IceCube: the First Decade of Neutrino Astronomy
francis halzen

lceCube revealed:

 the large diffuse flux of ©° gamma rays accompanying

high energy neutrinos are not seen by Fermi: they appear
at MeV energies, or below

« a Galactic neutrino flux that is an order of magnitude
smaller than the flux in a typical galaxy contributing to the
— extragalactic diffuse flux: what is missing in our Galaxy?

\/  first sources: neutrinos are produced in the dense cores of
active galaxies

IceCube.wisc.edu



energy in the Universe as a function of the color of light

Thermal o Nuclear fusion . = Accretion, acceleration, decay
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in the extreme universe neutrinos are unique astronomical messengers
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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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lceCube Array at 60 MHz ground-penetrating radar
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lceCube construction

(new upgrade 2025)

IceCube Lab
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« 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



0 msec movie of
lceCube taking data

(3000 per second)

-atmospheric neutrinos ~ 10°

(1 every 5 minutes)

« COSMIC neutrinos ~ 200




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]

6 4 IceCube tracks, Aartsen et al., ApJ, 2022
107° - HH IceCube showers, Aartsen et al., PRL, 2020
#1  lceCube Glashow, Aartsen et al., Nature, 2021
10~7 - ® = dN/dE ~ E=2°
| —— -
. vl
10_8 = v
- A —:— :
ect il l . Glashow |
10-9 _: e fC fon aﬂ au —z— _=_ event
; neutrinos (showers)
. muon neutrinos through
10777 - Earth (tracks)
103 104 10° 10° 10/ 108

E [GeV]



== — =AY
= pﬂbﬂh«”«'.u‘i ‘
L XN TN N
..|Il¢l”ab“b§‘>‘
= = =iwv,p WAV

most probable energy: 9 PeV

topology: track

<
-
&
-
-
-
g
3
=
g
kel




E2x ® [GeVstsr—icm2]
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« oscillations of PeV neutrinos over cosmic distances to 1:1:1

* high energy (> PeV) nutau neutrinos are of cosmic origin
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two surprises:
* COSMIC neutrinos sources originate in a target from
which gamma rays do not escape

« powerful accelerators produce neutrinos in other
galaxies that do not exist in our own



Thermal 5. Nuclear fusion LA Accretion, acceleration, decay

€ » neutrinos
COB
\ CIB : - CZ mpc2

 Fermi does
not detect the
gamma rays of
70 origin

~

» they lose
energy in the
dense target that
produces the
neutrinos
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In the extreme universe the energy in neutrinos is larger than
the energy in gamma rays observed by Fermi
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gamma rays from
neutral pions are
not seen by
Fermi: they lose
energy in the
sources (not just
In the EBL)
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typical neutrino
sources
contributing to
the diffuse flux
are opague to
gamma rays

or

pionic gamma
rays
accompanying
neutrinos appear
at MeV energies
or below
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https://arxiv.org/abs/2205.03740

global analysis of the spectral shape of astrophysical neutrinos
(more than a million neutrinos)
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https://arxiv.org/abs/2308.00191

v and y beams : heaven and earth where are the gamma
rays from 7t° ?

pionic gamma rays

are absorbed in the

target that produces
the neutrinos
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IceCube: the First Decade of Neutrino Astronomy
francis halzen

IlceCube revealed:

 a diffuse extragalactic neutrino flux from gamma-ray
obscured sources: gamma rays accompanying high
energy neutrinos appear at MeV energies, or below

« a Galactic neutrino flux that is an order of magnitude
smaller than the flux in a typical galaxy contributing to the
extragalactic diffuse flux: what is missing?

 first sources: neutrinos are produced in the dense cores of
active galaxies

IceCube.wisc.edu



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
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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
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https://arxiv.org/abs/2306.17275

IceCube: the First Decade of Neutrino Astronomy
francis halzen

IlceCube revealed:

 a diffuse extragalactic neutrino flux from gamma-ray
obscured sources: gamma rays accompanying high
energy neutrinos appear at MeV energies, or below

« a Galactic neutrino flux that is an order of magnitude
smaller than the flux in a typical galaxy contributing to the
extragalactic diffuse flux: what is missing?

« first sources: neutrinos are produced in the dense cores of
active galaxies

IceCube.wisc.edu



| essons from the diffuse cosmic neutrino flux:

* neutrino sources originate in a target from which
gamma rays do not escape

« powerful accelerators operate produce neutrinos
In other galaxies that do not exist in our own

—> dense cores of active galaxies with the
central supermassive black hole
cannibalizing Its own galaxy



one year of lceCube neutrinos >100 GeV

(reaches neutrino purity of 97% but overwhelmingly atmospheric)

Jitrino candidates in one year



Background + Signal
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Background + Signal
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Interesting fluctuations or neutrino sources?

- crash program to upgrade the performance of lceCube

* improved detector geometry kR | — SPE Tomplate
» each photomultiplier calibrated individually OTIR A | | Evont dataset
* iImproved characterization of the optics of the ice M| E o\ LEELIRE povoy
- improved muon angular resolution and . - Y
energy reconstruction using machine learning o P NP ontamination: 7 2%

* point spread function consistent with simulation or, Py ~\

we were partially blind : w0101 e
. 28 0288 = 0,00 P2

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

: 0.0 05 10 15 20 25
data unblinded, result ... Charge [PE]




* point spread function consistent with simulation
* insensitive to systematics

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

Hard Spectrum (Y=2.0)
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muon direction

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

2 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 2 |
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Virtual Collaboration Meeting, 2020-09-22



NGC 1068 is also the hottest spot in the new

Declination
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lceCube neutrino map
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is the hot spot coincident with one of the 110 preselected sources?

== loglt) (plo('al )
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* NGC 1068
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NGC 1068
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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]



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

;f = S associated with the accretion disk,
SRS in the infall onto the black hole,...

 target: the neutrinos are produced
In the optically thick core with a

[gh depsity of gammas (corona

X-rays) and dense clouds of

(protons)




v and y beams : protons on target ptTty->n +@
~ cOosmic ray + neutrino

« optical depth T = cross section x target density

1 L,
Tpy ™ Opry Llpy ™~ Opy R ]

K,

o target

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

p+y > p+Hzd)

 directional :
t beam ~ COSmiC ray + gamma

magnetic ’ ! Tfy,-), ~ 103 Tprr

fields




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

X-RAY EMISSION

; é fb\q 1 Lx

Tpy ™~ Opy R Ex

/ ACCRETION DISK 43 _1
(INFALLING MATERIAL)
CORONA LX il 10 eI'gS
BLACK HOLE
corona : To. ~ 0.1 = 7o. ~ 10?2 — obscured

128 vy

large Ny : 7,p ~ 1 — 1 ~ 100 TeV neutrinos

neutrinos must originate within 10~102 Schwarzschild radii from the BH



Declination

24h

sub-leading sources: binomial analysis
also the 3 top sources

......

S —

..........
.............................
.....

TXS 0506+O%6

12h
Right Ascension

_ loglo (plocal)

NGC 1068

Oh

now 3.4 p-value



Optical Observations Reveal Strong Evidence for High Energy Neutrino Progenitor

V.M. Lipunovl'z, V.G. Kornilov ', K. Zhirkov', E. Gorbovskoy"j, N.M. Budnev”, D.A.H.Buckley3, R.
Rebolo’. M. Serra-Ricart’, R. Podesta™®, N Tyurina * 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‘z, E Minkina
V B.Petkov ’, S.ISvertilov*® . 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, TXS O 5 O 6+O 5 6 d ete Ct i ons

INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR, .
VERITAS, and VLA/17B-403 teams*t * multimessenger

RESEARCH ARTICLE e |ceCube archival data

* observation optical flash

NEUTRINO ASTROPHYSICS

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

IceCube Collaboration*{



X-ray vs neutrino flux

hint from NGC 1068

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 ?

1(

Ll lllllll Ll lllllll Ll lllllll Ll lllllll

ranul

)IT_Fr—rnﬁn]—r—nﬂrrq—r—r-nﬁn]—r—nwmq—r—rnmm
- P NGC 1068 o’
- NGC 4151
O A NGC 3079
E 4 CGCG 420-015
i TXS 05064056
15
E GB6 J1542+6129
M E
"j )
43 L o
)1'.3.__ d
)ll 1 llllllll ')l lllllld - 11 lllllll 1 lllllld - 1 llllllll ,. LU LLLLY
10+ 0% 10 10* 110%™ 10™

L,, (erg g

(Emma Kun et al., Neronov et al.)
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more 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-
excntatlon nuclear ems51on lines superposed_ on a normal G-type spectrum. All the strqnge

es like NGC 7027 appear in the spectra of thet

1rals observed NGC 1068 and NGC 4151

two brightest active
galaxies discovered
by Seyfert in 1943



multimessenger astronomy with X-ray sources
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- 2022 Evidence for Neutrino Emission from NGC 1068
Binomial analysis TXS 05060 and PKS 1420

The emergence of a new class of sources: high X-ray active galaxies

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

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

- 2024 Starting event search for Seyfert galaxies
TeVPA 2024
Circinus (not cenA)

- 2024 Binomial excess from 12 X-ray bright non-jetted AGN (update)
TeVVPA 2024



Binomial Test

+75° ——— IceCube Preliminary

© //// ] g e S OO B
5 '« NGC 1068 (excluded) a»g S . AT
5 107 - © £+25°, . v 3 . :
@ : < 8 / MCG+§'48"2'""""'j,"::.""]\'lé‘c'ﬁ'gg’z"Mékle’-;'"-“""""i """
< —— Bkg Expectation g Do N,gc,,7_4,69 ,,,,,,,, ol A S G T e R AT S L
0 10744 e Observation Y 24h 12h NGC1184 g
- . Q. Right Ascension
= bhe Max deviation W
> g ! _ TR
= ' 0 2 4 6
8 = —|0910 (plocal)
s . . . .
- A==+« Binomial Test: Probability of finding
e a signal from 47 AGNs too weak to
£ be identified individually
Q.

| e Result: 3.30 excess for 11 sources

47 (excluding NGC1068)

N Sources



+75° - lceCube Preliminary

- +50°

O 7

= CygnusA

0 4250
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8 CG+4 48- 2 ------------------------ . Oa .

™ CGCG420 015 ,, .

ah N.G.C__7.4_6_9 __________________________________________________________________ O NGC1068

24 12h NGCLI%4 on

Right Ascension

2 alerts! B
0 2 4 6
—|091o (plocal)

binomial test of X-ray bright (non-jetted) active galaxies






2017 paper

+75%

2019 paper

+75"

24h

4 Z Equatdrial Coord.

Ap) 846 (2017) 136 7> - Ap) 886 (2019) 12 o
[ T .
0.0 0.5 1.0 1.5

20 25 30 35 40
Pre-trial significance / o

0.0 0.5 1.0 5 2.0 2.5 3.0 3.5 4.0

Pre-trial significance / o
2 years of data

7 years of data
Galactic Plane p-value: 65%

Galactic Plane p-value: 2.1% (20)

Declination &6
N
B
=

. Deep learning improved resolution
by ~2, sensitivity ~3

10 years of data

Galactic Plane p-value: 0.0004% (4.50)

Right Ascension a

Science 380 (2023) 1338

0.0 0.5 1.0 1.5 20 25 3.0 35 4.0
Pre-trial sianificance / o

Courtesy Naoko Kurahashi Neilson (ICRC 2023) 13/32



y. Optical

v Predicted m° Northern Sky Northern Sky

Southern Sky Southern Sky

v Analysis Expectation

Typlcal Event Uncertalntp -

Galactic Coord.

Pre-Trial Significance (n-0)

the Galactic flux is only at the 10% level of the total flux at 30 TeV !



Galactic flux dominated
by hadronic sources

Excluding pulsars, PWNe, TeV halos

IceCube (7
Tibet ASy (v)
LHAASO (v)
Fermi-LAT (v)

i

T

E, |GeV]

it

T




Galactic sources?

neutrino flux(red) calculated
from HAWC and LHAASO data
is compared to the IceCube
upper limit(orange)

— no observation

—> a few sources constained =2

we need better neutrino
sensitivity

== == |ceCube sensitivity
== |ceCube 50 disc.
*  Predicted hadronic flux

—13
10 IceCube 90% flux limits
T (b) r=3
(7}
o
|
~14
E 10
T
>
[}
=
> _
|;° 10 15
3
S \\
x
1016 - D ¢ >
"_A\"'—s.'”*"t SR
= * v

075 -050 025 000 025 050 0X5
sin(6)

LHAASO name | TeV counterpart | Index / « B Energy range | Extension | ¢go% | @predicted | Constraints | Refs
[TeV] [deg.]
J1849—-0003 HESSJ1849—-000 1.99 — 0.4 — 100 0.09 0.85 0.90 [a]
J0534+2202 Crab Nebula. 3.12 — 10 — 1600 0.00 0.70 1.2 [b]
2.79 0.1 1—-177 0.00 1.0 1.2 [c]
J2226+6057 SNR G106.3+02.7 3.01 — 20 — 500 0.36 0.60 1.3 [d]
1.56 0.88 20 — 500 0.36 2.1 1.3 [d]

Table 3. Table of TeV spectral parameters and the corresponding hadronic constraints, neutrino upper limits, and expected
3 = g - \ S e s ANy, 4v;
neutrino fluxes at 50 TeV. The parameter ¢goy represents the neutrino 90% C.I. flux limits parameterized as %"— =

o 74
o iy Bilop e —16 m = == = m ! . . . 3 .
D90 (ﬁ‘:) a=flog 5016y % 10716 TeV ! ecm ™2 s™!. The parameter ¢predicted is the predicted neutrino flux with the assumption
of y-ray s are entirely hadronic. Hadronic constraints correspond to the ratio ¢goy/@predictea at 50 TeV calculated with fixed
spectral parameters. The TeV spectral and morphology information (columns 3 — 6) is taken from [a] Huang & Li (2021), [b]
Cao et al. (2021b), [c] Abeysekara et al. (2019b), and [d] Cao et al. (2021a).



neutrino astronomy 2025
* It exists

e more neutrinos, better
neutrinos, more telescopes

« closing in on cosmic ray
sources a century after
their discovery?

 Galactic sources?

icecube.wisc.edu
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Event 132379/15947448-2

IceCube Preliminary

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

Duration 22596.0 ns
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lceCube’s Highest Energy Event:

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

0.2
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016F - SPL 1o range: [ 8.97, 14.14 ] PeV
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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

E2x ® [GeVstsr—icm2]

6 4 IceCube tracks, Aartsen et al., ApJ, 2022
107° - HH IceCube showers, Aartsen et al., PRL, 2020
#1  lceCube Glashow, Aartsen et al., Nature, 2021
10~7 - ® = dN/dE ~ E=2°
| —— -
. vl
10_8 = v
- A —:— :
ect il l . Glashow |
10-9 _: e fC fon aﬂ au —z— _=_ event
; neutrinos (showers)
. muon neutrinos through
10777 - Earth (tracks)
103 104 10° 10° 10/ 108

E [GeV]



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

R : Combined nu:nubar=1:1
0.175 F [ Glashow Resonance
1 Charged and Neutral Current

0.100 F lceCube Preliminary

0.075
E, =6.3310:43 PeV

= ,

© 0.050 F
DS

>

]

0.025 F

0.000 .

4 4.5 5 D0 6 6.5
Neutrino Energy [PeV]

g = M}, /[2m,]

= 6.32 PeV

(5 8



energy density in the Universe as a function of frequency

Thermal Nuclear fusion Accretion, acceleration, decay

» neutrinos

COB

m,.c mpc

* Fermi does
not observe the
gamma rays of
n¥ origin

7 1 w7 w° [1® * thesources are
YYcoB YYcmB PYcmB y_ ray 0 bSC u re d

10° 10 10 10 10 10 102 102 10%

v [Hz]

INn the extreme universe the energy in neutrinos is larger than
the energy in gamma rays observed by Fermi



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



optical flashes may
originate from
magnetohydrodynamical
instabilities triggered
by processes
modulated by the
magnetic field of the
accretion disk

15

*“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”

(R
o
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SNR-dF/dt [10M erg-sm™?-s7!- h1]
|

0_

b

MASTER vs IceCube

IC86b
SNR= 3.5

SNR=1.2

SNR=50

IceCubel70922A
SNR=2
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2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

years
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IC40 IC59 IC86a

oo JeceCube-170922A
Gaussian Analysis
Box-shaped Analysis

v L] # L
2009 2010 2011 2012 2013 2014 2015 2016 2017

IC-170922A
PKS B1424-418 ("Big Bird") TXS 05064056 (IC-170922A) + Fermi-LAT > 300 Mev

I I I

- -

x 107 cm™ 5'1)

o : 1 }
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2411.14598 [astro-ph.HE]

TXS Is an obscured source in 2014 and, possibly, also in 2017 2411.17632 [astro-ph.HE]



https://arxiv.org/abs/2411.14598
https://arxiv.org/abs/2411.17632

MASTER observations of TXS 05064035 MASTER observations of TXS 0506+03

MASTER

robotic network

optical observations
TXS 0506+056
since 2005 B
blue panels: : pmou o e S
expanded time axis [JEENEEN 1)
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seconds after || seconds after
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time variation of flux
times
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variability of the
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neutrino emission
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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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density of target to produce neutrinos
and absorb gamma rays from neutral pions?

@chwarzschild@om the black hole

p+y—at =ty

Neutrino Beams: Heaven and Earth

black hole
accretion disk

* hydrogen

clouds

directional
beam

magnetic
fields
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