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Expectations – astrophysical scenario; oscillations
Synergies – mostly gamma ray observations

Results – mainly IceCube data and their interpretations
Prospects – future data and experiments



INTRODUCTION	

From	the	first	idea	to	see	cosmic	muonic	neutrinos/antineutrinos	(1958)	
to	IceCube	results	(2016);	Fermi-LAT’s	and	of	IceCube’s	sky	(2010)		



Why cosmic neutrino sources?

• “γ quanta of 1 TeV favor existence 
of cosmic high-energy neutrinos” 

• “worth searching especially if HE 
γ beyond atmosphere were 
found” 

• from new star’s shell as Crab 
“the flux could equal the 
atmospheric one” 

• from old CR population as GC 
“could be large if attenuation is 
essential”

From the master thesis of  a 
student of  Markov, 

Zheleznykh (1958). There, 
a key technique to 

observe the high-energy 
neutrinos was also 

proposed for the first time.

Cosmic neutrinos: how & why

• “γ quanta of 1 TeV favor 
existence of cosmic high-
energy neutrinos” 

• “worth searching especially 
if HE γ beyond atmosphere 
were found” 

• from new star’s shell as 
Crab “the flux could equal 
the atmospheric one” 

• from old CR population as 
GC “could be large if 
attenuation is essential”

In the master thesis of  one 
student of  Markov, 
Zheleznykh (1958), 

the key technique to 
observe the high-energy 

neutrinos was proposed for 
the 1st time.





IceCube	did	see	such	µ	above	200	TeV
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Gamma rays in 1-100 GeV energy region: 
3rd catalogue of  Fermi-LAT 



Skymap of IceCube 
till now, no point source has been identified 
Skymap of IceCube (2010)

Milky Way and point sources unseen 



ASTROPHYSICAL	CONNECTION	

Cosmic	rays,	γ	and	ν;	fine	prints	of	the	multi-messenger	assumption;	
spectrum	of	the	high	energy	passing	muons;	atmospheric	neutrinos	
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Thumb	rules:	Eπ=Ep/5,	Eγ=Eπ/2	and	Eν=Eπ/4	

	

High energy γ and ν 
are both potentially 

observable! 
 



	

Cosmic	ray	density	is	larger	near	their	
sources	

	
With	sufficient	target,	secondary	

particles	are	produced	at	collisions	
	

The	neutral	ones	do	not	suffer	
deflection	of	magnetic	fields	

	
Neutrinos	are	produced	only	in	this	

manner	&	are	not	absorbed	
	

(But	are	difficult	to	be	seen)	
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u γ - rays are produced a l so w i th 
electromagnetic mechanisms

u  Could be absorbed – e.g., only γ-rays below 100 GeV may 
reach us from cosmological distances

u  There could be ν  from decay of DM -whatever it is- or topological defects. 
[This is bound by experiments.]

u  ν could be messengers of `mirror world’ 

u  etc etc



o  All IceCube data above 200 TeV agree well with 

Φν~ Eν
-2  ÷ Eν

-2.2 

    that fits the original expectation (maybe not “prediction”) 

 

o  The data collected mostly as “passing µ” are 
comparably clean & tested with other events 

  

o  They can be regarded as circumstantial argument in 
favor of  pp-collisions, for, 

Φp~ Ep
-2  è Φν~ Eν

-2    i.e., “scaling” 
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EXPECTATIONS	ON	THE	SIGNAL	

Objects	characterized	by	the	direction	of	arrival	(=neutrino	astronomy	in	
proper	sense);	expected	spectra;	sporadic	sources?	





Galactic 
plane 

Earth 

Galactic 
center 

Where we can see the 
Milky Way?  

Southers hemisphere 
for γ-rays [e.g. Hess];  
Northern hemisphere 
for (through-going) 

muon neutrinos  
[e.g. Antares] 

	



BL	Lac	γ-ray	Flux	vs	
IceCube	Neutrino	Flux	

BL Lac Photons

  (Fermi-LAT)

Diffuse Neutrinos

     (IceCube)
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BL	Lac	model	by	Fermi	LAT	(Ajello	2014)	
describes	quite	reliably	the	total	emission	
from	BL	Lac	in	0.1-100	GeV	region.	
	

	
(5	BL	Lac	have	more	than	1%	of	the	total	
photon	flux	each;	the	brightest	has	2%.)	
	
	

We	expect	a	similar	or	smaller	neutrino	
emission	in	the	0.1-100	GeV.	
	

	
Thus,	BL	Lac	could	contribute,	on	general	
grounds.	
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Trying the most luminous xgal sources of Fermi-LAT

•  There are 29 passing muons, 
with resolution Δθ~ 1°

•  ⅔ of them thought to be signal

•  Postulate they are BL Lac

•  Calculate from Ajello’14 the 
fraction of those tagged=½

•  We expect 10 correlations

•  But we see just one; it is the one 
that has Δθ~ 10°…
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Trying the most luminous xgal sources of Fermi-LAT

•  There are 29 passing muons, 
with resolution Δθ~ 1°

•  ⅔ of them thought to be signal

•  Postulate they are BL Lac

•  Calculate from Ajello’14 the 
fraction of those tagged=½

•  We expect 10 correlations

•  But we see just 1. 

•  And this one has Δθ~ 10° !

Palladino,	FV,	A&A,	2017	





Sporadic 
encounters with / 

mergers of / 
big clumps of 

matter ? 



NEUTRINO	OSCILLATIONS	

Nature	of	neutrino	oscillations;	consistency	with	the	available	data	of	
IceCube;	a	conclusive	test	of	cosmic	origin	



E.g.,	we	begin	with	an	electronic	neutrino	(in	phase)	and	then	we	get	
a	muonic	one	(counter-phase);	then	electronic	again;	and	so	on	
(in	reality,	oscillations	are	not	full	and	also	tau	neutrinos	are	involved—but	these	are	details)	



remarks on neutrino oscillations 

•  Relevant and proved (Pontecorvo 57-67; Nobel in Physics, 2015) 

•  The parameters: 2 differences of  mass squared, 3 
mixing angles, 1 phase (Capozzi et al 2016) 

•  Only “averaged” oscillations matter (Gribov Pontecorvo 1969) 
they depend upon 3 parameters only (Palladino Vissani 2015)  



Not only passing muons!!! 

Mostly νe,τ Mostly νµ Mostly ντ



Not only passing muons!!! 

Mostly νe,τ Mostly νµ Mostly ντ



TRACK-TO-SHOWER	RATIO	
Expectations	including	oscillations	from	three	mechanisms	(pions	+	a	few	
speculative	ones)	 as	 compared	with	 the	 track-to-shower	 ratio	obtained	
from	4	years	IceCube	data:	1	σ	region	in	gray	
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* Cosmic ντ are unavoidable 
(Learned Pakvasa 1995) 

*  At “low” energies, τ gives 
showers – just as electrons or NC 
 
* At HE τ yields a unique topology: 
double-bang (pulse) event.  
 

Tau neutrinos observed              Cosmic origin proved 



The cosmic neutrino flux of  
ντ is very constrained by the 
(observed) νµ flux, simply due 
to the known oscillations.  
 
 
 
Residual uncertainties, due to 
production mechanism (and 
oscillations parameters), do 
not have a large impact.   M
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the double pulse signal [1/2] 
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the double pulse signal [2/2] 
Ø  The prediction is,   
     0.1 double pulse/yr 

Ø  Error due to νµ-flux 
uncertainty is 30% 

Ø  Cutoff at 2, 5, 10 PeV cuts 
45%, 30%, 15% of signal 
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GLOBAL	INTERPRETATION?	

Passing	muons	along	with	the	other	class	of	events	(HESE);	an	
obstruction	/	contradiction	









HESE	above	60	TeV,	showers	in	blue	
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passing-µ	above	200	PeV,	in	red
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A single isotropic cosmic ν-flux for HESE & tracks
Join interpretation of  HESE and tracks based on 1) conventional astrophysics,  

2) conventional oscillations, 3) current hypothesis on the background.  

If  we want to cover both datasets, two-power-law cosmic neutrino spectrum is at least necessary. 
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an	obstruction	to	this	interpretation	

Ø  No large νµ component distributed as E-2.7 or similar in north sky - prompt events searched in the track 
data, as excess over astrophysical signal extrapolated at low energies but have not been found.  

Ø  Isotropy implies the same for south sky: No large νµ component distributed as E-2.7 or similar. 
Ø  Then neutrino oscillations imply that  large νe and ντ component should not be in south sky! 
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v  CR and γ-ray motivate the search for cosmic ν

v  Something very similar to the expected µ-signal has been seen; has IceCube seen cosmic νµ ? ! ? ! 

v  Some flavor tests have been passed; what about ντ ? 

v  What is the meaning of the low energy IceCube spectrum? isotropy called into question? 

v  Which are the sources???  Notice that :-- pointing is (will be) much better in water than in ice, 

v  A lot of efforts on theoretical elaborations, but more data and independent tests seem necessary 

v  Increasing motivations for one km3 size telescope in north hemisphere 

v  Neutrinos are intrinsically multimessenger (due to flavor); however, γ-rays were and remain essential for 
further planning and proper interpretation 
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Tests of  three hypotheses 



Sgr A* after HESS  
(beware, this last slide is purely theory) 

HESS gamma ray detector has measured an intense emission from Sgr A* and its surrounding. 
 

It was shown that this emission is compatible with unbroken power law emission. 
 

Assuming the hadronic origin, high energy neutrinos could be observable from Sgr A* !!! 
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Point	source=PS	

Diffuse	source=D	(×	10)	



Photon	absorption	
In	this	plot,	we	consider	absorption	of	photons	from	the	Galactic	center	
due	 to	 standard	 contributions.	 For	 an	 analytical	 and	 very	 efficient	
description	of	this	phenomenon,	see		https://arxiv.org/abs/1604.08791	
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	Analysis	of	tracks	and	showers
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•  NT=track	events	due	to	CC	νµ

•  NS=showers	events	to	NC	and	to	CC	νe	,	ντ
•  Other	minor	contributions	neglected	

•  Assume	power	law	fluxes	Fe	,	Fµ	,	Fτ		
•  Use	the	effective	areas	and	masses	of	IceCube	
•  Calculate	dependence	of	NT	,NS	from	slope	(mild)	

and	from	flux	normalization	(linear)	

•  Use	Poisson	statistics	



Alternative:	display	flavor	
fractions	
	
Consider	the	three	fractions	of	flux	(or	
flavor	fractions)	at	Earth,	e.g.,	
		electronic	fraction=	Fe	/(Fe	+	Fµ	+	Fτ)	
evidently,	they	sum	to	1.		
	
They	can	be	represented	as	the	distances	
from	the	sides	of	an	equilateral	triangle.	
This	is	called	flavor	triangle.	
	
Note	however	that	the	flavor	fraction	at	
Earth	is	not	directly	observable;	what	we	
observe	are	event	topologies.	
	
	
	
	
	
	

[From	Wiki:	Equilateral	 triangle’s	area,	a	h/2,	equals	 the	sum	of	 the	areas	of	 the	3	
colored	triangles,	a	u/2+a	t/2+a	s/2=a	(u+t+2)/2=a	h/2	and	we	conclude:	u+t+s=h.	In	
math,	this	is	called	Vivani’s	theorem,	after	the	name	of	one	pupil	of	Galileo]	



•  The	presentation	does	not	use	observable	quantities	
•  But	the	predictions	are	independent	from	the	slope	
•  This	is	based	on	3	yr	data	set	and	assumes α=2.3.	
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Left:	our	hope	concerning	the	intensity	
of	neutrino	(point)	sources	as	compared	with		
the	atmospheric	one.	
	
Right	(below):	the	upper	bound	on	neutrino	
flux	from	one	of	the	most	luminous		
supernova	remnant,	RX	J1713.7-3946.	
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To	study	cosmic	reactors:	e.g.,	the	
CNO	cycle	of	the	Sun	

To	study	cosmic	accelerator:	e.g.,	
Supernova	remnants	

13C  14N  17O  18F  

13N  15O  17F  18O  

12C  15N  16O  19F  
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