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terra incognita:
only revealed by

neutrinos

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe:
neutrinos and cosmic rays

Universe is opaque above ~100 TeV energy
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The opaque Universe
p

e+

e-

g + gCMB à e+ + e-

PeV photons interact with microwave photons 
(411/cm3) before reaching our telescopes

enter: neutrinos



p

n

Neutrinos?  Perfect Messenger

e+

e-• electrically neutral
• essentially massless
• essentially unabsorbed
• tracks nuclear processes
• reveal the sources of cosmic rays

• … but difficult to detect



• the extreme Universe is opaque to the EM spectrum
• non-thermal Universe powered by cosmic accelerators
• probed by gravitational waves and neutrinos



highest energy radiation from the Universe: protons!

Fly’s Eye 1991
300,000,000 TeV

high energy
high luminosity



cosmic ray challenge

both the energy of the 
particles and the 
luminosity of the 

accelerators are large

gravitational energy 
from collapsing stars

is converted into
particle acceleration?

• supernova remnants
• gamma ray bursts
… or active galaxies?

origin of cosmic rays: oldest problem in astronomy 



some of the matter falling into a supermassive 
black is accelerated in a jet along its rotation axis 



• fast spinning infalling matter 
comes in contact with 
rotating  black hole

• spacetime around spinning 
black hole drags on the field 
winding it into a tight cone 
around the rotation axes

• plasma from the accretion 
disk is then flung out along 
these lines





nearby
radiation

supermassive
black hole

à p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + g à n + p+

~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy



multimessenger astronomy
p + g à n + p+

à cosmic ray + neutrino

à p + p0

à cosmic ray + gammao

• PeV gamma rays accompany PeV neutrinos
• PeV gamma rays are absorbed by CMB photons



10,000 times too small to 
do neutrino astronomy…
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M. Markov
1960

B. Pontecorvo

M.Markov :
we propose to install detectors 
deep in a lake or in the sea and 

to determine the direction of 
charged particles with the help 

of Cherenkov radiation.



• lattice of photomultipliers neutrino

a muon neutrino produces a muon
with a range of kilometers



standing on the shoulder of giants

• 1987: DUMAND test string
• Lake Baikal experiment

… success with Baikal and Antares



instrument 1 cubic kilometer of natural ice below 1.45 km

geographic South Pole



ultra-transparent ice below 1.35 km





photomultiplier
tube -10 inch





muon track: color is time; number of photons is energy



main 
board

LED 
flasher 
board

HV board

architecture of independent DOMs

10 inch pmt



… each Digital Optical Module independently collects 
light signals like this, digitizes them,

…time stamps them with 2 nanoseconds precision, and 
sends them to a computer that sorts them events…





atmospheric neutrinos
(… and muons!)



…K, charm





… you looked at 10msec of data !

muons detected per year:

• atmospheric*    µ  ~ 1011

• atmospheric**   n à µ          ~ 105

• cosmic              n à µ         ~  120

* 3000 per second ** 1 every 6 minutes



above 100 TeV

• cosmic 
neutrinos

• atmospheric
background
disappears

atmospheric neutrino cosmic

100 TeV

dN /dE ~ E−2

10—100 events
per year for fully
efficient detector

Neutrino
2012



the IceCube Project
has developed very
efficient and reliable
deployment methods
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total energy measurement
to 10%, all flavors, all sky

neutrinos interacting 
inside the detector

astronomy: angular resolution
superior (0.2~0.4o)

muon neutrinos
filtered by the Earth



Cherenkov radiation from PeV electron (tau) shower
> 300 sensors > 100,000 pe reconstructed to 2 nsec





2.6 ± 0.3 PeV
inside detector

recent 5.3 PeV event
10~20 PeV neutrino



IC190331: 5300 TeV deposited inside the detector

initial neutrino energy 10~20 PeV



electron and tau neutrinos

muon neutrinos

E ⇥ E
dN

dE

<latexit sha1_base64="fgX+SOhjAurbZn/vjiRXI1BVxX4=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokUlB3RSm4kgr2AU0ok8mkHTp5MHMjlJCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HuPlwiuwLK+jdLK6tr6RnmzsrW9s7tn7h90VJxKyto0FrHseUQxwSPWBg6C9RLJSOgJ1vXGN1O/+8ik4nH0AJOEuSEZRjzglICWBuZREzvAQ6Zw0wkkoZl/l2d+Mx+YVatmzYCXiV2QKirQGphfjh/TNGQRUEGU6ttWAm5GJHAqWF5xUsUSQsdkyPqaRkTvdLPZAzk+1YqPg1jqigDP1N8TGQmVmoSe7gwJjNSiNxX/8/opBJduxqMkBRbR+aIgFRhiPE0D+1wyCmKiCaGS61sxHRGdA+jMKjoEe/HlZdI5r9n12tV9vdq4LuIoo2N0gs6QjS5QA92iFmojinL0jF7Rm/FkvBjvxse8tWQUM4foD4zPHyaSlig=</latexit>



electron and tau neutrinos

muon neutrinos

nµ events vs
truncated E

GeV:
>120 cosmic nµ

per year

102 104 106



0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

Fraction of ∫e

68 %

95 %

∫e : ∫µ : ∫ø at source ! on Earth:

0:1:0 ! 0.17 : 0.45 : 0.37

1:2:0 ! 0.30 : 0.36 : 0.34

1:0:0 ! 0.55 : 0.17 : 0.28

1:1:0 ! 0.36 : 0.31 : 0.33

HESE with ternary topology ID

Best fit: 0.20 : 0.39 : 0.42

Global Fit (IceCube, APJ 2015)

Inelasticity (IceCube, PRD 2019)

3∫-mixing 3æ allowed region

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Fraction
of ∫

µ

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Fr
ac

tio
n

of
∫ ø

new neutrino physics ? 
oscillating PeV neutrinos (7.5 years HESE)

neutrino physics
beyond the SM?
star outside the

butterfly
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cosmic neutrinos: four independent observations
à muon neutrinos through the Earth
à starting neutrinos: all flavors
à tau neutrinos produced by oscillation over

cosmic distances
à Glashow resonance event



tau decay length:
50m per PeVtau production and decay



tau neutrinos at Fermilab-- DONUT



a cosmic tau neutrino: livetime 17m 



the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV

q

q
_



partially contained event with energy 6.3 PeV

q

q
_

resonant production of a weak
intermediate boson by an anti-

electron neutrino interacting with
an atomic electron



hadronic shower from W-decay: 
early muons followed by electromagnetic shower 



• energy measurement understood
• identification of anti-electron neutrinos 
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where do they come from?



evidence for non-uniform skymap in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates

pre-trial p-value for clustering of high energy neutrinos

hottest spot coincident with 
NGC 1068 (M77)



limits and interesting fluctuations (?)

data and simulation released: https://arxiv.org/abs/2101.09836

M77 TXS 0506
PKS 1424+240

GB9



• agn activity

• dense molecular
clouds near black
hole 

• merger (with a star-
forming region or 
satellite galaxy)

evidence for M77
(NGC1086)



• improved detector calibration (pass 2)
• DNN (energy) and BDT (pointing) reconstruction
• point spread function consistent with simulation
• insensitive to systematics
• improved modeling of the optics of the ice

very soon!                 



• we observe a diffuse flux of neutrinos from 
extragalactic sources

• energy density of neutrinos in the non-thermal 
Universe is the same as that in gamma-rays

• (a subdominant Galactic component cannot be 
excluded)
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nearby
radiation

supermassive
black hole

à p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + g à n + p+

~ cosmic ray + neutrino

n and g beams : heaven and earth
where are the gamma

rays ?



g

p

n

gamma rays accompanying IceCube neutrinos interact
with interstellar photons and fragment into multiple lower

energy gamma rays that reach earth

e+

e-
g



e+

e-

g

GeV

PeV

g + gCMB à e+ + e-



GeV photons: Fermi pair spectrometer g à e+ + e-



10°3 10°2 0.1 1 10 102 103

E [TeV]

10°9

10°8

10°7

10°6

E
2 J

[G
eV

cm
°

2
s°

1
sr

°
1 ]

pp scenario

SFR evolution

HESE (3yr)

arXiv:1410.1749

Fermi IGRB (2014)

cosmic
neutrinos

Fermi
gammas
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pg scenario

for instance proton
jet interacting with

10 eV ~ 1KeV
photons near black

hole in agn
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• the pionic photons accompanying 
the neutrinos lose energy in the 
source even before reaching the 
extragalactic background.

• as a result, the photons emerge 
below Fermi threshold, at MeV 
energies and below, in X-rays, … 
radio.

• a source opaque to protons that
efficiently produces neutrinos with
tpg ~ 1, is opaque to gamma rays

• dark sources with opacity tgg ~ 1 ?



• energy density of neutrinos in the non-thermal 
Universe is the same as that in gamma-rays



g

p

n

target may not be transparent to gamma rays:

gamma rays accompanying IceCube neutrinos lose energy
in the source and in the interstellar medium and fragment 
into lower energy gamma rays, X-rays… that reach earth

e+

e-
g
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from photon at PMT to public neutrino alert:
< 1 minute

September 22, 2017 
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IceCube Trigger

43 seconds after trigger, GCN notice was sent
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IceCube 170922
290 TeV

Fermi
detects a flaring
blazar within 0.06o

MAGIC
detects emission of
> 100 GeV gammas



MASTER robotic optical telescope network: after 73 seconds



search in archival 
IceCube data:

• 100-day flare in 2014

• spectrum E-2.2

• Ln > 1047 erg/s

• no gamma ray flare!



• Multimessenger observations of a flaring blazar coincident with
high-energy neutrino IceCube-170922A

IceCube and Fermi-LAT and MAGIC and AGILE and ASAS-SN and HAWC and H.E.S.S. and
INTEGRAL and Kanata and Kiso and Kapteyn and Liverpool Telescope and Subaru and
Swift NuSTAR and VERITAS and VLA/17B-403 Collaborations
M.G. Aartsen(Canterbury U.) et al. (Jul 12, 2018) Published in: Science 361 (2018) 6398, eaat1378
e-Print: 1807.08816 [astro-ph.HE]

• Neutrino emission from the direction of the blazar TXS 0506+05
prior to the IceCube-170922A alert

IceCube Collaboration
M.G. Aartsen(Canterbury U.) et al. (Jul 12, 2018) Published in: Science 361 (2018) 6398, 147-151
e-Print: 1807.08794 [astro-ph.HE]

• two totally independent observations at the > 3s level

• next: optical observation and radio interferometry imaging

https://inspirehep.net/literature/1682162
https://inspirehep.net/literature/1682162
https://inspirehep.net/literature?q=collaboration:IceCube
https://inspirehep.net/literature?q=collaboration:Fermi-LAT
https://inspirehep.net/literature?q=collaboration:MAGIC
https://inspirehep.net/literature?q=collaboration:AGILE
https://inspirehep.net/literature?q=collaboration:ASAS-SN
https://inspirehep.net/literature?q=collaboration:HAWC
https://inspirehep.net/literature?q=collaboration:H.E.S.S.
https://inspirehep.net/literature?q=collaboration:INTEGRAL
https://inspirehep.net/literature?q=collaboration:Kanata
https://inspirehep.net/literature?q=collaboration:Kiso
https://inspirehep.net/literature?q=collaboration:Kapteyn
file:///literature%3fq=collaboration:Liverpool%20Telescope
https://inspirehep.net/literature?q=collaboration:Subaru
file:///literature%3fq=collaboration:Swift%20NuSTAR
https://inspirehep.net/literature?q=collaboration:VERITAS
https://inspirehep.net/literature?q=collaboration:VLA/17B-403
https://inspirehep.net/authors/1233802
https://inspirehep.net/institutions/903459
https://arxiv.org/abs/1807.08816
https://inspirehep.net/literature/1681934
https://inspirehep.net/literature/1681934
https://inspirehep.net/literature?q=collaboration:IceCube
https://inspirehep.net/authors/1233802
https://inspirehep.net/institutions/903459
https://arxiv.org/abs/1807.08794


• MAGIC, HESS and VERITAS: source exhibited daily variations with no TeV
gamma rays observed at the time the neutrino was produced

• MAGIC: onset of the TeV flux 5 days after IC170922

• confirmed by MASTER: the blazar switches from the “off” to “on” state 2 hours
after the neutrino

no gamma rays in 2017 at the time the neutrino is produced ?



global robotic network of
optical telescopes

connects TXS 0506+056
to IC170922A

“MASTER found the blazar in the off-state after one minute 
and then switched to on-state two hours after the event. 
The effect is observed at a 50-sigma significance level”



MASTER
robotic network

optical observations
TXS 0506+056

since 2005

blue panels:
expanded time axis
years à seconds

seconds after
2014-15 burst

seconds after
IC170922

time variation of flux
times

signal-to-noise

hour-scale
variability of the

source after
neutrino emission



target ?

supermassive
black hole

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth p + g à n + p+

à cosmic ray + neutrino
n and g beams : heaven and earth

à a neutrino source 
needs an 
accelerator and a 
target

à the target is likely
opaque to gamma
rays
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BLAZAR MODEL: spectacularly unsuccessful and should be
• there is no target to produce neutrinos because the jet is

transparent to photons (tgg ~ 102 tpg)
• neutrinos are produced in bursts



TXS 0506+056

• beyond 5 milliarcseconds the jet 
loses its tight collimation…

• jet found a target after ~ tens of 
pc to produce neutrinos

1912.01743v1
[astro-ph.GA]

A&A. 630 A103
A&A. 632 C3

RADIO 
INTERFEROMETRY

images show the target 
that produces the

neutrinos and obscures 
the gamma rays

• core brightening observed
in a radio burst that started
5 years ago



• radio interferometry images show
that the jet interacts with a target
close to the base of the jet

• a massive star in the host galaxy,
the jet of a merging galaxy, warped
jet, structured jet…

• the gamma rays accompanying the
neutrinos lose their energy in the
target that produces them
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• TXS is not a blazar during the short times that neutrinos are
produced: IceCube's neutrinos are detected from temporally
gamma-suppressed blazars.

• TXS cannot be a “vanilla” blazar, otherwise blazars would
overproduce the IceCube diffuse flux 1605.06119 [astro-ph.HE]

• special sources like TXS, at the density of 5% of the number of
blazars in the Universe, can accommodate the cosmic neutrino
flux, and the high energy cosmic ray flux

• another intriguing event supporting this picture: IC190730

https://arxiv.org/abs/1605.06119


IC 190730: 300 TeV
• coincident with

PKS 1502+106
• radio burst

a second cosmic ray source



the two highest energy (300 TeV nµ) IceCube neutrino alerts
are coincident with radio flares (à core agn activity)  

TXS 0506+056

PKS 1502+106



g-ray

radio

300 TeV
neutrino
produced

PKS 1502+106

target 
moves
through 
the jet:
blocks
photons

2009.09792 [astro-ph.HE]

https://arxiv.org/abs/2009.09792


big bird (~ 2 PeV) and PKS 1424+240



next attraction: gravitational waves + neutrinos?

(August 17, 2017 neutron star merger: jet not aligned) 



icecube.wisc.edu

neutrino astronomy 2021

• it exists

• more neutrinos, better 
neutrinos

• closing in on cosmic 
ray sources



Th

THE ICECUBE COLLABORATION





overflow sides



a

I. Taboada | Georgia Inst. of Tech. 92

70 m

450 m

Junction
Box

Interlink cables

Running since 2007
885 10” PMTs 
12 lines
25 storeys/line
3 PMTs / storey
2500 m deep

ANTARES

40 km to
shore



Lake Baikal experiment reaches 0.35 km3di



KM3NeT: 6 strings operating
stably for one year

Baikal completion:
14 units 2024





coming soon:
superior calibration of the detector, improved simulation and better
energy and directional reconstruction with better neural nets



one of 3 prominent sources at 100 TeV



energy in the Universe in gamma rays, neutrinos and cosmic rays



IC191001 in coincidence with
the tidal disruption of a star?

IC191001 close to luminous TDE of the Zwicky Transit Factory





TeV
atmospheric Cherenkov

telescopes

HESS, MAGIC, VERITAS

gamma ray
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⇢Lp =
dE

dt
injection rate of cosmic rays in the universe:

diffuse flux measured by IceCube TXS flux (10y average)

<latexit sha1_base64="Q8V1eczNX4jLdOVICcU6MK1EXkg="></latexit>

⇢ ' 10�11perMpc3 and ⌧p� � 0.4

• sources are opaque to gamma rays with
• for instance, ~ few % of blazars
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⌧�� >> ⌧p� � 0.4

<latexit sha1_base64="ik+bzQdCcTjNbRcdx0y4V1fIrhY="></latexit>

(4⇡tH)E2
⌫µ
�⌫µ =

1

2
⌧p� [⇢Lp] = [⇢L⌫ ]

solution: opacity of the source to protons (fp)
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