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Outline

* Multi-messenger astronomy
* Neutrino astronomy
* Neutrinos as ideal messengers
* Neutrino telescopes
* Neutrino science keys
- Potential high-energy astrophysical neutrino emitters
* Gamma-Ray Bursts
* Active Galactic Nuclei (in particular, blazars)
- State-of-the-art of neutrino astronomy: experimental results

* Summary
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Multi-messenger astronomy

Cosmic rays | 4
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Pierre Auger Observatory

UHECRs The sky is full of messengers
> EeV Each of these signals carries a message. What can they tell us?
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IceCube astrophysical neutrino events Fermi-LAT map
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Observed diffuse fluxes of multiple messengers

A complete picture of the high-energy Universe is necessarily multi-messenger in nature

1074 -
: $ Diffuse y (Fermi LAT) 4 IceCube cascades (PRL 2020)
: $ Cosmic rays (Auger) < lceCube Glashow (Nature 2021)
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Observed diffuse fluxes of multiple messengers

A complete picture of the high-energy Universe is necessarily multi-messenger in nature
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Observed diffuse fluxes of multiple messengers

A complete picture of the high-energy Universe is necessarily multi-messenger in nature
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Observed diffuse fluxes of multiple messengers

A complete picture of the high-energy Universe is necessarily multi-messenger in nature
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Observed diffuse fluxes of multiple messengers

A complete picture of the high-energy Universe is necessarily multi-messenger in nature
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Observed diffuse fluxes of multiple messengers

A complete picture of the high-energy Universe is necessarily multi-messenger in nature
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Messengers from cosmic accelerators

HADRON
acceleration

p+ply > X+’ —yy

+ + ,
N\ - X+ - u + 1,

AGNs, SNRs, GRBs... 4

4 + (—) (—
Gamma rays - //t— — e _|_ I/e _|_ L
black
holes

® Acceleration of CRs in astrophysical
sources (especially in the aftermath of

cataclysmic events), sometimes visible also
in GWs;

Neutrinos

® Secondary s and from pion decays.
air shower 1 1
' <Ey> ~ 5 <E},> ~ Z_OEP

- e.g. Lipari, Lusignoli & Meloni '07

Credits: IceCube Collaboration

»
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VWhy neutrinos’?



Neutrinos: smoking-gun of sources of CRs

\i’ f(
Bethe—Heitler
pair production

8 p)
AN

Proton
synchrotron

Photopion
(117 component)

Photopion
(I7- component)

Photopion

HADRONIC

oo
b P8

Inverse Compton
scattering

LEPTONIC | ©

Electron
synchrotron

N
AN

Electron-positron
annihilation

Photon-photon
pair production

Credits: Nature Astronomy volume 3, pages 24-25 (2019)

Q Neutrinos are solely created
o inprocessesinvolving CRs

y rays are also produced in leptonic
processes (synchrotron, inverse
Compton scattering, bremsstrahlung)
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https://www.nature.com/natastron

[.imits of CRs

Q * CRs, being deflected by magnetic fields, are
S not able to point back at sources
* UHECRS should lose energy on short
distances (<100 Mpc for CRs with energy

> 40 EeV) because of interaction with
photons of CMB
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Limits of y rays

” Cosmic extragalactic backgrounds CR accelerators N Spectrum at source

sk EBL (stars, dust) CMB

; e |\ | H(TeV)+ y(EBL) > e* 4+ e~ |
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\ e E?’
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wavelength (m)

>

Measured spectrum

Flux

The y-ray spectrum needs to be

Q * y rays point back at sources but the y-ray
deconvolved for a specific model of EBL

spectrum can be attenuated because of
the absorption due to EBL

* Visible Universe: up to 10 Mpc (at EeV)
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Neutrinos power

CR accelerators A Spectrum at source

Neutrinos only suffer from energy
degradation (and the effect is tiny
O wrt CRs and gamma rays)

E . Esource
Earth —
| .
sz

>

Measured spectrum

Flux
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Neutrinos to reveal the terra incognita of the Universe
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Neutrinos: ideal messengers (&)

HADRON
acceleration

p+ply > X+’ —yy

—>X+7zi—>,ui+1(/_/i

AGNs, SNRs, GRBs... 4 A\
. + + , &, &
Gamma rays - //t — @ _|_ I/e _|_ L

black
holes

Unique properties of neutrinos:
electrically neutral, stable, and weakly

interacting particles

* No deflection in magnetic field (unlike
Neutrinos - . s , COSMIC rays)

* No absorption in cosmic backgrounds, as
o Extragalactic Background Light (unlike

' )

. x

Neutrinos are ideal messengers

Credits: IceCube Collaboration
»

- * in the search for distant astrophysical objects
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Neutrinos: ideal messengers &
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How we detect high-energy neutrinos?

“We propose setting up apparatus in an underground lake or deep in the ocean
N order to separate charged particle directions by Cherenkov radiation.”

—Markov, 1960



Neutrino telescopes: detection principle

5 Charged particle Neutrino Detectors = three-dimensional arrays of photomultiplier tubes (PMTs)

% Inference of energyv and direction of incoming neutrinos from hits on PMTs

Atmospheric u 1, Cone of Cherenkov light

originated by secondary

. Neutrino
- detector |

i’ Down-going particles produced in the

medium as result of neutrino

T Up-going interactions with quarks inside
or nearby the detector volume
Earth’s
atmosphere 0.7°

V)

“ = 1E(TeV)[07

: * Main channel — charged current v, interactions
Astrophysical v H

Atmospheric v U (long muon path inside the detector)

Xy

9

# Charged particle
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Neutrino telescopes: event topologies

CCv CC v_+ all flavours NC CCv Atmospheric muon

; Vy V. =2 T+ ShOWGI‘ Credits: KM3NeT Collaboration
i T cc ~
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7kCharged particle

Atmospheric y U

Neutrino telescopes: atmospheric background

c——
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“prompt"
Atmospheric muons and neutrinos can reach neutrino telescopes
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Neutrino telescopes: atmospheric background

Charged particle

7& The Earth is used as screening against all particles,
except neutrinos that can traverse the Earth

Atmospheric y U
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Neutrino telescopes: atmospheric background

Charged particle

7& The Earth is used as screening against all particles,
except neutrinos that can traverse the Earth
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Neutrino telescopes: v, VS U

Neutrino spectrum at Earth

Cosmological v

b

Solar v
Supernova burst (1987A)

"N\ Reactor anti-v
lh /

*

Terrestrial anti-v o

104 |

*
*

A |

Background from old superpo’\;ae

10% 10~ 1 10° 10° 10° 10* 10" 10'®
ueV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energy

Q High-energy neutrino telescopes with
astro o astrophysical purposes optimized for E > TeV

Cosmic neutrinos can stand out over the atmospheric neutrinos at high
energies (>10-100 TeV), becoming observable.

_ 10-100 TeV
...................... energy
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Detector requirements

For a neutrino with energy of ~ 1 PeV

Neutrino spectrum at Earth

Neutrino energy

Neutrino cross sections

—10%
'> L
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L10° | p
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= 10° | \_—
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10 [
10-8 Terrestrial anti-v
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10—20:
10-24 : Cosmovgenic
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DEtECtOl‘ requirements Q Minimum detector size of ~ 1 km’

O
For a neutrino with energy of ~ 1 PeV vV
Nucleon targets Ny ~ Ny—
Neutrino spectrum at Earth 6 cm Neutrino cross sections
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. i
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High-energy neutrino telescopes World map
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ANTARES neutrino telescope

TOULON

https://antares.in2p3.fr

First under-sea neutrino telescopes

ILES D'HYERES LeE:m_[/"

ot ~ 14 years of data taking

Porquerolles

, N SRR 40 km offshore Toulon (France)
T NN - 2006: first complete detector line
B { +  2008: detector with 12 lines completed

2022: Data taking terminated and detector decommissioned

2006: first string

* 25 storeys / line
* 3 PMTs / storey

* 885 PMTs - 3D array of 885 PMTs Sl e S
~ A, ‘;“: : e gty V ' e
2475 m depth eSSt . * ;

-
N 2022:dismantling '

12 vertical lines, 25 storeys,

Deployed
in2001 *

X14.5 m

5 PM'Ts per storey
PMT facing 45° downwards

»i | » =3
I | }
! =i Iy
e =
‘ b f — ' box
70 i / . (since 2002)
In operation since 2006-8 ! Anchor/line socket ' Interlink cables

Credits: ANTARES Collaboration
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IceCube

ICECUBE

S0OUTE POLE NELTIRIRD DESERYATORY

50 m

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

1450 m

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

Credits: IceCube Collaboration

86 strings of DOMs,
set 125 meters apart

z:]

n||“l|| ||

Antarctic bedrock

T —

Amundsen—Scott South
Pole Station, A V!oub'.ﬁ.

. Giga-ton optical Cherenkov
telescope at the South Pole

A National Science Foundation

managed research facility

T

60 DOMs
on each
string
x
DOMs '
are 17 {
meters
apart /=B
T

Detector Design

1 gigaton of instrumented ice

| square kilometer surface array,
IceTop, with 324 DOMs

5,160 light sensors, or digital
@ optical modules (DOMs), digitize
and time-stamp signals

2 nanosecond time resolution

IceCube Lab (ICL) houses data
e ocessing and storage and sends
100 GB of data north by satellite daily

https://icecube.wisc.edu

.+ 60 DOMs attached to strings

. 86 IceCube strings instrumenting

1 km? of clear glacial ice

. 81 IceTop stations for cosmic ray
shower detections

Taking data with its full
configuration since 2011
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https://icecube.wisc.edu

KM3NeT

www.km3net.org

KM3NeT

. Deep infrastructure under construction in the Mediterranean Sea
+ Two instrument sites: ORCA (France) and ARCA (Italy) —>  Same technology used for both detectors but different physics

Astroparticle scillation > 1 km’ neutrino telescope

Research with esearch with
Cosmics in the osmics in the
Abyss byss
. ltaly France
Location (Sicilian coast) (coast of Toulon)
100 k>0 [N
Depth 3450 m 2450 m
frowen] T ¥ Numberof DUs  115x2(2BB) 115 (1 BB) /
Instrumented
~1Gton ~ 7 Mton
volume
. Construction started in 2015 1 Building Block =115 Detection Units
.« Status at 2023: ARCA(ORCA) taking data with 21(18) DUs (BB =115DUs) Crodits: KMSNeT Collaboration
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Baikal-GVD
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_ 1\ “ & $: 51 8 : .18 e
1366 m 1518 S A S completed (volume of ~ 0.4 km?)
t$» L . .
2% . . Status at 2023: Baikal-GVD consists of 12 clusters

« Final goal: 27 clusters ( ~ 1.4 km?)

Credits: Baikal Collaboration
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Neutrino telescopes: key science cases

Supernova neutrinos  Neutrino mass hierarchy Dark matter High-energy neutrinos
Neutrino oscillations Neutrino astronomy
@ Vg} - |
| —
1

Low-energy (MeV scale) GeV TeV High-energy (PeV scale)

l KM3NeT/ARCA

Observation of <= IceCube

coincident hits in

Baikal-GVD

the background <= =>
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This talk...

High-energy neutrinos
Neutrino astronomy

. Promising extragalactic

astrophysical sources of neutrinos

and their characteristics

. Neutrino astronomy state-of-art

TeV High-energy (PeV scale)

- Review talk on QG studies with IceCube: T. Katori, ‘Search for Quantum-Gravity-Motivated effects in lceCube’ (today, after lunch)
- For QG studies with lower energy neutrinos see (both today, after lunch):

- A.Domi, ‘Lorentz invariance violation with KM3NeT/ORCA115’

- V. D'Esposito, ‘Fundamental decoherence and neutrino oscillations’
- Review talk about cosmic messengers can be used for QG studies: M. Bustamante’s talk ‘New physics from high-energy cosmic

messengers’ (Thursday 13, morning session)
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High-energy multi-messenger transients

Wide variety of transient sources potentially emitting neutrinos of astrophysical origin

blazar flare /' Vol
.

tidal disruption event

4+ Non-thermal emission can be

observed across the EM spectrum
for most of these sources

4+ Wide variety of timescales and EM

LV Y spectral features for these sources

long gamma-ray burst engine-driven creumstellar materiasl - * supernova
—— supernova

Q
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v, Y [ ] .
. N ./_v v, ¥ Transients: astrophysical phenomena
L‘ with duration limited in time, contrary

v @ / th duration limi
© o steady sources
M "

short gamma-ray burst
neutron star merger

double black hole merger High-Energy Multimessenger Transient Astrophysics

Kohta Murase and Imre Bartos
Annual Review of Nuclear and Particle Science 2019 69:1, 477-506

ejecta



https://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-101918-023510

High-energy multi-messenger transients

Wide variety of transient sources potentially emitting neutrinos of astrophysical origin
This talk

blazar flare ! !

Excellent study cases both for v astronomy and QG

4+ Gamma-Ray Bursts (GRBs)

4+ Blazars, namely Active Galactic
Nuclei (AGNs) with relativistic jet

long gammaray burst pointing towards us
neutron stas ‘/} v,y Transients: astrophysical phenomena
with duration limited in time, contrary

© o steady sources

Vv, (7 ) ~
L. \ | e \‘_\ /
|

short gamma-ray burst
neutron star merger

High-Energy Multimessenger Transient Astrophysics
Kohta Murase and Imre Bartos
Annual Review of Nuclear and Particle Science 2019 69:1, 477-506
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Gamma-Ray Bursts (GRBs)

GRBs are single short-lived radiation of y-ray radiation (extragalactic sources)

+ The brightest electromagnetic events known to occur in the Universe

2704 BATSE Gamma-Ray Bursts

+ Non-thermal y-ray spectra {L
Example of an observed spectrum 5 4

~ 10t E GRB 990123 - Y |
I> - . | |
2 Lol ] 107 10° 10° 10
= 10 - : 1
- : Low-energy index™, ' Fluence, 50-300 keV (ergs cm™)
= W 1 a . . 3
V : High-energy index
£ ‘
© 10 F 3 . . . . . oge .
e | [F o= : * Wide variety of gamma-ray light curves with fast variability time
° — BATSE LADO
5 i o BATSE SD4 ; -
% 10° : 883‘%5”8%0” . 20 ‘ Examples of observed light cur\/es‘ i
2 L - COMPTEL Burst Mode - ‘ [ GRB 940210 | GRB 990316A | ’ GREB 991216
“ 10°F - EGRET TASC S T3 , Trig #2812 gt AR . il

; 3 ! e g #,/4/2 : : rig #7906

“::::%EObS ~ 1 MeV by —+H — 15 ' . * .
. - E : l_ 7 . I(Xl P

'T(.n . It -. " ~/ E _ﬂ I 1 10 t \ \% ' 6 & ; !
o8 107 ¢ 1 “an, 3 ! - g ' ! ‘
E 1 BTN N o b . i b
! : ' » l. » l | i’ l T90 5 ~ 3 0 \
S : SEIN ] Utf\;. 1| | |
: 10'7 2 i 3 L‘ ‘d‘ » it i i ) v l”\
~ il 3 S . 1%
< “~B ﬁ w 4 \, v
e I 0 3 0 Attt TSI el

: : 2 40 50 300 -2

8 Liu il al i aaaal el L
10 0.01 0.1 1 10 100 Time (s) Time (s) Time (s)

Photon Energy (MeV)
Briggs M. S., Band D. L., Kippen R. M., et al., ApJ524, 82-91, (1999)

Proxy of the prompt duration
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Minimum variability time observed in burst light curves




Basic framework: the fireball model

Long GRBs AFTERGLOW

into a BH X-ray
+

other
wavelengths

+
Relativistic outflow

Collapse of a very massive star

Number of bursts

] i, R IR, | Bkl LR R Bk i \/\2
Nl 5 -
: - Short-duration bursts | Long-ddration bhursts ;
40— = \/\?
. M k
oL vssbeofhiond v vt bl 0 viimd ol T \/\?
0.001 0.01 O'fﬁme (Sgconds) 10. 100. 1000. }/}/< ]
Short GRBs bl Thermal emission
Ireball opaque  nternal Shocks (IS)
(7,)51) Shtf-us collide at IS
emitting gamma-rays Interaction with the
=) Synchrotron and IC emission interstellar medium

Stars in a compact binary system inspiral and merge

Angela Zegarelli, Neutrino astrophysics in the multi-messenger era, Fourth Annual Conference of Cost Action CA18108, 11-15 July 2023, Rijeka (Croatia)



GRBs in the multimessenger framework: v production

py interactions

AFTERGLOW
= y+y X-ray
{p+71'0 n—>p+e +vu, +
p+y— —> N N other
+ Tt — + U
nt+rm s 5 wavelengths
Shock acceleration of p: //t+ — € + + v, + U_,u

1st order Fermi acceleration

pp/pn collisions
If the envelope Is large enoug

\/\-?
\/\-?
Tyy< | N

Thermal emission
Fireball opaque Internal Shocks (IS)

p+p—p+tn+n
n—p

PP B (T}’}’>1) Shells collide at IS
n+n—->p+n+n emitting gamma-rays - Interaction with the
ﬂ'i N I[/ti + I/M N ei + I/e SyﬂChrOtFOﬂ aﬂd |C emisSIon interstellar medium
20 = 2y — ot GeV-TeV neutrinos || TeV-PeV neutrinos || PeV-EeV neutrinos
Meszaros & Waxman 2001 QP Waxman & Bahcall 1997 g Waxman & Bahcall 2000
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Why are GRBs natural sources of v candidates?

GRBs are single short-lived radiation of y-ray radiation (extragalactic sources)

+ The brightest electromagnetic events known to occur in the Universe

v

Possible acceleration of
protons to high energies

L

¥,180

~ 10°* erg/s

* Wide variety of gamma-ray light curves with fast variability time

Examples of observed light curves

20 150

GRB 940210 § GRB 990316A ' GRB 991216 |
ol Irig ’33133 8 ¥ fw Trig #7475 7 | Trig #7906
. g i 'l ; 100
High proton and . \ L, L | | |
photon densities ; jh‘ # | @‘m | 7o, | s } \ | sof U‘ l :
AR [ | | 1 1 | g |
- '\j' "‘MJ\J i1 " | va |
0 | I } 3 r\ﬂw \‘M‘; 0 :—a—-n-—-—-! ‘l\' ' |\-‘—-"-.--.:
-2 0 50 300 -2 50
Time (s) Time (s) Time (s)

Proxy of the prompt duration
Minimum variability time observed in burst light curves

Angela Zegarelli, Neutrino astrophysics in the multi-messenger era, Fourth Annual Conference of Cost Action CA18108, 11-15 July 2023, Rijeka (Croatia)




Why are GRBs natural sources of v candidates?

GRBs are single short-lived radiation of y-ray radiation (extragalactic sources)

+ The brightest electromagnetic events known to occur in the Universe

v

~ 10°* erg/s

Possible acceleration of
protons to high energies

L .

¥,1S0

Original expectation ==> GRBs produce copius high-energy neutrinos via py interactions |

* Wide variety of gamma-ray light curves with fast variability time

20

GRB 940210

Examples of observed light curves

150

| r(kﬁwunm | GRB 991216 71

; Trig #2812 ] . Trig #7475 Trig #7906 i
15 . .
. j / ' 100

High proton and . \ L, } - “\ | 1
photon densities _ ’ﬂ )‘l ljr L“‘ Ty, | s |' _ 0

F I\ { WA N r' ;
ay 30 50 300 > 50
Time (s) Time (s) Time (s)

Proxy of the prompt duration
Minimum variability time observed in burst light curves
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v — y relation in the IS model

For each GRB
Energy in neutrinos « Energy in gamma rays
Fraction he al energy given into pions
+00 1 o 10 MeV
=—f|1-(1-
EF(E)IE, = —f, [1 (1 xp%M‘ E,F (E,)dE,
0 1 keV
<x,,,>=0.2 Average fraction of proton energy going into a pion per interaction
]; =10 Fraction of the total energy in protons compared to the total energy in electrons (baryonic loading)
Optical depth to py 4
L, iso 102 0.01s \ { MeV
T, X R Ty =
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Implications of GRB stacking searches (IS model)

IceCube ANTARES
. 3 yrshowers (all flavors) + 7 yr upgoing So far, no neutrinos observed 10 yr upgoing tracks
tracks + 5 yr downgoing tracks in coincidence with GRBs . Stacking analysis of 778 GRBs
- Stacking of 1172 GRBs Investigation of the impact of the large

parameter variability (I, 7,, 2)

Benchmark parameters f = 10 F 300

10—° e ] —
T S l GRB 10 6 —— ANTARES stacking (2007-2017): 784 GRBs [
BB Global Fit (2010) Out 1V, (o yr) — — — ANTARES 90% CL upper limit (2007-2017) |
~ 106 North v, (2016) = Cascade GRB (3 yr) < 1077
- —— (Combined Analysis === North v, GRB (7 yr) ch
o) - : : : : |
M 10T e Nm 1078
CT I
= 5 9
N I — o 10°
3 g
9/ A 10—10
N . T EE R L s 31
: Integrated sensitivities over the : S

—— lceCube v, tracks 10 yr
—— lceCube HESE 7.5 yr

expected 90% energy central : ~S107H
; 5 : interval in detected neutrinos :

: l l l.lllll. l . lllll.i ) » ' . l l l l.Ill‘:llllllllllllll‘lllllla lllllllllllllllllllllllllllllllllll 10_12 | l l l Y l l | B | | | S | | | —
10° 10* 10° 106 107 10° 10” 104 10° 10° 10 108

v Energy (GeV) Ey, (GeV)

<1% of the neutrino diffuse flux Assumed GRB rate of 667 I.on-g GRB per
year to compute the quasi-diffuse flux

QP ceCube Collaboration, ApJ 843 (2017) 112 QP ANTARES Collaboration, MNRAS 500 (2021) 5614

<10% of the neutrino diffuse flux
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Neutrino signal dependence on GRB emission mechanism

QP Pitik et al., JCAP 05 (2021) 034
Stacked neutrino fluxes from GRBs evaluated for 6

E,..=34x%x10%erg Tyy=100s,z=2
: y 90 ; .
G o 6 different models

1076 « 10~

f e e e — , e A —r ° 1

[ IS ICMARI [eceCube IS ICMARI IceCube p—
1077k o 1077 ) N, GRB 067 yr

3 PH-IS == MAG-DISS == IceCube-Gen2 PH-IS —7" pSYNCH == lceCube-Gen2

—8: . —— o -8 - ° °
= 10 3-COMP p-SYNCH '__I—H_ =100 — 10 3-COMP ’__,—r—'— ty min=10 ms Mattel‘ domlnated ]e_ts
; 1()_9 _"_IH'_J—J_,—‘ Fmax = 1000 7 v tv,mmcz]-() S

X . Internal Shock

S 1« Dissipative photosphere + IS

Poynting flux dominated jets
1016

: - : 10 N — _ - :
102 100 10* 10° 10° 107 10®  10° 10 1oV 102 10 10 10° 10° 107 10® 107 10 10U
E, [GeV] E, [GeV] ° ICMART

The neutrino production is strongly dependent on the GRB - Magnetized jet model with gradual dissipation (%)

parameters used:
. Variation in neutrino flux up to few orders of magnitude )

. Neutrino flux peak energy range from 10* GeV to 10° GeV

(*) Neutrino flux predicted for the first time
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Neutrino signal dependence on GRB emission mechanism

QP Pitik et al., JCAP 05 (2021) 034
All these models are able to explain the GRB spectrum

— need to rely on a wide range of jet models in targeted

stacking searches

-

Limitation for QG investigations Matter dominated jets

. Internal Shock
mechanism possibly

1ssion L.
Emis mission

< b e
il responsible for neutrimno

n..
| © from GRBsnot well know
] -
’/’_’////// [ ) [ ) [ )
Poynting flux dominated jets
. ICMART
The neutrino production is strongly dependent on the GRB - Magnetized jet model with gradual dissipation (%)
parameters used:
. Variation in neutrino flux up to few orders of magnitude )

. Neutrino flux peak energy range from 10* GeV to 10° GeV

(*) Neutrino flux predicted for the first time
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Multi-emission epochs in GRBs

&
Y GRE Limitation for QG investigations
:}g | Precursor
‘ * Flashes of gamma radiation that precede ’ ... also the epoch at which neutrinos
the main outbursts (prompt emission) by ‘
~tens of seconds ®) are emitted is uncertain
 Dimmer than the prompt emission
 Observed in ~10% of all GRBs
| The precursor can be related to (still debated): M F_’rompt ?m|SS'_°nd
\ Main emission episode
...photospheric emission | &
* \ery short quiescent periods
e Quasi-thermal precursor
Afterglow

~e._LONg-lived and lower-energy emission

/ff.shock breakout

» Short quiescent periods
» Potentially symmetric (not jetted)

...central engine activity
« Longer quiescent periods /
* Non-thermal emission ’
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Active Galactic Nuclei (AGN)

AGNs are galaxies that release an incredibly amount of energy

Jet of high-speed .
particles (up to many thousand times more than a normal galaxy)

+ Most powerful sources in the Universe (up to 10*® erg/s)

Magnetic field
lines

+ Energy is generated by the conversion of gravitational energy of
the infall material onto SMBH into radiation and outflows

Central region:
. »  SuperMassive Black Hole (SMBH)
Accretion e ) .
disk VAT T »  Accretion disk
N » Broad-line region cloud surrounded by a dust torus

Relativistic jets

» Highly collimated relativistic outflows :
» Extreme particle accelerators Jetted AGNs of particular

» Note that the so-called ‘jetted AGNs’ interest for neutrino searches
constitute only the ~10% of the AGN
population

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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Active Galactic Nuclei (AGN)

Jet of high-speed
particles

Magnetic field
lines

Accretion
disk

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.

Intensity ——

(radio, infrared, optical, X rays, gamma rays)

Active
galaxy

Normal
n galaxy
Stellar black body radiation
Radio Infrared Visible X-ray

Higher frequency ————s-
- |_onger wavelength
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Neutrinos from blazars

BLAZAR
Active galaxy powered by accretion onto a supermassive black

hole with relativistic jets pointing into our line of sight

0
pty— {p” -

n+xt

Shock acceleration of p:
1st order Fermi acceleration

Credits: lceCube/NASA
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Neutrinos from blazars

... even if these are not the dominant sources of the

diffuse astrophysical neutrino flux as well ( < 30 %)

- ANTARES, ApJ 911 (2021) 48
IceCube, ApJ 835 (2017) 45
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Q Multimessenger astrophysics

First transient source of high-E vs ¥ i ot

TXS 0506+056 & 1C-170922A 2018: First source of neutrino ieifi

Chasing theammonia | Time invested m:

Arrival directions of most energetic neutrino events P ; : ? e 5 :
- Flaring Blazar TXS 0506+056 I l b

of| ®  bestfit direction IC170922A | : 10
6.6° 1 — 101700294 50%

o
N

Earth
absorption

- NEUTRINOS

FROM ABLAZAR

Multimessenger observations
of an astrophysical neutrino
ource pp. 115,146, & 147

Declination
(W
R

=
..h<>
Fermi-LAT Counts/Pixel

py, I
78.4°78.0°77.6°77.2°76.8°76.4°
Right Ascension

Blazar flare observed by Fermi-LAT and MAGIC
(z=0.3365 = 0.0010)

Significance for correlation ~3¢
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* Most probable energy between
250 and 300 TeV and probability
of astrophysical origin 56.6%

'I CeCUb e COI / 77 SCI erce 36 1, 147 = 15 1 ( 2 018 ) ,’ 0 P \l‘fbp view| °© e oo w0 asos oo 195m




Q Multimessenger astrophysics

First transient source of high-E vs \

neutrino breakthrough!

Neutrinos (amma rays

B The combined info allowed the
WA identification of a cosmic hadronic
accelerator at >PeV energies

N 1 R I I I I T S TS S

NERRL IR R I I ERR L AR R L X

Galactic
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TXS 0506+056: multi-messenger follow-up

[ceCube alert system implemented in 2016

* Publicly distributed 43 seconds
after trigger, refined direction 4 hr
later

* Neutrino direction given at 6 arc-
minutes from the direction of TXS

0506+056

Follow-up detections of IC170922 based on public telegrams

]
fit o8e ¥ &
@)

lceCube Swift Fermi, ASAS-SN
September 22 September 26 September 28

gg @ VS

SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 @ October 4 September 29

0

Kanata, NuSTAR VLA Subaru
October 12 October 17 October 25
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Neutrino flare in 2014/2015 from the direction of TXS 0506+056

" IC-170922A

— | <+ Fermi-LAT > 800 MeV § 20 ; | | 150
" 12 * Photons(E>10Gev) . y-ray flaring time
Y 10k ' 125
. ] B /ceCube Coll,, Science 361, 6398 (2018) | 1000
_c O 8b_ " —
y >
~ 0.6F o 75 =
O ’ =
: O'4b_ . - - * . : & SO L
X * ) L 35 * . * . " ¥ w
=02 .. "y H’JW | e . + i ‘lkl *

'f""*? . &;&w‘,}t&i ., #\ . ”MH-&*'“_,_'... -, 'T _— ’# &_‘_

0.0™ 55000 55500 56000 56500 57000 57500 58000
Tlme [MJD] -S. Garrappa et al., ApJ 880 (2019) 2

* Independent 3.50 evidence for a neutrino flare (13 % 5 excess events) in 2014/2015

* Neutrino luminosity over 158 days is about four times that of Fermi-LAT y rays
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NGC 1068: the first steady source of high-E vs

Excess of 79122 neutrinos zissociated with the AGN NGC 1068 5 '

—20 s —
Significanceof 4.26 o, Y SN

t Gl W pRSM424% 2508 ¥ N

Ly = . B 2 T g Ly CRES et S ) ‘
, RS VR ; .TXS 0506+056 |
Wt : : : oy 20 NGC@1068

0 NGC 1068 Astro. v, 24h Oh
TXS 05064056 —4— Astro. v, v, 7 . | : .

1 3 5 7
10_9 - _LOG‘W‘IJ(pLL’_‘uT_’,AL>

|

w
o™

ls:: [ Signal 1 Total
o 1011 - L] Background ® Data
>
=) 80 11

3 |

N p
< 10713 - 60 -
oA *
n

2 40 - +

20 -
T T #
411.2  41.0 0.8 10.6 0.4 10.2 0 1 2 3 4
I.a. [(l“f_"j z;,-z [degg]

IceCube Collab., Science 378, 538 (2022)
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For QG point of view, refer to the following talks

—_— . —————— — —— 2 - — me— T _ _ . e . —— —— 2 - - — e — s e

| = |GRBs ‘

» Plenary talk by T. Piran, ‘Gamma-ray bursts as tool to explore the Lorentz invariance violation’ |
| (Tuesday 11, morning session) |

» D. Staicova, ‘Effect of the cosmological model on LIV constraints from GRB Time-Delay datasets’
H (Wednesday 12, afternoon session) ‘

» G. Rosati, ‘Testing Planck-scale in vacuo dispersion with IceCube astrophysical neutrinos’ |
| (Thursday 13, morning session) '

H AGNSs ‘

» J. Bulmont, ‘Source-intrinsic energy dependent time-delays in AGNs and search for Lorentz invariance violation’
| (Tuesday 11, morning session, after the present contribution) |
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Hidden sources to gamma rays?

The strong constraints from the Fermi-LAT data on the isotropic gamma-ray background suggest that the neutrinos

observed by IceCube might possibly come from sources that are hidden to gamma-ray observations

L | LA R BALLL LA R BALLL IR ALY LA D LLLL | LB ALl IR B LA R LALL | LB A LLL) | LI R R LI LB R L]
107° ¢ | . | | :
Lra : Isotropic y-ray high-energy . ultra-high energy
L ; background neutrinos W cosmic rays
N . . - . roton (E - . -
— ” (Fermi) (IceCube) proTe &) "‘,,h (Auger)
l(f) ]'O— 3 ~ascades . . E
~ P~ _ rran )eb calorimetric @
lE = (6yr. limit
U - - M 4., e 1
8 production ke :
FaAcCkKs
— I 1 (9.5vr)
‘;_‘u Gamma rays —— . —> -
10—9 r I B I I N N N . FM (/.5vr) ..'. QOSI:']_(:_&:SI]IL @ —:
1 Neutrinos T Ll : :
I mll® 1 2aal Rl RS RN P (SRR . .1 e T

10 100 10 10 10° 10® 107 108 10° 101 101
energy E [GeV] W@ Anlers and Halzen, PPNP, 102, 73 (2018)
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High energy neutrinos from choked jets

The jet successfully accelerates particles but does not have enough energy to escape the stellar envelope; the jet will be choked:
high energy neutrinos will escape, but no electromagnetic radiation

- Meszaros & Waxman 2001; Razzaque et al. 2004; Murase & loka 2013; Xiao & Dai 2014; Kimura et al. 2015, Senno et al. 2016; Nakar & Piran 2017; Fasano et al. 2021

interactions

Gamma-rays
Neutrinos

Visible

Q The identification of another observable

o associated signature is crucial!
See e.g, Nakar & Piran 2017
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Neutrino astronomy status in a nutshell

* Neutrino with energy ~260 ... by the IceCube Collaboration

TeV in spatial and temporal

coincidence with a blazar Active galaxy but steady source Diffuse v-flux from
Diffuse flux of (transient source) in a flaring  Resonant interaction of electron anti- * Excess of 79* 57 neutrinos associated Milky Way
astrophysical neutrinos state (significance ~ 36) neutrinos with electrons at ~6.3 PeV with the AGN NGC 1068 * 10 years of data
(TeV-PeV) * Neutrino flare from the same v,+e - W =X * Significance of 4.2¢ * Significance of 4.5¢

direction of the sky (no flare in
gamma rays)
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Astrophysical First Source Glashow Second Source Third Source
Neutrinos TXS 0506+056 Resonance NGC 1068 Milky Way
Discovered |dentified Neutrino |dentified |dentified
|dentified
- Science 342 (2013), 6161 - Science 361 (2018), 147 - Nature 591 (2021), 220 - Science 378 (2022), 538 - Science 380 (2023), 1338
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Summary (1)

. Neutrinos are ideal cosmic messengers within the context of the growing field of the multi-messenger astronomy;

. Huge efforts by several collaborations to build high-energy Cherenkov neutrino telescopes have been made over the
years: the relatively small telescope ANTARES has taken data for almost 14 years (from 2008 to the beginning of
2022), the cubic-kilometer telescope IceCube at the South Pole is taking data since more than 10 years,
KM3NeT and Baikal-GVD are both under construction in the Mediterranean Sea and Lake Baikal, respectively,
and taking data with partial detector configurations (once completed, they will reach > cubic-kilometer volumes);

. 2013: birth of high-energy neutrino astronomy with the discovery of a diffuse flux of TeV-PeV neutrinos (but
the origin of such flux has not yet been identified);

. 2018: first source of neutrinos identified (blazar; i.e. a flaring AGN) =>success of multi-messenger approach
(combination between gamma and neutrino information);
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Summary (2)

. Among several potential astrophysical neutrino emitters, GRBs and AGNs are not dominant sources of the
observed diffuse flux of neutrinos (contribution <10% and 30%, respectively), but are still particularly
interesting for multi-messenger studies and very promising sources of high-energy neutrinos

X GRBs:

» The mechanism powering high-luminous GRBs is still subject to debate: several GRB hadronic models are able

to reproduce the y-ray spectra of GRBs and only some of them have been tested;

» The statistic need to be increased (current constraints still not enough to exclude the neutrino production from
GRBs) and, even in case of no detection, new limits help in testing different hadronic models. These models
may be constrained with even deeper upper limits;

» Searches for neutrino correlation not only related to the prompt emission (precursor, afterglow);
X Blazars:

» Discovered association between the transient source TXS 0506+056 (blazar) and the steady source NGC 1068
(not flaring AGN) and neutrinos by the IceCube Collaboration;

. Choked bursts would contribute to the astrophysical diffuse neutrino flux.
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