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Distance [Mpc]

The domain of neutrino astronomy

» Neutrinos allow us to observe the universe that is
opaque to electromagnetic radiation.

» Astronomy at PeV energies can only be done with neutrinos !

radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays
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Astrophysical environments opaque to EM radiation

Cores of AGNs

( )

chocked jet GRB / SNLS
v only

Ando & Beacom, PRL 95 (2005)

P )¢ velocity
distribution

v mteractions

Core-collapse SNe

Vu Dark Matter
annihilation in the sun

r

capture
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DESY 4



E2 @ [GeV cm? g sr'1]

Constraints from gamma rays

Gamma rays and neutrinos produced simultaneously in

pp and py interactions

Gamma rays are reprocessed to GeV energies in EBL
Strong constraints from observed extragalactic gamma-

ray background

10-5 | | | T — —— - 'E
PP (V) e :
opp(y) ]
10° £ minimal py (v) -
O minimal py (y) 5
Fermi

1077 ' _

1078 _

107 _é

10-10 - L 11 L [, \ . , » l 3 | | | | | .
100 100 102 10° 10° 10° 10° 107 10f

E [GeV]

p-p / p-y interactions

pY/yy optical depth correspondence
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Neutrino telescopes o .
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alkal-GVD
| » Completed in 2021 in
GVD-I configuration

-
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» 0.5 kms3 instrumented

Under construction volume

» 10 strings deployed

» Extensionto 1 km3
(ARCA)

planned
» O(1 km3) instrumented
volume in two-block

configuration
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Completed in
~1 km3
instrumented
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Signatures of neutrinos
MR e earlier . _ l _-Iater

> Track-like events

(L Nilny » v, - CC interaction
» Good angular resolution (< 1°)
» Only lower bound on energy

> Shower-like events
» ve, v - CC, and all NC interactions

» Limited angular resolution (~10°)

» Calorimetric energy measurement
(~15% energy resolution)

DESY. 8



Cosmic neutrinos



E°x®[GeVem o s sr ]

The spectrum of cosmic neutrinos

107

I IceCube tracks (2009-2018)
' IceCube cascades (2010-2015)

~ 6 PeV (shower-like)

>2.6 PeV (track-like)

-9
1 i PR SR S S T i | i L PR SR S S T |

0 L
10" 10° 10° 10’

Energy [GeV]
» Independent results from shower-like and track-like events:
> Showers (6 yr) : y = -2.53 £ 0.07 (IceCube Collaboration, PRL, 2020)

> Tracks (10 yr) :y=-2.37 £ 0.09 (iceCube Collaboration, arXiv:2111.10299)

» Spatial distribution of events consistent with isotropic distribution
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The flavor composition of cosmic neutrinos

First V, candidates == Single, no brights == Double, no brights == Double, with brights = Exp. Data
o T T T 11 N R - . bright DOM|
» Non-observation of tau neutrinos ~ |§| -
rejected at 2.8 significance 2
=
o
o 10 IceCube Collaboration
_ . -
2, arXiv:2011.03561
/\ .
(&)
@ ©
e ©o
e ©
e ©
S
C
i o°
‘.
. §8
C©
o
(¥ : :
Q
Fraction of v Source flavor ratios:

—— HESE with ternary topology ID v, : v, : v; at source — on Earth: > 0:1 :0 - IJ COO“ng |n Strong magne‘uc f|e|ds
% Best fit: 0.20 : 0.39 : 0.42 0:1:0 = 0.17 : 0.45 : 0.37

Global Fit (IceCube, APJ 2015) 12:0 - 0.30 + 0.36 . 0.34 » 1:2:0 : / y decay without cooling effects
Inelasticity (IceCube, PRD 2019) 1:0:0 = 0.55 : 0.17: 0.28 » 1:0:0 : neutrinos from (3 decay

........ 3y -mixing 3o allowed regio 1 36 0.31 : 0.3 .
Sy-miing 3o allowed region P10 = 036:031: 035 4.4+0 : neutrinos from K mesons
DESY. 11
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E2® (GeVcm—2 s sr)

Neutrinos at the Glashow resonance

Detection of first likely Glashow resonance neutrino 107,

» 1% chance probability that event is

_3of
charged/neutral current 0

» Glashow resonance events probe anti-ve flux ER L 10° ;
b ' -
» Rate of Glashow neutrinos can probe y 107
. . 10—- )
photohadronic production
IceCube Collaboration, Nature, 2021
=== |ceCube cosmogenic v, 90% UL (2018)'5 \ 107
1064 — Auger cosmogenic v, 90% UL (2019)3* \ 107 100 103
~ ANITA I-IV cosmogenic v, 90% UL (2019)35 \ E [G(\_\!]
Auger cosmic rays (ICRC 2015)36 v '
IceCube northern track v (ICRC 2019)21
4 IceCube cascade v (2020)%* °
| == This work . _
107 ' -HB & :
o =S 5
I~ “ . bpbt Ef B
108 - -
viv=1:1 . .
All fl /
VoS 6.1 +/- 0.7 PeV
10_9 LR | ' LEELELELELELL) | ! LA | ' LAY | ' LEELELELILELL] | ' LA ELLELL) | ' LA | ' L AL LL
104 10° 106 107 108 10° 1010 10"

Energy (GeV) 12



Galactic contribution to the neutrino flux

» No galactic contribution found so far.
» Most stringent constraints from combined ANTARES/IceCube analysis

» Starts to constrain models ANTARES & IceCube collaborations, ApJL 2018

that predict a harder CR spectrum LA e e M Rnasas

in the inner Galaxy
1077
» Complementary to gamma-ray : N
observations [ N AN
T N
} R\
E \ = ~
>° N -
—8 L AN
% 10 — KRA~v model NG
= —— Combined UL KRA~® s“\\\
% [|---" Combined UL KRAY®
B || —— ANTARES UL KRAY® o 990%0
- - -+ IceCube UL KRA~Y 2 o, &,
|1 IceCube starting events O% 2. %&,
. IceCube up-going v, 22
1 \ 10-—9 1 1 1 llllll 1 1 1 Illlll | | | llllll 1 1 1 Illll
1077 10738 10-7 10-5 10-° 10—1 100 101 102 10'3
dN/dQ [em™2sr~ 1571 E [Tev]
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Multi-messenger
observations



Flux (> 1GeV) [cm~2s571]

Neutrinos from the direction of TXS 0506+056

— 25

5 2
nnnnn IceCu-be-170922A 201 7 { o 201 4/1
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¢ e
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¥ it ++ it
+H +++ ##hﬂ} H + + +H+++ ++++ + ++ ++H H + +++ + #H = 1.0}
P p 1T +* LR +++ ALY
° -3000 -2500 —2000 -1500 —1000  —500 | _ _
Time relative to IceCube-170922A (days) 0.0 Te X 2f5
_ Spectral index
MAGIC observations 6.0
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6.2° D 4.5 6.69°
()]
2
S 3 a
w© 5.8 : = =
= = 5 5.69°
E XS o5oe+u o §’
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54 O
<
= 4.69°
>-0° 4 PKS 0502+04Q
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MAGIC PSF Local p-value
4.6° :
78.4°  78.0° 77.6° 77.2° 76.8°  76.4° 78.36° 77.36°  76.36°
DESY Right Ascension 15
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Blazars as neutrino sources

Simple one-zone models not consistent

o eV keV MeV GeV TeV PeV
with X-ray emission Gao et al., 2018
—---- Quiescent ' Flare
« Two emission zones help to reconcile T GeV-y
: “ -10¢
ObservathnS c? Optical
QE) : Flux corresponding to
. (@) one v, in IceCube
SFLV\Q ‘03 Q’Q\ N per 1/2 yr
E —11 PN . /: S\ TevV-y
Q ,, o] \‘\ ,, v
T P / Y\ ,’, .....
o] ) \ /
TLI I,' e hard/ \
=15-20 = ! \ [
o 12 [/ N\ A
Q o,', / ‘I
4 Th .’/ '?E I’l |‘|
Tavecchio, 2018 \./ T 15 20 25 30
log4o(Frequency/Hertz)
Large blob, persistent emission, quiet state
T / Compact core, ignited during flare state
~ 0.05 pc
i 2

Gao et al., 2018
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Tidal disruption events

» IceCube high-energy neutrino observed in
spatial coincidence with TDE AT2019dsg

» Neutrino observation consistent
with TDE energetics

Stein et al., Nature Astronomy, 2021

a :
UVW2 (193 nm) U (346 nm)
¢ UVM2 (225 nm) t g (464 nm)
~ ® UVW1 (260 nm) $ r(658nm)
KL Sinafgaes s =
|E e u
(3) . ‘. o
g + & .l L u :
\_: ~ ¢ .Q’ o+ E . ‘
: N L LY t”k ’ + I
¢ '* ¢t ¢ - I
Hof
0 50 100 150 200
Time since discovery [d]
IC191001A
~ 200 TeV
DESY 0.2% chance probability 17
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Tidal disruption events

A second coincidence
» Coincidence with TDE candidate AT2019fdr

» “Dust echo” observed for both coincidences

¥ WISE W2 ® P200 Ks ¥ P200J ® ZTFr 4 Swift U 4 Swift UVM2 4 SRG eROSITA

® WISE W1 ® P200H ZTF i ¢ ZIFg ¢ Swift UVW1 4 Swift UVW2
Frequency (Hz)
10 1015 1014 1015 1014 1015
[L = 1.2e+45 erg/s] [L = 7.6e+44 erg/s] [L = 3.3e+44 erg/s]
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All blazars from 2-LAC — 862 objects

Equ%otorlal

A census of the neutrino sky

“The IceCube Pie Chart”

Total blazar contribution to cosmic neutrinos

Ph.D. thesis Thorsten Gluesenkamp, Aartsen et al. 2017

10_6: P ! ! ' !
. - - = equal weighting Upper Limits § v
) [ e 4-lum. weighting Tg=-15|
N C\:cb' 1077 SN g=-20|__: |
% = Ty = —2.7 5
Bartos et al., arXiv 2105.03792 .-I.o :
§ 107 8F e N O A e -
» Even Blazars and TDE together 3 3
could not explain the observed . ;
] ] ] ] ; - - -
diffuse neutrino emission. g5 10 | g
o Lo gys : ]
. . _ = i e ﬁ —
» Neutrino sky is likely complex with g-10] EE Diffuse Astrophysical Flux

several important source populations : 102 10° 107 105 106 107 10°  10°

DESY. Neutrino Energy [GeV] 44



Neutrino sources



S earcC h es fO r p 9] | nt sources [ ................... ...................

1.70°

» No significant detection of a point source
in 10 years of IceCube data

-0.30°

» Most significant spot on northern
hemisphere is in the direction of

NGC1068 (2.9 o, trial-corrected)

Declination

42.87°  4087°  3887°
Right Ascension

NGC 1068 (radio/optical/x-ray)

\

- logl()(plmul)
DESY



Neutrino/AGN correlation

Search for neutrino emission from AGN cores

lceCube Collaboration
| arXiv:2111.10169

15Q° 4120° -90° -60° ‘.-"30°’-" ,,,f_39° 60% 90 120° 5B°'?

e

0.’ s anll

XMM Newton

Equatorial X-ray flux from
ROSAT and XMMSL2

. s surveys:

-13 -12 -11 .
X1ga - 10 o Cm_1150_1] proxy for neutrino flux
y TlUX(0.5-2 kev) LEIG weights in source

stacking analysis

32249 AGN candidates
on northern hemisphere selected
from WISE color data

DESY. 22



Search for neutrino emission from AGN cores

vV v Vv V

If real, would imply a

27% — 100% contribution
of AGN to the total
cosmic neutrino flux at
100 TeV

» AGN cores are opague
to gamma rays

» Significant detection of
AGN as neutrino sources
in reach of current neutrino
observatories

DESY

Correlation tested on 8 year lceCube data

Most sensitive analysis to constrain the AGN contribution to the cosmic neutrino flux

Best fit shows a 2.6¢ statistical excess for correlation with AGN sample.

Astrophysical Diffuse Flux (95% C.L.)

1 Ap) 809, 2015 1 PoS(ICRC2019)1017
Kalashev et al. 2014 — |R-selected AGN
Stecker et al. 2013
T 1077k
m
7
(V)]
A
£ B
_8 |
S 10 ,
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107° -
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E, [GeV]

lceCube Collaboration

arXiv:2111.10169 23



lceCube-Gen2



The IceCube-Gen2 neutrino telescope

Optical Array | Sensor ' : i IceCube | Laboratory

» 5 x sensitivity and 8 x instrumented volume of IceCube

» Combination of optical detector with a large radio array for coverage up to EeV
energies

DESY 25



The IceCube-Gen2 observatory

vy Gen2-Radio
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® Gen2-Optical

® IceCube

ok IceCube Upgrade

Mﬁﬁ

| TXS0506+056 (Fermi LAT)

L I

TXS0506+056 (IceCube)

Rodrigues et al., 2019

IceCube-Gen2:
(100d) ]

IceCube-Gen2§
(10y) '
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Neutrino astronomy with IceCube-Gen2

» Precision measurement of the spectrum from 10 TeV - 10 EeV

s ¢ Diffuse y (Fermi LAT) IceCube (ApJ 2015) -
10 $ Cosmic rays (Auger) [ IceCube (tracks only, ApJ 2016) 3
N E ¥ Cosmic rays (TA) ¢ IceCube-Gen2 (10 years) ]
E _6 i -
o 10 ';"Nm.,“
z -7 w““o ely |
T 10 _ .00 .. ‘ C
> | * 5
v -8
s | h 1
o 3 o* ]
F ool ’ T4 1 f--i--
w 10
10_10 E- 1 | | 1 1 1 1 1
10" 10° 10" 10* 10® 10* 10° 10° 10’ 108 10° 010 o11 10"
Energy [GeV]
» Brightest neutrino sources from several populations detectable as individual sources
» > 1 high-energy neutrinos from gamma-ray blazars / year
» Flavor composition measurement differential in energy
» Glashow resonance as a diagnostic for the interaction target
» efc...

DESY 27



Summary

» Measurements of the diffuse neutrino spectrum and flavor composition continue to
Improve

» First tau neutrino and Glashow resonance candidates detected
» After blazars, TDE emerge as a second potential candidate for neutrino sources

» Neutrinos produced in AGN cores could contribute a large fraction of the observed
neutrino flux and they are gamma-opaque sources. More statistics needed for
confirmation.

» With KM3NeT and Baikal-GVD two km3-class neutrino telescopes on the Northern
hemisphere are under construction that can complement lceCube observations in
the near future

» IceCube-Gen2 is planned as a next generation neutrino telescopes which will allow
precision studies of the neutrino sky and routine source detections.

DESY 28



