Cosmic Neutrinos in Louvain-la-Neuve
francis halzen

ANTARES, Baikal GVD, IceCube
the diffuse high-energy neutrino flux
observation of the first sources

multimessenger astronomy: plan B

lceCube.wisc.edu
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neutrino near IceCube

muon produced by
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electron and tau neutrinos (showers) E2dN/dE ~ E-2°
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update: multi-year cascade (ve+vr) analysis
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update: multi-year starting v, track analysis

107°
—— Single Power Law
+  Segmented Fit (y=2)
N lceCube Work in Progress

D

T’f: 1077
i
5]
O
X

s 1078
ﬁJ

10—9_

10% 10* 107 10° 107

Neutrino Energy [GeV]



Baikal-GVD

All-sky search for HE cascades arxiv:2211.09447

Additional selection requirements:
(Npi . =0, E, .. 270 TeV) or

(N i . =1, E(ec 2100 TeV)

N it . IS number of hits in time interval
where hits from muons are expected

Expected:

7.4 events from atm. muons

0.8 events from atm. neutrinos

5.8 events for Baikal-GVD best fit
E-2-°8 astrophysical flux

Found in real data: 16 events
Probability for the background-only

hypothesis (stat.+sys.)
P-value = 0.026 (2.22 5)

Energy distribution
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Search for upward moving events arxiv:2211.09447
Energy distribution
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Additional selection requirements:

E>15TeV & N, >11 & cos® < -0.25

10()

10"

Events per bin

Expected:
0.5 events from atm. muons 107
2.7 events from atm. neutrinos 168 ;
6.3 events for Baikal-GVD best fit E-2:58 B b, Gt R SR SIS Sk SN S8 S0

i log, (£, / TeV)
astrophysical flux Zenith distribution

Found in data: 11 events

Probability for the background-only
hypothesis (stat.+sys.)

P-value = 0.0024 (3.05c)
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ANTARES

Updated data sample @ ICRC2019: 2007-2015 (2450 days) = 2007-2018 (3330 days)
All-sky / All-flavor neutrino search
e Selection cuts optimized with MRF procedure (assumed spectral index T" = 2.5)
e Look for excess above a given Eth
e Combine track & shower samples

= 10° = 10°
) @ =
é - Data é s - Data
] - Atmospheric MC i3 & - Atmospheric MC
§ 10° == Cosmic signal § B - Cosmic signal
2 g 10F
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energy estimator Euy[a.u] log, (E_  /GeV)

Data: 50 events (27 tracks + 23 showers)
Background expectation (atm. flux, incl. prompt) :
36.1 &= 8.7 (19.9 tracks and 16.2 showers) — stat. + syst.

Results not really constraining... but fully compatible with lceCube



Combined (tracks+showers) likelihood fitting:

100 Tev = (1.5 £ 1.0) x 10718 GeV ' ecm 2571 sr!

Cosmic;:
= hemil) -

O lceCube combined all-sky (2015)
A IceCube muons North (2016)
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Results not really constraining... but fully compatible with lceCube




cosmic neutrinos: four independent observations
exceeding 5c

- muon neutrinos through the Earth
—> starting neutrinos: all flavors

-> tau neutrinos

- Glashow event




partially contained event with energy 6.3 PeV

resonant production of a weak
intermediate boson by an anti-
electron neutrino interacting with
an atomic electron
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* energy measurement understood
« shower consistent with the hadronic decay W
of a weak intermediate boson W

* identification of anti-electron neutrino

i {77 Combined nu:nubar=1:1 Ep = M{%V/pme]
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Thermal _ Nuclear fusion Accretion, acceleration, decay

COB

CUB Galactic CRs ™
CXB trapped in the N\
galactic B-field h

>
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in the extreme universe the energy in neutrinos is larger than
the energy in gamma rays



<+ Fermi IGRB 4+ IceCube Cascade 4yr
+ IceCube HESE 6yr
107°:
PL Inelasticity 5yr == PL v, 9.5 yr
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the neutrino sources are likely opaque to gamma rays



“we«do not see our own Galaxy, we see the Universe
Qur Gdldxy is a neu’rrino,deser‘r .

in the ex’rreme umverse more energy |s emr’r’red in
neutrinos ’rhon n gomm‘tirjr roys

neu’rrrnos ore produced |n obscured sources

R '.‘A

this was ’ro’rdlly unexpecred dnd repregn’rs a greoT
opportunity for a “new’ os’rronomy e,



® Data period: 2007-2020
® Events: tracks + showers, using existing diffuse neutrino selections
® Signal hypothesis: looking for signal in the region |¢| < 30° and |b| < 2° assuming a simple power-law

dN E Y
= g X ( ) in [GeV_1 cm~2s sl per flavor

dEdtd(2 40 TeV
. Best-fit: y =2.45, ¢,(40 TeV)=4.0e-16
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Neronov et al.

Likelihood analysis of Cygnus X region
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0.083 0.17 0.25 0.33 0.42 0.5 0.58 0.67 0.75 E, GeV

Source position is consistent with either HAWC or LHAASO extended source position.

Neutrino flux level is consistent with the y-ray flux of the extended Cocoon source.



High-Energy Cosmic Neutrinos
francis halzen

e observation of the first sources

lceCube.wisc.edu



one year of lceCube neutrinos >100 GeV

(reaches neutrino purity of 97% but overwhelmingly atmospheric

eutrino candidates in one year

~ 200 cosmic neutrinos
~12 separated from atmospheric background with E>60 TeV



» Background » Signal » Background + Signal
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evidence for non-uniform sky map in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates
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Name Class ;”[de”i —5 [zl”ew]“”” y S S (O PKS BI130+008  BLL 17320 058 158 4.0 096 44

g g s 0 ©10{Plocal) _$90% Mkn 421 BLL 16612 3821 21 1.9 0.38 5.3

PKS 2320-035 FSRQ  350.88 -320 4.8 3.6 0.45 33 4C 40128 BIL 16461 156 00 29 026 o1

3C 454.3 FSRQ 34350  16.15 54 2.2 0.62 5.1 1H 1013498 BLL  153.77 4943 00 2.6 0.29 45

TXS 2241-+406 FSRQ  341.06 40.96 3.8 3.8 0.42 5.6 AC 455,17 FSRQ 14042 5538 119 33 102 106

RGB J2243+203 BLL 340.99  20.36 0.0 3.0 0.33 3.1 M 82 SBG  148.95 69.67 0.0 2.6 0.36 8.8

CTA 102 FSRQ 338.15 11.73 0.0 2.7 0.30 2.8 PMN J0048+0022 AGN 14724 037 9.3 4.0 0.76 3.9

BL Lac BLL  330.69 4228 0.0 2.7 0.31 4.9 0J 287 BLL 13371 20.12 00 26 0.32 3.5

0X 169 FSRQ 325.89 17.73 2.0 1.7 0.69 5.1 PKS 08294046 BLL  127.97  4.49 0 0 2 9 0.28 2.1

B2 2114+33 BLL 319.06  33.66 0.0 0.30 S4 0814442 BLL 124.56 49 3‘4 0.30 4.9

5 4 0 2 0OJ 0, 122.87 16 1 4.4

avoid >10°trials =2 éa rch 1 ‘BO preselected source can dasd ates

Gamma Cygni GAL 305.56 40.26 7.4 o -

MGRO J2019437  GAL 30485 36.80 0.0 0 33 4 o Pfl‘g e F%If{% R o I

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 19594650 BLL 300.01 65.15 12.6 3.3 0.77 12.3 1ES 06474250 BLL 102.70  25.06 0.0 2.9 0.27 3.0
1IRXS J194246.3+1 BLL 29570 1056 0.0 2.7 0.33 2.6 B3 0609+413 BLL 0322 4137 18 17
RX J1931.1+0937 BLL 29278 9.63 00 29 0.29 2.8 Crab nebula GAL  83.63 2201 1.1 22
NVSS J190836-012 UNIDB  287.20 -1.53 0.0 2.9 0.22 2.3 0G +050 FSRQ 8318 755 0.0 32
MGRO J1908+06 GAL 287.17  6.18 4.2 20 1.42 5.7 TXS 05184211 BLL 8044 2121 157 338
TXS 19024556 BLL  285.80 55.68 11.7 4.0 0.85 9.9 TXS 0506+056  BLL  77.35 570 123 2.1
HESS J18574026  GAL 28430 267 74 3. 0.53 3.5 B s s SR A VA
GRS 1285.0 UNIDB  283.15  0.69 1.7 38 0.27 2.3 PICS 0440-00 FSR% 0,66 :(1):29 76 39
HESS J1852-000 GAL  283.00 0.00 33 37 0.38 2.6 MG2 J0433374.2905 BLL 6841 2910 00 27
HESS J1849-000 GAL 28226 -0.02 0.0 3.0 2.2 PKS 0422400 BLL 6619 060 00 29
HESS J1843-033 GAL 280.75 -3.30 0.0 2.8 2.5 PKS 0420-01 FSRQ 65.83 -1.33 93 4.0
OT 081 BLL 267.87  9.65 122 3.2 4.8 PKS 0336-01 FSRQ 54.88 -1.77 155 4.0
S4 1749470 BLL  267.15 70.10 0.0 2.5 8.0 NGC 1275 AGN  49.96 4151 3.6 3.1
1H 17204117 BLL  261.27 11.88 0.0 2.7 3.2 NGC 1068 SBG 40.67 -0.01 50.4 3.2
PKS 17174177 BLL 259.81 17.75 19.8 3.6 7.3 PKS 0235+164 BLL 39.67  16.62 0.0 3.0
Mkn 501 BLL 253.47  39.76  10.3 4.0 7.3 4C +28.07 FSRQ  39.48 2880 00 28
4C +38.41 FSRQ 24882 3814 42 23 7.0 B23(g1686+A3"7 F%Ié% S
PG 15534113 BLL 23893 11.19 0.0 238 3.2 PKS 02154815 FSRG :3'246 1°~74 00 39
GB6 J1542+6129 BLL  235.75 61.50 29.7 3.0 22.0 MC1 021114501051 BLL. 3281 1086 16 17
B2 1520+31 FSRQ 23055 3174 7.1 24 7.3 TXS 01414968 BIL 2615 2709 00 25
PKS 1502-+036 AGN 22626 344 0.0 2.7 2.9 B3 01334388 BLL 2414 39010 00 26
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 1441425 FSRQ 22099 2503 75 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 00 3.0
NVSS J141826-023 BLL 21461 -256 0.0 3.0 2.0 M 31 SBG  10.82 41.24 11.0 4.0
B3 1343+451 FSRQ  206.40 44.88 0.0 28 5.0 PKS 0019+058 BLL  5.64 614 00 29
S4 1250+53 BLL 193.31  53.02 22 25 5.9 PKS 2233-148 BLL 330.14 -1456 53 238
PG 12464586 BLL 192.08 5834 00 28 6.4 HESS J1841-055 ~ GAL  280.23 -555 3.6 4.0
MG1 J1239314+0443 FSRQ  189.89  4.73 0.0 26 2.4 HESS J1837-069 GAL 27943 693 00 28
M 87 AGN 187.71 12.39 0.0 2.8 3.1 PKS 1510-089 FSRQ 228.21 -9.10 0.1 1.7
ON 246 BLL  187.56 2530 09 1.7 4.2 PKS 1329049 FSRQ - 203.02-5.16 6.1 2.7
3C 273 FSRQ 187.27 204 0.0 3.0 1.9 Ng*cc 247994') FSS?R% igigg '_459;197 82 32

4C 4+21.35 FSRQ 18623 21.38 0.0 26 3.5 PKS 0805.07 FSRG 12207 786 00 27 ._

W Comae BLL 18538 2824 00 3.0 : 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 41.1

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 14.1

B2 1215+30 BLL 184.48 30.12 186 3.4 1.09 8.5 PKS 0048-09 BLL 1268 -9.49 39 33 0.87 10.0

Ton 599 FSRQ  179.88 2924 0.0 22 0.29 4.5 NGC 253 SBG  11.90 -2529 3.0 4.0 0.75 37.7




PF AT E WA eSS S NP W N

Name Class a[deg] 6 [deg] s ¥ -logio(Plocal)  $90%
PKS 2320-035 FSRQ  350.88  -3.29 48 3.6 0.45 3.3
3C 454.3 FSRQ 34350 16.15 54 2.2 0.62 5.1
TXS 2241+406 FSRQ 341.06 40.96 3.8 3.8 0.42 5.6
RGB J2243+4-203 BLL 340.99 2036 0.0 3.0 0.33 3.1
CTA 109 FQRN  22% 15 1172 AN 97 nan 28
BL1L
OX 1
B2 211-
PKS, 20:
2H\év

Gamma,
MGRO J2
MG2 J2015
MG4 J2001
1ES 195!
1RXS J194
RX J1931.
NVSS J19(
MGRO J1
TXS 190
HESS J18
GRS 1%
HESS J1¢
HESS J1¢
HESS J1¢
OT C

S4 174¢

1H 172C
PKS 171
Mkn .

4C +3

PG 155:
GB6 J154
B2 152
PKS 150
PKS 150
PKS 14
PKS 142
NVSS J14:
B3 1343
S4 125(
PG 124¢
MG1 J123¢
M &

ON 2

3C 2

4C +2

W Cor

Based on 4% Fermi catalog of gamma-

PKS B1130+008
Mkn 421
4C +01.28
1H 1013+498
4C +55.17
M 82

DNMN TNOAQ 1 NNDHD

ray sources: 4FGL-2DR

Selected a priori based on gamma-ray

BLL
BLL
BLL
BLL

FSRQ
SBG

ACINT

173.20
166.12
164.61
153.77
149.42
148.95

1A7 94

0.58
38.21
1.56
49.43
55.38
69.67

n a7

15.8
2.1
0.0
0.0
11.9
0.0

a9

4.0
1.9
2.9
2.6
3.3
2.6

AN

brightness and lceCube sensitivity at

object’s declination

95 are blazars

14 are AGN / other galaxies
1 Galactic source (MG

PG 12184304 BLL
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NGC 1068: an obscured cosmic accelerator

(1) Y. Inoue et al.,
ApdL’20

Fermi-LAT
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(2) K. Murase et al., PRL’'20
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neutrino production in obscured cores of active galaxies

» electrons and protons are accelerated
in the high field regions associated
with the black hole and the accretion disk
. « produce neutrinos in the optically thick corona

Comptonized X rays

A\ optical/lUV
VIR
x"{"f”\
y

B accretion § -
disk p—
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Accretion disk

Image credit: NASA/JPL-Caltech



the radiatively obscured core of an active galaxy: opaque to y-rays

— X-ray Emission

X-rays Reflected
off Disk

Accretion Disk
(infalling material)

Corona

Black Hole

[PS: the neutrinos are not produced by star formation
because they are not accompanied by gamma rays]



NEUTRINO BEAMS ' the py efficiency dilemma

« efficiency for producing the neutrinos in the
photon target:

Rp~ Rescape ~R

Apy
 likelihood of the multimessenger photons to
be absorbed in target

Y

Tpy =

escape Op~ Ilphotons

o target
Tyy = Rtarget O~~ llphotons

- therefore, with Rescape ~ Rtarget

o
vy
Tyy ~ — Tpy ~ 300 7y

: Opy
1 directional _
' beam —> do not expect high energy gamma
D, e* i rays to accompany cosmic neutrinos
magnetic ]
fields

—> blazar jets are out



neutrinos produced in the gamma-ray obscured core of NGC 1068
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the cocoon absorbs the protons to produce neutrinos

by dimensional analysis:

PR O e B

| ~ 3007,

NGC 1068:
Ex =1keV; Lx ~ 10 ergs tand M = 10" Mayn

absorption region for the case of pp) is\10 ~100 Schwarzschild radii!

M
R, = [2GM]/c? = 3 x 10°cm [M ] ~0.1R
ArGM M
EES G B (38 T ey ~ 102 Ly

gT St ]



interesting fluctuations or neutrino sources?

improved detector geometry and calibration (each PMT calibrated individually)

improved muon angular resolution and energy reconstruction

 DNN (energy) and BDT (pointing) reconstruction
« point spread function consistent with simulation
* insensitive to systematics

« improved characterization of the optics of the ice

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



pointing with neutrinos:

relative probability [a.u.]
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++=+_ £ 2 T solid lines: spatial model
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directional distributions:
* better modeling of the directional distribution of neutrinos

* consistent with full Monte-Carlo simulations of the detector



Declination

the new IceCube neutrino map
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the brightest location in full sky scan:
astrophysical neutrino events = 81
spectral index = 3.2

local significance 5.3

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

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

- 10%10 (ploca1>

1 3 5 7
B
e NGC 1068
[ TS g T~
£ 0 - -0.
1 3 ) (] g y
—1og10(Procal) = 4 40.67
o ,
| Grid 0.03"% 0.03°
at the NGC1068 location: -3 — T
, ) _ >at22
astrophysical neutrino events = 79 5 43 42 41 40 39 38
spectral index = 3.2 £ 0.2 Right Ascension [deg]

single source significance 5.2c

1in 100,000 scrambled data sets have object 2 5.2 0 = 4.2 o evidence



another look at the result

Declination [deg]
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[ Signal 1 Total
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1 3 ) 7
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* NGC 1068
Z
=
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43 42 41 40 39 38 T T i
Right Ascension [deg] 0 1 9 3 4
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measured astrophysical neutrino events = 79+22 ,,
the angular distribution of the events matches simulation
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search of a list of candidate sources
selected prior to the analysis

X 10—12 C
= 80 .
. NCC 1068 Spectral index v = 3.2
= 60 v
TO s 05O6+O5%KS 14244240

| + .
E 40 3 - _~ 5odiscovery
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0.0 0.2 0.4 0.6 0.8 NGC 1068

TXS 0506+056
PKS 1424+240



Source Name SourceType a[’] O[] #s %  —logioPocal Poo Source Name Source Type  a[°]  6[°] iy, 4 —logi Procal
NGC 1068 SBG/AGN 4067 -001 79 32 7.0(520) 96 PG 1218+304 BLL 18534 30.17 0 3.1 0.0(0.00)
. PKS 14244240 BLL 21676 2380 77 35 40(370) 114 W Comae BLL 18538 2824 0 43 0.0(0.00)
< atalo O'F 1 10 Ob eCtS TXS 0506+056 BLL/FSRQ 7736 570 5 20 36(350) 75 4C42135 FSRQ 18623 2138 0 43 0.0(0.00)
J PKS 0019+058 BLL 564 613 1 24 04(020) 26 3C273 FSRQ 18727 205 21 43 0.6(0.70)
1ES 00334595 (*) BLL 898 5983 0 43 00(000) 50 ON246 BLL 18756 2530 0 43 0.0(0.00)
M31 GAL 1082 4124 13 33 08(1.00) 62 M87 RDG 18771 1239 0 06 0.0(0.00)
4C+01.02 FSRQ 1717 158 0 43 00(000) 21 MITG 112393140443 FSRQ  189.89 473 0 43 0.0(0.00)
. . 520109+22 BLL 1803 2275 10 28 07(080) 48 PG 1246+586 BLL 19208 5834 0 43 0.0(0.00)
Blnomlal Te St B30133+388 BLL 2414 3910 0 43 00(0.00) 38 541250+53 BLL 19331 5302 0 43 0.0(0.00)
TXS 01414268 BLL 26.15 2709 0 43 00(000) 32 B3 1343+451 FSRQ 20639 4488 5 29 04(030)
MITG J021114+1051 BLL 3281 1086 0 43 00(000) 26 NGC 5380 (*) GAL 209.33 3750 4 24 09(1.20)
ne e ns renn St 7m0 390 02(000) 19 NVSS1141826-023336 BLL 21461 256 6 39 04(0.40)
0 8 43 04(020) 41 PKS 1441425 FSRQ 22099 2503 3 21 0.7(090)
10 - 43 00000) 39 TXS 14524516 () BLL 22362 5141 0 23 00(000)
29 03(000) 34 PKS 1502+106 FSRQ 22610 1050 1 18 0.5(0.50)
39 03(000) 28 PKS 1502+036 NLSYl 22627 345 0 43 00(0.00)
30 05050 5.1 B21520431 FSRQ  230.55 3174 35 43 10(130)
: 4303010 21 e BLL 276 6150 16 30 19020
-+ . . A . &0,
% ig gzgﬁgzggi i:g PG 1553+113 BLL 23893 1119 2 43 02(0.00)
& 9 43 00000) 21 4C+15.54 () BLL 24177 1584 0 43  0.0(0.00)
A 1072 1 : T e e
X . . .. LD 0,
— Sorted Candidates (Hee 7) i; g'g(g'g") ;3 PKS 17174177 BLL 25081 1775 34 43 10(120)
C’_‘S b o‘oﬁo'ogi 23 1H 1720+117 BLL 26127 1187 0 43 0.0(0.00)
—-== _Jo ( . ) =53 k=3 UL $41749+70 BLL 26716 70.10 0 43 0.0(0.00)
a gl() Pmin 9y 43 00000) 29 0T 081 BLL 26788 965 0 29 00(0.00)
(@] b3 o's(o'eg) 21 RXJ1754.143212 () BLL 268.55 3220 0 43 0.0(0.00)
= 38 04020) 26 551803+784 (*) BLL 270.17 7847 0 27 0.0(0.00)
o 10—4 . 43 06(070) 59 NVSS J184425+154646 (*) BLL 28112 1579 11 43 04(020)
m 21 11(40) 73 LQAC 284+003 (*) BCU 28448 322 12 25 20(Q30)
30 00000 67 TXS 1902+556 BLL 28581 5568 3 43 03(0.00)
38 07090) 55 MGRO J1908+06 UID 28691 632 2 18 14(1.70)
43 00000 32 RXJ1931.1+0937 BLL 29278 963 15 43 0.5(040)
L e e e e —_—_— ] bs 0000w 20 87GB 194024.3+102612 () BLL 29570 10.56 0 43 0.0(0.00)
b ocmon 66 1ES 1959+650 BLL 30001 6515 8 34 0.5(040)
I I I I ! ! 43 03(000) 26
43 03(0.10) 3.1
43 030lo) 21 MITG J200112+4352 BLL 30030 4389 3 43 03(0.00)
0 20 4:0 60 80 100 43 00(000) 43 7C2010+4619 (*) BLL 303.02 4649 4 25 0.7(090)
N f ;-g gg%-éd; ;g MITGJ201534+3710 |  FSRQ  303.89 37.18 19 3.6 0.7(0.90)
X .0 (0.00° : PKS 2032+107 FSRQ 30885 1094 0 43 0.0(0.00)
umber Ol sources 30 00(000) 22 B22114+33 BLL 319.06 3366 12 29 08(0.90)
04(030) 5.1 0X 169 FSRQ 32589 1773 4 43 03(0.00)
3 05(040) 37 BLLac BLL 330.69 4228 11 43 0.4(030)
S40917+44 (%) FSRQ 14023 4470 0 43 00(000) 41 CTA 102 FSRQ 33815 1173 0 43 0.0(0.00)
PMN J0948+0022 NLSY! 14724 037 6 43 03(0.10) 23 B22234428A (*) FSRQ  339.10 2848 8 32 04(030)
5BG 14895 69.67 0 43 0.0(0.00) 66 RGB 22434203 BLL 34099 2036 5 3.6 03(0.00)
b 14942 5538 9 31 06(0.60) 6.1 TXS 2241+406 FSRQ 341.06 4096 0 43 0.0(0.00)
N SCram e ata Sets ave 15377 4943 0 43 00(000) 4.1 34543 FSRQ 34350 1615 1 15 12(160)
1 15943 57.19 0 43 00(0.00) 48 B22308+34 () FSRQ 34777 3442 19 3.6 0.7(090)
16211 7173 45 43 13(1.60) 140

. o
16291 3289 0 43 00(000) 35

banl | “al test reSU|t _|Og10(pm|n) 2 5.3 16462 156 0 43 00(000) 21
16467 5646 8 43 04(030) 50

16612 3821 4 43 03(000) 37

. d 16856 663 22 3.1 09(120) 40

— 17207 5852 10 43 04(040) 57
3-7 o eviagence 17320 057 20 39 07(080) 3.0

17988 2924 2 43 02(000) 3.0
18448 3012 15 31 09(Llo) 57
18464 -133 0 37 00(000) 20




top 5 hot spots for 3 searches performed

TXS 0506+056

NGC 1068

NGC 1068
TXS 0506+056

‘ o [O] 5 [O] ,[Lns ,AY - logm (plocal)

NGC 4151

~=2.0

#1 76.93 1290 134 2.00 6.08
#2 976 750 49 2.00 5.04
#3 7137 557 62 200 4.88
#4 179.25 5244 55 2.00 4.87
#5 202.63 3389 7.1 2.00 4.74
~y =25

#1 40.65 0.09 36.8 250 5.84
#2 17791 2324 214 250 545
#3 10578 1.03 23.6 2.50 5.17
#4 18246 39.52 222 250 491
#5 180.16 42.21 26.0 2.50 4.86
Free «

#1 40.69 0.09 80.7 3.20 7.30
#2 297.27 2745 69.8 3.24 5.51
#3 7693 1290 11.2 1.8l 5.37
#4 180.20 42.19 47.8 3.03 4.80
#5 208.15 23.16 55.5 3.19 4.60

NUCLEAR EMISSION IN SPIRAL NEBULAE*

Care K. SEYFERTT 1 9 43

ABSTRACT

Spectrograms of dispersion 37-200 A/mm have been obtained of six extragalactic nebulae with hlgh

excitation nuclear emission lines superposed on a normal G-type spectrum. All the strq
es like NGC 7027 appear in the spectra of thelt

ne on 0 nad
spirals observed NGC 1068 and N GC 4151




How are neutrinos produced in non-jetted AGN?

We conclude that active galactic 1982

accelerating particles to cosmic R. Silberberg and M. M. Shapiro

galactic cosmic rays is likely t«c ) )

particular, in the Virgo supercl Laboratory for Cosmic Ray Physics
Naval Research Laboratory

NGC 4151 and NGC 1068 are likely Washington, D.C. 20375

TTocalT metagaliactic cosmic ra

S,

the ultra-high energy (E > 10t g eV) alr showers. The energy
density of photons in the immediate vicinity of a black hole may
be too high Blumentﬁal 19"{0) 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_gg}gctig'nucle;:w

November 3, 2022 Elisa Resconi | IceCube Collaboration 47 47



High-Energy Cosmic Neutrinos
francis halzen

* multimessenger astronomy: plan B

lceCube.wisc.edu



RESEARCH ARTICLE SUMMARY

NEUTRINO ASTROPHYSICS

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



Declination

RN
b
MAGCIC PSF

776° 77.2°
Right Ascension

MAGIC

detects em|S‘S|c1n 6f
> 100 GeV gammas

O = N W » 00 O N

MAGIC significance [o]

Py — ae

Declination

IceCube 1 70922
290 TeV

Ferm|

detects a flarlng
blazar Wlthln O 06°

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

78.4° 78.0° 77.6° 720

Right Ascension

76.8° 76.4°

—*l\)OJ-D-UlO)\lCD(.Oa

o

Fermi Counts > 1 GeV




MASTER robotic optical telescope network: after 73 seconds

Followjup detections of IC170922 based on public telegrams

|
i = 2 % 8

O —t ) = e\

U 7
IceCube Swift Fermi, ASAS-SN
September 22 September 26 September 28
M\ N\
=, —\/
SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 @ October 4 September 29
O O e cad
Kanata, NuSTAR VLA Subaru

October 12 October 17 October 25



I1C40 IC59 IC79 IC86a IC86b IC86¢

5 T
*+ IceCube-170922A A i F 4o
= Gaussian Analysis 1315 events \ .
SH : - s
o 34 Box-shaped Analysis [\ -
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100-day flare in 2014 < 30 560 B
. 2
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Right Ascension

no gamma ray flare!




global robotic network of
optical telescopes

connects TXS 0506+056

to IC170922A in the time

domain

‘“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”

Optical Observations Reveal Strong Evidence for High Energy Neutrino Progenitor

V.M. Lipunov ', V.G. Kornilov 2 K.Zhirkov', E. Gorbovskoy”, N.M. Budnev®, D.A H.Buckley’, R.
Rebolo’, M. Serra-Ricart”, R. Podesta”’, N .Tyurina ®>, O. Gress™*, Yu.Sergienko®, V. Yurkov®, A.

Gabovich® , P.Balanutsa®, I.Gorbunov®, D.Vlasenko"”, F.Balakin'*, V.Topolev', A .Pozdnyakov',

g

A Kuznetsov’, V.Vladimirov’, A. Chasovnikov', D. Kuvshinov'*, V.Grinshpun"?, E.Minkina "
V.B.Petkov ', S.LSvertilov>®, C.Lopez’, F. Podesta’, H.Levato'®, A. Tlatov''

g

B. Van Soelen'”, S. Razzaque'>, M. Béttcher"”
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multimessenger observations of TXS 0506 + 056
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Baikal-GVD

Upward-going cascade GVD210418CA

MJD = 59322.94855324

Energy E = 224 TeV (£30%)
Distance from central stringr =70 m
Zenith angle = 115°

RA=82.4° Dec=7.1°

Probability for the background-only
hypothesis (stat.+sys.)

P-value = 0.0033 (2.930)

Signalness: 97.1%




A high energy neutrino from the direction of TXS 0506+056

GVD210418CA (97% signalness) lies within Radio and gamma ray light curves of TXS 0506+056.
90% error circle from TXS 0506+056 1 N N .

8 —
¢ Fermi-LAT
| | « RATAN-600, 11 GHz

14

[AV)

X :
NALAR
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~ 8 Cascade 224 TeV 5
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Analysis of RATAN-600 radiotelescope data (11GHz) showed

increased activity
HE ®6 B B2 60 78 U4 W « IC event registered during y flare and radio activity

RA (°)
« Baikal-GVD event during radio activity
The chance probability for such an association « Probability of IC non-observation: 11%

to occur randomly due to the background is )
p = 0.0074 arXiv:2210.01650




[ IBEventHeader:
StartTime: 2022-09-18 12:46:05.322,758,760,8 UTC
EndTime : 2022-09-18 12:46:05.322,778,378,4 UTC
RunID : 137065 )

SubruniD : 0
EventID : 22012496

SubEventID : 0
SubEventStream : InlceSplit

]

1C220918
within 90% error circle of TXS 0506+056
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TXS 0506+056

two statistically independent observations above the > 3c level

it is also the second source in the all-sky search at 3.7c

 high-statistic association of IC170922 with optical variation in
time domain

« TXS 0506+056 within the error circle of IC220918 and the
highest energy event observed by Baikal-GVD

« supported by TeV gamma ray and by radio imaging of the core
(jet loses its tight collimation after 5 milliarcseconds)
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neutrino astronomy 2022

it exists

* more neutrinos, better
neutrinos, more telescopes

 closing in on cosmic ray
sources

&L,  [are active galaxies with

o obscured cores the
3 sources of cosmic rays?]

icecube.wisc.edu



overflow slides



Neutrinos? Perfect Messengers

electrlcally neutral . P, SO ~
 massless (in this taIk) Fo e SV
. unabsorbed ' S S

* unlike Yy rays, neutrlnos are solely é?'eated
in processes mvolvmg cosmrc rays

. but difficult to detect | n



- multimessenger astronomy

| pEty>n+mn"

= et + 7y + v + v,
>p+m’

Ty by

Y+ YEBI — cascade

« PeV vy’s lose energy on CMB photons

“« gamma rays may also lose energy in the
target that produces neutrinos even before
reaching the EBL |

- efficient neutrino production sites are
likely to be optically thick to gamma
rays; expect no correlation between
gamma-ray and neutrino activity
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- lceCube

2160 photomultipliers
instrument one km3 of
Antarctic ice between

1.4 and 2.4 km depth



photomultiplier
tube -10 inch




the IceCube Neutrino Observatory

. a%e. % S o lceTop
SOm [ 3"'.- "'-".5' 2 81 Stations
’ 324 optical sensors
IceCube Array

86 strings including
8 DeepCore strings
5160 optical sensors

™ 1450 m |
7 : DeepCore
8 strings-spacing optimized
for lower energies
480 optical sensors
5160 DOMs
instrumenting 1 km?3 £
(1 GT) of clear ice g Eiffel Tower
2 ns time resolution Vi 324 m
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40/31 39778-6
2 06-29 18:09:44 UTC!
Duration 22320.7 ns

(V) HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

‘We send our high-enerqy events in real-time as public GCN alerts now!

IETLE:S GCN/AMON NOTICE . .

NOTICE_DATE:  Wed 27 Apr 16 23:24:24 UT GCN notice for starting track sent Apr 27

NOTICE_TYPE: AMON ICECUBE HESE

RUN_NUM: 127853

EVENT_NUM: 67093193

SRC_RA: 240.5683d {+16h @02m 16s} (J2000), °
240.7644d {+16h 03m 03s} (current), We send rough reconstructions
239.9678d {+15h 59m 52s} (1950) .

SRC_DEC: +9.3417d {+09d 20 30"} (J2000), first and then update them.

+9.2972d {+09d 17' 50"} (current),

+9.4798d {+09d 28' 47"} (1950)
SRC_ERROR: 35.99 [arcmin radius, stat+sys, 90% containment]
SRC_ERROR50: 0.00 [arcmin radius, stat+sys, 50% containment]
DISCOVERY_DATE: 17505 TJD; 118 DOY; 16/04/27 (yy/mm/dd)
DISCOVERY_TIME: 21152 SOD {@05:52:32.00%} UT

REVISION: 2

N_EVENTS: 1 [number of neutrinos]

STREAM: 1

DELTA_T: 0.0000 [sec]

SIGMA_T: 0.0000 [sec] HEEE LG
FALSE_POS: 0.0000e+00 [sA-1 srA-1] L i E i
PVALUE: 0.0000e+00 [dn] §§I . i i Zbi
CHARGE : 18883.62 [pe] 1§18 Zdin
SIGNAL_TRACKNESS: ©.92 [dn]

SUN_POSTN: 35.75d {+02h 23m 00s} +14.21d {+14d 12' 45"}

from light in the ice to astronomer in less than one minute




electron and tau neutrinos (showers)
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NEUTRINO BEAMS: HEAVEN & EARTH

o target

(>

-
o

directional
beam

magnetic
fields

—> a target efficient at converting
protons into neutrinos is unlikely to
be transparent to high energy
photons.

=2 1C1709227? TXS 0506+056 is not a
blazar when neutrinos are emitted
as confirmed by gamma ray, optical
and radio observations



............................... ' RADIO INTERFEROMETRY

1912.01743v1 2017.86
[astro-ph.GA] £

« core brightening observed in a radio burst that
started 5 years ago

« beyond 5 milliarcseconds the jet loses its tight
collimation

A
ly "B

Relative Declination as

« jet found a target after tens of pc to
produce neutrinos

« oObscures the gamma rays

* a massive star in the host galaxy, |
the jet of a merging galaxy, warped A&A. 630 A103
jet, structured jet...? A&A. 632 C3

Relative R.A. (mas)
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Flux [10~7 ph cm

gamma rays in 2017 at the time the neutrino is produced ?
a few ~10 GeV photons and not much else, consistent with
an obscured source, not a blazar
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« MAGIC, HESS and VERITAS: no TeV gamma rays at the time the neutrino

was produced

 MAGIC: onset of the TeV flux 5 days after IC170922

» confirmed by MASTER: the blazar switches from the “off” to “on” state 2 hours

after the neutrino



a second cosmic ray source ?

o 4808

[13EventHeader:
StartTime: 2019-07-30 20:50:41.311,032,730,0 U
EndTime : 2019-07-30 20:50:41.311,062,007,2 U"
i i RunID : 132910
L | it SubruniD: 0
. | EventID : 57145925
i SubEventID : 0
i} SubEventStream : IniceSplit
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12996 Neutrino candidate source

Neutrino candidate source FSRQ PKS 1502+106 at e s
highest flux density at 15 GHz —

I ‘ 1 9 O 7 3 O [} 3 O O I V 12985 IceCube-190730A: Swift XRT
e and UVOT Follow-up and
O ATel #12996; S. Kiehlmann (IoA FORTH, OVRO), T. Hovatta (FINCA), M. Kadler prompt BAT Observations

(Univ. WAY%rzburg), W. Max-Moerbeck (Univ. de Chile), A. C.S. Readhead (OVRQ) (12983 Optical fluxes of candidate

. . . on7 Aug 2019; 12:31 UT ?gg;r:?gsblazar PKS
o C O I n C I d e n t W I t h Credential Certification: Sebastian Kiehlmann (skiehlmann@mail de) 1208173 SKAR RissreaBonSTS
blazars possibly associated
Subjects: Radio, Neutrinos, AGN, Blazar, Quasar with neutrino events

IC190730A and IC190704A

:l : ! :l 12974 Optical follow-up of IceCube-
P KS 5 O + O 6 190730A with ZTF
12971 IceCube-190730A: MASTER

On 2019/07/30.86853 UT IceCube detected a high-energy astrophysical neutrino candidate (Atel alert observations and
. #12967). The FSRQ PKS 1502+106 is located within the 50% uncertainty region of the event. We analysis
° report that the flux density at 15 GHz measured with the OVRO 40m Telescope shows a long- | 12967 IceCube-190730A an
ra I O u rs term outburst that started in 2014, which is currently reaching an all-time high of about 4 Jy, since :::;’i‘:,:“’:'ﬁ‘a's::;;'""
the beginning of the OVRO measurements in 2008. A similar 15 GHz long-term outburst was coincidence with FSRQ PKS
seen in TXS 0506+056 during the neutrino event IceCube-170922A. 1502+106

12926 VLA observations reveal
increasing brightness of
1WHSP J104516.2+275133, a
potential source of
IC190704A




PKS 1502+106
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2009.09792 [astro-ph.HE]

300 TeV
neutrino
produced

target
moves
through
the jet:
blocks
photons


https://arxiv.org/abs/2009.09792

THE ICECUBE COLLABORATION
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