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energy in photons in the Universe as a function of their frequency
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the Universe turns opaque to light at TeV energies: enter neutrinos
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v and y beams : heaven and earth ll cosmic accelerators powered by gravity
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cosmic ray accelerators:

e protons accelerated near
a black hole are
submersed in
a target of radiation
and produce pions

* the gamma ray-neutrino
interface: one photon for
every neutrino

 neutrinos track cosmic
ray (proton) accelerators
making pions '
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lceCube:

5160 10-inch photomultipliers,
60 per string on 86 strings,
instrument one kms3 of
Antarctic ice between
1.4 and 2.4 km depth

as a Cherenkov detector
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muons detected per year
e cCOSMIC ray muons  ~ 101"

(3000 per second)

- atmospheric neutrinos ~ 10°

(1 every 5 minutes)

* cOSMIc neutrinos ~ 200



1 km3 of Antarctic ice
instrumented with 5160 PMT
(10inch) below 1450m

single pe level

Digitized
Waveform
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Look through the Earth: R R T Wi s
. ARIARAT I T {t
» upgoing muon 110 below surface |||
« produced by 8,700 TeV neutrino ||
J

« 2,600 TeV deposited energy

* not atmospheric

LR LT RRR .
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reconstructed < 0.2 degree

e astronomy



muon neutrino events [N 2013: Astrophysical diffuse neutrinos

[fi|tered by the Earth] Data from arXiv:1908.09551 [astro-ph.HE]
atmospheric vs cosmic number of events
105 3 s Total
f = Atmospheric
o 4 _ Astrophysical
\ear g 10% F Data
| E 10
\ ' “ NUCLEUS § 102 : More
v E
5] abundant
g o]/ cosmic at higher
, 5 energies
neutrinos 4 .jectron- '~ 0
neutrino 10
10—1 \ 4 -

103 10 107

reconstructed energy (GeV)



E2x ® [GeVs lsrlcm?]

6 4 IceCube tracks, Aartsen et al., ApJ, 2022
10 3 HH IceCube showers, Aartsen et al., PRL, 2020
- <+ lceCube Glashow, Aartsen et al., Nature, 2021
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other neutrino flavors

U
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roughgoing muon)

Deep inelastic scattering of
Neutrinos
1 Cherenkov light

muon-induced tracks

cascades (no muon)




- two surprises:

.'--..’..

. we observe larger neutrino and associated gamma
ray fluxes than antlc:lpated ?

_ A
—+ the M|Iky Way i |s not a dommant feature in the
neutrino sky. (powerful accelerators produce

neutrinos in other gaIaX|es that do not eX|st ln our -
own)



visible

166 neutrino
starting events

by geometry the flux
from your own
Galaxy should
dominate
the diffuse flux from
all other galaxies
combined!

E<300TeV

v AP ww-—m »§,

gamma rays

TS = — 2AIn(L)

where is the neutrino Galactic plane?

IceCube Preliminary

there are sources
of neutrinos in
other galaxies that
do not exist in our
own

Galactic

1PeV<E



energy in photons in the Universe as a function of their frequency
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the Universe turns opaque to light at TeV energies: enter neutrinos




Fermi and IceCube do not observe the same gamma ray sources

_ Thermal . Nuclear fusion N Accretion, acceleration, decay

COB

Fermi NASA gamma-
ray satellite
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in the extreme universe the energy in neutrinos (and ° gamma rays)
is larger than the (cascaded) energy in TeV gamma rays observed by Fermi
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. the dominant flux of pionic
gamma rays observed by IceCube
escapes Fermi sensitivity

« gamma rays lose energy in
the sources to appear below
Fermi’s sensitivity (threshold?)
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Atmospheric suppression MESE BPL
o | required —= NGC1068, amav. gamma ray target
L --- Galactic v (Fermi r%), 4 av. _ _ .
» 107 - T segmented flux, Combined Fit | consistent with first sources observed
T 1 Segmented flux, MESE
% - W 600
N » ,_I__.—[é"}d ' ' ' data o,y —e—
g 500 * Gunmg; -
—8 - o only res. e -+
3 10 — R
O . S l . OymOnlyres. - -
S i R 400 i
o :
= —
82 1079 2 300} 1
oA ° 3
200 F .
10_10 Ay 1:.:\\__',":.:2\'\..:-—.\.
103 10* 10° 10° 10’ 108  100F Al ; i N e T
Neutrino energy [GeV] 4 A i
. . 0 e deeZ ak ** 1 1
the delta resonance in the neutrino sky 02 04 06 08 1
E, [GeV]



K. Murase

neutrino spectrum: p-gamma versus pp interactions

p+y—=> N+ X p+p—=>Nrn+X
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the first cosmic accélerator -
inthe IceCube neutrino skymap:
the active galaxy NGC 1068

o Top 102 evts IC79 New IC86

Decl. / deg

41.0 40.5 40.0
R.A. / deg

, n'e'utr.i'n'os 6_rigi-nate In the dense core within ~ 10 Schwartzschild radii of the
- supermassive black hole--- the source is opaque to gamma rays



one year of lceCube neutrinos >100 GeV

(reaches neutrino purity of 97% but overwhelmingly atmospheric)

trino candidates in one year



search for clusters of neutrino events with on average higher energy

maximize the (model
agnostic) likelihood L at
each point in the sky

Dec. [deg]

Distance? from source

Energy term
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Name Class  aldeg] O[deg] 7 S logy( Y 6 PKS BI130+008  BLL 17320 058 158 4.0 0.96 44
g g s 0 &10{Plocal 90% Mkn 421 BLL 16612 3821 2.1 1 9 0.38 5.3
PKS 2320-035 FSRQ 35088 -329 48 3. 6 0.45 4C +01.28 BLL 16461 156 00 0.26 2.4
3C 454.3 -FSR& 343.50 y=16.15 _ gl 2 EF 0 » =277 Y 45
search in.the directions of 110 preselected gamma ray: sc;;u rces
RGB J2243+203 BLL 340.99 M 82 SBG  148.95 m 67 Z 0.0 0.36 8.8
CTA 102 FSRQ  338.15 11.7.3 PNV - AGN 147.24 037 93 4‘0 0.76 3.9
BL Lac BLL  330.60 42.28 R h;/S Rév Lﬁxe]"t 1 24 CZJ@T BLL 13371 2012 00 26 0.32 35
OX 169 FSRQ 32580 17.73 PXS 0829046 BLL 127.97 449 00 2.9 0.28 2.1
B2 2114433 BLL 319.06 33.66 0.30 3.9 S4 0814+42 BLL 124.56 42.38 0.0 2.3 0.30 4.9
PKS 2032+107 FSRQ 30885  10.94 0.0 2.4 0.33 3.2 0J 014 BLL - 122.87 178 = 1G.1 4.0 0.99 44
QHWC J20314415  GAL  307.93 4151 134 38 0.97 9.2 ;Elf‘sogf{’gg:gf F%PRLQ gigg "12-(;)3‘21 88 gg gzé ;‘Z
Gamma Cygni GAL ~ 30556 4026 74 3.7 0.59 6.9 PKS 0735417 BLL 11454 1771 00 28 0.30 35
MGRO J2019+37 GAL 304.85 36.80 0.0 3.1 0.33 4.0 AC +14.23 FSRQ 11133 1442 85 29 0.60 L8
MG2 J201534+3710 FSRQ  303.92 37.19 44 4.0 0.40 5.6 S5 0716471 BLL 11049 7134 00 25 0.38 74
MG4 J200112+4-4352 BLL 300.30  43.89 6.1 2.3 0.67 7.8 PSR B0656+14 GAL  104.95 1424 84 4.0 0.51 4.4
1ES 1959+650 BLL 300.01 65.15 126 3.3 0.77 12.3 1ES 06474250 BLL  102.70  25.06 0.0 29 0.27 3.0
1RXS J194246.3+1 BLL 29570 1056 0.0 2.7 0.33 2.6 B3 0609+413 BLL 9322 4137 18 1.7
RX J1931.1+0937 BLL 202.78  9.63 0.0 29 0.29 2.8 Crab nebula GAL 8363 2201 11 22
NVSS J190836-012 UNIDB  287.20 -1.53 0.0 2.9 0.22 2.3 OG 4050 FSRQ 8318 755 0.0 3.2
MGRO J1908+06 GAL 287.17  6.18 4.2 20 1.42 5.7 TXS 05184211 BLL 8044  21.21 157 338
TXS 1902556 BLL  285.80 55.68 11.7 4.0 0.85 9.9 TXS 0506+056  BLL  77.35 570 123 2.1
HESS J1857+026  GAL  284.30  2.67 74 3.1 0.53 3.5 B s s SR A A
GRS 1285.0 UNIDB  283.15  0.69 1.7 38 0.27 2.3 PISS 0440-00 FSR% o
HESS J1852-000 GAL 283.00  0.00 3.3 3.7 0.38 2.6 MG2 J04333742005 BLL 6841 29010 00 2.7
HESS J1849-000 GAL 282.26  -0.02 0.0 3.0 0.28 2.2 PKS 0422400 BLL 6619 060 00 29
HESS J1843-033 GAL 280.75 -3.30 0.0 2.8 0.31 2.5 PKS 0420-01 FSRQ 65.83 -1.33 93 4.0
OT 081 BLL 267.87 9.65 122 32 0.73 4.8 PKS 0336-01 FSRQ 54.88 -1.77 155 4.0
S4 1749470 BLL 267.15 70.10 0.0 25 0.37 8.0 NGC 1275 AGN 4996 4151 3.6 3.1
1H 1720+117 BLL 261.27 1188 0.0 2.7 0.30 3.2 NGC 1068 SBG 40.67 -0.01 50.4 3.2
PKS 1717+177 BLL 259.81 17.75 19.8 3.6 1.32 7.3 PKS 0235+164 BLL  39.67 16.62 00 3.0
Mkn 501 BLL 253.47  39.76  10.3 4.0 0.61 7.3 4C +28.07 FSRQ  39.48 2880 00 28
4C +38.41 FSRQ 24882 3814 42 23 oo 7.0 B23(g1686+A3"7 F%Ié% S R
PG 15534113 BLL 23893 11.19 0.0 2.8 3.2 PIcS 02154815 FSRO :3'246 1°~74 00 39
GB6 J1542+6129 BLL 235.75 61.50 29.7 3.0 22.0 MG1 J021114+1051 BLL 3281 1086 16 17
B2 1520+31 FSRQ 23055 31.74 7.1 24 7.3 TXS 01414268 BLL 2615 27.09 00 25
PKS 15024036 AGN 226.26 3.44 0.0 2.7 2.9 B3 01334388 BLL 24.14 39.10 0.0 2.6
PKS 1502+106 FSRQ 226.10 10.50 0.0 3.0 2.6 NGC 598 SBG 23.52 30.62 114 4.0
PKS 1441+25 FSRQ 22099 25.03 7.5 24 7.3 S2 0109+22 BLL 1803 2275 20 3.1
PKS 14244240 BLL 216.76 23.80 41.5 3.9 12.3 4C +01.02 FSRQ 17.16 159 0.0 3.0
NVSS J141826-023 BLL 21461 -256 0.0 3.0 2.0 M 31 SBG 1082 4124 11.0 4.0
B3 1343+451 FSRQ  206.40 44.88 0.0 28 Q 5.0 PKS 0019+058 BLL  5.64 614 00 29
S4 1250+53 BLL 193.31  53.02 22 25 0.39 5.9 PKS 2233-148 BLL 339.14 -1456 5.3 2.8
PG 1246+586 BLL 192.08 5834 0.0 28 0.35 6.4 HESS J1841-055 GAL 28023 -555 36 4.0
MG1 J1239314+0443 FSRQ  189.89  4.73 0.0 26 0.28 24 Hg}ig i 1?13376239 g%% g;z;ii 8?3 8(1) f?
510- . -9. . .
OI\I/\II 216 %%5 }g;gé %zgg 8'8 ?g g'gg Z; PKS 1329-049 FSRQ 203.02 -5.16 6.1 2.7
) iy ’ ’ P ’ NGC 4945 SBG  196.36 -49.47 0.3 2.6
3C 273 FSRQ 18727  2.04 0.0 3.0 0.28 1.9 30 270 FSRQ 10404 579 03 24
4C +21.35 FSRQ 18623 2138 0.0 26 0.32 3.5 PKS 080507 FSRQ 12207 786 00 27 ._
W Comae BLL 18538 2824 00 3.0 0.32 3.7 PKS 0727-11 FSRQ 11258 -11.69 19 35 0.59 114
PG 12184304 BLL 185.34  30.17 11.1 3.9 0.70 6.7 LMC SBG  80.00 -68.75 0.0 3.1 0.36 411
PKS 1216-010 BLL 184.64 -1.33 6.9 4.0 0.45 3.1 SMC SBG 14.50  -72.75 0.0 2.4 0.37 44.1
B2 1215430 BLL 184.48 30.12 186 34 1.09 8.5 PKS 0048-09 BLL 1268 -9.49 39 3.3 0.87 10.0
Ton 599 FSRQ 179.88 2024 0.0 2.2 0.29 4.5 NGC 253 SBG  11.90 -2529 3.0 4.0 0.75 37.7




1.2

= Fit result
=== SPE Template
Fit components
{  Event dataset

1.04}

DOM: (1,1)

Valid: True

Number of entries: 184687
Peak-to-valley ratio: 2.63
x?/DOF: 535/395 = 1.35
Mean charge: 0.768 PE
MPE Contamination: 7.2%

0.8 1

0.6

Peo: 0.075

0co: 0.066 PE

Pe: 0.293 = 0.010
w: (0.424 + 0.039) PE
Py: 0.632 = 0.010

p: (1.012 = 0.002) PE
o: (0.288 = 0.003) PE

0.4

00 05 10 15 20 25 30 35
Charge [PE]



search in a preselected list of 110 gamma-ray sources [5.3(4.2)c pre(post)
trial]
also the hottest spot in the skymap

R —

+50° T S o I R S s S

P R e LIERY LG 1 Ry RN TE o -0.30° e

Y 55 o, v . :
24h g iRt e LR o R T T R e s BV ) U /'
R T ..‘:. .,.‘- . -‘~‘ X .’-';_5.;._‘: -.'} -F, i‘ . :-\. ‘_.‘_v' P ».,',', .“ Xl <,;‘ e it 0.0

IceCube, PRL 124, 051103 (2020)
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— log oca .
810(Plocat) NGC 1068 (Messier 77)

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



Declination [deg]

80 high-energy neutrinos
from the direction of the
active galaxy NGC 1068

- ]Ug'l 0 (plocal)

1 Signal 1 Total
1 Background ¢ Data
0.6 2
0 - 10 years | 13 years
0.4 update:
0.2 _BEE 80—->100
0 neutrinos
0.0 = + |
10213
—0.2 20 i
yearS IceCube Preliminary
—04 T T — 7 T ;
412 41.0 408 40.6 404 40.2 0o 1 2 3 4 0 2 4

Right Ascension [deg] $? [deg?] @? [deg?]



NGC 1068
comes 0.35 deg - 0.1 deg -

into focus  0.04 deg

—2 X log(A)
0 5 10 15 20 25
B | ®NGC 1068 ¢ Max. TS
0.50 1 10y PSTracks I |
8’ 0.25 A .
S,
—  0.00 - ]
O
® —0251 29 -
=
@ —0.50 - ]
)
—0.75 1 1 9y NTracks 1 13y NTracks
41I.5 41.0 40.5 41I.5 41I.O 40I.5 41I.5 41I.0 40I.5

Right Ascension [deg] Right Ascension [deq] Right Ascension [deg]



NGC 1068: an obscured cosmic accelerator

1010

a gamma ray for every neutrino?

1 Fermi GeV y-rays

N T

IceCube TeV neutrinos

Energy |GeV]

where are the
710 gamma rays ?



accelerator(s): electrons and
protons are accelerated

* in the turbulent magnetic fields
associated with the accretion disk
in the infall onto the black hole

target. the neutrinos are produced in

 the corona of X-rays (UV photons
upscattered by electrons)

« dense clouds of hydrogen




v and y beams : protons on target

NEUTRINO BEAMS: HEAVEN & EARTH

oical depth T ofproons cofangetay + gamma

0 accelerator

o target o

In terms of X-ray luminosity measured at Earth

/

magnetic
fields

pionic gamma rays are absorbed in the target
that produces the neutrinos with

ACCRETION DISK
CGINFALLIN G MATERIAL )

CORONA

BLACK HOLE



https://arxiv.org/abs/2305.07086

number of target X-rays ‘ 10*%ergs™? accelerated

optical depth of target a «_ proton

S

corona |

SN inner edge & A

~ {.- .
b
2
J’.—'..

size of the target —'y neutral accretion disc




NGC 1068 Secondary Particle Fluxes (Observer Frame)

w= =y from syn and |C of injected &~ ® NEOWISE
we =y from syn and IC of e* produced by yy=e”~ 4 NORTH20
w = yfrom syn and IC of e* produced by py—=pe* 4 NVSS
== =y from syn and IC of e* produced by py—=pn/ue* - Y PCCS2100
we w ¥ from syn and IC of p ¢ PCCS2143
we w y from syn and |C of p ¢ :gg:;;:’;
®
_— - * CEL)
:trom decay of n° produced by py—-pn/ue i PONT
&+ PMN
-y @xcept njection 4  PanSTARRS
— Y+ P [all "HVOVS) ¥ PanSTARRS-LC
BN IceCube 95% C.L 4  RASS
+4  4FGL DR2 4 SDSS
MAGIC ¢ SPECFINDV3
: i;‘z‘:)sé' 4 UNWISE
¢ uvort
’ BAT105m Y VLASSQL
; :ll::srjrdra-CSCZ ’ WGACAT
¢ WISE
4 GALEX ®  WISEME
: :x;f _ v st
4 XMMSL2
¢ |RAS PSC
¢ KUEHR

Mon. Not. R. Astron. Soc. 000, 000-000 (0000) Printed 13 June 2018 (MN IATEX style file v2.2)

NuSTAR catches the unveiling nucleus of NGC 1068

A Marinucci'*, S. Bianchi!, G. Matt!, D. M. Alexander?, M. Balokovi¢?3,
'F. E. Bauer*>%, W. N. Brandt”®°, P. Gandhi?, M.Guainazzi'®, F. A. Harrison®
K. Iwasawall, M. Koss'2, K. K. Madsen®, F. Nicastro!®!415 S Puccettil®16,

?




 hint from NGC 1068

there is a correlation between

the X-ray and neutrino flux

. . . LELLRLLL | LB RRLL | LELELELLLLL) | LY LB LLL | N 1
» select active galaxies with large 1} . t NGO 106
X-rav fluxes E log Lyx = (0.82£0.13) log L, + (7.57 + 5.53) § f## NGC 4151
y 1 A NGC 3079
— 105k 4 e CGCG 420-015
— \_l_[ -, =
‘m —#¥" 1 & TXS 0506056
&8 g ] 4 GB6 J1542+6129*
7 10%E 14 % NGC 5610*
2 , 1 ¥ PKS 1424+240*
< 10mk & -_
e 5
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A. Neronov et al., E. Kun et al. Ly, 03-100 Tev (erg s')



Dec. [deg]

search for X-ray bright sources
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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 W1th hlgh-

excu:atlon nuclear emssmn lines superposed on a normal G-type spectrum. All the strqnge
ies like NGC 7027 appear in the spectra of thelt

su'a.ls observed NGC 1068 and NGC 4151

S

—log1o(Piocar)

w

« two brightest active
galaxies discovered
by Seyfert in 1943

Carl K. Seyfert (VANDERBILT SPECIAL COLLECTIONS AND UNIVERSITY ARCHIVES)



we observe an excess from an ensemble of 3 (gamma ray) sources

75
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Right Ascension

— logyg(Plocal) now 3.40 p-value



Optical Observations Reveal Strong Evidence for High Energy Neutrino Progenitor

V.M. Lipunovl‘z, V.G. Komilov ', K Zhirkov', E. Gorbovskoyl, N.M. Budnev”, D.A.H.Buckleys, R.
Rebolo’, M. Serra-Ricart’. R. Podesta”!®, N Tyurina 2 0. Gress*?, Yu.SergienkoS, V. Yurkov®, A.

RESEARCH ARTICLE SUMMARY Gabovich® . P.Balanutsa®, . Gorbunov”, D.Vlasenko'~. F.Balakin'~, V.Topolevl, A.Pozdnyakovl,
A Kuznetsov?®, V. Vladimirov®, A. Chasovnikov'. D. Kuvshinov'~, V.Grinshpunl"2 . E.Minkina '~

V.B.Petkov . S.I.Svertilov*° .

C. Lopezg, F. Podesta’. H.Levato'’. A. Tlatov'’

NEUTRINO ASTROPHYSICS B. Van Soelen', S. Razzaque”, M. Bottcher™

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

TXS 0506+056 detected in 2017

multimessenger

IceCube archival data
observation of optical flash
2hours after IC170922
associates the neutrino with
the source at the 500 level



Declination

e we observed an excess from an ensemble of 3 sources
« after selecting bright X-ray instead of y-ray sources -

475

____________
............................
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ixs 0506+0%6 NGC o

2ah 12h Oh
Right Ascension

— logyg(Plocal) now 3.40 p-value



+7o lceCube Preliminary
+50° AR SN S

_______________________________________

Declination
+
N
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NGC 1068
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12h ' NGC1194 oh

CGCG 4'20:‘8 15

—
7N\

Right Ascension

2 alerts! B
0 2 4 6
—|0910 (plocal)

excess from an ensemble of X-ray bright (non-jetted) active galaxies



» directions of cosmic
neutrinos are shared
with other telescopes
In less than one minute

e one alert repeated
since 2016 (from the
direction of NGC 7469)

Dec [deg]
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Sources & Event
|C-220424A

— 1C-230416A
w NGC 7469

348

347

lceCat-2

346
RA [deg]

Contour Level

— 50% contour
90% contour

345

344
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~Mbinom

Binomial test of X-ray-bright source list

Binomial Test

+75° IceCube Preliminary

//// , g +50°
» NGC 1068 (excluded) a»'g Cygish ...,...N,.G.Cél_.s.l. ..... b ;LEDMGEM;
1071 g §+25 b 0 ..... _______ ______ 5..Mf|,<_4_1.7 __________ _____
: -— O MCG+4482 yo % NGC4992 o} §%5 : SR
—— Bkg Expectation £ O g (N s 5 o Sl | €BC6420015 e o6
1074 4 ° e Observation ,_?t) 24h 12h NGC1194 g,
..... Max deviation py Right Ascension
= | B
107 9 0 2 4 6
— 2 —|0910 (plocal)
10° - e Binomial Test: Probability of finding
1071 - a signal from 47 AGNs too weak to
10-3 - be identified individually
1075 - e Result: 3.30 excess for 11 sources

1 dsim A NMMNN A

N Sources

(excluding NGC1068)



Source Name R.A. (deg) Dec. (deg) Z log Ny Pziro‘t_r50 eV flg 0% TS Plocal
(x10~Herg=lem—2s71)

NGC 1068 40.67 -0.01 0.003 25.00 7.72 1022 3.4 271 22x1077 (5.00)
NGC 7469 345.82 8.87 0.016  20.53 2.69 55 1.9 155 9.8x107° (3.70)
NGC 4151 182.64 39.41 0.003 22.71 18.09 276 27 108 11x107°(3.10)
CGCG 420—015 73.36 4.06 0.029  24.08 1.77 353 27 84 3.6x107° (2.70)
Cygnus A 299.87 40.73 0.056 23.38 4.93 3.4 1.6 7.4 65x1073 (250)
LEDA 166445 42.68 54.70 0.015 24.01 1.61 57.1 4.4 5.2 0.02 (2.1 0)
NGC 4992 197.27 11.63 0.025 23.69 2.34 273 29 5.0 0.02 (2.00)
NGC 1194 45.95 -1.10 0.014 24.18 3.87 43.2 4.4 4.1 0.03 (1.8 0)
Mrk 1498 247.02 51.78 0.055 23.23 1.86 39.9 3.6 3.7 0.04 (1.7 0)
MCG+4—48—-2 307.15 25.73 0.014 23.86 4.32 36.7 3.2 4.1 0.04 (1.7 0)
NGC 3079 150.49 55.68 0.004 24.56 3.33 33.8 3.6 3.3 0.05 (1.7 0)
Mrk 417 162.38 22.96 0.033 23.90 1.73 4.4 1.9 3.5 0.05 (1.6 0)



lceCube 13 yrs source list: 48 Public data 14 yrs source
2602.10208 [astro ph HE] 2602.02390 [astro-ph.HE]

Source Name TS  fis Dlocal

27.1 102.2 22 x 1077 (5.00) [NECIE 31.

155 55 9.8x107° (3.70) [{NE}] 12.

10.8 27.6 1.1x107° (3.10) [docPIENE 11.
CGCG 420—015 8.4 353 3.6 x107° (2.70) [LePERTES VAT 10.
Cygnus A 7.4 5 34 65x107° (2.50) [Ndemelyg 9.
LEDA 166445 5.2  57.1 0.02 (2.1 0) ’ 9.
NGC 4992 5.0 27.3 0.02 (2.00) w 8.
NGC 1194 4.1 43.2 0.03 (1.8 0) ' p8551746-2854218 8.
Mrk 1498 3.7 399  0.04(1.70) PKS 2349-01 8.
MCG+4—48—2 4.1 367  0.04 (1. 7(7) NGC 1194 8.
NGC 3079 33 338  0.05(1.70) UGC 03995A 7.
Mrk 417 3.5 44 0.05 (1.6 0) RX J0718.0+4405 6.



https://arxiv.org/abs/2602.10208
https://arxiv.org/abs/2602.02390

Cygnus A at 5 GHz

neutrino emisson
from black hole

jets do not point
same for TXS 0506
even though the jets
point at us
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NGC 1068 Secondary Particle Fluxes (Observer Frame)
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vF, [v + ¥ all flavors) [erg em™? 577

10°%

10-*

lu-lll 1

107" 4

1077 4

fitting the diffuse neutrino flux requires
a number of ~ 800 active galaxies like
the 6 sources fitted

1[]—13 o

10-14 E

10-1

a0t et v e o consistent with the number of agn
with INGC 1068]

= NGC 1068 (2 best fits)
= TXS 0506+056 (57 best fits)
—— NGC 4151 (143 best fits)
— CGCG 420-015 (4 best fits)
Circnus Galaxy (1000 best fits)
NGC 7469 (1000 best rits)
= = Per Source Average Flux
Per Source Average Flux multiplied by 675.10 (y? = 22.07 for Combined Fit all sky)

= » 1 Per Source Average Flux multiplied by 789 82 (y? = 22.55 for MESE all sky)
<+ Combined Fit all sky
4+ MESE all sky



neutrino astronomy 2025

It exists

* more neutrinos, better
neutrinos, more telescopes

* closing in on cosmic ray
sources a century after
their discovery

« Galactic PeVatrons?

icecube.wisc.edu



from discovery to astronomy and neutrino physics: rapid progress!

evidence for cosmic
Gl e Oy 7 Balkal-GVD 1/2 km3 F neutrinos
PONE, Zt-akm3{ ~ 7/ / | | RN Being deployed sinee 2015
= | -prototypi'ng stage [/ ' : ; e N .

prototyplng TRIDENT
NEON HUNT |

TAMBO § |

| IceCube 1 km3 v VA
| Data taking since 2011 |

lceCubeUpgrade | o=
lceCube-Gen2, 10 km3

* megaton GeV detectors: lceCube Upgrade, ORCA, HUNT « EeV detectors
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Uncharted Territory: Ev = 220 PeV

18 Jun 2024 56



techniques mature (and improving): detectors agree on the muon neutrino spectrum

1073 5
I per flavor Northern Tracks
— per flavor HESE 7.5 yrs

1074 -

: -r ANTARES (2013)

. &5 IC86, 11 yrs (this work)
10724 #__

107° 5

&+

10_73

1075

E? @, /GeVem™2s~1sr1

10_95
] IceCube Preliminary

10_10 v LEXE PR ELELRY | ' LIS ARLE | v LECSUPR AR ALELIAA | ' 0i Vanlrale 8oy v LTSRS B
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and there is more...



electrical cables supply the
voltage to the photomuiltipliers
and return their digitized signals
which are assembled into
neutrino events at the surface
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particle physics:

 neutrino oscillations over cosmic
baselines: v, =ve = v,

* dark matter
» next Galactic supernova
* quantum decoherence of very

high energy neutrinos traveling
over cosmic distances

IceCube Collaboration, https://arxiv.org/abs/2510.24957 (2025).

fesifyusifrs=feeo:fye: fre
1:2: 0 -» 0.30: 0.36: 0.34
10 ™ 0:1:0 -» 0.17: 0.47: 0.36
1:0: 0 -» 0.55:0.17: 0.28

MESE best fit o
fe,Q:fu,@:fT,®=
0.30: 0.37: 0.33 o

IceCube (2022),
68% CL

Std. osc.
allowed region

Ve fraction (fe o)



[ Segmented 68%, 90% FE, Range —_— KRA§x0.53 = CRINGEX0.91

10—10

10-11

79%4.99 ~—- KRA¥x0.37

IceCube Preliminary

All-sky best-fit in 90% energy range
Models projected to the inner Galaxy

Ll 1 Lol 1 |

Galactic Ridge |/l <30°, |bl <8
Comparison to 5.7¢ all-sky fits
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Energy, E [MeV]
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the 79 gamma rays lose energy in the target and escape Fermi detection



cosmic ray sources:
a gamma ray for
every neutrino

target 7Y LY ;,\_:

neutrino sources are YTy =V, Ty
cosmic ray sources
i E,=2E,



the Invisible neutrino
turns into charged
particles that emit

e laffice of photomultipliers



light signals from 10 inch photomuiltiplier
embedded in the deep ice are
digitized and sent to computers at surface




What does IceCube “see”?

COSMIC
RAY

INCOMING
COSMIC RAYS

-
N
2 -
— »
Neutrinos 4 ejectron-
i B
heutrino
AN
"
= i / @avid Fierste\ ori ly published in Scientific American, August 1999

Kajita



flux

the “guaranteed neutrinos”

» the pions decay
into “GZK” neutrinos

« observation requires
cubic kilometer detector
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Ultra-high energy neutrinos
ii‘\*
J‘.w > Detection of ultrahigh-energy neutrinos in ARA

V Amundsen-Scott YTy |

South Pole Station

Gﬁg Giant Radio Array for Neutrino Detection

Cosmic ray

g 1 = s
—— i N e
Firn (50 m) ; oot yf‘!,li_f g's1 Mt 111": NIy L7 A
7 111,¢ U f pletal. 1 -
Youm {1 I8g { Tt o1 i
i e ARt ] Tty T o' T Vs
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ARA Instrumentation '1{1 ]]'[YI{-Iﬁ'N‘TTH TT?TT'»‘;‘%'I 1
Central Station -
Electronics -
smallAadd Radio emission T
V‘C

* Antenna optimized tor horizontal showers

i ® 0 ' * Bow-tie design, 3 perpendicular arms
transmitte: 2
I - * Frequency range: 50-200 MHz
Hpol
I o * Inter-antenna spacing: 1 km

UHECRs Neutrino - tau-decay
Down-going EAS -going from below limb
. Cherenkov Fluorescence signal herenkov EAS signal
particle I
ight
shower
T =




lceCube construction

(Upgrade 2026)

IceCube Lab_

S o o o eme L

o W e e

e e e e e
o e e oy e i
o e e e e  a

-

i {——Deep Core

22222

instrument 1 cubic kilometer of natural ice below 1.45 km
with 5160 10-inch photomultiplier tubes
totally stable detector after deployment: 1 failure every 2 years



NGC 1068 * most significant of 110 preselected sources
» l|eading hotspot in the neutrino sky

—logq (plocal)

1 3 5 7
5 1 1
2 | B
5
=
Z « NGC 1068
-
| T a— = ~—
' | £ 04 -0.0’
1 3 5 7 g 4
_loglo(plocal) T—() —-1 A 40.67
A
21 oo
at the NGC1068 location ; Grid 0.03%% 0.03°
= astrophysical neutrino events = 79 3(2) - L
= spectral index = 3.2 + 0. 43 42 41 40 39 38
= single source significanck Right Ascension |deg]
= (offset 0.110)

= 1 in 100,000 scrambled data sets have object = 5.20 @
= p-value <10-% including all trials



o: 0.30 deg, log,o(E/GeV)= 3.0

Hard Spectrum (Y=2.0)

/N

w— KDE
=== Rayleigh

$ —0.09 <sind < 0.34
0.34 < sind < 0.69
0.69 < sind < 1.00
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0.2 0.4 0.6 0.8 1.0
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o: 0.30 deg, log,o(E/GeV)= 3.0

T T T
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Soft Spectrum (Y=3.25)
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/ \. === Rayleigh
/4 b § -—009<siné<0.34
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o: 0.30 deg, log,o(E/GeV)= 3.0

* point spread function consistent with simulation

* insensitive to systematics

Hard Spectrum (Y=2.0)

/ \.\

[ a0 N

"~ \
N
i %

— . KDE
== Rayleigh
§ —0.09<sind <0.34
$ 034 <sind < 0.69
0.69 < sind < 1.00

~n

0.0

o: 0.30 deg, log,o(E/GeV)= 3.0

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
U[deg]

Soft Spectrum (Y¥=3.25)

Ral . KDE

== Rayleigh
—0.09 < sind < 0.34
0.34 < sind < 0.69
0.69 < sind < 1.00

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8

A W[deg]

muon direction

& Rayleigh (1D-projection of 2D Gauss)
doesn’t describe our Monte Carlo
accurately — Tails are suppressed

& The distribution depends on the spectral
index!

& Effect mainly visible at < 10 TeV energies
where the kinematic angle between
neutrino and muon matters

2 Solution: Obtain a numerical
representation of the Y-dependent spatial
term from MC simulation (for example
using KDEs)

1 _w? (,
5-52¢ 22 — S(¢|o, E,, 7)

Virtual Collaboration Meeting, 2020-09-22



NEW! energy spectrum of cosmic neutrinos: a break at 30 TeV

— -
. —o+ IceCube v ESTES (2023)
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.. X-RAY EMISSION

in order to produce neutrinos
Tpy = 0.1

therefore
T >~ 10%7,, > 107
vY — Py =
- gamma-obscured source

LLING MATERIAL)

CORONA
BLACK HOLE




NEUTRINO BEAMS

0 accelerator

o target

directional
beam

p, ¢

3t
i
e
W
-4- - .. i
e
SeY
g

magnetic
fields

the py efficiency dilemma

« efficiency for producing the neutrinos
in the photon target:

Tpy — Rescape Tlp~vOp~ Nphotons

 likelihood of the multimessenger

photons to be absorbed in target

Tyy = Rtarget T)v~vO0~~ llphotons

- therefore, with R N Rt .
escape arge

_ Tv9yy Riarget

o 10=3
Tyy = Tpy =~ 1077 74

NpyOpy Rescape
—> do not expect high energy gamma
rays to accompany cosmic neutrinos

- blazar jets are out



v and y beams : heaven and earth where are the gamma

rays from JT0 ?

» pionic gamma rays
lose energy in a
target that produces
neutrinos

0 accelerator

o target

ratio of
optical depths

1 directional p + Y > N0+ @

' beam

t ~ COSMIC ray + ne im0

magnetic S
fields p




 hint from NGC 1068

there is a correlation between

the X-ray and neutrino flux

NGC1068
NGC4151
NGC3079
CGCG420-015
TXS0506+056
GB6J154246129  —
3C454.3(5) © 0
S20109+22(2) o0
PKS1441+25 L
MG2J201534+3710(2)
S30458-02
0J287(5)
Ton599(2)
PG1218+304
CTA102
4C+01.28
3C66A
T 1H1720+117 A

1ES0806+524 101041 1042 1043 1044 1045 1046 1047 1048 1049
Emma Kun 1ES0647+250 —1

L, 03-100 Tev (€1g ™)

» select active galaxies with large
X-ray fluxes

D A 6B e DB HH <D b b 1 o il
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neutrinos produced in Galactic cosmic rays
Interactions with interstellar medium

unresolved sources?



Tibet AS~-converted v

IceCube GP (7)

Fermi-LAT GDE

[ceCube-converted ~ 10-5-

(WA
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https://arxiv.org/abs/2306.17275
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inner edge

neutral accretion disc

corona field

the accretion disk tabs the
gravitational energy of the
black hole very efficiently
producing radiation with
accretion rate

velocity of particle falling

into a black hole

magnetic reconnection
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neutrino-X-ray correlation ?
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solution to the extragalactic cosmic ray problem?

clusters of superclusters

neutrinos produced in individual
active galaxies
higher energy cosmic rays
produced over the larger
complex a la Hillas
neutrino fluxes lower because of
low target densities of larger
scales
need the next-generation
detectors
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the Shapley cluster of superclusters
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|dentified through double cascade signature 10
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Best fit model: Broken Power Law, followed by SPL+ Bump and then LogParabola.
We reject SPL with respect to BPL with 4.70 with MESE, with a spectral break at ~30 TeV.

IceCube Collaboration, Phys. Rev. Lett. 136 (2026) 121002
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