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Neutrino Astrophysics - High Energies
0 Introduction : Neutrinos and other messengers, Sources and Detection
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http://www.news.wisc.edu/21790
https://events.icecube.wisc.edu/getFile.py/access?contribId=76&sessionId=41&resId=0&materialId=slides&confId=46
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Introduction IceCube and Antares

Introduction : properties and history of neutrinos W

Neutrinos and Cosmic-Rays  Neutrino Telescopes MultiMessenger Astronomy GRB GW Blazar TXS0506+056 KM

Neutrino Properties

Fermion

Weak Interactions : exchange of W, Z
= escapes dense regions

@ Elementary particle : no decay

Mass close to zero
= velocity ¢

Neutral particle
= no effect of magnetic fields
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Introduction

An introduction to Neutrino Astronomy @%

A brief history of neutrinos...

@ 1930 : Pauli invents the neutrino to explain /3 decay.../ have done something very bad today by proposing a particle
that cannot be detected, it is something no theorist should ever do.
neutron

i

proton

@ 1933 : Fermi develops the theory of the little neutron (neutrino), discovered in 1932 by Chadwick
@ 1953 : Experimental observation at Savannah River (Reines & Cowan) through 7 + p — et +n
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An introduction to Neutrino Astronomy @%

A brief history of neutrinos...

@ 1968 : Solar Neutrinos observed at Homestake (Davis) - only the third of expectations...
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An introduction to Neutrino Astronomy

&)
A brief history of neutrinos...
@ 1987 : SN1987A in Large Magellanic Could
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Astronomy GRB GW1
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= Birth of Neutrino Astronomy (1987)!

R. M. Bionta et al. , Phys. Rev. Lett. 58, 1494-1496 (1987)
K. Hirate et al.,Phys. Rev. Lett. 58, 1490-1493 (1987)
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Introduction  Neutrinos and Cosmic-Rays  Neutrino Telescopes

From multi-wavelength to multimessenger astro

IceCube and Antares  MultiMessenger Astronomy GRB GW170817 Blazar TXS0506+056 KM3-230213A  Perspectives

Radio Infrared Optical  Ultraviolet X-ray Composite

Submm/Radio band

@ Synchrotron (non-thermal) (e in B-field) + bremmsstrahlung (in star forming regions)
@ Gas in Molecular Clouds - dense gas concentrations hosting star formation sites
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Introduction  Neutrinos and Cosmic-Rays  Neutrino Telescopes

From multi-wavelength to multimessenger astro

IceCube and Antares  MultiMessenger Astronomy GRB GW170817 Blazar TXS0506+056 KM3-230213A  Perspectives

Radio Infrared Optical  Ultraviolet X-ray Composite

Infrared band

@ Dust in Molecular Clouds
@ Small grains (< 0.01 pm) 3-30um, larger grains at between 10-100 pm (or above if > 0.1 um)

Th. Pradier (University of Strasbourg & IPHC) 12/246



Introduction IceCube and Antares

From multi-wavelength to multimessenger astro

Neutrinos and Cosmic-Rays  Neutrino Telescopes MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives

Infrared Optical  Ultraviolet X-ray Composite

Optical band

@ \.T = constant
@ Thermal emissions of stars

Th. Pradier (University of Strasbourg & IPHC) 13/246



Introduction

From multi-wavelength to multimessenger astronomy @%

KAGR/

Ultraviolet band

@ \.T = constant

@ Thermal emissions of massive stars

x10'?

251
o
z 201
?
E=
©
2 15F
= =
g 2
S10F |3
h;': 5
£ 5 5270 K (white star like our sun)

4000 K (red star)
elus 2 bl Tt oT
100 500 1000 1500 2000

Wavelength (nm)

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



Introduction

From multi-wavelength to multimessenger astronomy

X-Ray band

@ Thermal emission (BB + Brem) : gas in galaxy clusters, accretion onto compact objects
@ Non-thermal emission : synchrotron + inverse-compton (scattering of LE photons by electron)

Spectra of blackbodies
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Flux per unit wavelength interval (arb scale)
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From multi-wavelength to multimessenger astronomy %
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@ Non-thermal processes : inverse compton (leptons), pp or p~ interactions
@ Angular resolution ~ 1°
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Introduction
From multi-wavelength to multimessenger astronomy
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Neutrinos as Cosmic Messengers... W

@ Ty
408 MHz — Bonn, Jodrell Banks & Parks Photomosaic - Lausten et al. =100 MeV - CGRO / EGRET

Optical

I y N . 4

What about neutrinos...

o If E, ~ 10GeV — 102EeV, same span as Radio to X-rays!

Th. Pradier (University of Strasbourg & IPHC) 18/246
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Neutrinos as Cosmic Messengers... %

@ Protons : deflected by magnetic fields (£, < 101°GeV); UHE interact with CMB photons (£ ~ 30M pc)
@ Neutrons : decay (£ ~ 10kpc at E ~ EeV)

@ Photons : interact with ExtraGalactic Background Light (£ ~ 100M pc) and CMB (£ ~ 10kpc)

@ Neutrinos : neutral, weakly interacting...

Th. Pradier (University of Strasbourg & IPHC) 19/246



Introduction

Neutrinos as Cosmic Messengers...

4
Univese Pgr2Pe €
2L
AGN
B
= 1r B
3 1 :
= :
2 0f § H
5 1
= Locaf Cluster 1
1
=
1
O - !
1
[
A 1
“er 1
: 1
Galaxy :
e
-3 highest ener, 1 highest energy.
[
4 i i I i LI
2 4 12 14

8
log (E[GeV])

~N 1
Ntarget X Iprocess

Th. Pradier (University of Strasbourg & IPHC) ino Astrophysics at High Energy



Introduction

Neutrinos and Cosmic-Rays

Neutrino Telescopes  IceCube and Antares  MultiMessenger Astronomy ~GRB GW1 6+056 KM3-230213A  Perspect

Neutrinos as Cosmic Messengers... ﬂ
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@ Universe beyond our Galaxy is opaque to gamma rays
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Introduction

Neutrinos as Cosmic Messengers... W‘RJ
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Neutrinos as Cosmic Messengers

Neutrino Telescopes MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives

How are they detectable ?

@ Requires large volume of detection...

Th. Pradier (University of Strasbourg & IPHC) 23 /246



Introduction IceCube and Antares

Neutrinos as Cosmic Messengers

Neutrinos and Cosmic-Rays  Neutrino Telescopes MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives
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Neutrinos as Cosmic Messengers... @%
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Introduction

Sources of neutrinos...

@ Under rock

@ Under water/ice
@ Acoustics/Radio
@ Giant Air Shower

How

@ CuB:Nwmarx L xE~
10 x 1022em=2.s7 L sr—l Mev =1 x 107 9MeV &
1014 em—2 51

@ sun:N ~1012cm 2571

Cosmic: N < 10~ 10cm=2 51

@ GZK:N ~ 10 15em—2 51

Th. Pradier (University of Strasbourg & IPHC)
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Introduction  Neutrinos
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Guaranteed source of UHE neutrinos

@ Threshold yemg +p = 7+ N =~ 1020ev
@ Flux : less than 100/km? /yr !
@ Detected with Giant Air Shower Arrays
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Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW XS0506+056 KM3:
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Background for detection of astrophysical neutrinos !
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Neutrino Astrophysics - High Energies
° Neutrinos & Cosmic-Rays : From ~ to v astrophysical fluxes
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High-Energy Neutrinos :

The Cosmic-Ray Connection
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http://tevcat.uchicago.edu/
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Leptonic Production of HE ~ :
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Neutrinos and Cosmic-Rays

Energies and rates of the cosmic-ray particles
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Neutrinos are the smoking gun of hadronic processes
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The Cosmic-Ray Connection

Introduction  Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW170817

Blazar TXS0506+056 KN
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Fermi Acceleration y

Fermi again!

Fermi Acceleration Mechanism

Stochastic energy gain in collisions with
plasma clouds

1st order

2nd order : i i
. . A . acceleration in strong shock waves
randomly distributed magnetic mirrors (superno‘ra ejecta, RG hot spots...)
E’'<E
¥ E'>E
v
E FPlasma cloud E
AE 2 -4
_E b - B B = ! 10
[Slow and inefficient] AE ~B p=Y <107
E c”
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Fermi Acceleration

Acceleration at shocks : X-rays to probe the shock

@ Predicts power-law, with v ~ 2.1
@ Differences observed explained by energy-dependent escape probability
@ Works well until 104 eV

Th. Pradier (University of Strasbourg & IPHC) 36 /246



Neutrinos and Cosmic-Rays

Fermi Acceleration

Acceleration at shocks : X-rays to probe the shock

g=12
i . -
3 X-ra
g @ electron y
— le\l\l‘/7

w2

s

G @

§T= (@
® proton

Alomic
De-excitation

low-energy X-ray
hoton

electron

magnetic field *
— = i
- electron >
”
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Neutrinos and Cosmic-Rays

1G¢

Magnetic field and acceleration “@G]

o Interstellar plasma conductive, no stable E £ = 0

@ Induced electric field : V x E = £
= Field B in rotation - pulsars
= Reconnection of magnetic field lines
@ Movement in magnetized space : E = 7 x B pour 8 < 1

=- on magnetized clouds : Fermi 2nd order
= on shock wave : Fermi 1st order

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



Neutrinc

Neutrinos and Cosmic-Rays

Fermi Acceleration - 2nd Order w‘sy

Magnetic Clouds

dans le nuage magnétique

référentiel
du nuage

i particule

@ réfléchie
particule
incidente

Deflection of charged particles

Random movement

Particles gain energy in head-on collision

Loss of energy in "back" collision

On average, head-on collisions more probable : energy gain

Th. Pradier (University of Strasbourg & IPHC) 39 /246



Introduction  Neutrinos and Cosmic-Rays ~ Neutrino T¢ ce

Fermi Acceleration - 2nd Order

Moving magnetic mirror

@ Incloud ref. K : B} = v(E; — p; V)
© Momentum reversed in K’ : p/y = —p/,

° InK: Ef =~(E} +p}V)

@ Butp = —E/c?vcosh:
V2 2Vvcosf V2
Ej =7 (Ei(l + =)= 2p¢V> ~7*E; (1 t—s C_z)
o Atistorderin V/c: 52 = 2Vugosb — %0
@ Energy variation proportionnal to initial energy

Gain or loss depending on relative direction of & et V/

AE is independant of charge and B

Th. Pradier (University of Strasbourg & IPHC) 40/ 246



Fermi Acceleration - 2nd Order ‘J

IR
KAGR;

Isotropization of movement

Pin
@ All possible movements have to be taken into account
@ Ref. Cloud : E!| = v(Eiy — Bpinccos bin) ~ vEin(1 — 5 cos 6;)
@ Inlab frame : Eou = vE}, (1 + Bcos b))
o Elastic scattering : £/ = EJ,
AE  B(cos 0}, — cosbin) + B2(1 — cos by cos 0,
E 1-—p82
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In 1 inos and Cosmic-Rays eutrino Tel

Fermi Acceleration - 2nd Order

Average energy gain

@ Particles are isotropic in cloud frame : < cos 6/, >=0
@ Cloud velocity V/, number of incident particles at 6;, : dN = 27 sin 6;,d6;,
@ During 6t, dN o (¢ — V cos 6;,)dt

f—ll cos Oip (¢ — V cos Oy )d cos bi,

< cos by, >= i
fil(c — V cos 0iy)d cos i,
—2V/3
< cosby >= —/ = —é
2c 3

’

out> 462

- ﬁ(<c059ém>—<c050in>) +ﬁ2 1—<cos 0;,><cos 6 - N
a 3(1-62)

1—B2 182
@ Positive gain o« E, stochastic (gain on average), 2nd order in 8

@ Energy gain < £2 >

ol
i=y
[
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Fermi Acceleration - 2nd Order &)

Acceleration rate

@ Between 2 collisions 7.1, between 2 clouds L

e For particle at angle a, v ~ ccos a, teo = —oce
@ Average on o : < vy >=c/2 et < teg >~ 2L
@ Acceleration rate independent of energy : + 92 = 2.¢ 82 oc 1
@ Diffusion equation with 7, independent of £ :
ON __ N a dE
= 9t = — 7w — o8 (@ N(E))
— N a E
= 0=—2- — 75 (7 N(E))
dN __ N
= 4 = —§ (1+ 2=)
= Nx E" % aveca =1+ Zxc

Tesc
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Fermi Acceleration - 2nd Order &)

Limitations of Fermi 2nd order

@ Acceleration too long!
= V ~ 10km/s,  ~ 10 * et < AE/E >~ 1078
= L ~ pc,donc teon ~ yrs
= Taee > 10%yrs > top
@ Injection
= Coulomb losses independent of £ : dominate at low E
= Particles must be injected at few 100 MeV
= Other mechanism at low E ?
@ Non-universal Power-law :

= Index depends on 3 et Ty
= Density of scattering clouds (via 7esc)

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy
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Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW 056 KM3-230213A  Perspectives

Fermi Acceleration - 1st order W

@ Conservation of mass : 22 = —VpV/
@ Conservation of momentum : p (% + (V.V)V) =-VP
@ Conservation of energy : — 2 [1pV2 + Umt] =V [(%pVZ + Uint + P) \7}

2
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Neutrino Te

Neutrinos and Cosmic-Rays

Fermi Acceleration - 1st order 3%

Plane shock wave

1
Shock front
Pivi T1 P1 P1vi T1 P
-« <«
Downstream Upstream
medium medium

@ In shock frame (Conditions of Rankine—Hugoniot) :

= p1v1 = P22 )
= p1+ p1v] = p2 + p2v;

W2 p W2
= p1v1 (Tl+p—i+u1 =pov2 | F + 52 tue
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ction  Neutrinos and Cosmic-Rays  Neutrino Tel ceCube and

Fermi Acceleration - 1st order

Plane shock wave

@ Sound velocity cs = 4/ ”’—pp, avec vy = Cp/C,

@ P+ pv? = P(1+yM?), M = v/cs Mach number, and v = P/p(y — 1)
@ Discontinuity of velocity and density :

o o= ¥ _ P2 _ (’Y+1)Mf
=d=2_-____--1
v2 T P1 . (-1)MZ+2

@ Pressure :
2
Py _ 2yM7—(v—1)
= P T T T
@ Temperature :
o I _ @yMP- (OG- )yMP+2)
L (+1)2M7
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Fermi Acceleration - 1st order &)

Compression ratio r

@ Characterizes density jump
@ Strong shock : M > 1, r = 1—*}

@ Monoatomic gas,y =5/3etr =4

@ Density increases p2 = rp1

@ Velocity decreases vy = v1/r

@ Shock converts energy from kinetics upstream to thermal energy downstream

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



Neutrino Te

Neutrinos and Cosmic-Rays

Fermi Acceleration - 1st order 3%

Diffusive acceleration at the shock

@ Particles are "isotropized" by MHD waves

@ Particle sees a magnetic wall dv = v1 —v2 = v1 (1 — 1/r)
@ Always head-on collisions

@ Can escape downstream

Shock front
Shock front

Downstream Vi-V,

V;-V, U .
pstream medium frame <«
—> medium frame

Downstream medium is approaching a velocity vi-v, ~ Upstream medium is apprioaching a velocity v;-v,
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Neutrino Te

Introd Neutrinos and Cosmic-Rays

Fermi Acceleration - 1st order

Energy gain

° % = B(< cos b, > — < cosb, >)

out

@ Upstream : isotropic distribution, dN (6i,)/d2 = 1 sin 6indfi,
@ On average :
dN 1
—— = ngccos 0, dS) = —ngccos by, sin 0;,d0;,
dSdt 2

@ @5 ein —— :OS 291,1 Sin.eindein _ _2
fﬁ /2 €08 i sin G, dBin 3

o Similarly, < cosfou >= 2, etdonc < AE >=48E =34 (1-1)E

= AFE > 0:acceleration
= AFE = kF at each crossing, and E,, = (k + 1)"Eog
= AE/E =wvi/csir =4:1storder
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Introduc inos and Cosmic-Rays

Ferm| Acceleration - 1st order

Escape probability

@ Seen from shock frame : upstream medium closes in, a particle upstream has a probability 1 to cross the shock, indep.
of B

Upstream medium away from shock, a particle downstream can be carried far from the shock, with a velocity vo

@ Pe :independent of energy
dN1-2 _ [T 1 @
@ Flux crossing the shock : “ === = /2 5noccos 0sin 0do = —4
R . dN N 4
@ Escaping flux : 65¢ = nov2 = nov1 /1 = Pesc = 3155 = 2

@ If Ny particles are injected at ¢t = 0, No(1 — Pesc)™ atcycle n
@ To produce particle at energy E, needs n = % (k= AE/E)
log(B/Bq) oy Lm0 Pese)
@ Hence N(> E) = No(1 — Pesc) 1°6*+1) = No (£) Tos®#D
log(1—Pesc) o, — 3
o If Ve ¢ oglinlese) _ Pese 3
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Fermi Acceleration - 1st order &)

Acceleration rate

E\ ¢ 2
ON(E)oc(E—O) ,a:%
@ Does not depend on V,, only on r : « = 2 si r = 4 (strong shock) = Universal law !
@ Diffusion coefficient D in m? /s : during ¢, diffusion on iy ~ +/Dt, while shock has moved Is = vt

= Residence time : U%—

@ Upstream D /vy, With (...) Tace = 2 (% + %)

@ With D = pc/ZeB (Bohm), and Dy = D3 Taee = 4(r + 1)/3ZeBvic x E

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



In 1 inos and Cosmic-Rays eutrino Telescopes

Fermi Acceleration - 1st orde

Efficiency

@ Young Supernova remnant shock : v1 ~ 10* km/s, with B ~ 2nT
dE 2/ B
2B 30kev/s (_) (_)
dt 10%km/s 2nT

@ To reach 100 TeV, only 100 years needed : efficient mechanism
@ FEmax limited by :

= energy losses
= time : age of the system
= geometry : escape
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Neutrinos and Cosmic-Rays  Neutrino T

Hillas Graph and GZK cut-off

15

Protons, p=1

- ne = Iron
neutron ‘ N

star

AGN core

log (magnetic field, G)

3 white
dwarf
AGN jet
Radio Galaxies lobes
= Colliding galaxi
Crab—= X_ ollcing galaxies
SNRs 3
- Galactic disk “,‘\"
P - Mm87
Galactic halo
- Cluihr; \
1 Il Il 1 Il 1
3 6 19 12 § 15 18
lau 1pc 1kpc 1Mpc

log (size, km)
Th. Pradier (University of Strasbourg & IPHC)

S i 9B E _ B _
OVXE——W:Z—L/C,OUE—BC
.Emax:7mc2:fZ8EdCE:Z€BCL

i - __p» _ _E
@ Larmor Radius Ry, = w% = 5 =

avec w, = £<B

m
= Ry, < L for efficient acceleration
= FEmax ~ ZeBL

@ Left plot - for 1020 eV
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Neutrinos and Cosmic-Rays  Neutrino T

log(JxE® [m%r 5 kVA))

24

)
«
o

_— Mlxed Uniform 2.2 ‘ICIEceV
----- Mixed Uniform 2.2 10%'eV

e Flttlng
23 ——
18 185 19 19.5 20
log(E [eV])

Th. Pradier (University of Strasbourg & IPHC)

@ CMB Photons energy ~ 10~3 eV
@ p, = (¢, p) for photon, P, = (E, P) for a proton
ol =(E+ )2
@ Resonance A :v+p— A -7+ N
= ey =M% +2(Bc— P.p)
= chooses cos§ ~ —1
° Incident nucleon ultra-relativistic : E ~ P,
(em)® ~ M2 4 4B 2 (mx + My)?

= Byl 2 —E—“MN'"” ~ 7 x 10%9 gV
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Confinement and origin of CRs ‘J

IR
KAGR;

Confinement

@ Curvature radius r ~ ggfli‘é)) in kpc (B ~ 3uG) - 1 EeV = 10° GeV = 10'8 eV

@ Proton of 10%eV ~ 1pc, Crab Nebula distance
@ Directionnality of CRs is blurred by magnetic field
@ Forpa 10 eV, r ~ 3.3 kpc (10x disk thickness)

@ For Iron 1019 eV, r ~ 100pc
= Confinement
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inos and Cosmic-Rays

Conflnement and origin of CRs

Confinement
10**18eV 10**20eV

10**19eV

Yikix]

Yikpe]

X[kpe]
@ ~ 10!8¢V Cosmic-rays confined
@ > 109¢V extragalactic sources

@ ~ 102%¢V, deflection ~ 1°

Th. Pradier (University of Strasbourg & IPHC)



Neutrinos and Cosmic-Rays  Neutrino

Conflnement and origin of CRs

Ultra-High Energies - 1

102 £ T T EEEEE R T TTTTTH
F = AGASA E
£ oeHiRes 1.2, monacular B
- o Auger 2007 B
X L 4
]
W10 = —
9 r =
o [ . H+ ]
gL ]
B g 4_¢+""
T oo -
T F 3
102 oo el TR
08 10'® 10 107

Energy (eV)
@ Curvature Radius at 102%eV ~ 1Mpc
= Directionnality conserved

= UHE CRs not confined
= Extragalactic origin
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Neutrinos and Cosmic-Rays

Confinement and origin of CRs W‘RJ

Ultra-High Energies - 2

1022

T T

Energy (eV)

1021

1020

19 L L L
10

1 10! 102 103 10%
Propagation Distance (Mpc)
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Confinement and origin of CRs ﬂ%

IR
KAGR/

Ultra-High Energies - 2

® yomB +p— AT 5 p+al/n+ ot
@ Energy e ~ 10— 3eV for CMB

@ Threshold for pion photoproduction F,, ~ % = w eV

@ 0 ~ 130ub ~ 0.13 x 10~27 cm?, poarp ~ 400/cm—3
@ Mean free path = 1/0p ~ 6 Mpc (Local Cluster)
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Confinement and origin of CRs

ul

High Energies - 2

a

proton photopion

protan pair

Credshitimt

photon+R

photen+radio

loge Distance (Mpe)
\II\‘\\\\‘\\\\|||||‘\\\\‘\\\\lll\\‘\\\\
o b b b b b by by

&

°
S
=
>
®
]
5]
R

log,, E (V)
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Neutrinos and Cosmic-Rays

Leptonic/Hadronic ?

black holes,
merging neutron stars,...

Leptonic scenario
@ c¢— accelerated via Fermi mechanism

@ X-Rays, observed, produced via synchrotron :

efB — ei'yX
© HE ~-rays by Inverse Compton : ety g — e nign e
@ No neutrinos!

Th. Pradier (University of Strasbourg & IPHC)
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Neutrinos and Cosmic-Rays

Leptonic/Hadronic ?

black holes,
merging neutron stars,...

Hadronic scenario

@ Protons and Heavy nuclei (observed!) accelerated via
Fermi mechanism
@ Interaction with ambient photons :
e p+y/A—- AT 5704 p
e p+y/A— At 5ot 4
@ ~-rays via 70 — vy
@ Neutrinos via 7+ — ptv, — etvev,v,

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



Dense
molecular
cloud

Supernova
remnant

shell of hot gas

Inverse Compton
scattering— y-rays

The case of RXJ 1713-394

100

10

1

0.1

0.01

HESS

Ll

@ Purely leptonic models not satisfactory

@ Proton acceleration + beam dump on nearby molecular clouds ? - Berezhko & Vélk, arxiv-08100988v2

Th. Pradier (University of Strasbourg & IPHC)

lag €y eV
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Neutrinos and Cosmic-Rays

A Hadronic origin for v emission ? @%
. KAGR!/
% o - 1@%
Q Q }
§ 10° 5 10° \ 1y
> > r
: s | it
s = I
w Y L \
W
% W \\ \
. —m— Fermi LAT (24 months) o —a— Fermi LAT (24 months) |
10" —+— HESS (Aharonian et al. 2007) 10° HESS (Aharonian et al. 2007) \ \
Berezhko & Voelk 2010 | 7 \
Ellison et al. 2010 (Odominated) Fy — — Porteretal. 2006 \
Zirakashvili & Aharonian 2010 (n0dominated)! 7/ — — Ellison et al. 2010 (IC dominated)
Zirakashvili & Aharonian 2010 (IC/r\Omixedi [ Zirakashvili & Aharonian 2010 (IC duminaleh)\
PR ETTTT B E R TTTY R TTTT AW R TIT AR B SR | 1l L 1l L 1
10° 10 10° 10° 10 10° 10° 10* 10° 10° 107 10°
Energy [ MeV ] Energy [MeV ]

The case of RXJ 1713-3946 - Fermi observations

@ According to Fermi, hadronic models not satisfactory
@ Different conclusions for Yuan et al.
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http://arxiv.org/pdf/1103.5727v1.pdf
http://arxiv.org/pdf/1011.0145v2.pdf

Introduction

A Hadronic origin for v emission ?

Neutrinos and Cosmic-Rays  Neutr elescopes IceCube and Antares  MultiMessenger Astronomy GRB GW

Blazar TXS0506+056 KM

LHAASO Sky @ >100 TeV

Galactic latitude (deg)

0
]
6
4
2
0
2
4
6
8
il

1910

Galactic Pevatrons with LHAASO (202

@ Are they associated to hadronic sources ?

Th. Pradier (University of Strasbourg & IPHC)

Significance (0)

0213A  Perspectives

LIGH
#59)
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1071

3

E2dN/dE (erg cm2 s7)

10-13

10-14

Galactic Peva

@ Are they associated to hadronic sources ?

Declination (°)

LHAASO J2226+6057

334 335 338 340
Right ascension (%),
P e | P

s L

L LHAASO J1908+0621

Declination (°)

285 286 287 289
Right ascension (*)
AR |

Lo

|

LHAASO J1825-1326

275 276 277 278
Right ascension (°)
| Co el P

102
Energy (TeV)

LHAASO (2

s wit

Th. Pradier (University of Strasbourg & IPHC)

10°10' 102

Energy (TeV)

10310 102
Energy (TeV)
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tion  Neutrinos and Cosmic-Rays  Ne:

A Hadronic origin for v emission ?

GRB GW

LHAASO J1908+0621

,

10712

spectral energy distribution (erg cm?s’ )
Declination

,
@

hadronic s
leptonic mmmm:

289.0 2880 2870 286.0

Right ascension
|

0.001 0.01 0.1 1 10 100 1000

Galactic Pevatrons with LHAASO (2

@ Are they associated to hadronic sources/neutrinos ?

Th. Pradier (University of Strasbourg & IPHC)

energy (TeV)
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Introduction  Neutrinos and Cosmic-Rays  Neutrino Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives

3 SNR G008.7-00.1 CIB 37A
Tycho's SNR
oN1572)

SNR G298.6-00.0
- g

Cassiopeia A

Cygnus loop RX 1171373946
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Neutrinos and Cosmic-Rays
1

The TeV Gamma-Ray Sky @%

How to compute a v Flux from y-Ray Observations

@ Assume a primary spectrum at the source
@ Describe the interaction mechanism

@ Renormalize expected flux to the observed HE ~ flux
A. Kappes et al., ApJ, 656, 870 (2007)

Hadronic Production of HE ~/CRs :

0 e

p/A+p/y — 7 7
L4
VY B
!
l/uVee

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy


http://iopscience.iop.org/0004-637X/656/2/870/pdf/65799.web.pdf

The TeV Gamma-Ray Sky @%

How to compute a v Flux from ~-Ray Observations

@ Assume a primary spectrum at the source
@ Describe the interaction mechanism

@ Renormalize expected flux to the observed HE ~ flux
A. Kappes et al., ApJ, 656, 870 (2007)

Neutrino oscillations

@ Expect flavor ratios (1,2,0) (v + 7) — (1,1,1)
=- But depends on source properties

e If 5 high, pions+muons at HE have energy losses before decaying

@ Smaller life time of muons/pions, suppression of contribution to v flux from p decay :
= flavor ratio can be (ve, Ve, vy, vy, v, v-) = (0, 1,0)

@ At Earth, becomes (ve + Ve, vy + Uy, vr +0-) = (1,1.8,1.9)

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy


http://iopscience.iop.org/0004-637X/656/2/870/pdf/65799.web.pdf

Neutrinos and Cosmic-Rays
I
&)

The TeV Gamma-Ray Sky

How to compute a v Flux from -Ray Observations

@ Spectral index of v-rays could be different to that of primaries and neutrinos, due to interactions in the sources
@ Can reprocess photons giving rise to “softer” spectra, i.e. more low energy events
@ Total energy can still be related through :

E'rnaw Emaz
/ | EWdN“’:K/ V E,,dN”
E’vynin dE"/ E;}Lin dEl/
o If Eas > Emin, with G52 = Ay By
—a+2
dN, ~ A E_2 A'Y 'y?nzn _2

dE, vy (0{ - 2)K1n(EV maz/Eu mzn)

Neutrino Astrophysics at High Energy

Th. Pradier (University of Strasbourg & IPHC)



The TeV Gamma-Ray Sky @%

pp interactions

B N, _
Ezrnin 'YdE,Y -
® pp — pp/np/nn + 7°(1/3Ep) + 7t (1/3Ep) + n~ (1/3Ep)
= 70 5 yy:1/2E,

= 77 = v, (1/4E:) pt — eTved, (1/4E,)

= 7 =0, (1/4Ex) p~ — e Dev, (1/4Ey)

@ 3 pions produced at each interactions : each carry £, /3
@ Each neutral pion gives 2  : each ~ carries £, /6
@ Each charged pion gives 4 particles : each particle carries £, /12, hence E, /6 under the form of v,

Em(l(L' EmllI
fo= [ o e B e -

BT dn, .
° KfE;m.n By 45, with Kpp = 1
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The TeV Gamma-Ray Sky @%

pp interactions

JglR@Es dN. Emaz AN

Y Jo— v —

° Bmin SV dEy —KfElT/nm Ey G55 Kpp =1

@ Maximum £7"“* of protons depends on kinematics of acceleration mechanism (jets...)

@ Minimum E;,’“'” given by threshold energy for pion production :

2

2my + mx)2 — 2m
r( po ) P ~T x 1.23GeV

min __
Ep N 2m
P

@ T Lorentz Factor of accelerator relative to the observer, related to Doppler Boosting of radiation in jet ¢, to angle
between jet’s axis and line of sight 6, 5 bulk velocity of plasma in units of ¢
1

= (1 — Bcosb)
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The TeV Gamma-Ray Sky @%

p~ interactions

Emaw dN Emaz dN .
vy )/ A v —
prin Bramr = KfE;m B, §5%, with Ky = 4

@ py — A — 7N :2/3pr°, 1/3n7t

@ One pion produced at each interaction : each photon carries E /2

@ Each charged pion gives 4 particles : each neutrino carries £ /4
= 1/3E, for photons, 1/12E,, for v, or fEl, = iva

@ Average fraction of proton energy transferred to = < z;, s, >~ 0.2

E;’"“” < Tpyy >
2

R & e

E”;ﬂa.’t = 4

maxr _
,EI/ -
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The TeV Gamma-Ray Sky @%

v production at the source

@ For pp collisions :
dN,

dE,
( A, ) (10)@*2 (2.8—2)
“\32x 107 11TeV/em?2 /s T o—2

dN,
dE,

(o) (0 ) (B)™
“\32x 107 11TeV/em?2 /s r a—2 1MeV

Alvarez-Muniz & Halzen, The Astrophysical Journal, 576 (2002) L33-L36

E2x~2x10712TeV/em?/s x ...

@ For py collisions :

E2~4x10713TeV/em?/s x ...
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The TeV Gamma-Ray Sky AW

Taking oscillations into account

@ If only part of the total flux is considered (if only interested in p neutrinos for instance), effects of propagation need to be
taken into account :

source __ Fsource source source __ source
q:.totul q)e + (I>H + CI:'T = (05 P 1)‘1)#

@ After oscillations :

q)g;;;'fh — 3(1)Ea'rth

Measured @Earth 0. 5<I>s"“rce Calculated

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



The TeV Gamma-Ray Sky

Introduction

N

nos and Cosmic-Rays

Neutrino Te

~-Ray Observations

E? x flux (TeV s'cm?)

g RX J1713.7-3946
N \\ " HE.SS data
- ~ -------- fitted ¥ spectrum
100 ~ calculated v spectrum
E \\ — — mean atm. v spectrum
107"
10-12
10-13

Th. Pradier (University of Strasbourg & IPHC)

10%
E (TeV)

E? x flux (TeV s'cm?)

107"

10"

1072

10"

10"

Vela X

H.E.S.S. data

N e fitted v spectrum

~ calculated v spectrum
— — mean atm. v spectrum

\\/\HH

T T T
7/

E {TeV)

A. Kappes et al., ApJ, 656, 870 (2007)
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6+056 KM3-230213A  Perspect

)

In the Galaxy... }

Introduction  Neutrinos and Cosi Telescopes IceCube and Antares  MultiMessenger Astr y GRBGW170817 Blazar TX

Superior

Periastron

Inferior
Apastron @ canjunction
L
$=0.716
ohs'cr\-‘crl

MicroQuasars

@ Compact Object (BH or NS) fed by a massive star

@ Particles accelerated in jets or in accretion disk

@ Nature or primary particles unknown !

@ A few of them observed in v : HESS, MAGIC, VERITAS
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Introduction  Neutrinos and Cosmic-Rays ~ Neutrino T¢

In the Galaxy...
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w LIS - = - g
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Orbital Phase

MicroQuasars

@ Compact Object (BH or NS) fed by a massive star

@ Particles accelerated in jets or in accretion disk

@ Nature or primary particles unknown !

@ A few of them observed in v : HESS, MAGIC, VERITAS

Th. Pradier (University of Strasbourg & IPHC)

E*<F(E) (erg cm® 57)

101

10
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1o+
E (V)
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1 inos and Cosmic-Rays

In the Galaxy...

500 ' ' c
g F i i -
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Galactic Longitude (%) Right Ascension

The Galactic Centre - only visible with Antares

@ Sgr A* (radio source) on the position of a SuperMassive Black Home (M ~ 3 x 10 M)
@ Sgr A* emits X-rays - HESS J1745-290 very close !
@ No coincidence of X-Ray flares and ~-rays observed
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Introduction  Neutrinos and Cosmic-Rays o Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW170817  Blazar TX 056 KM3-230213A  Perspectives

Active Galactic Nuclei... c%

KAGRA

@ High Luminosity compact region at the
centre of some galaxies...

@ Supermassive Black Holes accreting matter
@ Different features depending of angle of jet :

= Blazars (BL Lac, FSRQs,...) have jet towards
earth

@ Results of the Pierre Auger Observatory ?
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Active Galactic Nuclei... W‘RJ

UHECRs and AGNSs - 2007 Results

@ 20 out of 27 CRs with £ > 57FeV correlate within 3.2° with nearby AGNs from Véron-Cetty&Véron Catalogue (292
AGNs with D < 75Mpc)

@ Significance of effect has decreased with time...(68% to 38%)
Auger Collab., Science, 318, Issue 5852, pp. 938- (2007)
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IceCube and Antares

Introduction  Neutrinos and Cosmic-Rays  Neutrino Tele

Active Galactic Nuclei...

MultiMessenger Astronomy

UHECRs and AGNSs - 2007 Results

@ 20 out of 27 CRs with £ > 57FeV correlate within 3.2° with nearby AGNs from Véron-Cetty&Véron Catalogue (292
AGNs with D < 75Mpc)

@ Significance of effect has decreased with time...(68% to 38%)
Auger Collab., Science, 318, Issue 5852, pp. 938- (2007)
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Introduction

Neutrinos and Cosmic-Rays

Neutrino Telescopes  IceCube and Antares  MultiMessenger Astronomy ~GRB GW1

6+056 KM3-230213A  Perspect
Gamma-Ray Bursters and Dark Bursters

LIGH
#59)

2704 BATSE Gamma-Ray Bursts

+90

GRBs as neutrino sources
Fireball model for long GRBs

External Shock

my"=Ep By Internal Shock "‘“"""“ madiun

E,— small

Eg—large \ parts of the flow

~10"cm
PeV neutrinos from internal shock
MeV neutrinos at collafse

EeV neutrinds from external
I | TeV neutrinos from inside the star
107 10° 10° 10

Fluence, 50-300 keV (ergs cm™)

PeV-EeV neutrinos from flares

Gamma-Ray Bursts

@ Isotropic in Distribution

@ Cosmological : most distant z ~ 9, D ~ 13Gpc
@ Energy released up to 10°°erg ~ 10%? L

Th. Pradier (University of Strasbourg & IPHC)
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Short GRBs Long GRBs

Binary Mergers : BH or NS Collapsars - massive star collapse
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Neutrinos and Cosmic-Rays  Neutrino Telescopes IceCube and Antares ~ MultiMessenger Astronomy GRB GW170817 Blazar TXS0506+056 KM3-230213A  Perspectives

Introduction

Gamma-Ray Bursters and Dark Bursters £

)
w

-~ o
r;‘l.ﬂ
E 025 L
> 02 | 2=
=L
% 015 | Blazar 1ES1959+650
w
e
E 0.1 L =
<
% 005 —ﬁ-e- | |
-2
x10° | | | l I

0 1 2 3 4
Whipple Flux (Crab Units)

Dark Sources ?
@ Several sources observed only in +, no radio, no X-Rays

@ Orphan Flares
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Upper Bounds on High Energy Neutrino Fluxes ? @%

Bounds for extra-galactic sources

@ Waxman-Bahcall upper bound : w & B, Phys.Rev.D59 :023002 (1999)

o E*4N ~ 10" erg/Mpc?® /yr from observed CR fluxes
o Assume optically thin sources and evolution with z

@ Mannheim, Protheroe, Rachen (MPR) Bound : phys.Rev.D63 :023003 (2001)
o Different injection spectra, optically thin/hidden sources

o

L

n

Trn present work: 1
¥ MPR Bound T 1

g -6 Tm<l
-

]

© .l

Yy W&B Bound

&

= el |
]

&

2 -9 L .

3 6 12 15

9
log(E/GeV)
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Upper Bounds on High Energy Neutrino Fluxes ? @%

Bounds for extra-galactic sources

dN,
dEcR

@ Inrange 1019 — 10%eV écr ~ 5 x 10** erg.Mpc=3.yr—1
= EéRdNCR/dECR =

|

o E_3 (Fermi)

111(1()5.2?% ~ 10% erg.Mpcfg.yrf1 [Waxman]
@ Energy loss fraction of HE protons e < 1 through photo-meson production of pions before escaping the sources

Present day energy density of v, :

E2dN, /dE, = 0.25¢ty B2 rdNor/dEcr
where ty ~ 10'%yrs Hubble time

@ ¢ follows proton generation spectrum : fraction of proton energy carried by v produced through photo-meson production
E, =~ 0.05E, is independent of proton energy

Factor 0.25 : 1/2 from 7° + v, carry 1/2 of =+ energy in decay
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Upper Bounds on High Energy Neutrino Fluxes ? @%

Bounds for extra-galactic sources

@ For e = 1, obtain maximal v, intensity Inqx :

@ o
Imas = 0.25¢6,ty EE?; rANcR/dECR

~ 1.5 x 1078€ZG6VC7TL72.871.87‘71

o Neutrino luminosities : E2®, = = E29%w = Lef,,q,
5

o With®,, ~ &5, ~ Py,
@ ¢, =~ 1 :evolution with redshift

@ Sources of size not larger than proton photo-meson mean free path
= Otherwise, proton fluxes higher than observed

@ But higher v luminosities possible if “optical depth“ > 1 : only v can escape the source (MPR Models)
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Upper Bounds on High Energy Neutrino Fluxes ? @%

Bounds for extra-galactic sources

@ v with observed E produced at z with energy (1 + 2)E

Zmax dt
n,(> E) = / dzd—h,,(> (1+2)E>)
0 ¥4

=no(> E)/ o dz%(l—f—z)*lf(z)
0

@ 7, (>E)x B!
° fz) =42

oo
(] tH:fO dz%
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Upper Bounds on High Energy Neutrino Fluxes ? @%

Bounds for extra-galactic sources

@ Finally, with g(z) = —Ho(1 + 2)3/2dt/dz, where g(z) = 1 for a flat universe with zero cosmological constant :

Jomer dzg(z) (1 + 2)7725(2)
[ dzg(2)(1 + 2)=5/2

& =

@ Luminosity density of AGNs : f(z) = (1+2)* = ¢ ~ 3
@ No evolution f(z) = constant, £. ~ 0.6

present work:

Th. Pradier (University of Strasbourg & IPHC)

log(E? K(E)/ GeV em™@ s7! sr™!)

MPR Bound

TP 1

- Y W&B Bound
-8r Atmgspheric flux b
—9 L

Tm<l
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Upper Bounds on High Energy Neutrino Fluxes ? @%

Bounds for extra-galactic sources

@ Optical depth % = e~ 7, measures how opaque is a medium to a radiation

@ dI = —kpldl, with x opacity in cm? /g, p density of medium
® Finally £ = - and 7 = [ #pdl = [ nodl, with n number density, o cross-section

= 7 = number of mean free paths through medium
@ Optically thin T < 1

o 1 km of Earth atmosphere : k ~ 10"*c¢m? /g, p ~ 10" 3g/em?, 7 ~ 1072
= Double the material, double the extinction

@ Optically thick 7 > 1

@ 1 km of polluted city atmosphere : k ~ 0.1cm? /g, p ~ 10 3g/em?, 7 ~ 10
= No radiation, except outer layers and blackbody
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Neutrinos and Cosmic-Rays

Upper Bounds on High Energy Neutrino Fluxes ? my

Bounds for extra-galactic sources
@ Result: E2®, <107 8GeV.em=2.s7Lsr—1

~

0 OP(E > 1TeV) = 10~ Hem=2.s71...

@ With a v cross-section € 1073% — 10~33¢cm? for TeV — PeV ...
= Needs large detection volumes!

Char ed Current

(10-35 cmz)

Neutral Current

a{vN)

1010 10|l 1012 1013 1014 10‘5 1015 ll'l 1013 1019

F, leV)
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IceCube and Antares  MultiMessenger Astre y GRBGW170817 Blazar TX 3A  Perspecti

GRBs and neutrinos

GRBs as neutrino sources

Fireball model for long GRBs
External Shock

2~ The Flow decelerating into
m2=E,E, (TS0 FIRY TV Q. the surrounding medium

Ey_) small Collisions betw. diff.
E, —large parts of the flow

MeV neutrinos at collap

TeV neutrinos from inside the star

PeV-EeV neutrinos from flares

Interaction of protons with photons — neutrinos
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Neutrinos and Cosmic-Rays

GRBs and neutrinos @%

Basic approach by Waxmam/Bahcall (1998)

@ Approximation of p~y interaction cross-section using A-resonance :

p+vy— AT = nxt(1/3), pr°(2/3)
e 71 decay producing vy, v, ve : pit — pty,, with pt — etvew,
@ v result from interaction of p~y in GRBs, with a ratio (ve, v, v-) = (1,2,0) or (1,1, 1) after flavor mixing

1000
500 -

100
50

o (€) [ubam]

1 - . .
0.1 1 10 100 1000 10
€ [GeV]
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GRBs and neutrinos ﬁ'g]

Trsy=1/2x1/4
~= 10MeV

o 1 1
@ Normalization : [ dE, E, Fy(Ey) = 3 (1= (1 = (@psm)) 2 297) — / dEy By Fy(Ey)
1keV

frRAR/Apy(Tpm) .
energy in protons

1052erg/s tvar €~

oNumberofinteractionAR/AM:( Lo ) (%0Ls) (102 ) (M)

@ Average energy lost to pions (/interaction) : (xp ) &~
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Neutrinos and Cosmic-Rays

GRBs and neutrinos

- g -
T T

10 T r
H—id_dgn_(iore Jet2
107"} ," Jetl 1
7
’
=107 F ! ;
ey Ay s Sy iy i i R 4 i P o M e iy e
NE 0 CR Limit
_2“) S im eSS E S -
>
8
—-IO-’ E.J Oy
e> . (:)1 for B, < e,
¥ X - -5
Wi (f"” )., - for Ey > ey
from synchrotron losses "
of secondaries
0™ :
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10 + 6 0 mlo
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GRBs and neutrinos

LETTER

doi:10.1038/nature11068

An absence of neutrinos associated with cosmic-ray
acceleration in y-ray bursts

IceCube Collaboration*

Very eventsare

rays to above lﬂ“:]-:ctmnvnlh GRBs (y-ray bursts) have been pro-
posed as possible candidate sources'". In the GRB ‘fireball' model,

ion should be ied by neutrinos pro-
duced in the decay of charged pions created in interactions betyween
the high-energy cosmic-ray protons and y-rays". Previous searches
for such neutrinos found none, but the constraints were weak
because the sensitivity was at best approximately equal to the pre-
dicted flux®~. Here we report an upper limit on the flux of energetic
neutrinos associated with GRBs that is at least a factor of 3.7 below
the predictions***'®, This implies cither that GRBs are not the anly
sources of cosmic rays with energies exceeding 10'* electronvolts or
that the efficiency of neutrino production is much lower than has

Asinour study’, we conducted two analyses of the [ceCube
data. In amodel-dependent search, we examine data during the period
of y-ray emission reported by any satellite for neutrinos with the
energy spectrum predicted from the y-ray spectra of individual
GRBs". The model-independent analysis searches more generically
for neutrinos on wider timescales, up to the limit of sensitivity to small
numbers of events at =1 day, or with different spectra. Both analyses
follow the methods used in our previous worl’, with the exception of
slightly changed event selection and the addition of the Southern
Hemisphere to the model-independent search. Owing to the large
background of downgoing muons from the southern sky, the
Sollthcrn Hemisphere analysis is sensitive mainly to higher-cnergy

)! Fig, 3). Systematic from detector

been predicted. .ﬁmshm been included in the reported limits from both analyses,
Neutrinos from GRBs are produced in the decay of charged pions  and were estimated by varying the simulated detector response and
producedin d the intense ing the limit, with th i

igh-
71y background within the GRB firchall, for cxample in the
4-resonance process pry—sd* —n+ 1" (p, proton; y, photon
(here - ray)‘d deltabaryon rx,nemmn,n , pion). When these pions
decay via 7 — i v, and j* —e* v, they produce a flux of high-

factor being the efficiency of

the detector’s optical sensors.

In the 59-string portion of the model-dependent analysis, no events
were found to be both on-source and on time (within 10° ofa GRB and
between Tueur and Tyep). From the individual burst spectra®® with an

IceCube (2012)
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Neutrinos and Cosmic-Rays

&)

GRBs and neutrinos

E2 ¢,(E) [GeV em ™2 57" sr7!]

NeuCosma 2012 NFC prediction +100|
IC40 — GRB, all
--- GRB, zknown + 50
stat. error
astrophysical
IC40+59 uncertainties 20
107° T [
-
1
————————— L 10
Je
+s
1010
/
/ 1C86, 10y (extrapolated) ™,
10° 10° 107 10* 10

E, [GeV]

@ Significantly reduced
prediction

@ Uncertainties of
astrophysical
parameters;
tested ranges:

t, = 0.001 — 0.1s,
' = 200 — 500,

ap =1.8—2.2, and
epfe. = 0.1 —10

@ Conservative bounds
only with known
parameters, here:
known redshifts

@ Additional uncertainty
from statistics in
stacking analysis

from [Hilmmer, PB, anp WINTER, ARX1v:1112.1076, ACCEPTED FOR PUBLICATION IN PHYs. Rev. Letr.]

Fireball model not ruled out yet!
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GRBs and neutrinos @%

@ f. cosmic evolution factor, how representative the local
GRB rate is representative

@ f. baryonic loading f- ' > 10; total energy in protons to
the kinetic energy in electrons

@ finesh ~ 0.2 — 0.5 Instrument threshold correction
@ fcr Fraction of baryonic energy into CR production
@ f fraction of baryonic energy into pion production

@ f,o < 1 bolometric correction factor ; ratio of energy in
protons in 1010 — 1012 GeV

N Jer X foor
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Neutrino Astrophysics - High Energies

0 Neutrino Telescopes : from Neutrino Interactions to Detection

&)

Th. Pradier (University of Strasbourg & IPHC)

Neutrino Astrophysics at High Energy




High-Energy Neutrinos :

Neutrino Telescopes, How they work...




Introduction  Neutrinos and Cosmic-Rays ceCube and Antares  Mul

atmospheric muons

10°
- muons induced
10 ™[ by atmospheric
neutrinos

08 06 -04 02 0 02 04 06 08 1

Cos(©))
Idea of Markov (1960)
@ ._.apparatus in an underground lake or deep in the ocean in order to separate charged particle direction by Cherenkov radiations
@ Interaction v;, + N — p + X with R, ~ 1 — 10km in 1 TeV-1 PeV
o Effective volume of detection increases with energy
@ Colinearity of 1 with v increases with energy = astronomy
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Neutrino Telescopes

Detection of Cosmic Neutrinos @%
Optical Cherenkov Atmospheric showers Radio Acoustic
- - - e P
o ‘= o7 Sy o =
In lce In water Earth based  In space Earth based  In space
AMANDA B-10  Baikal Auger EUSO RICE "‘:\ggjlf*E SAUND
AMANDA Il OWL GLUE SADCO (Greece)
ANTARES SalSA ANTARES R&D
ficecube NEMO CODALEMA IceCube
NESTOR ARIANNA AUTEC
M AGAM
KM3NeT
E-—-TeV—PeV E~1-10EeV E~EeV - ZeV
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Neutrino Telescopes

Detection of Cosmic Neutrinos @%

100: T llllllll TT II]III] T IIIIIIII T T 71T I T I1IIIIII T TTTT H

: RADIO 7 E
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ino Telescopes

Acoustics and Radio @%

S Attenuation Lengths :
water ice salt
optical EM optical .
Cerenkov (Cerenkov) ~50m ~100 m ~0
EM radio
~0 ~fewkm | ~1km(?)
(0.1-1.0 GHz)
radio acoustic )
? (lar; ? (lar;
Cerenkov (10kHz) (large) (large)

f ] = hadronic shower (or
EM shower for v, cC
interactions)
;o " v V.1
—(((((F))))) )
-\ 3 3 W.Z
A
é . L N hadrons y

+ incoming neutrino
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Acoustics and Radio

1200

1000

ANSUIP £319U9 dAQ B[2A

-6
0.15{19
0.1F fi ¥
5 F — 100TeV 5
] -
= E
 0.05
% E
3 E
2 of See—
s r /
X o0sf !4
0.1F
0 T CETETRTEETE. | G| H T S
20 45 40 5 0 s 10 1 20 0.6643 0.66435 0.6644 0.66445 0.664¢

Time/s

r{em)

An Acoustic pulse

@ R&D in several experiments
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Acoustics and Radio

I R T R A i
L R=2km 1 A=1 km ]

< 000 T r%- i

o i T : 1

o L (28 4

S

= L 1 j

> L 1 i

el

O 050 ~———+++++

7 L R=0.5 km

o

o L

=

-0.50 L

@ Coherence length A = along O = axis of shower : fields arrive simultaneously at distance R if % = vcosf = %

2 L2
AR \aries : 2BS _ ,2sin” 6
@ But i varies : iy =.2sln0

Th. Pradier (University of Strasbourg & IPHC)
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Neutrinc

Acoustics and Radio

r Astronomy

Neutrino Telescopes

balloon at ~37km altitude

cascade produces
UHF-microwave EMP antenna array

on payload

neutrino
enters
mocn

~700km to horizon

observed area:
~1.5 M square km

partial Chersnkov cone

Askaryan Effect - used in Codalema, LOPES...

ANITA - GLUE
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Neutrino Telescopes

Acoustics and Radio

Askaryan Effect - used in Codalema, LOPES...

Gﬁe Giant Radio Array for Neutrino Detection

Cosmic ray

A
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Optical Cherenokov : the idea behind Neutrino astronomy y

. NEUTRINO INTERACTIONS!
Ann.Rev.Nucl.Sci
10 {1960} 1 By Fagpenics Revest

IV, COSMIC AND COSMIC RAY NEUTRINGS

As we have seen, interactions of high-energy particles with matter pro-
duce neutrinos (and antinevtrines). The guestion naturally arises whether
the neutrinos produced extraterrestrially (cosmic) and in the carth's atmoa-
phere (cosmic ray) can he detected and stodied. Tnrerest in these possibili-
ties stems from the wealk interaction of neutriros with matter, which means
that they propagate cssentially Erom
their point of ezigin (except for (he gravitational mlencuun with bulk mat-
ter, 2 in the case of light passing by a star)
iy be undgue in character, For czample, cosmic neutdnos can rench us from

largely eonstrained by the gatwetic magnetic field and sa must perforce he
from our own galazy, Qur more usual source of astronomical information,
the phaton, can be absorbed by cosmic mutter such as dust. At present no
accsptable theory of the origin and extraterrestrial diffusion of cosmic rays
exdsts o that the cosmi sing i1 0 An ab.
servation of these newtrimoe would new information as f what may
he ane of the principal eardersof energy in intergalactic space.

Cosmie-ray

b i an intring

Greisen, 1960, Proc. Int. Conf on Instrum for HE physics

‘One may even anticipate eventual high-energy neutrino astronomy, since neutrino travel in
straight lines, unlike the usual primary cosmic rays, and the neutrinas will convey a new type of
astronomical information quite different from that carried by visible light and radio waves

Th. Pradier (University of Strasbourg & IPHC) no Astrophysics at High Energy
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e

Optical Cherenokov : the idea behind Neutrino astronomy @%

Ann.Rev.Nucl.Sci COSMIC RAY SHOWERS!

10 (1960) 63 By Kennera GREISEN
D]

Let us now consider the feasibility of detecting the neutrino flux. As a
detector, we nronose a large Cherenkov counter. about 15 m. in diameter,
located in a2 mine far underground. The counter should be surrounded with
photomultipliers to detect the events, and enclosed in a shell of scintillating
material to distinguish neutrino events from those caused by p mesons.
Such a detector would be rather expensive, but not as much as modern ac-
celerators and large radio telescopes, The mass of sensitive detector could

be about 3000 tons of ineerusive l’guid, According to a straightforward

For example, from the iopn is ex=
peeted to be three times the rate of energy dissipation by the electrons, lead-
ing to a flux of 6: 10 Bev/cm.?/sec. at the earth. In the detector described
above, the counting rate would be one count every three vears with the lower
of the theoretical cross sections—rather marginal, though the background
from other particles than neutrinos can be made just as small. The detector
has the virtue of good angular resolution to assist in distinguishing rare
events having unique directions.

Fanciful though this proposal seems, we suspect that within the next
decade, cosmic ray neutrino detection will become one of the tools of both
physics and astronomy.
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Introduction  Neutrin

Neutrino Telescopes

Optical Cherenokov : the idea behind Neutrino astronomy

Nuclear Physics 27 (1961) 385—394; © North-Holland Publishing Co., Amsterdam
Not to be reproduced by photoprint or microfilm without written p jon from the publish

ON HIGH ENERGY NEUTRINO PHYSICS IN COSMIC RAYS

M. A. MARKOYV and I. M. ZHELEZNYKH
P. N. Lebedev Physical Institute, Academy of Sci, s, Moscow, USSR

Received 3 January 1961

Abstract: The paper is concerned with the problems of detecting high-energy cosmic neutrinos
in underground experiments. Various kindred problems of high-energy neutrino physics are
discussed, viz. (1) the magnitude of weak-interaction cut-off momentum, (2) muon and
electron neutrinos and (3) intermediate boson. It is shown that a reasonable counting rate
could be obtained with available equipment.

1961 - 1 well suited for detection at high energy !

Th. Pradier (University of Strasbourg & IPHC) 115/246



Optical Cherenokov : Event Rate & Detector Size @%

Luminosity needed for Event Rate

Ny < @, X Pabsorption(ng) X Ov X Rp, X A,u

cross-section 4 range Effective Area for 1o

t

®  ANG(vsie)<1 0 dog Everts —
B ANG(vie)<03 deg Events -

A Selected Events ——

'

bbb b DT T8 ..nh.+.\n

Ay, [Km]

AT AR LR AR L

6 7
Log,,(E,[GeV])
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Optical Cherenokov : Event Rate & Detector Size W‘RJ

Luminosity needed for Event Rate N,

Ny < @, X Papsorption (0, E) X @ x R, X Al
S~~~ ~— ~—~

cross-section o range Effective Area for

L, = 47d?®, ~ 10*°N, (L)z <L>l_a ( AuT )_1e,g/s
v v 4Gpe 1007 eV km?2yr

@ o~ 1for E, < 100TeV, o ~ 0.5 above 100 TeV
@ Blazars ~ Gpc, L ~ 1047 erg/s = A, ~ 1 km?
@ Galactic Sources L, ~ 1035 erg/s for A,, ~ 0.1 km?
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Neutrino Telescopes
LI

Optical Cherenokov : Event Rate & Detector Size
Luminosity needed for Event Rate NV,
AH

Ny o @, X Ppsorption (0, E) X 0w x Ry X

cross-section 4 range Effective Area for 1o

~— N
N

1000m

200m
400m

SuperK KM3NeT/ORCA  ANTARES
50kton 6Mton 20Mton

Energy
Neutrino Astrophysics at High Energy 118 /246
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Neutrino Telescopes

Optical detection of cosmic neutri

1. track like events 2. shower like events 3. “double bang” BACKGROUND !!
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Neutrino Telescopes

Number of detected muons... &)

For area A and observation time T

o N.(0) = AT. [P &,(E,,0)dE,P,_,P
o Enmin e

= @, (E,,0) neutrino spectrum
= P, _,, Probability to produce a detectable muon with E,, > Ep,
= Pg Earth transparency to HE neutrinos

Producing a detectable muon

® Pyoy o [ 2 Ri(Er, Enin)dE)
@ R; range of muon of energy E; before it reaches F;,

° dd—gl differential interaction cross-section...
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Introduction  Neutrinos and Cosmic-Rays Nel elescopes IceCube and Antares  MultiMessenger Astronomy GRB GW

Interaction in Rock/Water/Ice 5

Deep-Inelastic Scattering

do  _ 2G%77LNE,, IVI‘%V
Q2+ M7,

2
Fron - ) [2q(z, Q?) + 2q(z, Q2)(1 — y)?] [m, My, nucleon and boson mass]
@ () transfer momentum, v = E, — E; hadronic energy in lab-frame

2
% momentum fraction carried by parton, y = %

O B=op E,
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Neutrino Telescopes

Interaction in Rock/Water/Ice &)
10 ‘ ' ' ' ' 10
— v, (CC)
=== ¥, (CC)
10 10
NE 1045 107
o
10 107
10% 4 107
10° 0’ 3 10° 10’

Deep-Inelastic Scattering

@ o,N x E, below 5 TeV
@ o,n x E%% above 5 TeV

@ Pointing: \/< 62, >~ /X =< 6 >~ \/%

= Colinear at high energy !
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Neutrino Telescopes

Interaction in Rock/Water/Ice

Transmission h Ear

@ Py =e /) where \=! = pN 4o, (E,)

plgem®

L (1010 cmw.e.)

Earth density profile

1000 2000 3000 4000 5000 6000
R (km)

Earth thickness vs nadir angle

VT T T TR
0.10.20.30.40.50.60.70.80.9
cos(6)

Th. Pradier (University of Strasbourg & IPHC)

Absorption probability in the Earth vs E,

(for CC interactions only)

1|
— Ve
..... Voo
N 10
o @ cos(8)=0.1
@ cos(9)=0.4
© cos(9)=0.7
@ cos(6)=1.0
107}

-
Nk

log,,(E,, GeV)

W%
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Neutrino Telescopes

Energy Losses @%
10 T
. E
6 H, liquid
5

@ |onization and atomic excitation : interactions with
electrons in the media (continuous) - minimum at
2MeV/g/em?

@ Radiative - discrete and stochastic

= Bremmsstrahlung : accelerated particle through field of
atomic nuclei o< 1/m?

= Pair production: p + N — eTe™ L

= Photonuclear : inelastic interaction of muon with nuclei, L
produces hadronic shower

—dE/dx MeV glem?)
w

0.1 1.0 10 100 1000 10000
Py =p/Me
0.1 1.0 10 100 1000

Muon momentum (GeV/¢)
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Neutrino Telescopes er Astronomy GRB GV

Energy Losses
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Energy Losses @%

|13
=
[
- Decay length, ©
— R, in standard rock, T
++ Ry in sea water, ©
— R, in standard rock, i
10‘1, - Ry inseawater, u i

10° 10°

10’ 10°
E (GeV)

Energy Losses and muon range

@ Muon Range R, = fOE 42 4F ~ OE 4B = 1 log (1+ £-) with E. = a/b critical energy

@ For upgoing muons, the interaction volume is much larger than instrumented volume !
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Neutrino Telescopes

Cherenkov Effect

Trajectory [] Wavefront
N fer B

(b

pe = speed of particie

% = speed of radiation

Charged Particle with velocity > phase velocity of light

@ v> £orpB> L refraction index
@ Coherent emission along a cone of f ~ constant
@ 0o ~ 1°inair, 0 ~ 43° in water, 6 ~ 41° inice
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Introduction ronomy GRB GW17 XS0506+056

Cherenkov Effect

velocity > phase velocity of i

® v> £orpB> L refraction index
@ Coherent emission along a cone of ¢ ~ constant
@ O ~ 1°inair, 0 ~ 43° in water, 6 ~ 41° inice
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Cherenkov Effect y

Number of Photons

d’N 2ma ( 1 ) 2mo . 02
= — = ~ ——— SIn
dzd\ A2 n2j32 A2 ©

@ Between 300-600 nm, ~ 350 photons/cm

° ddEflV ~ 370sin? HC(E')eV_ em™! & 1074 x 2MeV/cm

= But directional effect!

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



Introduction  Neutrinos a leutrino Telescopes

Different radiators...

Photons are absorbed and scattered

1
I(r) o« e B/
R

@ Note the 1/R because light on a cone, not on a sphere! (not so easy to demonstrate!)

1 1
Aabs Ascatt

@ Here Attenuation length : ﬁ =

Medium Attenuation  Absorption ~ Scattering A6 10 TeV

Sea water 40-50m 50-60m >200m 0.2°
Lake Baikal 20m 15-30m >100m 1.5°
Polar Ice 100m 25m &

@ Ice : no current, no bioluminescence, no 3 decay from salt
@ Water : less scattering, better angular resolution
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Event Topologies

leutrino Telescopes  Ic

Muon neutrino

Electron neutrino

a) E,;=10 TeV ~ 90 hits

b) E,=6 PeV ~1000 hits

I

E ~'dE/dx, E> 1 TeV

Energy Res. : log(E)~0.3
IAngular Res.: 0.8 -2 deg

E=375TeV

Energy Res. log(E)~0.1-0.2

Poor Angular Resolution

Tau neutrino

E =10 PeV

e
T— v_thadrons

Double-bang signature
above ~ 1 PeV

Very low background
Pointing capability

Best energy measurement

Th. Pradier (University of Strasbourg & IPHC)
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Neutrino Telescopes

Reconstruction of the track...

Muon Track

‘

e e 1 k
. theory = to+ ¢ (! — o9
Optical Module o °1( = )

+E (sian)

@ 5 parameters : ¢, 0, ¢, 0, yo

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy 132/ 246



Neutrino Telescopes

Reconstruction of the track... @%
w0
Z  [Direct [§|%— total
2 | EM =TeV
=
s
10
< :
§ Scattered e- and photons Importance of scattering
@ Few of photons are direct!
@ Impact on angular resolution

16

0 20 40 60 83 100 120 140
t(reco)-t(true)=residual (ns)

Optical Background
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IceCube and res MultiMessenger Astronomy GRB GW170817 Blazar TX A Perspectives

Atmospheric 1 (downward) event &3

Run 34497 Frame 40952
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IceCube and res MultiMessenger Astronomy GRB GW170817  Blazar TX

ool ;; S = Run 34927 Frame 7155
o e + e Wed Jun 18 00:08:10 2008
. b b BRI Trigger bits 80002020
Zenith: 34.8 - o £3 Y Line 1-12 Physics Trigger (thi
Fit on 5 line(s) p P 4
™ CEAl LA
= = i 123456 photons
ececce
L Lioas Linas.
T T P P
* .
P P P i
s sy PU N +
PN e B + P B £
o - L 0 L -
w ™ + ks
Lioas L Lioas Loete
e + A ool f: B%]
oA e | jram |
- e { - Apalt
s i P = - o e 4
p 4 o et P o
150} i 150f 7 = 150f + ] 150 il ++
P w{ + oo + o oo 2
e Lioa
|3 )
o | =
a5 f+ >
. . -
" . e "
a * / o [ S
o 1 p
w / “

Th. Pradier (University of Strasbourg & IPHC)




Two words on setting limits... @%

Model Rejection Factor MRF

@ Given ®; = kE—“ predicting < ns > signal events :

k H90

90% CL average flux limit®gg = £ X MRF =
< ns >

@ where jigo(< np >) = Z:bszo 190(nobs, < Mp >) P (nobs, < My >)
@ Average upper limit of Background fluctuation at 90% CL observed with expected background < n; > and no signal

g
=

25

20

M A PRI ENRT I B SN ]
20 40 60 B0 100 120 140 160 180
n,
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Introduction  Neutrinos a Neutrino Telescopes

Two words on setting limits...

Model Discovery Potential MDP

@ Probability for observing > n,, with only background :

oo Tops — 1
P(> nnolny) = Z P(n|ny) = Z P(n|ny)
M="Nobs 0
@ Discovery = excess of 50 over background
@ P(> nno|np) < 2.85 x 1077 [the p—value]
@ If signal ns present, probability to observe n, :
[ Rais=11
P(> nno|ny +ns) = Z P(n|ny +ns) =1— Z P(n|ny +ns) =8
M="Nobs 0
@ Fixing B (with npo) = ns
@ Model Discovery Potential = %= — Zaz
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An example : a search for Point-Like Sources @%

First, select the events !

@ We want to get rid of misreconstructed downgoing muons !

=- Cut on quality of the reconstruction A
= Cut on estimate of angular error 3

@ The set of cuts depends on the Energy Spectrum considered
@ Minimize MRF or MDP

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



Neutrino Telescopes

An example : a search for Point-Like Sources

R » data

—vNMC
—uMC

= 10°F
(= =
e
c
s L
o
S 10
210°
o
2 10°
10* = 10
10°
10°
10 15
1 F
S 2 i
T 155" r
1 -
05 0
7 6.5 % 55 5 45 4
quality variable A
ANTARES 2021

Th. Pradier (University of Strasbourg & IPHC)
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B (degrees)
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N
An example : a search for Point-Like Sources

leutrino Telescopes

Estimate the Performances

Acceptance (10° GeV on’ s)

Acceptance Angular r2solution
= =24
\___/\
A>SipcF 5 2.2 .
|?_*L—/‘\ —A>-S54B<F = \ 201
o A»-55p <075 E 2 — 2008

. A>-5.4.B <075 €18
w0 5 — 2009

: 8° .

sf- 214 ooni

E 1.2

6 1

[ 0.8

5 0.6

F 0.4
£ ~ =

E 0.2

Eririril lririnl Ll L bl B Lrsre L T I S
- -08 06 04 0.2 02 s 0. i) W[E [GeV])
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Introduction  Neutrinos & Cosmic-Rays Mult er Astronomy

An example : a search for Point-Like Sources

Compute a LogLikelihood and Test Statistics

log L b = Zlog[umg X F(Bi(8er @s)) X N(N352) + By X N (N )] + por

@ Source with posmon (as, ds)

@ F point spread function, for event at angular distance 3; from source
@ 13 rate of background events as a function of §

@ Lo total number of expected events

o N(NE  probability for event i to be reconstructed with V. « hits

hits
Q = log Eerb —log Ly,
Test Statistics, MRF and MDP

@ @ with 0, +3, +6, 49 signal events at § = —70°
@ Allows to compute the sensivity to number of signal events for a discovery and median limit on signal events

Neutrino Telescopes IceCube and Antares
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Neutrino Telescopes

An example : a search for Point-Like Sources @%

10

probability (au)

102

10°%

10

- NN .
40 50

likelihood ratio Q

off
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Neutrino Telescopes

An example : a search for Point-Like Sources

Test Statistics, MRF and MDP
@ Allows to compute the sensivity to number of signal events for a discovery and median limit on signal events

101 10r
— X [~
> F 3 C
q>) 9__ 9 9
o C wo o
g F % F
° T e C
e 8 s 8
o ~ [ .
n - Ke] L
c - 00 -
£ 0 5 7
gt z 't
E L 5 C
9 61— 2 6
o E H
: F : f
5 £ sF
n 8 5C
r E
Y PR IR FRRUN BARRIN RAERIN BRI RS el b
-80 60 40 20 0 20 40 80 60 -40 20 0 20 40
Declination [°] Declination [°]
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Neutrino Telescopes

Atmospheric or Cosmic ?

Methods to distinguish between Atmospheric and Cosmic Neutrinos...

log (dN/dE)

v"atm o E—3,7

vpcﬂsm o E?

Cut on Energy

Energy

~TeV

Look for an excess at high energies...= need good energy resolution

Neutrino Astrophysics at High Energy 144 / 246
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Introduction

Neutrinos and Cosmic-Rays

Atmospheric or Cosmic ? %

Neutrino Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW170817  Blazar TX: 056 KM3-230213A  Perspectives

Methods to distinguish between Atmospheric and Cosmic Neutrinos...

PKS1424+240

. TXS 05064056
; Sl

LOG,,(p, )

NGC 1068

Look for anisotropies/excess around chosen sources = need good
angular resolution

Confirmation with other messengers : GRBs,
optical follow-up, gravitational waves...

Th. Pradier (University of Strasbourg & IPHC) 145/ 246



Neutrino Astrophysics - High Energies

&)

° IceCube and Antares : Description and Selected Results

Th. Pradier (University of Strasbourg & IPHC)
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High-Energy Neutrinos :
Neutrino Telescopes - ANTARES, KM3NEeT, IceCube




IceCube and
Neutrino Telescopes in the World...
; ANTARES
'KM3NeT/ORCA ™ 2906:2022
? data taking /
DUMAND :
pioneer project

0.01km?
¥¥
in construction
*

ina als

kmdin Lake Baikal or the
s
www.globalneutrinonetwork.org

a
km?in the South China Sea
Frame for enhanced cooperation

lceCube
AMA

Th. Pradier (University of Strasbourg & IPHC)
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Neutrino Telescopes in the World... @%

ANTARES

3> 75%

O 25%-75%
O<25%

TeV y-Sources
@ galactic
® extragalactic

lceCube
= 100%
O 0%

Different Telescopes are complementary

@ 0.57 srinstantaneous overlap
@ 1.57 srintegrated overlap

boman o8 8 8 g
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IceCube and Antares

First there was DUMAND !

See also! A Roberts: The birth of high-energy neutring
astronemy: a personal history of the DUMAND project,
Rev. Mod. Phys. 64 (1992) 259,

DUMAND-II (The Octagon)

O~ \\ k 30 km

WS KEAHOLE POINT
1), LABORATORY —

| ANVASA L

ARRAY
" 9strings
= 216 OMs | | \—“1— i
® 100 diameter, 240'm height il I NG L
" Depth of bottom: 4.8 krh ; ~
" |owest OM 100 m aboveé UB‘«J
bottom
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Introduction IceCube and Antares

Neutrinos and Cosmic-Rays

First there was DUMAND !

Neutrino Telescopes MultiMessenger Astronomy GRB GW 056 KM3-230213A  Perspectives

LIGH
#59)

S ~short Prototype String”

=
AT §1H OPTOAL MOCULE
U] Ip—
H st
|
I
Ry

R e @ 198787

': : : a series of 14 cruises, with two lost strings
rovoree £ ® 1987: success !

ONMENTAL

BROAN

1
i
i omp
STl
“At first, when we talked about
DUMAND our accelerator friends
laughed and said we were crazy.
Now they ask why have you not
got it operating yet I

J G Learned (1992)

Th. Pradier (University of Strasbourg & IPHC)

= depth-intensity curve
= angular distributions
Bl December 1993: deployment of first string

and connection to junction box. Failure
after several hours 3

1995: DUMAND project is terminated
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Introduction

Neutrino Telescopes

First there was DUMAND !

IceCube and Antares

tronomy

GRB GW1708

Observation of muons using
the polar ice cap as a Nature

Cerenkov detector sept 91

D. M. Lowder®, T. Miller*, P, B, Price*, A. Westphal*,
S. W. Barwick™, F. Halzen: & R. Morse:

* Cepartment of Physics, University of California, Bemeley,
Galifsrnia 34720 USA

1 Cepartmert of Physics, University of California, rvine
California 92717 USA

4 Department of Physics, University of Wisconsin, Madison,
Wisconsin 53706, USA

ACKNOWLEDGEMENTS. We thanc 8. Koci and the entire PICD argamration for the use of the borehale
and for on-site assistance. £ K. Soarz and W. williams for their hels with the mechenical censtruction
of the PMT string, 4. L; nch anc H Zummerman of the NSF. L Learmed for his sharing of DUMAND
expertise, andE idea of wcing South Peie ice
in & neutriro Lelcscupe T\'lh work was supoorted in part by the Dvison of Polar Programs of the

US NeF and oy tre Gatornia Space Nstitte.
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IceCube and Antares

IceCube

leeCube Lab

Hs0mL—

2450 m

IceToy
~_—~"81 Stalions, each with
2 lcaTop Chersnkov detsctor tanks
2 optical sensors per tank
324 opical sensors

lceCube Amay
86 strings including B DeepCors strings .
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore
B strings-spacing optimized for lower energies
480 optical ansors

Eiffel Tower
2 |324m

1C59:2008-9
1C79:2009-10
1C86:2010-11

Th. Pradier (University of Strasbourg & IPHC)
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IceCube and Antares

Amundsen-Scott South Pole Station

runway

South Pole AMANDA-II/
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IceCube and Antares

IceCube

{1114

—i L Jd /

b 4 I I | 1 I 1 | HHL ‘

o O O O @ @ @ O

2000 2011 2013 2018

Telescope AMANDA Atmospheric lceCube Astrophysical First Source
in the Ice Completed Neutrinos Completed Neutrinos Identified
Envisioned Detected Discovered

$'ceCuse G
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Introduction  Neutrinos and Cosmic-Rays IceCube and Antares Blazar TXS0506+056 KM3-230213A

Antares and its successor KM3NeT

Neutrino Telescopes MultiMessenger Astronomy GRB GW170817 Perspectives

* 12 lines
* 25 storeys/line

* 3 PM/ storey @gANTARES “.Eﬂ_ arXiv:1104.1607v

* 885 PM =% ® = Ac:;epted in NIM-
+ . olp

Instrumentsifor i

* positions of PM_~ O(]0cm)#&

* orientation of PM §

*Time calibration ~O(ns)

v

00-m| ‘ : : 1
J_T/ @‘% il i . { Junction Box
i 1

~70 m
Th. Pradier (University of Strasbourg & IPHC) 156 / 246



GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives

IceCube and Antares  MultiMessenger Astronomy

Neutrino Telescopes

Introduction  Neutrinos and Cosmic-Rays

[T Astropart. Phys 13 (2000) (Background light)
Astropart. Phys 19 (2003) (Bio-fouling)
L1 Astropart. Phys 23 (2005) (Light transmission)

ANTARES

] -

.
i
1

42 50'N, 6 10'E
157 /246
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Introduction  Neutrinos and Cosmic-Rays  Neutrino Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW17 7 Blazar TXS0506+05

Antares and its successor KM3NeT 5

12 Lines in operation

Th. Pradier (University of Strasbourg & IPHC) 158 / 246



GRB GW1

Introduction  Neutrinos and Cosmic-Rays Nel o Telescopes IceCube and Antares  MultiMessenger Astronomy

Antares and its successor KM3NeT 5

12 Lines in operation ~ 0.1km?
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Introduction  Neutrinos and Cosmic-Rays  Neutrino Telescopes IceCube and Antares MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives

France Switzerland >4 <" x Lungary
i ¢
P s Slovenia
b Croatia J
Bosnia and
Herzegovina), Serbii

Koso;
] ~200m/600m
Albania

Tyrrhenian Sea

Malta ARCA

The next Mediterranean HEN Telescope : KM3NeT

Volume ~ 1 — 2x IceCube, construction started
Th. Pradier (University of Strasbourg & IPHC) 160 / 246



Antares and its successor KM3NeT @%

ARCA (1BB)

The future Mediterranean HEN Telescope : KM3NeT

ARCA ~ 0.15 km?3, ORCA ~ 25%

— Links to Deployment movies

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy 161 /246


https://www.km3net.org/pictures-and-videos/video-playlists/

IceCube and Antares

Calibration and Performances - Antares

Positioning and Timing

@ Positioning with Hydrophones

E 500,
N . T
P g “E Trajectory N
925 of lowest hydrophone
£ 2 wwduring 2 weeks
35 T ey e
<?.é;7 .
31— - K I .
- _/Line anchor
E i ot b
052 i axis
30
20 205 Fal 25 2 225 23 235 24
X (m) - 268200.

Autonomous
Transponder

0
2 45 A0 5 0 5 10 15 20
Y(m]
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Introduction

Calibration and Performances - Antares

Neutrinos and Cosmic-Rays

Neutrino Telescopes

IceCube and Antares

MultiMessenger Astronomy

GRB GW1

Positioning and Timing

@ Timing with LEDs and Laser

1200

1000)

g

[ ‘"diagonal" _
;largev distance T
;-less intensity

«light scattering

c=26ns

e

40

'horzontaﬁ\ 6 =07ns

meas - exp

Th. Pradier (University of Strasbourg & IPHC)

[ns

KAGRA
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IceCube and Antares

Calibration and Performances - lceCube

Positioning and Timing

@ Check pointing with Moon Shadow
= blocks cosmic-ray muons!

Cosmic Ray
Flux

%,
%‘L
i
\»\k
o (8, - Byo0n) [deg]

10 1 2 3
(0t = Oyyon) COS(3,,) [deg]
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IceCube and Antares

Calibration and Performances

Positioning and Timing

@ Positioning with Hydrophones
@ Timing with LEDs and Laser

@ Check pointing with Moon Shadow + Sun Shadow (down<ard atm. muons)
= Angular resolution = 0.59° + 0.1°

y, (degrees)

y (degrees)

® 3

+
PO _vldegrees)

y_(degrees)

s

ey
x (degrees)

R
|, (degrees)

_-O‘H_SHI_GH_A \\_zlllo\\\2\||4\ 5 8'”10 L ) 3 r % 8 10
x (degrees) Xs (degrees)
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IceCube and Antares  Multi\

Yy 2_:1
107} Frejus 1995 "m s o v. (unfolding)
e 4 AMANDA 2010 | %y, v, (forward folding)
T 1072 "*QI:I - IceCube 2011 51 v, 9
5 £ 50 4 ANTARES 2012 | 3 & v, (DeepCore 2013)
L 1073 =i 4 lceCube 2015 | £ o v (2018)
DA + SK 2016 o1 °
~ 1074 + ANTARES 2020 | W
|
IS
O 1079
2
o 107°
=
> 107 ¢ Frejus 1995
© + lceCube 2013 — Honda v.(HKKMS2007)
WP g-sf, * lceCube201sb Honda v (HKKMS2007)
+ SK2016 —— modified Honda v,
4 ANTARES 2020 --- Bartolv,
1079
— T 3 3 : < : wm\....l...‘m”m....l..
- 1 4
log10(Ev/GeV) 19, (€ 6oV
Antares 2020 IceCube 2015
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IceCube and Antares

Neutrinos at Extremely-High Energies - IceCube

— === JceCube 12.6yrs ~— Sensitivity
=
Im —7 .
210775 *. Auger (ICRC2023)
IH .
w
‘TE 1.0 1
5] Zmax = 4, Zbreak = 1.5
a. 2, =2
g 10—8 i ? 0.8 A —
~ ]
~ B
5 3 0.6
3 i=l
]
|:uf g
1-% » . \. 45 0.4 4
107" §— Ahlers 2010 1BV -+ Ahlers 2012 £
‘E‘q = = Kotera SFR ==+ van Vliet 2019 0.2 1
=== Murase v = 2.0 == Murase v = 2.3 SFR comparable
T LB AR | LB R | LB AL | T T T T T
107 108 10° 10%0 10" 2 3 4 5 6
E, / GeV Source evolution parameter m

Exclusion of all top-down scenarios, constraints on source population (IceCube 2025)

[m] [ -

it
€
N
»
s
€
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Introduction  Neutrinos and Cosmic-Rays  Neutrino Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives

\. PIERRE
A

wintho lip.pt/AugerVisualizer
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IceCube and Antares

Ultra-High Energies with the Pierre Auger Observatory @%

100 F «— top of

Loma Amarilla E “S-losteones g = the atmosphere
”» - s ] B
., & Fik
2
H d2 O < 20g/cm’2
Loma Amarilla _;':m] E w0 Ags < 10g/cn?
4 2
f oo 1
b Los Leones P
—lso 1
-
Colhuec 2 1000 .
I 5 3 .
| g 31 NDOF: 16.769/ 16 _ d
—{30 @
g og/E~8%
Morados J,, b L Dy ~15%
1 busbusdusluslusd «— detector level
—{10 0 10 20 30 40 50 60
T s1 dE/dX [PeVi(gem )]
) I 000 Eutace = f(So00, 0) Energy deposited by EAS
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In 1 eutrinos and ) Telescopes  IceCube and Antares |

Ultra-High Energies with the Pierre Auger

atmosphere

atmosphere

atmosphere

EM comp.
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Introduction IceCube and Antares  MultiMe: GRB GV

Neutrinos and Cosmic-Rays Neutrino Telescopes ger Astronomy

Ultra-High Energies with the Pierre Auger Observatory

2) double-bang shower regular shower

initiated by v, initiated by pr

= 1) deep shower
initiated by v

3) down-going shower
initiated by v, 4) up-going shower

initiated by v,

E-M component of the shower

o

muonic compenent of the shower

P

first interaction T decay

Th. Pradier (University of Strasbourg & IPHC)

171/246



IceCube and

Ultra-High Energies with the Pierre Auger Observatory M

—=== AGN (Murase 2014)
Pulsars SFR evolution (Fang 2014)

res

Zmax = 5

Single flavor | L | L
- Cosmogenic: p SFR (Aloisio 2015) Veivuive=1:1:1 1.0 s \ A N

Cosmogenic: p, Fermi-LAT, Enin = 3 1017 &V (Ahlers 2010) —————v—————+ RN AN Pierre Auger
Cosmogenic: p, FRIl & SFR source evol. (Kampert 2012) , 5 \ Jan 04 - Aug 18
Cosmogenic: p or mixed, SFR & GRB (Kotera 2010) // “, \ N
Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012) ¢ 2 0.81

I & 90% CLlimit Auger S .

5 § (Earth-Skimming) 90% CL limit E= ",

- 90% CL limit ANITA 1+I1+111 (2018) ©

| Auger (2019) N

“» = 0.6

% 90% CL limit £

£ IceCube (2018) £

S
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K] 90% CL limit 504 ==== Zmax=3 N

o Auger (2019) = —— =4 e

w S c Zmax = .

ke o

2 2

35 <

o o

w

o
N
1

Proton spectrum at injection:
E™25, Emax = 6 X 1020 eV
0.0 T T T T T

2.0 2.5 3.0 3.5 4.0 4.5 5.0
E, (eV) m

Pierre Auger 2019
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Neutrinos and Cosmic-Rays from Gamma-Ray Bursts (GRBs) @%

10-8
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< T 10710
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© g 10-1f
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kS > : : :
& - = - - O 107 2p7
&5} — IC79 Northern v, < : :
| — IC79 All-Sky Cascade El N: 107180 = - Internal Shock Fireball PreAditj‘ticn
1C79 Southern v, : — - Photospheric Fireball Prediction
: : s ICMART Prediction
| | L L L L 10—14 il T T 1 I
10° 10 100 106 107 10° 10° 100 10 10 106 107 1085 10°
v Energy (GeV) v Energy (GeV)
IceCube 2017
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Neutrir Neutrino Teles IceCube and Antares

Neutrinos and Cosmic-Rays from Gamma-Ray Bursts (GRBs)

~@+ Ahlers et
—Hii- Waxman-Bahcall

Standard Photospheric ICMART

_
9
L

e2®(ep) (GeV cm 2 s71 sr71)

I ,468% |
10 10° 106 107
Neutrino break energy &, (GeV)

IceCube 2024
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IceCube and Antares
LI

Neutrinos and Cosmic-Rays from Gamma-Ray Bursts (GRBs)

10~°{ —— ANTARES stacking (2007-2017): 784 GRBs 3
gy = = ANTARES 90% CL upper limit (2007-2017)
I 10°6{ -+ ANTARES 90% CL upper limit (2007-2011) -
'_f‘“ —— |ceCube stacking (tracks + showers): 1172 GRBs
' 10~74 ==+ IceCube 90% CL upper limit s
L e v e -
IE 1084 ..”':;___.-— [
Lot =
(@] ’u“o
> 1079
o
= 107104
=
. 10711,
INES
10712,
104 10° 106 107

E,, (GeV)

ANTARES 2020
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IceCube and Antares

Neutrinos and Cosmic-Rays from Gamma-Ray Bursts (GRBSs)

&)

(a) Extended TW (c) GBM Precursor
H . 1.0
oot
Do .
N . ~\~ Light curve data
.i Precursor % 0.8
H H H Background cg
: 5005 : . . P t
Do CN romp %
o 50008 4 { v =] 0.6
. : =
g " Time — o 2
o' Fromet To+Tiue © Rejected
g 0.4
(b) Precursor Prompt+Afterglow =
2
Precursor : Prompt: Afterglow Precursor 1 Prompt + Afterglow 0.2
s E I Neutrino event Bl Neutrino event . E
H H i Fitted search 1 Fitted search . .
B | : window Tw window Tw l : | 0.0
L - - : - 10% 10% 10* 10° 100
To To*Troo Time T TotToo T Time Neutrino emission duration [s]
IceCube 2022
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IceCube and Antares

Neutrinos and Cosmic-Rays from Gamma-Ray Bursts (GRBSs)

1077

H shell model prediction

.

.....

HESE best fit (7.5 yr) .

==
He shell model prediction E== v, + 1, best fit (9.5 yr)

_—
li—l
wn
i
|
wn
S
(&)
% H shell model limit \
O,
Y
KA
[N IS
Sy

Analysis limit (E~2)

—— Analysis limit (differential) |

A

10° 10!
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The search for a High Energy Neutrino (Cosmic) Diffuse Fluxes M

- L e e e e s B B
_
w
W 1070 1) ——— AMANDAN Amospherie v, 1387d - --n- Bartal + Haumov RGP (8
o 2) W  AMANDAAIY unfolding (2000-2003) -........ Honda+ Enberg Min (&
g 1041 3) s AMANDAALY, 807 d — — — Waxman Bahcall Prompt GRE (10
% E 4) m— ANTARES v, 07-0% -)(-- Blazars Stecker (1
O 4g° | 5) — IC# Atmospheric v, . Waman Babcatl 19sx 12 (12
LLr E 6) 4 IC80Ame. v, Unfolding —74— Beckeracn (B2 1=0.2) (13
E> 105 B T) s G405, 3755 d % Mannneim AGNS 4
prd 3
© =
o> E 14 -~
W 407 = T
= 22—
10% =
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7( Models rejected at 56 Iogm EV [GeV]

From 2012 (no signal)...
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IceCube and Antares

The search for a High Energy Neutrino (Cosmic) Diffuse Fluxes

1074 1 1 1
mmm Conv. atmospheric v, 4+ 7, (best-fit)
N 105 B Prompt atmospheric v, 4 7, (flux limit)
:5 mm Astrophysical v, 4 7, (best-fit)
;”J HESE unfolding: PoS(ICRC2015)1081 [
1075 4 3
g F
[}
|
CIRURUE S 3
3 Te. §
[~y
& 1078 4
N'ﬁ
1079 4 N \ I B
1 T T

108 10% 10° 106 107
E,/GeV

...to 2016 (signal!)
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Introduction  Neutrinos and Cosmic-Rays

Neutrino Telescopes

IceCube and Antares ~ Mul

TeV-PeV events in ICECUBE : a clever veto

enger Astronomy

IJ\ /Veto
o\~

Th. Pradier (University of Strasbourg & IPHC)
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g 40
g 20
k)
c 0
S
g -20
® -40
o
-60
-80

ceCube Preliminary Showers —e—

Tracks --><¢--

t

3
10
Deposited EM-Equivalent Energy in Detector (TeV)

28 events (7 with visible muons, 21 without) on background of
10.6735 (12.1 4 3.4 with reference charm model)
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)

TeV-PeV events in ICECUBE : a clever veto )
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IceCube and Antares

H . Ao
TeV-PeV events in ICECUBE : a clever veto %%
Energy Threshold lSouthem Sky (downgcing)] lNDr‘them Sky (upgoing)l
T > =3 Background Atmospheric Muon Flux
& 3 Bkg. Atmospheric Neutrinos (=/K)
8 | Background Uncertainties
102 A = Almospheric Neutrinos (20% CL Charm Limit)
w = Bkg.+Signal Best-Fit 1-Component Astraphysical (£7")
k] =+ Bkg,+Signal Best-Fit 2-Component Astrophysical
g g #®g Data
o 3 : i
g IceCube Preliminary 2 IceCube Preliminary
510t} 4 ® T
N £
5 H
= 2
7]
5 8 nE
0 © ]
> 1 .
i 5
! 1 o~
! 1 —
- 1 @
1 o
NIGE:
-1 dC)
10 ; 3
10° 10* -1.0 -0.5 0.0 0.5 1.0
Deposited EM-Equivalent Energy in Detector (TeV) sin(Declination)

@ Corresponds to ®,u =3 x 10718 x 1.6810 3% x (15opy ) GeV " lom 2.5~ Lsr—!

o with v = 25870}, for single power-law (IceCube 2024)
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IceCube and Antares

TeV-PeV events in ICECUBE

Total MC
Atmos Nu Conv
Atmos Mu

= Single Power Law (This work)
—— Broken Power Law (This work)
® Segmented (y = 2) (This work)
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IceCube (2024)
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IceCube and Antares

TeV-PeV events in ICECUBE

*— Atmos Mu —k— ESTES 10.3 year - All Sky (This work)
. —¢ Atmos Nu 5~ 3.0f —*— ESTES 10.3 year - Southern Sky (This work)
10 ~— Astro Nu ' 7| == ESTES 10.3 year - Northern Sky (This work)
A
IL
wn
0 10° G 2.5 %
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€
, g
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IceCube (2024)
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IceCube and Antares

TeV-PeV events in ICECUBE

—k— ESTES 10.3 year - All Sky (This work)
i . o 3.0 | —de— ESTES 10.3 year - Southern Sky (This work)

@ HESE 7.5yr : cascade-like events with [ —%— ESTES 10.3 year - Northern Sky (This work) ~________ .
non-negligible contribution from starting i .
track-like events (17%) - minimum energy b 4
cut at 60 TeV limiting measurement 'T‘E :

@ Cascade 6yr : cascade events, down to 16 o /‘
TeV L /

@ Northern Sky Tracks 9.5yr : through going 8
and starting muon tracks in the northern ]
equatorial sky -measurement limited by o
energy resolution of through-going events - ::l
no self-veto s

@ ESTES 10.3yr : starting track-like events E,
over the entire sky for energies above 1 TeV 'fg 1.0 ) =4 NS Tracks 9.5 year

. . . 1] -~ HESE 7.5 year

@ Consistent picture - no de_parture from single o 4~ Cascade 6 year
power law at lower energies | | | Inelasticity 5 year

@ From 3 TeV up to 550 TeV 053 24 2.6 2.8 3.0 32

Yastro
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IceCube and Antares

TeV-PeV events in ICECUBE : the Galactic Plane
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Searching for High Energy Neutrino point-like sources - the quest
}‘ iz
6

Equatorial
TS=2log (L/Lg)
Th. Pradier (University of Strasbourg & IPHC)

IceCube 2 yrs - 4.1

Neutrino Astrophysics at High Energy
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Searching for High Energy Neutrino point-like sources - the quest
+
i %

TS=2log(L/LO)
Th. Pradier (University of Strasbourg & IPHC)

IceCube 3 yrs - 5.70

Neutrino Astrophysics at High Energy
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Searching for High Energy Neutrino point-like sources - the quest @%

ICECUBE PRELIMINARY

I
0 TS=2log(L/LO) 131

IceCube 4 yrs > 7o
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Searching for High Energy Neutrino point-like sources - the quest @%

Galactic

0.0 TS =2In(L/Ly 12.6

IceCube 6 yrs > 7o
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Searching for High Energy Neutrino point-like sources - the quest @%
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IceCube and Antares

Searching for High Energy Neutrino point-like sources - the quest
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Hottest spot is NGC1068
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GRB GW1

IceCube and Antares  Mu ger Astronomy

Neutrinos and Cosmic-R Neutrino Telesc

Introduction

Searching for High Energy Neutrino point-like sources - the quest

—logyo(Piacar)
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NGC1068 - a Seyfert Galaxy
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IceCube and Antares |\ GRB GW

Searching for High Energy Neutrino point-like sources - the quest

Introduction  Neutri Astronomy

NUCLEAR EMISSION IN SPIRAL NEBULAE*

Carr K. SEYFERTT 1 9 43

ABSTRACT

Spectrograms of dispersion 37-200 A/mm have been obtained of six extragalactic nebulae with high-
itation nuclear emission lin erposed on a normal G-type spectrum All the strone
i es like NGC 7027 appear in the spectra of thdt

NGC1068 - a Seyfert Galaxy
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Searching for High Energy Neutrino point-like sources - the quest @%
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NGC1068 : from 2.9¢ to 3.30 and 4.20
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IceCube and Antares

Searching for High Energy Neutrino point-like sources - the quest
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Searching for High Energy Neutrino point-like sources - the quest

IceCube and Antares
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IceCube and Antares

Searching for High Energy Neutrino point-like sources - the quest
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PKS1424+20 close to 30 - IceCube 2022
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IceCube and Antares
1Gf
£

Searching for High Energy Neutrino point-like sources - the quest
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IceCube and Antares

Searching for High Energy Neutrino point-like sources - the quest
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IceCube and Antares

Correlations with other messengers...

15T APPROACH:

Time dependent searches
A

GRB
Microquasar
Gamma-ray binaries
Blazars
Supernovae Ib,c
Fast Radio Bursts

- 2 =
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IceCube and Antares

Correlations with other messengers...

2ND APPROACH:

A Alert |
triggering

Real-time analysis

-
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Neutrino Astrophysics - High Energies

&)

° MultiMessenger Astronomy : combining all cosmic signals

Th. Pradier (University of Strasbourg & IPHC)
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Antares :

MultiMessenger Astronomy




MultiMessenger Astronomy

MultiMessenger Astronomy

15T APPROACH:

Time dependent searches
A

GRB
Microquasar
Gamma-ray binaries
Blazars
Supernovae Ib,c
Fast Radio Bursts

- 2 =
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MultiMessenger Astronomy

Quick re-introduction

.)blckh le

Photons (EM)

Y /
) GWEM HENEM

GWHENEM

GAMMA-RAYS

Gravitational Waves

0G (GW) Neutrinos (HEN)
\ GWHEN
COSMIC-RAYS air shower

MultiMessenger Astronomy

Using multiples messengers : photons, neutrinos, GW
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Quick re-introduction

MultiMessenger Astronomy

high en.

Synchi
R

HE Neutrino Astronomy

@ v smoking gun of processes with Cosmic Rays
@ Flux v depends on content in protons, electrons...

Th. Pradier (University of Strasbourg & IPHC)
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Waves
tidal dumpnon accretion disk
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/ qmvuanonﬂl gravitati
waves waves

. black hole

Gravitational Astronomy

@ P o asymetry? x compacity? x speed®
= Sources of HEN !

Neutrino Astrophysics at High Energy

Emissions
Electromagnétiques

massive star

core collapse




Neutrino Astrophysics - High Energies

&)

© GRBGW170817
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Introduction  Neutrinos and Cosmic-Rays  Neutrino Telescopes

Th. Pradier (University of Strasbourg & IPHC)

IceCube and Antares

MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives
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Introduction

From an external trigger to neutrinos : Gravitational Waves

Neutrinos and Cosm

ays  Nel

0 Telescope

IceCube and Antares

MultiMessenger Astronomy

GRB GW170817 B

XS0506+056

The LIGO/Virgo signals
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ibe and Antares

GRB GW170817 B

From an external trlgger to neutrinos : Grawtatlonal Waves

The LIGO/Virgo signals
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° To+—25> Short GRB 170817A 2% Localization at (30°)2 at 42 Mpc Bal Optical counterpart AT2017gfo in NGC4993

e Ty —> Kilonova spectrum —> X- ray
Th. Pradier (University of Strasbourg & IPHC)
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From an external trigger to neutrinos : Gravitational Waves y

The LIGO/Virgo signals

A On-axis Weak sGRB B Slightly Off-Axis Classical SGRB C Cocoon with Choked Jet D On-axis Cocoon with Off-Axis Jet

Weak Afterglow Afterglow A Afterglow
> (X-ray/Radio) . -5 (X-ray/Radio) . X-ray/Radio)

A Afterglow
- (X-ray/Radio)

Weak

\ $
%SGRB Macronova
%, (WVOIR)

Weak y-rays
Macronova
(UVOIR)

u\\\

: Weak y-rays
Macronova
(UVOIR)

] &
, Weaky-rays &

\% Macronova
% UVOIR)

j Consistent

@ Consistent picture emerges - off-axis jet
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ion  Neutrir

Neutrino Te

From an external trigger to neutrinos : Gravitational Waves

r Astronomy

GRB GW170817

The LIGO/Virgo signals

@ No HEN in coincidence with GW170817 = limits on emission/models

Th. Pradier (University of Strasbourg & IPHC)

—— GW (90% CL)
+ NGC 4993
% meutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
= === IceCube horizon
~ = ANTARES horizon
[ Auger FoV (Earth-skimming)
[ Auger FoV (down-going)

KM3NeT showers

KM3NeT tracks

angular resolution:
<deg (tracks) /
~deg (showers)

field-of-view:
> 2msr
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GRB GW170817

From an external trigger to neutrinos : Gravitational Waves

&)

GW170817 Neutrino limits (fluence per flavor: vy +7,)

E?F [GeVcem™2)
2

10?

=

E?F [GeVem™2)
2

107!
1072

1073

IceCube

+500 sec time-window

Auger

E

Kimura et al.

R EE moderate {
g
Kimura et al. L —-. Kimura et alj
EE optimistig 4 [ prompt
ANTARES
IceCube Fang &
Metzger
30 days
Fang &
Metzger
14 day time-window 3 days
102 10° 10* 10° 10° 107 10% 10° 10 10"

E/GeV

WHEN analyses

@ No prompt detection - consistent with
off-axis

@ Even in 14-day window
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From an external trigger to neutrinos : Gravitational Waves

Solid:fpeam=1, Dashed:foeam=100
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GWHEN analyses

@ Combining all GW events detected
@ Constrain population vs energy emitted in neutrinos
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GRB GW170817

MultiMessenger Studies

2ND APPROACH:

A Alert |
triggering

Real-time analysis

-
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Neutrino Astrophysics - High Energies

&)

@ Blazar TXS0506+056

Th. Pradier (University of Strasbourg & IPHC)
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Introduction IceCube and Antares GRB GW170817  Blazar TXS0506+056

IceCube and Blazars

Neutrinos and Cosmic-Rays  Neutrino Telescopes MultiMessenger Astronomy KM3-230213A  Perspectives

78 712
Right Ascension

2017 - Connection established between Photons & Neutrinos (HENEM)...
...thanks to Blazar TXS0506+056 (Fermi-LAT, MAGIC)

Th. Pradier (University of Strasbourg & IPHC) 220/ 246



Blazar TXS0506+056

IceCube and Blazars W‘RJ

RESEARCH ARTICLE SUMMARY

NEUTRINO ASTROPHYSICS

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

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*{

RESEARCH ARTICLE

NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert

IceCube Collaboration*t

221/ 246
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IceCube and Blazars

2014-2015: A (orphan) neutrino flare found from the
same object in historical data

oo i om o 1o 0%
a0 “

) = 13+ 5 events excess., - e

2 Significance: 3.50 - ¢

' 1o FRINNLRG)

Science 361 (2018) no. 6398, caat2890

Fermi-LAT data; Padovani et al, MNRAS 480 (2018) 192 TRINIZG)

2009 2011 2013 2015 2017 < Sefert2
"” Neutrino Flare
710 { - teeCube-17o922a +{+
° +‘+ i 1 o : ;
B0 Lt 1 e N syt
7 , t nhﬂ +m+#+++ PR h s H [ s . ey
S

At 2014-15 neutrino flare  The 2017 ﬂare Page2

Previous flare detected

@ Flat-spectrum-radio quasars - Optical/UV spectrum with broad emission lines
@ BL Lacertae - featureless optical/UV spectrum

Th. Pradier (University of Strasbourg & IPHC) ino Astrophysics at High Energy



IceCube and Blazars

15
SNR=50

= MASTER vs IceCube
:F Flare 2hrs
<+~ Flux derivative in time x SNR after
E .
& Lipunov et al. 2020 IC170022A
:‘ Sr C86b
§ \[\R . 35 Tee( .\.n.\..}l-n;»zz A
&
Zi
72}

1 L L L L L L

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
years

Optical flare detected from TXS0506+056

@ Blazar in off-state 1 minute after the HEN
@ Switched to on-state 2 hours after the event
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IceCube and Blazars

10-10
Tm 10—11 .
b
g
2 1012
10 E ~+
E ’_T_ + +
= + v
S
5 10-13 4
N 10
10~ T T T
10° 103 108
Energy [GeV]

Coming back to NGC 1068

Comptonized X rays

CR-induced cascade )7711 ;

CRS optical/UV.

accretion
disk

FIG. 1: Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in
the coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

@ No gamma-rays from =¥ - suppressed by high matter density
@ Requires production within 100 Schwartzschild radii of the central black hole (Murase 2020, Yinoue 2020)

Th. Pradier (University of Strasbourg & IPHC)
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GRB GW

IceCube and Antares  MultiMessenger Astronomy

Introduction  Neutrinos and Cosmic-Rays Neutrino Telescopes

Electromagnetic followup of HEN alerts

Tidal Disruption Events (TDE) & possible neutrinos

AT2019tdr

104 !. m é“

10 4
.

v Ly, [ergs ]

Partici jet

. :
' AT2010d5g Vl :
Nccretion disk 1042 4 :’Q ot .‘ ‘ (3
e
Py R
TceCube-191001A IceCube-200530A

Sardoned ;\
Black hole v . T T T T T T
el \ -) 58500 58600 58700 58800 58900 59000 59100 59200
- Date [MJD]

Credit: NASA

A tidal disruption event coincident with a high-energy neutrino (R. Stein et al, Nature 2021)

Neutrinos from tidal disruption events (R. Stein, 12/2020)
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https://www.nature.com/articles/s41550-020-01295-8
https://indico.in2p3.fr/event/20789/contributions/89723/attachments/61430/83836/stein_conference_crnmme_20.pdf

Blazar TX +056

Electromagnetic followup of HEN alerts

Tidal Disruption Even

DE) & possible neutrinos
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1ot UM2 225nm) | g (464 nm) |10
o UVW1 (2600m) 4 (658 nm) —
o . 0
) e n
5 sy g
S \ —rh 1w 8
S1012 L ‘!'* H } 4
H
B 4 oty
! [T
10A2
0 50 100 150 200
.
+ f
el 1.’., : 104
I =12
v 10 i t F1,.1 ¥ f T
. 1t H
E oo : )
o t : 102 8
S102 ' 3
~
“ 4 0.3-10 keV (XRT)
+ 0.3-10 keV (XMM) 104
10—1‘
0 50 100 150 200

Days since discovery

A tidal disruption event coincident with a high-energy neutrino (R. Stein et al, 2021)
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https://www.nature.com/articles/s41550-020-01295-8

Electromagnetic followup of HEN alerts ,%

ny

e VA 4
N & N © GRB = Gamma-Ray

neutron star

7~ gravitationa!
waves /

“/ S Burst
massive star " disruption svent @ AGN = Active Galactic
. /. ﬁ Nucleus (Blazar)
merger, e
T N . ) @ TDE = Tidal Disruption
o w Event
R

r Engine-driven Supernova
supernova
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tidal .mmpnon accretion d
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neutron star \ core collapse / 0/1 v, m
/ gmwm(lona' gravitati
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hole merger neutron star merger
/

waves
Wind

waves.

. black hole

Understanding Cosmic Radiations at IPHC

@ Connect Collapse/Merger to Jet production : GWHEN [Gw - Gravitational Waves / HEN - High Energy Neutrinos]
@ Connect Jet dynamics to HEN production : HENEM - [HEN / EM - ElectroMagnetic (Radio — ~)]
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Electromagnetic followup of HEN alerts

Gamma-Ray » 4 Supernova Supernova v&v

Burst (GRB) A yav with chocked YO Type lin
i jets N4t
SR

NI
] % ]

V&Y Active Galactic
_-", Nucleus (AGN)

Ll

Tidal Disruption , » 4 v only
event (TDE) 14/

Super
massive BH

...and of the signals
@ Short duration - GRB-like - falling lightcurve, few hours - GWHENEM - GW burst or merger signal

@ Medium duration - SNIc, Kilonova - few weeks - GWHENEM - GW burst or merger signal
@ Long duration - SNIIn, TDE, AGN - few months - HENEM - GW burst signal

— GRB
—— neutrino arrival time

—— SNe type Ic
neutrino arrival window

&
-
®

180 .

$18 g 219
£ E185 £

& €100 g2
g2 g g
g 4

2 ® 195 21

—— SNe type IIn

26 200 22 —— neutrino arrival window
o o Tor 13 o 0 20 20 60 0 25 50 75 100 125 150
time since frs detection [s] time since first detection [d] time since first detection [d]

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



IceCube 240307A et Source Fermi 4FGL J1557.2+3822

g * . GRANDMAR e
Q ATLAS.
g + GRANDMA-V v
s I ; Shes
£ I * L : S
2 L. 1
3 ' +o
o
8 'l Moyenne long terme R

T

w035 0300 e03es ) w0395 w0300 w0105 i0 a5
o

Disentangle S

@ Rapid followup to identify possible transient counterparts
@ Tricky to establish whether or not a flaring blazar is the actual source !
@ GRANDMA = network of robotic/human-operated telescopes around the world for the followup of GW / HEN alerts
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Electromagnetic followup of HEN alerts

source class local density  min. dist. Timit source energy max. fluence
Mpc>(yr )] [Mpc] [erg] [GeV~'em™2]

long GRBs 4x10710 470 <1%(stacked) <6x10%  <4x10® blazar

short GRBs 3x10°° 220 < 32% (OFU) <3x10%2 <9x1072

1IGRBs 1.6 x1077 64 < 100% (flux) <15x10% <6x1072

SNe Ic broad. 14x10°6 30 < 100% (flux) <2x10%° <4x1072

SNe IIn 4x10°¢ 20 < 66% (stacked) <4x10%  <14x1072

SNe Ib/c 17x10°° 12 < 32% (stacked) < 5x10% <5x1073

CCSNe 7x 1073 8 < 100% (flux) <4x10%® <8x1072

FSRQs 6x10°10 1000 <17% (EHE)  <16x10%  <3x1072

BL Lac objects 2x1077 120 < 25% (EHE) <3x10°! <25x1072 TDE

all AGN 1073 7 < 100% (flux) <3x10% <8x107°

jetted TDEs 3x1071 1000 < 100% (flux) <10 <14x107!

galaxy cluster ~ 5x10~° 40 <100% (flux) <3 x 10 <3x102 <25, other

starburst gal. 3x10°5 2 <100% (flux)  <2x10¥  <2x1073 %

N. L. Strotjohann, PhD, https ://edoc.hu-berlin.de/handle/18452/21791

What are the sources of high energy neutrinos
@ Short duration - GRB-like - GRBs disfavored as HEN sources precursor/prompt/afterglow
@ Medium duration - SNIc, Kilonova - mostly unconstrained
@ Long duration - SNIIn, TDE, AGN - constrained
@ A good fraction of the diffuse flux is unknown ?

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy



Future with lceCube...and KM3NeT
Surface Lab
IceTop

Deep Core

IceCube-Gen?2

@ DeepCore + High-Energy extension

@ From neutrino physics to high energy source characterization
Th. Pradier (University of Strasbourg & IPHC)
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IceCube and Antares ~ MultiMessenger Astronomy  GR 7 Blazar TXS0506+056 K

Neutrinos and Cosmic-Rays  Neutrino Telescopes

Introduction

Future with IceCube...and KM3NeT

. 4 Diffuse y (Fermi LAT) IceCube (ApJ 2015)
10 F ®  Cosmic rays (Auger) [ IceCube (tracks only, ApJ 2016) 3
g?"— B Cosmicrays (TA) ¢ IceCube-Gen2 (10 years)
IS -6 ]
G 10
- ”Nn.,“ N
h -7 ¢ “m .'~... L)
- 10 ' F o . . J
| L 7Y ‘e
> o
8 10—8 L T KM3-230213A J
e I 1 f* o
~ 107k H”T ‘#*I ]
107"} b |

10" 10° 10" 102 10® 10* 10° 10° 107 10® 10° 10" 10" 10"
Energy [GeV]

IceCube-Gen2

@ DeepCore + High-Energy extension
@ From neutrino physics to high energy source characterization
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Neutrino Astrophysics - High Energies

© KM3-230213A

Th. Pradier (University of Strasbourg & IPHC)
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Introduction

Neutrinos and Cosmic-Rays

KM3-230213A - the highest energy neutrino so far W

Neutrino Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW Blazar TXS0506+056 KM3-230: Perspectives

KM3-230213A

@ Almost horizontal muon track ~ 0.6° above the horizon
@ Unlikely for atmospheric muons to travel through that much water/ground (~140 km)

@ 35% of all detector was illuminated = E,, = 120" £;° PeV = E,, = 2207570 PeV

Th. Pradier (University of Strasbourg & IPHC) 234 /246




KM3-230213A - the highest energy neutrino so far

,5 B ‘v‘
.
18h 15h 12k
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Blazar selection methods
[] 1: X-ray, radio, infrared cross-match
—10+ <> 2: Radio VLBI
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1 O 4: FermiLAT
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KM3-230213A

@ No obvious association with an astrophysical source (yet)
— More information on this exceptional event

Th. Pradier (University of Strasbourg & IPHC) Neutrino Astrophysics at High Energy


https://www.km3net.org/km3-230213a/

r Astronomy  (
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+ Upper limits
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8
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@ Possibly cosmogenic origin - to be investigated further
— More information on this exceptional event
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Neutrino Astrophysics - High Energies

° Perspectives : from KM3NeT to the unknown ?

Th. Pradier (University of Strasbourg & IPHC)
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High-Energy Neutrinos :

Perspectives...




Perspectives

Th. Pradier (University of Strasbourg & IPHC)
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The new Mediterranean HEN Telescope : KM3NeT @%
= T T T T T T T T T T 3 T T T T T T T T T 3
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Ability to study extragalactic/galactic sources with ARCA
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Neutrino Tel

er Astronomy

GRB GV

Perspectives

The new Medlterranean HEN Telescope KM3NeT
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Supernova Monitoring with low energy neutrinos in ORCA/ARCA

Th. Pradier (University of Strasbourg & IPHC)

241/ 246



The new Mediterranean HEN Telescope : KM3NeT @%

JUNO —— ORCA Combination

—— baseline systematics ——— optimistic systematics

True Normal Ordering True Inverted Ordering
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Determination of Neutrino Mass Ordering with ORCA (+ JUNO JHEP 2022)
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Fundamental Physics at High Energy

@ Quantum Gravity : ¢2p* = B2 [1 T (EL) +0 (—’32—> +.. }
QG B2

gHE 19
= |Atge|~ 0.15ms (mLkm) (”ZW) (IOEQ%) forz < 1

S. Choubey & S. F. King - Phys. Rev. D 67, 073005 (2003)
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Introduction IceCube and Antares

Expect the Unexpected...

Neutrinos and Cosmic-Rays  Neutrino Telescopes MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives

The Fourth Fermi LAT Catalog

Supernova remnants &
pulsar wind nebulae
2.7

Pulsars i Non-blazar

4.7% active galaxies
1.5%
Globular clusters,
binaries, normal galaxies
and more
1.0%

i s

H e : 2
. 2 » 3 ; 4 HESS Jiaz-02s
2] B ° R

Unknown Blazars
28.2% 61.9%

310 X 250

@ New instruments bring new sources - new sources discovered daily
@ Neutrino Astronomy = ~-ray astronomy 20...or 30 ? years ago !
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Introduction  Neutrinos ar -Rays e ceCube and Antares N ger Astronomy GR

Expect the Unexpected... y

Some surprises perhaps... ?

Instrument User Date Intended Use Actual Use
Optical Galileo 1608 Navigation Moons of Jupiter
Optical Hubble 1929 Nebulae Expanding

Universe
Radio Jansky 1932 Noise Radio
Galaxies
MW Penzias, Wilson 1965 Radio-Galaxies 3K CMB
X-Ray Giacconi 1965 Sun, Moon Neutron Stars
Binaries
Radio Hewish, Bell 1967 lonosphere Pulsars
~y-rays Military 1960 Nuclear Tests GRBs
v Davis, Koshiba... ’50-'00 Sun v Oscillations
SN1987A

Neutrino Telescopes

@ detect atmospheric/cosmic neutrinos from GeV to PeV-EeV
@ study the origin of cosmic-rays and their sources
@ combine low energies and high energies, from fundamental physics to astrophysics !
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Introduction  Neutrinos and Cosmic-Rays  Neutrino Telescopes IceCube and Antares  MultiMessenger Astronomy GRB GW170817  Blazar TXS0506+056 KM3-230213A  Perspectives

Expect the Unexpected

Th. Pradier (University of Strasbourg & IPHC) 246/ 246
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