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highest energy “radiation” from the Universe: cosmic rays, mostly protons

gamma-rays neutrinos cosmic rays

' cosmological max of star formation

3L . .
e terra incognita:
J 10t R only revgaled 0)Y;
= neutrinos
g |
C 10°L
£ |nearest Galaxy
o o7
102F _ =
 Galactic Center GraV|tat|onaI waves - P »ple* in space- tlme
0—3

10® 10% 10?% 10° 10% 10* 10° 108 1010 1012 1014 1016 1018 1020
Energy [eV]

the Extreme Universe is opaque to gamma rays beyond our Galaxy



photon energy in the Universe as a function of color
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in the extreme universe neutrinos are unique astronomical messengers




the Qpaque extreme Universe:

Y+Yedette o E T S S
« > PeV photons interact with extragalactic background light (CI\/I'B'

and higher energy photons) before reéphihg'our te!escopes
* their energy appears reprocessed in GeV photons, or beyond



neutrinos: .perfect messengers

« electrically neutral
« massless (in this talk) ST IR e S :
+ like a photon but weakly interacting - L e
. track cosmic ray sources er, e

...-but difficult to detect
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black hole accelerating
protons submersed in
a target of radiation
produce pions

™ — ,LL+ —I—@
et + @+ ve

D




cosmic ray sources:
a gamma ray for
every neutrino
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neutrino sources are € Y Y XV, TV
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* neutrino astronomy and the origin of
cosmic rays

* IceCube
* the cosmic neutrino energy spectrum
* first sources of neutrinos

« and the answer is: supermassive black holes at the cores
of active galaxies

IceCube.wisc.edu
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lceCube:
5160 photomultipliers
instrument one km3 of
Antarctic ice between
1.4 and 2.4 km depth
as a Cherenkov detector

e
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lceCube Array at 60 MHz ground-penetrating radar
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muon produced by

neutrino near |ceCube

comes through the
Earth

2,600 TeV inside
detector

not atmospheric
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1 km?3 instrumented with 5160 PMT (10inch) below 1450m



muon neutrino events
[filtered by the Earth]:
atmospheric vs
cosmic
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E2x ® [GeVstsr—icm2]
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oscillations of PeV neutrinos over cosmic distances to 1:1:1
* high energy (> teV) nutaus neutrino is of cosmic origin

Ve:Vyi Ve at source %
0:1:0

& 1:2:0

o

1:0:0 ’

oh

: fu: fr at source
1:2:0

0:1:0

1:0:0

Best fit
0.34:0.35:0.31

0.8

> = o

- -

. d
e 0.0
0.0
Q v AV © 2} Q
Q Q Q’ Q Q ~'

Fraction of ve

Ve fraction (f2)



TeV - O(1) PeV Tau neutrinos look like Electron
neutrinos due to sparse instrumentation
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offset by a certain quantity

Create an image (2D histogram) of the of the -
charge distribution in time along a string

e CNN used to find the subtle difference in )
waveform shapes —
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NuE waveforms, full string

— Standard Model: 8 expected on a background of 1 and 7 found for a flavor ratio 1:1:1
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Glashow resonance event with energy 6.3 PeV

s q resonant production of a weak
. Intermediate boson by an anti-
W electron neutrino interacting with
an atomic electron
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energy measurement understood

shower consistent with the hadronic decay
of a weak intermediate boson W
identification of anti-electron neutrino

SM cross section known - measure flux
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in the extreme universe the energy in neutrinos is larger than
the energy in gamma rays observed at GeV energies

Thermal Nuclear fusion Accretion, acceleration, decay

» neutrinos
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energy in neutrinos (and accompanying gamma rays) dominates?



. gamma rays from TT0 accompanymg IceCube neutrrnos |n “with interstellar
photons and fragment mto multiple Iower energy gamma rays that reach earth

 they appear at MeV energies, or below_ [2205.03740 ph.HE]


https://arxiv.org/abs/2205.03740

v and y beams : heaven and earth where are the gamma
rays from it° 9

nearhy
radiation

p—l—yen@

: directional ~ cOosSmic ray + neutrino
beam

magnetic 2 p

fields ~ cOSmIC ray + gamma




cosmic ray Sources

target Y LT F:’

Y =V, Uy



gamma rays accompanymg IceCube“‘neutrmo ; :-aé't‘
with interstellar photons and fragment into multlple 1ower
energy gamma rays that reach earth |
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GeV photons: Fermi pair spectrometer Y > e* + e

l

\

Anticoincidence
Detector

Conversion
foil

Particle
tracking
detectors




gamma rays from
neutral pions
must lose energy
In the sources
If not, they
would dominate
the Fermi IGRB

+  Fermi IGRB

+

IceCube Cascade 4yr
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+  Fermi IGRB 4+  IceCube Cascade 4yr

the neutrino + IceCube HESE 6yr
sources are likely L=
opaque to PL Inelasticity 5yr PL v, 9.5 yr
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https://arxiv.org/abs/2205.03740

energy in neutrinos in the Universe determined by the turnover at low energies:

starting event and starting track analyses track analyses
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where Is the
neutrino
Galactic plane?

Planck 143 GHz eROSITA 0.2-10 keV

by geometry the flux
from your own
Galaxy should
dominate Fermi-LAT 1-100 GeV IceCube neutrinos
the diffuse flux from
all other galaxies
combined!

Galactic




gamma rays

166_ neutrino e IceCube Preliminary
starting events : = AT .

\ visible

by geometry the flux
from your own
where is the Galaxy should
neutrino Galactic dominate

the diffuse flux from
all other galaxies
combined!

plane?

Galactic

TS= —2Aln(c)
E<300TeV 1PeV<E







y. Optical

v Predicted m° Northern Sky Northern Sky

e s R

Southern Sky Southern Sky

v Analysis Expectation

Typlcal Event Uncertalntp -

Galactic Coord.

Pre-Trial Significance (n-0)

Fermi (GeV gamma rays) and IceCube (TeV neutrinos) see the same Galactic plane



neutrinos produced in Galactic cosmic rays
Interactions with interstellar medium



Tibet AS~-converted v
IceCube GP (7")

Fermi-LAT GDE

IceCube-converted 10-5- gamma ray flux from the Galaxy
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https://arxiv.org/abs/2306.17275

Galactic Diffuse Emission: Source Contribution |

mmmm [ceCube (1)
mmmm [ceCube (KRAS5)
IceCube (KRA50)

| mmmmm [ HAASO diffuse + non-pulsar sources (v)

Partial contribution by
unresolved hadronic
sources such as star- =
formation regions and '
molecular clouds 51
n
(Neronov+2023, Abhijit+2024) T 10/
- ]
(S
=
a
74
o 1077
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Room left for leptonic ] .
emitters such as TeV s Tibet ASy (v)
halos
10~

(Dekker+2024, Kai+2024, Kaci+2024)

0> 10

T
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e

Tibet region A ~—— LHAASO Outer Galaxy 3HWC
Tibet region B —— HGPS 1LHAASO

Hadronic diffuse emission

" or/and a population of y-ray

opaque neutrino emitters

KF & Murase ApJL (2023)

See also analysis of Vecchiotti+2023, Silvia+2024

* we do not have the sensitivity to see LHAASO sources
e rule out that the Crab is a hadronic source



Fermi-LAT GDE
" Fermi-LAT EGB

IceCube GDE (7)
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-+ populate all galaxies in the Universe with neutrino sources

: .'-‘..'-_see.h from Earth you should see the sources in your own
g'a’laXy'.fi rst; this is geometry

« ‘the Mltky Way should dommate the sky, as Is the case for -
all wavelengths of light « ' ~

—~-powerful accelerators operate m other galaxres that do not -

exist in our. own . : S Y

—> Oour supermassive black hoIe has not been actlve for
a few million years? e



LEG (I)EG/(I)MW g g

v~ 120 [————]] | 2 =
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- in the extreme unlverse more energy is emitted in
neutnnos than in gamma rays- '

the ;TO photons accompanylng cosmic rays appear at
MeV energy of below

powerful accelerators o*érate In other gaIaX|es that do
not eX|st in ourown W D

3

o v

[our supermasswe black hoIe has not been a&\{e for
a few mllllon years’P]



* neutrino astronomy and the origin of
cosmic rays

* IceCube
* the cosmic neutrino energy spectrum
* first sources of neutrinos

« and the answer Is: supermassive black holes at the cores
of active galaxies

IceCube.wisc.edu
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eutrino candidates in one year



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

usually, add energy
term to the signal
likelihood S




AT VA AU

A WLAS AL U

Name Class aldeg]  d[deg] s ’y -logy o (Piocat) qf)gg%
PKS 2220-035 FSRO 25088 320 48 0.4%
3C 454.3 FSR( 5.4 = 5
ssearchiin the direct ons 6f 110
RGB! 4@{C B irecti S
CTA 102 FSRQ 33815 11.73 0.0 27 0530
BL Lac BLL 33060 4228 0.0 27 h)|3ntS .f
OX 169 FSRQ 32589 17.73 2.0 1.7
B2 2114+33 BLL  319.06  33.66
PKS 2032+107 FSRQ  308.85 10.94 ﬁh S R ev. l_ze
9JHWC J20314415  GAL  307.93 4151 13 4 3.8 0.97
Gamma Cygni GAL 30556 4026 7.4 37 0.59 6.9
MGRO J20194+37  GAL 30485 3680 00 3.1 0.33 40
MG2 J201534+3710  FSRQ  303.92 37.19 44 4.0 0.40 5.6
MG4 J200112+4352  BLL  300.30 4389 6.1 2.3 0.67 7.8
1ES 19594650 BLL 30001 6515 126 3.3 0.77 12.3
IRXS J194246.341  BLL 20570 1056 0.0 2.7 0.33 26
RX J1931.140937  BLL 29278 963 0.0 29 0.29 2.8
NVSS J190836-012 UNIDB  287.20 -1.53 0.0 2.9 0.22 2.3
MCGRO J1908406  GAL 28717 6.8 42 2.0 1.42 5.7
TXS 19024556 BLL 28580 55.68 11.7 4.0 0.85 9.9
HESS J1857+026 GAL 28430 267 74 3.1 0.53 35
GRS 1285.0 UNIDB 28315 069 17 38 0.27 2.3
HESS J1852-000 GAL  283.00 000 33 37 0.38 26
HESS J1849-000 GAL 28226  -0.02 0.0 3.0 0.28 2.2
HESS J1843-033 GAL 28075  -330 0.0 28 25
OT 081 BLL  267.87 965 122 3.2 48
S4 1749470 BLL  267.15 70.10 0.0 2.5 8.0
1H 17204117 BLL  261.27 1188 0.0 27 3.2
PKS 17174177 BLL  259.81 17.75 198 3.6 7.3
Mkn 501 BLL 25347 39.76 103 4.0 7.3
AC 138.41 FSRQ  248.82 3814 42 23 7.0
PG 1553+113 BLL 23893 1119 0.0 2.8 3.2
GB6 J1542+6129 BLL  235.75 61.50 29.7 3.0 22.0
B2 1520431 FSRQ 23055 31.74 7.1 24 7.3
PKS 15024036 AGN 22626 344 00 27 2.9
PKS 15024106 FSRQ 22610 1050 0.0 3.0 2.6
PKS 1441425 FSRQ 22099 25.03 7.5 2.4 7.3
PKS 14244240 BLL 216.76 23.80 41.5 3.9 12.3
NVSS J141826-023  BLL 21461 -256 0.0 3.0 2.0
B3 13431451 FSRQ 20640 4488 0.0 2.8 5.0
S4 1250453 BLL  193.31 53.02 22 25 5.9
PG 12464586 BLL 19208 5831 0.0 2.8 6.4
MG1 J123931+0443  FSRQ  180.89 473 0.0 26 2.4
M 87 AGN 18771 1239 00 28 31
ON 246 BLL  187.56 2530 0.9 1.7 42
3C 273 FSRQ  187.27 204 0.0 3.0 1.9
AC 21.35 FSRQ 18623 2138 0.0 2.6 35
W Comae BLL 18538 2824 0.0 3.0 3.7
PG 12184304 BLL 18534 3017 111 3.9 6.7
PKS 1216-010 BLL 18464 -1.33 69 4.0 3.1
B2 1215430 BLL 18448 30.12 186 3.4 8.5
Ton 599 FSRQ  179.88 2024 0.0 2.2 45

pres
sour
tt. 124

PKS B1130+008  BLL  173.20 058 158 4.0 0.96 44

Mkn 421 BLL 16612 3821 21 1.9 0.38 53

AC +01.28 BLL 16461 156 0.0 290 0.26 2.4

T 10024 408 : 45

elected source @aﬁ d1d ates:

M 82 SBG 148 8.8

PM\I J09 moozz AGN 147, 0 s/ 0 r(; 3.9

§$ BLL  133. (l 20.12 o‘u zc 0.32 3.5

R394-046 BLL 12797 449 00 29 0.28 2.1

BLL 12456 4238 00 23 0.30 4.9

r@@.zp) BLL 12287 1.78 161 4.0 0.99 14

1N BLL 12246 5231 00 28 031 47

PKS 073601 FSRQ 11482 162 00 28 0.26 94

PKS 0735417 BLL 11454 17.71 00 28 0.30 3.5

AC +14.23 FSRQ 11133 1442 85 2.9 0.60 1.8

S5 0716471 BLL 11049 7134 00 25 0.38 74

PSR B0656+14 GAL 10495 1424 84 40 0.51 14

1ES 0647-+250 BLL 10270 25.06 0.0 2.9 0.27 3.0
B3 06094413 BLL 9322 4137 1.8 1.7
Crab nebula GAL 83.63 22.01 1.1 2.2
0G +050 FSRQ 8318 755 00 3.2
TXS 05184211 BLL 8044 2121 157 3.8
TXS 05064056 BLL 77.35 5.70 12.3 2.1
PKS 05024049  FSRQ 7634 500 112 3.0
S3 0458-02 FSRQ 7530 -1.97 55 4.0
PKS 0440-00 FSRQ 70.66 -0.29 7.6 3.9
MG2 J04333742905 BLL 6841  29.10 0.0 2.7
PKS 0422400 BLL 6619 060 00 29
PKS 0420-01 FSRQ 6583 -1.33 93 4.0
PKS 0336-01 FSRQ 5488 -1.77 155 4.0
NGC 1275 AGN  49.96 4151 3.6 3.1
NGC 1068 SBG 40.67 -0.01 50.4 3.2
PKS 02354164 BLL 3967 1662 00 3.0
4C +28.07 FSRQ 3948 2880 00 28
3C 66A BLL 3567 4304 00 28
B2 02184357 FSRQ 3528 3591 00 3.1
PKS 02154015  FSRQ 3446 174 00 3.2
MG1 J021114+1051 BLL 3281  10.86 1.6 1.7
TXS 01414268 BLL 2615 27.09 00 25
B3 01334388 BLL 2414 3910 00 2.6
NGC 598 SBG 2352  30.62 114 4.0
S2 0109422 BLL 1803 2275 2.0 3.1
4C +01.02 FSRQ 17.16 159 00 3.0
M 31 SBG  10.82 4124 110 4.0
PKS 00194058 BLL 564 614 00 29
PKS 2233-148 BLL 339.14 -1456 53 2.8
HESS J1841-055  GAL  280.23  -5.55 3.6 4.0
HESS J1837-069  GAL 27943  -693 0.0 28
PKS 1510-089 FSRQ 22821 -9.10 01 1.7
PKS 1329-049 FSRQ 203.02 -5.16 61 2.7
NGC 4945 SBG  196.36 -4947 03 2.6
3C 279 FSRQ 19404 -579 03 24
PKS 0805-07 FSRQ 12207 -7.86 00 2.7
PKS 0727-11 FSRQ 11258 -11.60 1.9 3.5
LMC SBG  80.00 -68.75 0.0 3.1
SMC SBG 1450 7275 0.0 2.4

PKS 0048-09 BLL 1268 -949 39 3.3 . .

NGC 253 SBG  11.90 -2529 3.0 4.0 0.75 37.7




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

+75°
10h
6.69 i
o 569° |- A
—45° .1.5 4.69 "
& Equatorial

0.0 78.36° 77.36 76.36

Right Ascension

* hottest spot coincident with NGC 1068
 also hottest spot in the sources list (2.90)

statistical fluctuations or neutrino sources?



Declination

sub-leading sources: binomial analysis
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Interesting fluctuations or neutrino sources?
—> crash program to upgrade the performance of IlceCube

. a: 0.30 deg, log,o eV)= 3.0 Hard Spectrum (Y=2.0)
- improved detector geometry T —
 each photomultiplier calibrated individually £y b o0 <sns <o
- improved characterization of the optics of the ice i j '_ 069 < sind < 10

* Improved muon angular resolution and
energy reconstruction using machine learning
 point spread function consistent with simulation or,
we were partially blind

—0.09 < sind < 0.34

applied to 10 years of archival data (pass 2), : A

0.69 < sind < 1.00

data unblinded, result ...




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

point spread function consistent with simulation

Insensitive to systematics

Hard Spectrum (Y=2.0)

b— KDE
g / \' == Rayleigh
/ s® \ —0.09 < sind < 0.34
Pea
‘e o\ b 0.34<sind <060
f'l LY 0.60 < sind < 1.00
i # N,
"
_1. \'\H' -
\"“'-..:._"U"VVUUH\- _1
T T T T T T T T
00 02 04 06 08 10 12 14 16 18
V[deg]
a: 0.30 deg, log,o(E/GeV)= 3.0 Soft Spectrum (Y=3.25)
e— KDE
g / \- == Rayleigh
/ \ $  —0.09 <sind <034
) \ b 0.31<sind <069
S Lol s 0.60 < sind < 1.00
/ X
- f_ '} .“. o
A AR
117 N P
., .\‘ ag g sae
~ R .
T T T T T T T T
0.0 02 A 04 06 08 10 12 14 16 18

¥[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

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

1 _Q;
€ 20
2m o2

— 8 (1|0, By )

!

Virtual Collaboration Meeting, 2020-09-22



pre-trial p-value for clustering of high energy neutrinos
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* hottest spot coincident with NGC 1068
 also hottest spot in the sources list (2.90)

statistical fluctuations or neutrino sources?



the new IceCube neutrino map: hottest spot

+75° Grld 020 X.O'__ZO = logl() (plo('al)
+50° e 1 3 5 7
| | E—
= +2
0° [ 2red. VB AR RS T YRR TR ¢ ....... ik ...... ....... o0
24h Equatorial Coordinate System 12h ;
= T 5 [~
! 3 5 7 = 0: 1
_l()glll(plu(‘ul) % _] i 4 _69
<
A
: . -2
the brightest location in full sky scan: Grid 0.03%% 0.03°
- astrophysical neutrino events = 81 —3 e
- spectral index = 3.2 43 42 41 40 39 38

local significance 5.3c¢ Right Ascension [deg]

1% of scrambled data sets have a spot =2 5.30



is the hot spot coincident with one of the 110 preselected sources?

Declination

- ]-Ug][_l-{;-’lut":d :I

at the NGC1068 location

: ) o 122
- astrophysical neutrino events = 79 _5g
- spectral index = 3.2 £ 0.2
- single source significancg
- (offset 0.119)

== loglt) (plo('al )
1 3 D 7

* NGC 1068

Declination [gleg]

Grid 0.0”0.03°

_:3 I 1 1 1 1 I
43 42 41 40 39 38
Right Ascension [deg]

-~ 1in 100,000 scrambled data sets have object=25.20=4.2 0

-~ p-value <107 including all trials



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

- ]Ug'lﬂ(plocnl)

[ Signal [ Total
[ Background ¢ Data
0.6 B
13 years 80 A
0.4
+ e
+ ks 60 -
il (. i
update: E S0 - |
100 ] S
= 20
events | —0.2
IceCube Preliminary
T T _04 T T
0 2 4 412 41.0 408 40.6 404 402 0 1 2 3 4

@? [deg?] Right Ascension [deg] 2 [deg?]



—2 x log(A)

10 15 20 25 30
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0.00
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;. —0.25
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—0.50
—0.75

NGC 1068

comes
Into focus .

update

41.5

L . * NGC 1068 Max. TS

41.0 40.5 41.5 41.0 40.5
r.a. [deg] r.a. [deg]
2.90 3.30
10-year analysis * new likelihood
method
-2 % log(A)
5 10 15 20 25

N ] ONGC 1068 & Max. TS

Declination [deg]

0.50 +
0.25 A
0.00 +
—0.25 A1 ‘7
—0.50 A1

—0.75 A1

10y PSTracks

1 9y NTracks

41.5 41.0 40.5
Right Ascension [deg]

415 41.0 40.5
Right Ascension [deg]

1 13y NTracks

415 41.0 40.5
Right Ascension [deg]

5.20 local
significance



X-ray vs neutrino flux

a correlation between the
X-ray and neutrino flux of
active galaxies producing
neutrinos?

X-ray flux of TXS 0506+056
IS consistent with this
pattern: neutrinos are
produced in the core, not
the jet
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The Emergence of a new class of sources?

- 2022 Evidence for Neutrino Emission from NGC 1068 (Science)
Binomial analysis TXS 05060 and PKS 1420

- 2024: IceCube Search for Neutrino Emission from X-ray Bright Seyfert Galaxies
Northern sky NGC 4151 and CGCG 420-015
arxiv:2406.07601

- 2024 Starting event search for Seyfert galaxies
TeVPA 2024
Circinus

- 2024 Search for neutrino emission from hard X-ray AGN with IceCube
NGC 4151
arxiv:2406.06684

- 2024 Binomial excess from 12 X-ray bright Seyferts (update)



multimessenger astronomy with X-ray sources
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Dec. [deg]

more sources ...

7 - 7« two brightest active
0.75 {HigECUbe Preliiiiene. ] i . galaxies discovered
. 40.00 1 by Seyfert In 1943
5 5
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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-
excntatlon nuclear emsswn lmes superposed_ on a normal G-type spectrum. All the strqng

es like NGC 7027 appear in the spectra of thet

1rals observed NGC 1068 and NGC 4151

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




Declination

24h

binomial analysis: 3 active galaxies
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Binomial Test

+75° ——— IceCube Preliminary

© //// ] g e S OO B
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- A==+« Binomial Test: Probability of finding
e a signal from 47 AGNs too weak to
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Q.

| e Result: 3.30 excess for 11 sources

47 (excluding NGC1068)

N Sources



binomial test of X-ray bright Seyfert galaxies

+75° lceCube Preliminary

- +50°
o 2
— CygnusA
& +25¢
8 MCG+448"2“,""""jf--;---------------- , DR
0 R T BECEA20%15 ‘
SRE N_G_C_7.4_69____-_____Z_'_‘ __________ Rk S Y SRS AT
24h 12h NGC1194 Oh

Right Ascension

— TS
0 2 4 §)
—10g10 (Piocal)




Event 135440,’3135?778-6 4
Tlime 2021-06-29 18:09:44 UTC:
Duration 22320.7 ns |

lceCube 170922
290 TeV

from light in the ice L R

to astronomer in less ; E 1 q !* ”“”

than one minute ‘ b g e
1 .



Declination

776° 77.2°  76.8°
Right Ascension

’,

MAGIC
detects emls‘sﬁn of
> 100 GeV gammas

MAGIC significance [o]

Declination

IceCube 170922
| 290 TeV

Ferml

detects a flarlng

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
= |C170922A 50% - area: 0.15 square degrees
== |C170922A 90% - area: 0.97 square degrees

784° 780° 77.6° 77.2° 76.8°
Right Ascension

iblaz‘ar;wlthln 0.06°

76.4°

O = N W & O O N © ©

—h
o

Fermi Counts > 1 GeV




MASTER robotic optical telescope network: observing within 73 seconds
optical flash after 2 hours: highest statistical association of TXS 0506 with 1C170922

Follow-up detections of IC170922 based on public telegrams

P
i = 2 % 8

O— O O
IceCube Swift Fermi, ASAS-SN
September 22 September 26 September 28
-O- O O
SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 g October 4 September 29
=0 O O B
Kanata, NuSTAR VLA Subaru

October 12 October 17 October 25



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

15

? SNR=50
optical flashes may = MASTER vs IceCube
.. ¢y Flare 2hrs
magn(;rtg#;?jtr?)(;r;nrzmical s 10~ Flux derivative in time x SNR after
g : IC170922A
Instabilities triggered g0 LIDUIoY et 4l.. 2020
by processes 5
modulated by the g 5|
magnetic field of the ?
accretion disk &

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

years



* neutrino astronomy and the origin of
cosmic rays

 |lceCube
« the cosmic neutrino energy spectrum
* first sources of neutrinos

« and the answer is: supermassive black holes at the cores
of active galaxies?

IceCube.wisc.edu



“near AGN core



AGN: INSIDE AND OUT

Lack of gamma
rays places

Narrow C S - : ;
o region : PO S g - o neutrino production
‘%- - sk site in the heart of
Gas clouds '_‘ the galaxy
>
Dusty torus g Event

Broad ' horizon
line Singularity ,'
region N\

Corona

of gas Accretion
disk

Supermassive
black hole



a gamma ray for every neutrino?

NGC 1068: an obscured cosmic accelerator

I8

(1) Y. Inoue et al.,
ApJL’20

Fermi-
LAT.—o—
t MAGIC |

+++T \ _ where are the

| n® gamma rays ?
(2) K. Murase et al., PRL’20
| 1 ||
10° 10° 10°

Energy [GeV]



~gamma-ray-obscured corona: - C -
gas and radiation - oot et
: ' i+ z ;:- — .

A o

L4
s '»




« accelerator(s): electrons and
protons are accelerated in the
turbulent magnetic fields

b ooy assoclated with the accretion disk,
B in the infall onto the black hole,...

 target: the neutrinos are produced
In the optically thick core with a
high density of gammas (corona
X-rays) and dense clouds of
hydrogen (protons)




AGN: INSIDE AND OUT

cores of active

galaxies :
Narrow .
densit progige
edured S .
Gasl d%‘~ > &
s clouas ”
» to produce the 2
neutrino flux .

Dusty torus Event

Broad horizon

« to suppress the flux of o
the accompanying

gamma ray from n%

Singularity

requires a target density
only found within < 100
Schwarzschild radii of the
black hole

Corona

of gas Accretion

disk

Supermassive
black hole




NGC 1068 core: large optical depth in photons (X-ray) and matter

Fé X-RAY EMISSION

Cross section x target density
= optical depth T

ACCRETION DISK
(INFALLING MATERIAL)

BLACK HOLE

Tpv ~ 0.1 — PeV neutrinos

CORONA

Tpp ~ 1 — 1 ~ 100 TeV neutrinos

Ex =1keV; Lx ~ 1043 e]['gs_1

neutrinos originate within 10~102 Schwarzschild radii from the BH



neutrinos are produced inside the dark matter
spike at the center of the Galaxy
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neutrino astronomy 2024

It exists

* more neutrinos, better
neutrinos, more telescopes

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

icecube.wisc.edu



Uncharted Territory

18 Jun 2024 80



Uncharted Territory

« Significant event observed with huge amount of light

« Horizontal event (1° above horizon) as expected since earth opaque to
neutrinos at PeV scale

« 3672 PMTs (35%) were triggered in the detector

« Muons simulated at 10 PeV almost never generate this much light
— Likely multiple 10’s of PeV
KM3NeT/ARCA21 Preliminary
‘I [ 4

P - KM3NeT 10PeV i Mc

tas’ ; Preliminary 1PeV u MC

_ o VHE event
11in 110 million :
data events

N

wu

o

o
Fraction of events

]
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o
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g

[
)
&>
=
=
s
o
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=
w
o
o

Number of data events

1000 2000 3000 4000 5000
900 —0.75 -050 —025 000 O . . . # of triggered PMTs

cos(zenith)

18 Jun 2024 81



Uncharted Territory

« Light profile consistent with at least 3 large energy depositions along
the muon track
« Characteristic of stochastic losses from very high energy muons

KM3NeT Position of light

Preliminary emission along track
consistent with hit time
assuming direct light & thi

b

X

800 900 1000
distance along track (m)

18 Jun 2024 82



Event 132379/15947448-2

IceCube Preliminary

Time 2019-03-31 06:55:43 UTC

Duration 22596.0 ns

2 5 @ R (LT
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lceCube’s Highest Energy Event:

11.4 PeV (3 with E,, >10 PeV)

0.2
0.18F —— BPL lorange: [ 8.87, 13.86 ] PeV
016F - SPL 1o range: [ 8.97, 14.14 ] PeV

0 0.14 —
‘UE; 0.12 —
S 01F
&= C
20.08F
3 -
=006
0.04 F
0.02 :
D : i L P i i
5 7 10 20 30
initial energy, PeV

*Most probable neutrino energy when assuming a
BPL spectrum (y; ,y»)=(1.72,2.84) [Data Release]



https://dataverse.harvard.edu/file.xhtml?fileId=7314001&version=2.0

THE ICECUBE COLLABORATION
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