Le osservazioni di lceCube nel
contesto multi-messaggero

Neutrini, fotoni e onde gravitazionali:
nuove prospettive per l‘astrofisica di alte energie

Elisa Bernardini
Universita degli Studi di Padova & DESY (Germania)



<

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

ICECUBE

SOoUT FOoLE NEUTRIRD DBSERVATORY

50m

2450 m

lceCube 1 km3 5160 OMs
completed in 2010

86 strings of DOMs,
set 125 meters apart

Antarctic bedrock

Amundsen-Scott
Pole Station, A

A National Science Fou
managed research facili

T

60 DOMs
on each
string

Nu et al. Day 2019 — LNS, Catania — Elisa Bernardini — Universify of Padova (Italy) & DESY (Ge‘rmany)



History of neutrino Astronomy in a nutshell

First high energy atmospheric neutrinos  Construction of ANTARES in the

were detected underwater at Lake Mediterranean Sea started in 2002 o,
Baikal in 1996.
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Signal and backgrounds

- Eventrates in IceCube (year):

e atmospheric muons : 7 x10% (3000 per second)

- atmospheric neutrinos : 8 x 104 (1 every 6 minutes)
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Challenge: Ice optical properties
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Neutrino signatures in ice
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A few results
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Diffuse neutrinos

HESE (7.5y Full-sky)
PoS(ICRC2019)1004

Cascades (4y Full-sky)
PoS(ICRC2017)968

Through-going Muon-Neutrinos
-~ == (9.5y Northern-hemisphere)
This Work

J. Stettner PoS(ICRC2019) 1017
+ Starting tracks only: Phys. Rev. D99, 032004 (2019)

lcecube paper on éyr cascade (nue+nu_tau) flux
will be submitted for publication very soon
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Extragalactic neutrinos

At high energies (few tens TeV) a clear excess of events is observed
excluding an atmospheric-only origin. Directions show no obvious
accumulation either around individual sources or the Galactic plane

M. Ackermann et al., Astro2020
Science White Paper 2019.
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The IceCube neutrino Sky

A sample of ~1x10¢ neutrinos recorded by IceCube in 10 years provides no

evidence for neutrino sources in the full sky and in locations motivated
by gamma-ray observations
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Searches for point sources (10 yr)

Tessa Cerver for IceCube 2019 Neutrino Telescopes, Venice
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Galactic Latitude

Galactic Latitude

lceCube (8 yr) + HAWC (1100 days)

Stacked analysis of 20 HAWC non PWN sources
4 Template searches:
- Northern galactic plane

« Cygnus region, J1908+063 region, J1857+027 region
A. Kheirandish et al. POS(ICRC2019)932
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Realtime Multi-Messenger

\

AGNs, SNRs, GRBs... 4V

Gamma rays

black
holes

Neutrinos

air shower

Nu et al. Day 2019 — LNS, Catania — Elisa Bernardini — University of Padova (ltaly) & DESY (Germany) 13



If neutrinos and photons are produced in correlation, observing
neutrinos and electromagnetic flares would greatly increase the
chances of identifying the sources of cosmic neutrinos (multi-
messenger).

Since 2016 IceCube issues public alerts on single events: EHE, HESE
since 2012 private alerts for gamma-ray follow-up GFU and X-ray
follow-up (OFU).

E.B "Multi-messenger approaches to
search for point sources of high energy
neutrinos with AMANDA/IceCube"® The
Multi-Messenger Approach to High-
Energy Gamma-Ray Sources, Barcelona

L) R—

i M. Acl<ermann EB et aI Neutrlno :
¢ Triggered Target of Opportunity (NToO) }
. test run with AMANDA-II and MAGIC,
arXivi0709.2640 (2007) _

M. G. Aartsen, et aI Very ngh Energy
Gamma-Ray Follow-Up Program Using
Neutrino Triggers from lceCube,
JINST 11 (2016), arXiv:1610.01814

M. G. Aartsen, et al., Detection of a Type
IIn Supernova in Optical Follow-up
Observations of lceCube Neutrino Events,
Astrophysical Journal (ApJ), 811, 52
(2015), arXiv:1506.03115



https://arxiv.org/abs/0709.2640

Trigger types before 2019

IceCube Coll., The IceCube Realtime Alert System,

Astropart. Phys., 92, 30 (2017)

- Event multiplets (PRIVATE):

. Yy-ray follow-up (GFU) timescales up to three weeks, 2

(background) alerts/yr [also ® M. G. Aartsen, et al., JINST 11 (2016), arXiv:

1610.01814 ]

- optical and X-ray follow-up (OFU) timescales up to100s, 7

(background) alerts/yr [also @ M. G. Aartsen, et al., Astrophys. J. 811 52
(2015), arXiv:1506.03115]

- Single events (PUBLIC, since 2016)

- Track-like high-energy starting events (HESE): single events,
4 alerts/yr, 1/yr signal expected

- Extremely high-energy through- going tracks (EHE): single
events, 4 alerts/yr, 2/yr signal expected

Nu et al. Day 2019 — LNS, Catania — Elisa Bernardini — University of Padova (ltaly) & DESY (Germany)
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Public alerts before June 2019

EVENT OBSERVATION
EventNum_RunNum |Date Time UT |NoticeType RA Dec [
41485283 132628  [19/05/29 01:55:22.21 HESE 287.3190 [+78 1427 |
766165_132518 19/05/04 [18:25:18 39 [HESE __[65.7866 I-YENT : OBSERVATION
15047448 132379  [19/03/31|06:55:43 44 [HESE __[355 6349 [-ventNum_RunNum Date _ [Time UT _[NoticeType RA  Dec
66688965 1322290  [19/02/21[08:25:39.71 [HESE  [267.3650 42419327 132508  [19/05/03 [17:23:08.72 |EHE 120.3040 [+6.3568
36142391 132143 [19/02/05[21:21:10.50[HESE  [128.6959
68269692 131999  [19/01/04 [08:34:38 23 [HESE  [359.3299

34507973_131475  [18/09/08 [19:59:31.84 |EHE 145.7729 |-2.5178
66412090 131680  [18/10/31[02:02:51.41 [HESE  [182.7920
12296708 131624  [18/10/14[11:52:19.07|HESE  [225.183917560642 130214  [17/11/06 [18:39:39.21 [EHE 340.2500 [+7.3140
71165249 130949  [18/04/23[02:28:40.98[HESE  [294.8820 | | | A |
34032434 130171  [17/10/28[08:28:14.81[HESE  [275.0760{50579430_130033  |17/09/22 [20:54:30.43 [EHE 772853 |+5.7517
56068624 130126  [17/10/15[01:34:30.06 HESE 1625790 . . . . !
65274580 129281  [17/03/12[13:49:39.83[HESE  [304.7300

80127519 128906  |16/12/10 [20:06:40.31 [EHE 46.5799 |+14.9800
38561326 128672  [16/11/03 [09:07:31.12[HESE  [40.8252
38561326 128672 [16/11/03 [09:07:31.12[HESE  [40.8740 |80127519 128906  [16/12/10 [20:06:40.31 [EHE 45.8549 |+15.7851
58537957 128340  [16/08/14 [21:45:5400[HESE  [199.3100
6888376 128290  [16/07/31[01:55:04.00[HESE  [215.1090 26552458 128311  [16/08/06 [12:21:33.00 [EHE 122.7980 |-0.7331
6888376 128290  [16/07/31[01:55:0400[HESE  [214.5440
67093193 127853  [16/04/27[05:52:3200[HESE  [239.6639

6888376_128290  [16/07/31 01:55:04.00 [EHE 215.0929 [-0.4191
67093193 127853  [16/04/27[05:52:32.00[HESE  [239.6639
67093193 127853  [16/04/27[05:52:32.00 [HESE  [239.6639[+6.8528 |
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lceCube-170922A

Compelling evidence for neutrino emission from the Blazar TXS 0506+056.
|ldentification of a cosmic hadron accelerator with >PeV energies!

side view
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« Publicly distributed 43 seconds after trigger, refined direction 4 hr later

« At 6 arc-minutes from the direction of TXS 0506+056

- Most probable energy between 250 and 300 TeV and probability of
astrophysical origin 56.6%
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Follow-up detections of IC170922 based on public telegrams

]
it 288 ¥ &

@) O O
lceCube Swift Fermi, ASAS-SN
September 22 September 26 September 28
O O ©
SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 @ October 4 September 29
O @
Kanata, NuSTAR VLA =
October 12 October 17 October 25 /K

~1000 astronomers /18 observatories! Kt\rﬂcf'»ﬂ'ﬁ'ﬂ
(~3000 astronomers / 70 observatories was for GW170817) o ey
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A neutrino emitter?

For Ev ~ 300 TeV, interacting protons shall have energies E;, = 6 PeV

and must interact with photons with energies in the UV to soft X-ray
range. Getting all the elements of this puzzle to fit together is not easy.
Blazars seem to contain important clues on the origin of cosmic
neutrinos and cosmic rays.

C. Righi, F. Tavecchio, and S. Inoue. Neutrino emission from
BL Lac objects: the role of radiatively inefficient accretion

flow 5. Ansoldi et al. The Blazar TXS 0506+056 Associated with a
- High-energy Neutrino: Insights into Extragalactic Jets and

Cosmic \1. Cerruti, A. Zech, C. Boisson, G. Emery, S. Inoue, and J. P.
Lenain. Leptohadronic single-zone models for the
electromagnetic and neutrino emission of TXS 0506+056.

g Mon. Shan Gao, Anatoli Fedynitch, Walter Winter, and Martin Ponhl.
Modelling the coincident observation of a high-energy neutrino
and a bright blazar flare. Nature Astronomy, 3:88-92, 2019.

A. Keivani et al. A Multimessenger Picture of the Flaring Blazar
TXS 0506+056: Implica- tions for High-energy Neutrino

A. Gokus, S. Richter, F. Spanier, M. Kreter, M. Kadler, K.
Mannheim, and J. Wilms. Decom- posing blazar spectra into
lepto-hadronic emission components. Astron. Nachr., 339:331,
2018.

—

Ruo-Yu Liu, Kai Wang, Rui Xue, Andrew M. Taylor, Xiang-Yu
Wang, Zhuo Li, and Huirong Yan. Hadronuclear interpretation S. Britzen, et al, A&A 630, A103 (2019) (radio images)

of a high-energy neutrino event coincident with a blazar flare.

Phys. Rev., D99(6):063008, N. Sahakyan. Lepto-hadronic y-ray and neutrino emission from
the jet of TXS 0506+056. Astrophys. J., 866(2):109, 2018.

S e - "
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An improved realtime
pipeline
(and the full GFU story)




lceCube archival data on TXS 0506+056

The observation of an excess of neutrino Néeutr!nos
events in ~ 5 months (2014--201 5) of Q.5 yr 431 """"""""" 1"
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. .. : : S e R 569° &
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lceCube archival data on TXS 0506+056

Neutrinos
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Gamma-ray follow-up (GFU) alerts

Alerts are being sent to Imaging Air Cherenkov telescopes H.E.S.S., MAGIC
and VERITAS through PRIVATE channels requlated under dedicated MoUs

2012 2013 2014 2015 2016 2017 2018 2019

Y & . Triggers for a list of pre-
SR REEEEE Alert Threshold (O BestFit =
= Triggers O Alerts 107 S seleqtad sources
B deeeen e 3 (promising for TeV
S 2 DY N 102 % detections) above 3
< 0o So=5 \e o & : :
2 B —— sigma (pre-trial)
;S 1004 * 100 MeV —800 MeV | o \\\,\\
& . *  800MeV -10 GeV A7 5 R SO i NSRBI SN S

0 - WL WKt o A %
E;g)o Y 020 e y
< 00{
<>C o
K~ —50

56600 56éOO 57600 57!I500
MJD
Triggers from all-sky above

4.2 sigma (pre-trial, 6.8 |—> <
needed for discovery)

Thomas Kintscher, Humboldt University of Berlin (2020),
superwsor E.B. paper in preparatlon
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Realtime IceCube pipeline: GFU

-

South Pole IceCube Computing Services
via Iridium satellites = <latency> |
' 1/2 minute |
D ([ . . . B
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tatus and Filtering ' 6 mHz . L .
. GFUFilter | | : | High- | o | All-Sky
. Energy Monitorin Flare
4 A
, ' Onlinel.2 Filter Muons 5| Search
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Thomas Kintscher, Humboldt University of Berlin (2020), supervisor E.B. paper in preparation
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Realtime IceCube pipeline: GFU
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Realtime IceCube pipeline: GFU

. lceCube self-follow-up analysis, allows a Fast Response Analysis

(-1;+1) day window

(-30;+1) day window
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Fast response analysis: TXS 0506+056

[ Previous | Next | ADS|]

MAGIC detects enhanced flux of VHE gamma rays from
TXS 0506+056

ATel #12260; Razmik Mirzoyan (Max-Planck-Institute for
MAGIC Collaboration
on 3 Dec 2018; 22:22 UT

Table 1: MAGIC measurements of TXS 0506+056

Credential Certification: Razmik Mirzoyan (Razmik Mir: Data set Duration [h] Signiﬁcance VHE aCtiVity
Subjects: Gamma Ray, >GeV, TeV, VHE, AGN, Blazar MJ D 5 845 3 25 3 . 8 (0) ngh
Referred to by ATel #: 12267, 12274 MID 58455 1.8 540 Very high
Rest 74.4 4.00 Low
We report an enhanced emission of VHE gamma-rays from the direction of the blazar TXS
05064056 (05 09 25.96370, +05 41 35.3279 (J2000), [Lani et al., Astron. J., 139, 1695-1712 K. Satalecka, E. B. et al.
(2010)]), located 6 arcmin from the estimated direction of the high energv IceCube neutrino event POS(' CRC201 9)7 83

IceCube-170922A (ATel #10791). On Dec 3rd 2018 the MAGIC telescopes observed ‘his source

for about 2 hours under good weather conditions. The source was detected at VHE gamma-rays

above 90 GeV with a significance larger than 5 sigma’ The preliminary analysis yields an estimate

of the VHE gamma-ray flux above 90 GeV of ~10-15% of the flux from the Crab Nebula above ]
the same energy threshold, and a spectral index of ~4. This flux is consistent with the emission l CeCU be fOl |OW—U P ana |y5 IS:
level integrated between September 28th 2017 to October 3rd 2017, when the source was

discovered at VHE gamma-rays (ATel #10817). The MAGIC telescopes will continue monitoring | ] ] d

the VHE gamma-ray emission of TXS 0506+056. Soft-X-rays and ultraviolet ToO observations ° ne week time win wW
with the Neil Gehrels Swift Observatory have been approved for the next three nights (PI: Cerruti, O < O

on behalf of MAGIC), to occur within the time-window 00:00 to 04:00 UTC. NuSTAR ToO

observations have also been approved (PI: Satalecka). Multi-wavelength observations (quasi)- °

simultaneous with MAGIC in this time-window are strongly encouraged. one even t fo un d /
The MAGIC contact persons for these observations are R. Mirzoyan com Pa ti b | e wit h ba C kg roun d
(Razmik . Mirzoyan@mpp.mpg.de), E. Bernardini (elisa.bernardini@desy.de), K.Satalecka
konstancja.satalecka@desy.de).

( ! y.de) J. Vanderbroucke et al.
MAGIC is a system of two 17m-diameter Imaging Atmospheric Cherenkov Telescopes located at POoS(ICRC2019)1026
the Observatory Roque de los Muchachos on the Canary island La Palma, Spain, and designed to

perform gamma-ray astronomy in the energy range from 50 GeV to greater than 50 TeV.
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Fast response analysis: best cases

More than 70 analyses performed so far searching for associations between
lceCube neutrinos and astrophysical transients reported by radio, optical, X-
ray, and gamma-ray instruments in addition to searching for lower energy
neutrino signals in association with lceCube’s own high-energy alerts.

J. Vandenbroucke et al. POS(ICRC2019)1026
67 Fast Response Analyses as of July 10, 2019

Continuous p-value expectation
IceCube Alerts

GRBs

Blazars

Other

IceCube
Preliminary

Fraction of Analyses
3

1072

iOO 107! 1072 S 10-3
0 observed events p-value

1 observed event
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Neutrinos from Gravitational Waves

33 GW from 01, O2 and O3 LIGO Virgo runs looked for coincident
neutrinos (within +/- soo s) using GFU data based upon an unbinned
maximum likelihood which uses the LVC skymap as a spatial prior.

Most significant result 5190728q — GW (90% C.L)

(p-value 0.014)

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

T 1 e x  GFU Event (90%)

ou

D T R T PP PP T P PP PP

Keivani et al. POS(ICRC2019)930

0.0E+00 5.0E-06 1.0E-05 1.5E-05 2.0E-05 2.5E-05 3.0E-05
Probability per Pixel
see also R. Hussain et al. POS(ICRC2019)918
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Above threshold GOLD/BRONZE
alerts since June 2019

B EHE I EHE + GFU Gold B GFU Bronze

5 € [-90°,-5°] 5 € [-5°,30°] 5 € [30°,90°]
~ 10*- . -
\E/ ‘
g q02- - -
<
v
_ =
- GFU: improved energy 2 10° - : .
proxy and multivariate =
: - 1072 : . . .
event s3election (BDT) 100 10° 10°10! 103 106100 10° 106
Neutrino Energy (TeV)

- EHE: high charge +
track quality

B HESE Bronze " HESE Gold
€ [-90.0, -5.0] e [-5.0, 30.0] € [30.0, 90.0]

ry

100 102 10° 100 10" 102 10° 10* 10" 102 10° 104
Neutrino Energy (TeV)

(S
<

- HESE: high charge +

veto 10°

10!
10~

o

—
S 9
N (O8]

All Flavour Effective Area (m?)
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Above threshold GOLD/BRONZE
alerts since June 2019

= —— Gold o —e— HESE Bronze
ﬁ 0.40 1 Bronze 0.70 - ~es— HESE Gold
c
£ 035 0651
Z £ 0.60 1
&~ 0.30 A e
;;5 3 055
g 0.25 1 2 0.50
é 0.20 — 0.45
s 0.40
102 10° 10* 10° 103 104
Neutrino Energy (TeV) Neutrino Energy (TeV)
Gold events | Bronze Events
Niignal 6.6 (Total) | 8.4 (Total)
Signalness = , ~ 1 (GFU) | 7.6 (GFU)
Nsignal + Nbackg'round Slgnal (E 219) 5 (HESE) 8 (HESE)
1 (EHE)
Gold selection: 50% signalness L (Total) | 19.8 (Total)
. 7 (GFU) 18.5 (GFU)
Atmospheric Backgrounds 4 (HESE) | 1.3 (HESE)
i _ o ] i .
Bronze selection: 30% signalness 9 (EHE)
9 (Total) | 28.2 (Total)
: : 8 (GFU) 26.2 (GFU)
Observed historical rate 1 (HESE) 0 (HESE)
4.3 (EHE)

FuII ||St of alerts https //gen.gsfc.nasa. gov/amon icecube_gold_bronze_events.html|
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In Summary

High Energy Neutrinos are opening a new window into the cosmos:

. Diffuse cosmic neutrinos well established (more than 8 sigma) by
two channels

- Compelling evidence for the first non-stellar neutrino source: a
blazar

. State of the artis limited by too few photons and too few neutrinos
- Multimessenger studies are essential for identification of sources

- Better understanding of the potential sources and relevant data can
help the way to new breakthroughs

- Not covered in this talk: supernova neutrinos
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Cosmic rays | Neutrinos
/'i i\

Multi-messenger
astrophysics L

GW S — GW170817

Gravitational Waves Gamma rays

Nu et al. Day 2019 — LNS, Catania — Elisa Bernardini — University of Padova (ltaly) & DESY (Germany) 34



Distance [Mpc]

Observable Universe

Photons are absorbed in the Extragalactic Background Light (EBL)
Protons (E>102° eV) interact with the Cosmic Microwave Background
(CMB)

radio/microwave infrared/optical neutrinos cosmic-rays

cosmological max of star formation opaque to photons;

10° transparent to neutrinos
& gravitational waves

10° I nearest blazar
101 =
100

nearest galaxy
10 1=

Bartos & Kowalski, 2017

102k For a full study including cosmic evolution see R. Ruffini et al. 2015

galactic center gravitational waves - ripples in space-time
10_3 | ] ] l I ]

] ] ] ] ] ] ] |
10¢ 104 102 10° 10> 10* 10® 108 10 10" 10 10" 10" 10
Energy [eV]
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lceCube-170922A

Compelling evidence for neutrino emission from %\ﬁ ~4+056.
|dentification of a cosmic hadron accelerator with >PeV

1ar IceCube-170922A
' +  Fermi-LAT > 800 MeV ) - 1=
=120 * Photons (E > 10 GeV) !
n 0
* * 1 125
Wé:Lo— 5 M <
amma-rays | | O
208" . A 1009
Q E > 800 MeV . 3
l 06_ ** . 75 QL_)
S c
= 0-41 | ; R N 50 W
02 - o zﬂ# H * F * }HEJ%H 29
+++‘ * +i+ Pt aas % +, +"&» ++"* +‘hm. "%M-t-tu "‘“L ++ - +++ +ﬁ* .,,‘3 +u *
0.0+ —

55000 55500 56000 56500 57000 57500 58000
Time [M]D]

- Consistent with the direction of IceCube-170922A there is the Blazar TXS
0506+056

- The source was found in a state of enhanced gamma-ray activity lasting
several months

- Coincidence probability after trials (10 public alerts and 40 archival
events): 30
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Very high energy gamma-rays from TXS 0506+056

MAGIC detected y-rays with energies up to about
400 GeV with strong day-to-day variations

IceCube-170922A

1.00 |
0.75F
0.50
0.25F
0.00

MAGIC Collaboration, ApJL 863, 1

Declination

CEINNEREVE

E >90 GeV

EaR
(\_ )
MAGIC PSF
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4

i

|

<4 MAGIC

lceCube, FERMI, MAGIC, ++.,
sl Science 361, 146 (2018)

x5 oo

o = N W & O O N

MAGIC significance [o]

PKS 0502+04§
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+

++H+l ++l +

Flux > 90 GeV [10719 cm~2 s71]
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58020 58025 58030 58035 58040 58045 58050 58055 58060
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Does it all fit together?

lceCube, FERMI, MAGIC, ++., Science 361, 146 (2018)

log(Frequency [Hz])
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Interpreting the multi-messenger data in a nutshell

Most Blazar emission models assume that high-energy particles
(electrons, protons, nuclei) are injected into the jet where they encounter
target radiation (non-thermal emission by the high-energy particles, or
external photons from the accretion disk, clouds or dust torus.

faint disk and BLR bight disk and scattered off IA
photons from BLR A

' ‘ broad line region "A
(BLR) :

(opt, UV)

BL Lac FSRQ

accretion disk
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Declination [°]

The Blazar TXS 0506+056

Probability to observe by chance a flaring Fermi-LAT Blazar in the error
circle of a high energy neutrino after trials (10 public alerts and 40
archival events): 3 0

|IC+Fermi+MAGIC++., Science 361, 146 (2018), arXiv:1807.08816
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by (>1 GeV) [ph/cm?/s]

Spatial + temporal coincidence
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Step 1: Draw many times a random neutrino

from a representative sample of high-energy

muon-track events

x10~7
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L|HH HH flaring
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Step 2: Check for existence of a F
Blazar in neutrino error circle and Step 3:

check its GeV y-ray flux at the same time bin

Probability to observe by chance a flaring Fermi-LAT Blazar in the error

circle of a high energy neutrino:
Pre-trials p-value: 41 O

Post-trials p-value (1o public alerts and 40 archival events): 30
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and FERMI archival data on TXS 0506+056

During the earlier (2014/15) neutrino flare no significant gamma-ray
flaring activity or spectral change have been observed, few authors
report a possible hint of hardening (p. Padovani, et al. MNRAS 2018)

Neutrino flare

lceCube arXiv:1901.10806 158 days IceCube-170922A
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3 . | s B
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Implications of point source limits

- The absence of localised excesses suggests that the sources are
distributed across the sky and that even the brightest individual
objects contribute only a small fraction of the total observed flux.

102

excluded by non-observation of
1073 ¢ closest source in Northern Hemisphere
(E?¢"S < 2 x 107 12TeV /cm?/s)

1074}

axy €lusters

10—8 L FR-I

effective local density pes [Mpc_3]

10~2} Ahlers, Halzen 2018

— diffuse flux (¢; = 2.6)

.. diffuse flux (¢, = 0.5) <
FSRQ

10-11 -

T T T T T T R T
neutrino luminosity L, [erg/s]

10—10 L

Nu et al. Day 2019 — LNS, Catania — Elisa Bernardini — University of Padova (ltaly) & DESY (Germany)



Supernovae

« Pan-STARRS1 used to follow-up 5 alerts in 2016-2017 to search for any
optical transients that may be related to the neutrinos

« A SN (PS16cgx) found at 10.0” from the direction of one alert (50%
atrophy. probability): lceCube-160427A, likely a Type la SN, chance
detection ~7%.

- No high-energy neutrino emission predicted from Type la SNe

lceCube, arXiv: 190111080

10.0

GJZOOO

IceCube
9.5 -

I : : j I : Z ' | © Likely QSO
R R i = N O]le IS\ i
: . ' : ' f ' | ¢ Stellar

%2000
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Interpretation

Getting all the elements of this puzzle to fit together is not easy.
Blazars seem to contain important clues on the origin of cosmic
neutrinos and cosmic rays.
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