 
Auger  

GLUE

2004

RICE 

Amanda II 
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IceCube 
discovery of 
astrophysical 

neutrinos 
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IceCube�

5160 PMs 
in 1 km3	
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•  energy 
 

  1,041 TeV 
  1,141 TeV 

(15% resolution) 
 

•  not atmospheric: 
 probability of 

no accompanying  
muon is 10-3 per 

event 

à flux at present 
     level of diffuse 

     limit 
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data: 86 strings one year 

…and then there  
were 26 more… 
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data: 86 strings one year 

…and then there  
were 26 more… 
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Muon track from 89 TeV 
neutrino 

radius ~ number of photons 
time    ~ red à purple 4me	
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Best fit parameters 
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Neutrino spectrum 
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Flavor content consistent with 
1:1:1  

IceCube Collaboration, arXiv:1502.03376 
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Neutrino astrophysics 
n  IceCube detected first astrophysical neutrinos.  

New field started: neutrino astrophysics. 
n  Best flux 1/E^(2.46+-0.14) 
n  Flux 1/E^2 disfavored with more then 3 sigma 

significance  
n  Muon neutrino data favors 1/E^2.1 flux ! 
n  Flavor ratio consistent with 1:1:1 as expected 
n  Cosmogenic neutrinos best constrained by 

IceCube, but in case of nuclei primaries bigger 
detector needed to find flux 

n   Bigger detectors needed for next step  
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Future detectors 
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1 cluster is working now, 12 clusters to 2020 
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86 strings with 240-340 m 
spacing 
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Effective volume 

IceCube Collaboration, arXiv:1412.5106 
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ARA radio detector South pole 
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ARIANNA radio detector 
Antarctics 
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Future radio detection 
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Detection of neutrinos from 
space 
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Space  telescope project 
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Detection of GZK neutrinos 



      MEPHI Lecture: Astrophysical Neutrinos   

What we can expect from future 
detectors 

n  Split Galactic and extragalactic contribution in 
diffuse flux 

n  Find first point/extended sources  
n  Limit or find extragalactic  flux  above PeV 

n  Help to find sources of PeV Galactic cosmic rays  
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IceCube data 4 yrs 

IceCube, ICRC 2015  
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IceCube + Fermi LAT 
extragalactic 

A.Neronov, D.S. arXiv:1412.1690  
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Theoretical 
predictions of 
neutrino flux 
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EXPECTED NEUTRINO FLUXES 

Local optical depth of protons: 

τ(PeV)=0.003 
 
τ(10 PeV)=0.0002 
 

E^2F_ν(PeV)=0.2 eV/cm^2/s/sr 

E^2F_ν(100 TeV)=3 eV/cm^2/s/sr 
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EXPECTED NEUTRINO FLUXES 

M.Kachelriess and S.Ostapchenko, arXiv:1405.3797 

Local CR Neutrino from local CR 

Contribution of local CR sea  assuming local CR holds for all galaxy 
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EXPECTED NEUTRINO FLUXES 

M.Kachelriess and S.Ostapchenko, arXiv:1405.3797 

Flux from GMC  with mass Mcl at distance d: 

Flux from GMC 105 Msun at 1 kpc: 
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Galactic neutrino fluxes 

n Point sources (isolated) give  small 
contribution  

n Diffuse flux normalized to local CR flux 
give too small contribution 

n Something new? 
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CR spectrum in 
MW and LMC 

from gamma-rays 
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Milky Way inner Galaxy  
Fermi E>10 GeV 

A.Neronov and D.Malishev, arXiv: 1505.07601  
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Milky Way inner Galaxy  
Fermi E>10 GeV: spectrum 2.45 
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In LMC average proton spectrum 2.45 

A.Neronov and D.Malishev, arXiv: 1505.07601  
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Proton flux above 2 GeV 

R.Yang, F.Aharonian and C.Evoli  PRD 93, 123007, 2016 
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R.Yang, F.Aharonian and C.Evoli  PRD 93, 123007, 2016 



      MEPHI Lecture: Astrophysical Neutrinos   

Neutrino flux from 
Milky Way 
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Galactic plane: 2% by chance 

ICECUBE collaboration, 1405.5303 
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Half of ICECUBE events E>100 TeV are in 
Galactic plane. Are they correlate with 

gamma-rays? 

A.Neronov, D.S. and C.Tchernin, arXiv:1307.2158  
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Real multimessenger fluxes, alpha=2.5 

V.Berezinsky & A.Smirnov 1975 
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IceCube neutrino sky map  
3 years E> 100 TeV 
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IceCube + Fermi LAT all sky: 
protons 1/E^2.5 

A.Neronov, D.S. arXiv:1412.1690  
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Neutrino flux as function of |b| 
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IceCube neutrino sky map  
4 years E> 100 TeV and Fermi E>100 

GeV  5 degree smoothed 
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IceCube galactic plane 3 years:  
2% by chance – small statistics 

ICECUBE collaboration, arXiv:1405.5303 
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Evidence of Galactic component in  
4 year IceCube data E>100 TeV 

A. Neronov & D.S. arXiv: 1509.03522 
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Post-trial probability is 1.7*10-3 

A. Neronov & D.S. arXiv: 1509.03522 
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Muon neutrinos 

IceCube, ICRC 2015 
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North and South sky: IceCube 

A. Neronov & D.S. arXiv: 1603.06733 
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First galactic diffuse sources 

A. Neronov & D.S. arXiv: 1603.06733 
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IceCube ICRC 2017 
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IceCube data 
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Diffuse gamma-ray 
background 
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Pion production 
 

µ

µ

ννµ

νµπ

++⇒

+⇒
±±
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ee

i
b NN ∑+⇒+ πγ '

p 

n 

γπ 20 ⇒

n⇒ p+ e− +νe

Conclusion: proton, photon and neutrino fluxes are 
connected in well-defined way. If we know one of them we 
can predict other ones: tottot EE νγ ~

N + Ab ⇒ N ' + π∑
i
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Diffuse backgrounds 
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Pion production 
 

µ

µ

ννµ

νµπ

++⇒

+⇒
±±

±±

ee

i
b NN ∑+⇒+ πγ '

p 

n 

γπ 20 ⇒

eepn ν++⇒ −

Conclusion: proton, photon and neutrino fluxes are 
connected in well-defined way. If we know one of them we 
can predict other ones: tottot EE νγ ~

N + Ab ⇒ N ' + π∑
i
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Self-consistent extragalactic 
sources 
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Astrophysical neutrinos 
from BL Lacs 
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Unresolved BL Lacs give main 
contribution to diffuse gamma-ray 

flux  

A.Neronov, D.S.  Astrophys.J. 757 (2012) 61  
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BL Lacs give main contribution to high 
energy part of diffuse gamma-ray flux  

M. Di Mauro et al, arXiv:1311.5708  
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Fermi  confirmed resolution of BL Lac 
sources above 50 GeV 

Fermi collaboration, arXiv:1511.00693 
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Are  neutrino sources  blazars? 
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UHECR proton flux from BL Lacs 

G.Giacinti, M.Kachelriess, O.Kalashev, A.Neronov and D.S., arXiv: 1507.07534  
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Protons in sources 

G.Giacinti, M.Kachelriess, O.Kalashev, A.Neronov and D.S., arXiv: 1507.07534  

n E<E1(τ=1)    conversion to neutrino and 
gamma-rays.  Neutrino flux = Proton flux 

n E>Eesc (τ<<1) protons go away    Neutrino 
flux = Proton flux 

n E1 <  E<  Eesc   diffusion of protons Neutrino 
flux is softer 
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Miltimessenger signal from BL Lacs: 
dependence on escape energy 

0.3 TeV 100 TeV 

G.Giacinti, M.Kachelriess, O.Kalashev, A.Neronov and D.S., arXiv: 1507.07534  
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Fermi blazars and IceCube 
neutrinos 

A.Neronov, K.Ptitsyna and D.S, arXiv:1611.06338 



      MEPHI Lecture: Astrophysical Neutrinos   

Neutrinos not from blazars 

IceCube     arXiv:1611.03874 
A.Neronov, K.Ptitsyna and D.S., arXiv:1611.06338 
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Self-consistent extragalactic 
sources: no blazars 
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IceCube data 
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IceCube + Fermi LAT all sky: 
protons 1/E^2.5 

A.Neronov, D.S. arXiv:1412.1690  



      MEPHI Lecture: Astrophysical Neutrinos   

Evidence of Galactic component in  
4 year IceCube data E>100 TeV 

A. Neronov & D.S. arXiv: 1509.03522 



      MEPHI Lecture: Astrophysical Neutrinos   

Post-trial probability is 1.7*10-3 

A. Neronov & D.S. arXiv: 1509.03522 
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IceCube and ANTARES 
galalactic plane 

ICRC 2017 
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Anisotropy at E>100 TeV  

A. Neronov, M.Kachelriess and  D.S. 2018 
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Discovery of gamma-ray 
conterpart 
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Multi-messenger spectrum of the Galactic Plane 

Catalog sources Inverse Compton 

Fermi/LAT multi-TeV emission from the 
Galactic Plane could hardly be dominated by 
diffuse emission process which does not 
generate neutrinos. 
It also does not come from known isolated 
sources 



      MEPHI Lecture: Astrophysical Neutrinos   

Fermi sky map E> 1 TeV 
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ULTRACLEANVETO event selection  

AN, Kachelriess, Semikoz ’18 (in prep) 

preliminary 

After 9 years of exposure, Fermi/LAT data start to have event statistics sufficient for detection of 
brightest sources up to several TeV.  
Fermi /LAT calibration is not assured above 1 TeV (
https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html). Those need to be derived / 
verified.  
 
This could be done via cross-calibration with the ground-based gamma-ray telescopes (HESS, 
MAGIC, VERITAS) and air shower arrays (MILAGRO, HAWC, ARGO-YBJ) 
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IceCube + Fermi LAT all sky 

A.Neronov, M.Kachelriess and  D.S.  arXiv:1802.09983 
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IceCube + Fermi LAT high 
galactic latitude 

A.Neronov, M.Kachelriess and  D.S.  2018  
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IceCube + Fermi LAT high 
galactic latitude 

A.Neronov, M.Kachelriess and  D.S.  arXiv:1802.09983 
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IceCube + Fermi LAT :  
local source 

A.Neronov, M.Kachelriess and  D.S.  arXiv:1802.09983 
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IceCube + Fermi LAT  
Dark Matter m=5 PeV 

A.Neronov, M.Kachelriess and  D.S.  arXiv:1802.09983 
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Out-of-plane 
Galactic sources: 
Local and Loop I 

superbubbles 
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Loop I 

K.Andersen, M.Kachelriess and D.Semikoz, arXiv:1712.03153   
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Cosmic ray density 

K.Andersen, M.Kachelriess and D.Semikoz, arXiv:1712.03153   



      MEPHI Lecture: Astrophysical Neutrinos   

Loop I neutrino flux 

K.Andersen, M.Kachelriess and D.Semikoz, arXiv:1712.03153   
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Loop I gamma-ray flux 

K.Andersen, M.Kachelriess and D.Semikoz, arXiv:1712.03153   
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Summary  
n Atmospheric neutrinos dominate measured 

neutrino flux up to 100 TeV 
n Neutrino astronomy started in 2013 with 

detection of E>100 TeV neutrinos 
n New multi-km3 detectors are needed to find 

first point sources 
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Summary  
n Astrophysical neutrino flux with power law 1/E2.5 

was surprise to theoreticians. 
n Galactic to extragalactic transition is around 10 

PeV in protons, i.e. one expects both 
contributions for 1 PeV neutrinos 

n We have clear pp signal in Fermi gamma-rays 
all the way up to 10 TeV. This signal dominated 
by Galaxy contribution with 1/E2.5. This predicts 
unavoidable galactic neutrino flux  
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Summary  
n First diffuse neutrino flux measurements 

contain both galactic and extragalactic 
components. Evidence of Galactic component 
come in 4 years of IceCube data 

n Galactic component give 50%-90% of  flux at 
lower energies E<100 TeV 

n Fermi at TeV energies have new Galactic 
component  

n Extragalactic component can come from 
unknown sources, AGN’s are good candidates. 


