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Cosmic Ray Spectra of Various Experiments
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The origin of cosmic rays

- a century old problem

Can neutrinos help answer
the question?

What are the accelerators?

/ What mechanism provides the power?



1956

Discovery of Neutrinos:
The neutrino was detected 26

years after Pauli's proposal, in
1956.

Reines and Cowan placed a
detector of 1 m in size only 10
m near the core of a nuclear
reactor.

Reines receives Nobel prize in 1995




Only 4 years later: ==

Moisej Markov

M.Markov,196:

,We propose to install detectors deep in a lake or in the sea and
to determine the direction of charged particles with the help
of Cherenkov radiation” Proc. 1960 ICHEP, Rochester, p. 578.
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deep detector made of water - or ice

place optical sensors into the
medium

‘N
The neutrino travels through the Earth \\
and ... ~~“~
sometimes interacts to create a particle that The neutrino is invisible. ~«
can be detected. DS

Albrecht Karle, UW-Madison



Neutrinos and Cosmic Rays at high energies

— Neutrino beams

Albrecht Karle, UW-Madison



Measure the origin of cosmic rays?
Problem: Cosmic rays don’t point to their origin. —> Astronomy with Neutrinos!

~ At high energies - only neutrinos can
reach us from the distant Universe.

Cosmic Rays get absorbed and deflected. N ;&w‘u
But the accelerators should also produce neutrinos. |



Pushing the energy frontier in Astronomy with Neutrinos

radio/microwave infrared/optical X-rays EINNEREWES neutrinos cosmic-rays
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At high energies: The Universe is opaque to the EM spectrum - and sometimes also at lower energies




Cosmic Particle Accelerator + Target: —> Neutrino Beam
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Graphic: F. Halzen



Cosmic Particle Accelerator + Target: —> Neutrino Beam

o target

> Black Hole
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Cosmic Particle Accelerator + Target: —> Neutrino Beam
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Detecting Cosmic Neutrinos?

Event Rates are small.
Neutrinos are very penetrating,
- they don’t want to interact.

It was clear already early on:
Need a very big detector!

—> a target of 1 billion tons or 1 km3

Albrecht Karle, UW-Madison



Early efforts

DUMAND, first experiments off Hawaii isald
Baikal, —> Lake Baikal

NESTOR —> first steps in the Mediterranean
Sea

AMANDA: —> South POle



The Early Days

From first tests in Greenland to
the Antarctic Muon and Neutrino Detector Array
(AMANDA), 1990 - 2005

Albrecht Karle, UW-Madison



1990: Detection of cosmic ray muons “Cerenkov radiation from muons was detected, and a
using PMT in natural ice in Greenland.

comparison of count rate with the expected muon flux
indicates that the ice is very transparent, with an
absorption length greater than 18 m. Our results suggest
Nature 353, 331-333 (26 September 1991) that a full-scale Antarctic ice detector is technically
Observation of muons using the polar ice cap as a quite feasible.”

Cerenkov detector

D. M. Lowder*, T. Miller*, P. B. Price*, A. Westphal*, S. W. Barwickt, F. Halzent &
R. Morse#

) - 4
Cuables to surface =~

210 m

Butyl acetate lgvel .
to surface

- PMT face

™ Opaque baffles

-~ Cables for PMT s
and high voltage

----- Cable to LED

<> |5¢m




Landsat Image Mosaic of Antarctica (LIMA) Project



1991/92: First tests at the South Pole

 Small PMTs deployed

* First test of hot water drilling at
South Pole

Heaters and pumps
to melt the holes




1996/97: add 6 strings to complete AMANDA-B10



1996/97

The connector to the drilled
shorted out in consecutive
attempts due to water.

Rewiring the drill head to switch
to low voltage saved the season.

Lesson learned:
Working together is a powerful
tool!

Rewiring drill power system with Swedish
drill engineer Pontus.

In a Jamesway, about a week before
Christmas 1996.




1999/2000:
AMANDA-II drill site




Observation of high-energy neutrinos
using GCerenkov detectors emhedded
deep in Antarctic ice AMANDA-B10 detector

E. Andres*, P. Askebjert, X. Bai+, G. Barouch*, S. W. Barwicks, R. C. Bayl,
K.-H. Becker9, L. Bergstrom+, D. Bertrand+, D. Bierenbaums, A. Biron™,
J. Booths, 0. Botner**, A. Bouchta™, M. M. Boyce*, S. Cariust1, A. Chen*,
D. Chirkinlly, J. Conrad**, J. Cooley*, C. G. S. Costa#, D. F. Cowen:,

J. Dailing$, E. Dalbergt, T. DeYoung*, P. Desiati", J.-P. Dewulf,

P. Doksus*, J. Edsjot, P. Ekstromt, B. Erlandssont, T. Feserss,

M. Gaug”, A. Goldschmidt/ll, A. Goobart, L. Gray*, H. Haase™,

A. Hallgren**, F. Halzen*, K. Hanson:i, R. Hardtke*, Y. D. Hell,

M. Hellwigss, H. Heukenkamp™, G. C. Hill*, P. 0. Hultht,

S. Hundertmarks, J. Jacobsenlll, V. Kandhadai*, A. Karle*, J. Kims,

B. Koci*, L. Kdpkess, M. Kowalski”, H. Leich™, M. Leuthold™,

P. Lindahlf 1, I. Liubarsky*, P. Loaiza**, D. M. Lowder|l, J. Ludviglll,

J. Madsen*, P. Marciniewski**, H. S. Matis|l|, A. Mihalyiii,

T. Mikolajski™, T. C. Miller:, Y. Minaevat, P. MioGinovié!, P. C. Mocks,

R. Morse*, T. Neunhéfferss, F. M. Newcomer::, P. Niessen™,

D. R. Nygrenlll, H. Ogelman*, C. Pérez de los Heros**, R. Porratas,

P. B. Pricel,, K. Rawlins*, C. Reeds, W. Rhode¢, A. Richards!, S. Richter™,
J. Rodriguez Martinot, P. Romenesko*, D. Ross$, H. Rubinstein,

H.-G. Sanderss, T. Scheiderss, T. Schmldﬁ, D. Schneider*,

E. Schneiders, R. Schwarz*, A. Silvestrif™, M. Solarzl, G. M. Spiczak,
C. Spiering™, N. Starinsky*, D. Steele*, P. Steffen”, R. G. Stokstadl,

0. Streicher™, Q. Sunt, I. Taboada:, L. Thollanderf, T. Thon™, S. Tilav*,
N. Usechak$, M. Vander Donckt#, C. Walckt, C. Weinheimerss,

C. H. Wiebusch™, R. Wischnewski”, H. Wissing™, K. Woschnaggl|,

W. Wus, G. Yodh$ & S. Young$

nature 2001
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The lceCube Lab

IceCube
N 50 m
Neutrino
Observatory
1450 m

2450 m
2820 m

lceTop

81 Stations
324 optical sensors

lceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

DeepCore

8 strings-spacing optimized for lower energies
480 optical sensors




The lceCube Lab

lceTop
Icecu be X 81 Stations
. 50 m 324 optical sensors
Neutrino
Observatory
+ lceCube Array
86 strings including 8 DeepCore strings
IceCube 5160 optical sensors
IceCube Upgrade
Upgrade I 700 sensors (3 x sensitivity IC DOM)
Deploy in 2025/26 il on 7 strings.
1450 m Size: 2 million tons (0.2% of lceCube)
/ (= 200 x coverage/Mton)
DeepCore
| _— 8 strings-spacing optimized for lower energies
5 480 optical sensors

2450 m
2820 m




Digital Optical Module (DOM)

25 cm photomultiplier

Power: ~ 3.5W

fully digital,

noise rate < 500 photoelectrons/sec
calibration tools

0.025

0.015

0.005

Digitized
Waveform

20

40 60 80

100

120
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IceCube Construction
(2004-2011)

Construction start just 3 years after the first neutrino paper.

Albrecht Karle, UW-Madison



Earnest Shackleton 'gnd the Endurance,
attempt to.reach the South Pole in 1915.
Got stuck in the |ce over winter. ™
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The ship was found in 2022, ,
3 km deep at the bottom of the. 0 SAN: e ! g
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(They all survived.:) g
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travel by ship,

Fortunate’ly we
don’t need to
today!
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Albrecht Karle, UW-Madison
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MAPO

TOS - Drilling site (79 &
80 in 10/11)
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IceCube Laboratory (ICL) )
IceCube Enhanced Hot S\
Water Drill (EHWD) \

Photo: Ben Tibbets

SN ~2009




lceCube Laboratory

—— " r | |
L :", :-'.|
- im =S = '
| gore. 1= i)
\ | ‘-. A.‘A ! \

L e ———

,.; /
1A sar

— ™A S, (£ ey :
| \ | e 1' b B = 4 "
v 2 .-‘ i 7‘. oy ::1' . ’
5 R .
- \QTH sl =il .-
: L. - y y 4 il — L .
i ’ 3 3 - » ) l' \ 4 ol i
1, me B
- L ' > e y N =
L - =
. - " ‘ \'" d- : = = U
o . & PR - i 2 =
X . { =
| - el = : .
[ ] | : s = J
C i
"
-
L
| ]

~60 kW power to electronics

90 GB/day over satellite

2 winterovers

summer population (around 5-7 pop Dec - Jan)




|CL server room

lceCube Lab

~200 machines

Power the sensors and
receive the data

Send 10% of the
1TB/day of produced
data via satellite

Alert other experiments
In case of interesting
event detection (high
energy, supernova)

4

Albrecht Karle, UW—I\fadison



From Detector,

to Data,

to Science ...

Albrecht Karle, UW-Madison



7
\“\
7
/
U,Nv.\ =

N\

U (I - ey A

SN

CE MERT WA Sy o




Flasher events used for
calibration of the ice.

All sensors are equipped

with a set of 12 LED flashers.

A 30 ns pulse of 10 billion photons
(400nm) is visible to a distance of
600m.

These measurements are used
to calibrate the detector

- timing

- geometry

- optical properties of the ice

-0
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Optical Properties of the South Pole Ice

Scattering coefficient vs depth
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Optical Signal
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Depth dependence of optical properties
Structure is a reflection of 200k years of climate history

Dust layers are tilted as a result of ice flow,
a 3 dimensional structure

Depth: 2310 m
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Anisotropy of light propagation

Comparison of flasher data to simulation indicated an azimuthally

dependent light-intensity profile

Cause: Microstructure of ice crystal
alignment causes birefringence

600 k \lf IceLay(IertiItdirection Lz) I
AN R Ice flow direct ~ 2' L£
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“Dr. Strangepork”

Deposited energy: 71 TeV
=7.1x10"M13 eV

Neutrino interaction inside the
detector.




: - Astrophysical

Conventional Atm.
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10 years of lceCube: The high energy neutrino sky

Earth
absorption

Galactic

High energy events only (> 100 TeV)

Albrecht Karle, UW-Madison
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Multi-messenger Astrophysics
Non-thermal radiation: Gamma rays - Neutrinos - Cosmic Rays

< 107° - isotropic y-ray h'ngehl;ter?:ggy ultra-high-energy
7 ' background " cosmicrays |
(flavor-average) .
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Observation Of a 6 Pev Glashow Re,onance IOGE L e e e e LI B S i e e e R e e
o 5: Vo + €~ 6.3 PeV
neutrino: “Glashow e Muons ~
Resonance” Ve | .
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Nature 591, 220-224 (2021)

et 11

Resonant production of a weak
intermediate boson by an anti-
electron neutrino interacting with
an atomic electron

- Glashow resonance.
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Efv} Event vertex



A tau neutrino candidate with characteristic double pulse signature

== Single, no brights == Double, no brights === Double, with brights = Exp. Data
Wl - bright DOM
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Tau signature:

“double Bang” event

1st cascade: Initial neutrino CC
2nd cascade: tau decay

Decay length: ~50m/PeV

f N
Event #1i Event #2
Year 2012 2014
Energy of 1st cascade [1.2 PeV {9 TeV
Energy of 2nd cascade |0.6 PeV {80 TeV
Energy Asymmetry |0.29 -0.80
Length 16 m 17 m
v




2013: Discovered the diffuse cosmic neutrino flux.

Next step: Search for point sources of cosmic
neutrinos

Albrecht Karle, UW-Madison



Declination

Science Magazine — Nov. 4, 2022
RESEARCH

RESEARCH ARTICLE

Evidence for neutrino emission from the nearby
active galaxy NGC 1068

IceCube Collaboration*t

24h

| B
... significance 4.20

analyzed 110 gamma-ray sources (from 4FGL-DR2)

Source Name Source Type o [°] O[°] ns &  —logyPoca  Poo%
NGC 1068 SBG/AGN 40.67 -0.01 79 32 7.0(5.20) 9.6
PKS 1424?40 BLL 216.76 2380 77 35 40@B.70) 114
TXS 05064056 BLL/FSRQ 7736 570 5 20 3.6(3.50) 7.5
PKS 00194058 BLL 564 6.13 1 24 04(0.20) 2.6
1ES 00334595 (%) BLL 898 5983 0 43 0.0(0.00) 5.0
M 31 GAL 1082 4124 13 33 0.8(1.00) 6.2
4C+01.0 FSRQ 17.17 1.58 0 43 0.0(0.00) 2.1
S20109422 BLL 18.03 2275 10 2.8 0.7(0.80) 4.8
B3 0133/+388 BLL 24.14 39.10 0 43 0.0(0.00) 3.8
TXS0141+268 BLL 26.15 2709 0 43 0.0(0.00) 3.2
MITG J021114+1051 BLL 3281 1086 0 43 0.0(0.00) 2.6
PKS 0215+015 FSRQ 34.46 1.73 2 39 0.2(0.00) 1.9
B2 0218+357 FSRQ 3528 3594 8 43 04(020) 4.1
3C66 BLL 3567 43.04 0 43 0.0(0.00) 3.9
4C +28. FSRQ 3947 2880 3 29 0.3(0.00) 3.4
PKS (0235+164 BLL 3067 1662 5 39 0.3(0.00) 2.8
NG RDG 4996 4151 8 3.0 05(050) 5.1
PKS[0336-01 FSRQ 5488 -1.78 4 43 0.3(0.10) 2.1
PKS0420-01 FSRQ 6583 ~-1.33 0 43 0.00.00) 2.0
4CH41.11 (%) BLL 6598 4183 0 43 0.0(0.00) 3.9
PK$ 0422+00 BLL 66.19 0.60 0 43 0.00.00) 2.1
M2 J043337+2905 BLL 6841 29.10 0 43 0.0(0.00) 34
PKIS 0440-00 FSRQ 7066 -030 1 2.7 0.3(0.00) 2.0
S30458-02 FSRQ 7530 -197 9 43 0.5(040) 2.4
PKS 0502+049 FSRQ 7634 500 0 43 0.0(0.00) 2.3

RightcAscension




- 10g10 (plocal)

1 Signal 1 Total
1 Background ® Data
0.6
80 1]
0.4 I
"e0
= ., 60 4 L,
= S i ' | .
£ 00 3 40 ! t +
g
A
—0.2 20 o
__04 I T 1=—
41.2 41.0 40.8 40.6 40.4 40.2 0 1 2 3 4
Right Ascension [deg] b2 [deg?]

At the NGC 1068 location:
Astrophysical neutrino events = 79 *33

Spectral index =3.2 £0.2
NGC 1068 is consistent with location of strongest clustering of neutrinos in the sky
distribution of neutrino events matches our model predictions



What is NGC 10687
A galaxy with a massive black hole in th
Distance: 50 million light years o
In the center: A super massive black ho > syst

~20 million solar masses

P
........

Why does the black hole matter? |
Particle acceleration is powered by a the grawtatlonal pull

Credit: NASA, ESA & A. van der Hoevzan
Albrecht Karle, UW-Madi®on s



NGC 1068 AL,

(insert: artist conception)
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Credit: NASA/JPL-Caltech



NGC 1068: The black hole region is obscured by dust.

Infrared image confirms dust cloud surrounding black hole
- Optical image _ ]
: (Neutrinos don’t care about dust.)

Rosas et al., , volume 602, pages, 403—407 (2022)
Albrecht Karle, UW-Madison


https://www.nature.com/

Models:

% SSRQ Acceleration and neutrino
“\ FSRQ ¢ production takes place close to

BL Lac *,
\ \ i The AGN core
protons interact with x-ray photons
to produce pions/neutrinos

Earth
FR T (NLRG
: : Ry~ W
Seyfert 2
NGC 1068
~ -~

'\0’\0\)5/ - -
@6’ gre: \ Seyfert 1
- 6\0"\\)

o QSO

58

Albrecht Karle, UW-Madison



How are neutrinos produced in non-jetted AGNs?

We conclude that active galactic nuclei are powerful sources for
accelerating particles to cosmic ray energies. The bulk of meta-
galactic cosmic rays is likely to orij

particular, ir s—¥rgo supercluster R. Silberberg and M. M. Shapiro
NGC hlSl and NGC 1068)are likely to b

"local" metagalz C cosmic rays, inc. Laboratory for Cosmic Ray Physics
the ultra-high energy (E » 1017 evV) a: Naval Research Laboratory
density of photons in the immediate v: washington, D.C. 203715 1982

be too high Blumentﬁal 1970) to permit the acceleration of
protons beyond ~ 10t eV, (except by beaming processes). The
highest energy protons hence are accelerated somewhat farther out,
or else by beaming (Lovelace, 1976). Gamma rays from the
ergosphere of a black hole are degraded at energies above ~ 1 MeV,
and from a spinar, above ~ 1 GeV. Neutrinos are not thus affected
and would provide information on very high energy particles in
active galactic nuclei.

Albrecht Karle, UW-Madison



THIS WORK

Gamma Rays (photons) and Neutrinos

We know that neutrinos
and gamma rays are produced
together

Neutrinos flux observed

(2)

Gamma rays
are missing

Fermi-LAT
e ‘\
L \
-~ v
MAGIC .
10° 10° 109

Energy [GeV]

(1) Y. Inoue et al., ApJL'20
(2) K. Murase et al., PRL'20



NGC 1068: Energy spectrum

BN IceCube (this work) {
Theoretical v model (52,55)
Theoretical v model (53)

Electromagnetic observations (26)

<+ 0.1 to 100 GeV gamma-rays (40,41)

> 200 GeV gamma-rays (42)

-9
10 .
.$ @
£ 010 X :
'n . . . Neutrinos flux
~ neutrinos
| -11 ..o Observed
g 10 o !* <
> f‘;{ gamma-rays Gamma rays
£ 10 : Ny ] are missing!
NG Fermi-LAT + b o
W q0-13 A MAGIC Basic picture:
f:'““’ Yrev + YR — €' e”
10-14 { gr' : : : : : Te'V PleV IR field associated
dust torus (heats up, absorbs and re-
0% 4901 107 40> 40 100 103 108 emits in IR)

Energy [GeV]

(1) Y. Inoue et al., ApJL'20
(2) K. Murase et al., PRL'20



optimistic disc-corona scenario (Kheirandish et al., 2021) can match
measured flux \

_NGC 1068

—10 i q T T
10 3 = Stochastic (High CR pressure)
. ] = Stochastic (Modest CR pressure)
‘_|' i = Nlagnetic Reconnection
2 10— 11 E Atmospheric
o™ 3
|E ]
~ 12
> 10— = _.__T_—o—
2 -
E’ ..
;,e‘ 10— 13 _
3
10— 14 : . 1

100 103 106 103 104 o \103 106
Energy [GeV] v (GeV]



The Neutrino Sky as Seen by IceCube

All-sky neutrino point-source search with lceCube combined track and cascade data

Data: 14 years

1.64 x 106 track events 59.6 x 103 cascade events
Right Ascension a Right Ascension a
+75° +75°

Equatorial Coord. Equatorial Coord.

+60°

+60°
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8 +15° & +15°
- : -+
@ 24h JOh @ 24h Oh
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Pre-trial significance / o Pre-trial significance / o

ApJ 995,11 (2025)



The Neutrino Sky as Seen by IceCube

All-sky neutrino point-source search with lceCube combined track and cascade data

Data: 14 years
1.64 x 106 track events
59.6 x 103 cascade events

+45°
+30°

(O /

o +15°/ 7

S i

= |

© 5.

& 24h '

(3] X\

g -15

-
~30°

—45°

ApJ 995,11 (2025)

Right Ascension a

+75 > te
o 1 x c
+60 | ‘ = Equatorial Coord. ) 5
‘ — < 22, K ~ - > O
, 2 | 20
- L S D
T O O
) DT
Z DL
- @
: ‘ 10h 2 |5
'.‘\"Ex: : "03: (D q>)
™ p S |25
‘\; L 8)%
- -} = 0
AN O o S
R N vOo O
o
—-60°
—75¢° | s
0.0 1.5 3.0 4.5

Pre-trial significance / o



Source list: sensitivity, discovery potential and upper limits
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Evidence for Neutrino Emission from X-ray Bright Active Galactic Nuclei

ApJL 1000,26 (2026)
Data: 13 year, Northern Sky, tracks
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Most significant spot in sky has

ns = 102 signal events, spectral index = 3.4
Local significance: 5.0 o

8% of scrambled data sets have a5 o
hotspot somewhere

Not significant in context of entire skymap.



Evidence for Neutrino Emission from X-ray Bright Active Galactic Nuclei

ApJL 1000,26 (2026) — log; (Procan)
Data: 13 year, Northern Sky, tracks I
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Evidence for Neutrino Emission from X-ray Bright Active Galactic Nuclei

R.A. Dec. s ’3’ - lOglo Plocal — loglo Pglobal
Northern Sky Survey Hottest Spot 40.69 0.02 1026 34 6.6 (5.00) 1.1(1.40)
110 gamma-ray sources
Most significant source NGC 1068 40.67 —0.01 102.2 34 6.6(5.00) 4.5 (4.00)
Binomial test 3 Sources 4.8 (4.20) 2.9(3.00)
Other sources in binomial excess PKS1424+240 216.76 23.80 96.3 3.6 4.1(3.80) -
TXS 05064056 77.36 5.69 49 19 3.4(3.30) -
47 X-ray bright AGN
Most significant source NGC 7469 345.82  8.87 55 1.9 4.1(3.80) 2.1(2.40)
Binomial test 11 Sources 4.8 (4.20) 3.3(3.30)
Other sources in binomial excess NGC4151" 182.64 39.41 27.6 2.7 29(3.10) -
CGCG420-015* 7336  4.06 353 2.7 2.4(2.70) -
Cygnus A* 299.87 40.73 34 16  2.2(2.50) -
LEDA 166445 42.68 54.70 57.1 44 1.8(2.10) -
NGC4992 197.27 11.63 27.3 2.9 1.6(2.00) -
NGC1194" 45.95 —1.10 432 44 1.5(1.80) -
Mrk 1498 247.02 51.78 399 3.6 1.4(1.70) -
MCG +4-48-2"  307.15 25.73 36.7 3.2 1.4(1.70) -
NGC 3079 150.49 55.68 33.8 3.6 1.3(1.70) -
Mrk 417 162.38  22.96 44 2.0 1.3(1.60) -




There is a cosmic neutrino flux at high energies.

Active Galactic Nuclei, specifically Seyfert type galxies, are
leading candidates to be neutrino sources at TeV energies.

- evidence for neutrinos from nearby Seyfert galaxy NGC 1068 (4 sigma level)
- follow-up study of X-ray bright AGN, inspired by this observation and theroretical work
suggests that these sources form a population of neutrino sources (3.3 sigma)
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lceCube Skymap of neutrinos optimized for the search for extended sources.

Number of events: 59,592

Cosmic rays: 6% , R
Atmospheric neutrinos: 87% o , Northern Sky
Astrophysical neutrinos: 7% ° g .
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Neutrinos from the Milky Way ‘
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ht Karle, UW-Madison Credit: Yuya Makino, IceCube/NSF
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y. Optical
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eROSITA All-Sky Survey i
Planck 143 GHz > - Fermi-LAT 1-100 GeV

IceCube Collaboration, Science (2023)

The IceCube Observatory detects the Milky Way in 2023. In , the Galactic
Plane is not much brighter than the extragalactic background, as it is in

Neutrino flux in Milky Way less than average in the Universe by an
order of magnitude.
The “I\/Iilky Way as neutrino desert” Halzen, Gallagher, Fang, Nature Astronomy, 2023



2026: High-energy neutrino emission from the Milky Way

arXiv:2607.25966
5.7 o Observation of the Galactic Plane

Larger sample combining: AL Shove FomiUAT A i ' 300
- Cascades (showers) ’ 200
- Starting Tracks (S Sky) | G L 100
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-100
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eROSITA All-Sky Survey i
Planck 143 GHz > - Fermi-LAT 1-100 GeV

IceCube Collaboration, Science (2023)

The IceCube Observatory detects the Milky Way in 2023. In , the Galactic
Plane is not much brighter than the extragalactic background, as it is in

Neutrino flux in Milky Way less than average in the Universe by an
order of magnitude.
The “Mllky Way as neutrino desert” Halzen, Gallagher, Fang, Nature Astronomy, 2023



2026: Joint Characterization of Galactic and Extragalactic Neutrino Fluxes

Presented last week at TeVPA . . . . .
Analysis of the isotropic extragalactic neutrino

SPL 4 Segmented (with GP) flux (“diffuse flux") relies on simulation (No on-
—— BPL <~ Segmented (no GP) TIT
. — 5 7% oh source, off-source possibility).
L f Additional presence of GP neutrinos now
T Extragalactic accounted for in first joint GP-diffuse analysis
z 1078 4 —
) : L — 20.0
5 D26 O Bestfit (68%, 95%)
“_Eo Galactic N\ ,\:,"’ 4 Wep =0 (68%, 95%) [ 173
83 i - 15.0
© N E | SSTEEEE
W 1079 - T T oo - 12.5
o g
IceCube Preliminary \ ép 2.0 4 10.0 5
LI R R R N | LR AR R | LR LR R | L R | LR R | LRI B RRLL '_I‘ 7.5 (?
102 103 104 105 106 107 108 S 18-
E, / GeV N \——:: 5.0
. . . 2 1.6 e 25
Break in power-law, reported previously in i IceCube Preliminary |
PRL 136, 121002 (2026), observed at > 5 ¢ L S P S S S,
preference over single power-law yBPL

https://indico-icehap.phys.s.chiba-u.ac.ip/event/3/contributions/426/attachments/300/581/TeVPA2026 pfuerst.pdf




A History of Neutrino Astronomy IcECUBE
in Antarctica

-
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1988 2000 2001 2011 2013 2018 2021 2022 2023
Telesccze in the AMKI DA Atmos_pheric Iceabe Astrop_hysical Firstg)u rce Gla;ow Second_Source Third;)urce
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Detected Discovered Identified Neutrino Identified Identified
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New developments

IceCube Upgrade
optimized for low energy
5 new strings in operation;
IceCube-Gen2

— > next tfalk

Albrecht Karle, UW-Madison



Summary

Neutrinos have become an important messenger from the High Energy
Universe.

There is a cosmic neutrino flux from TeV to beyond 10 PeV

NGC 1060 Active Galaxy with a supermassive black hole. Population of x-ray
bright sources.

Neutrinos from the Milky Way now at 5.7 sigma. Can now start to make more
precise measurements of spectrum and topology.

There are many more things IceCube can do which I leave out today.

Neutrino astronomy has just started. There is much more to do in the future.



From the South Pole
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