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The Multi-Messenger Picture
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New Windows to the Universe
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Cosmic rays reach 10%%V
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Neutrin

o Production Processes

Hadronuclear (e.g. star burst galaxies and galaxy clusters)

pp 2 -
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ronic (e.g. gamma-ray bursts, active galactic nuclei)

+ + + 7
NT* 2> np v, 2>ne‘v,v, v,

Gamma-rays are not exclusively produced in hadronic processes

Page 6



Neutrino Production Processes

Hadronuclear (e.g. star burst galaxies and galaxy clusters)
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Where Can We Look?

radio/microwave infrared/optical neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
108 - transparent to neutrinos
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ICECUBE

Sounid FoLE NEUTRING OBSERVATORY

50m

IceCube Laboratory

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

1450 m

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

2450 m

86 strings of DOMs,
set 125 meters apart

Antarctic bedrock

DOMs
are 17
meters
apart

Amundsen—Scott Sout
Pole Station, Ante

A National Science Fou
managed research facility

T

60 DOMs
on each
string

— |

)
=
Y



Event Signatures

a) through-going muon track E ~ 140 TeV
b) Starting muon track E ~ 70 TeV

Charged current interaction of muon
neutrino outside / inside the detector

(a) (b) Vi volume 0

W
N hadronic
cascade
[ —"— I B ]
0 1 2 3 4
t [us]
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Event Signatures

a) through-going muon track E ~ 140 TeV
b) Starting muon track E ~ 70 TeV
c) Shower event E ~ 1 PeV

Neutral current or electron neutrino
charged current interaction

p e.-1m.

v Ve cascade
Cannot
7 distinguish
W between
showers (size
| N hadronic N hadronic ~ few meters)
(c)

cascade cascade
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Event Signatures

DESY

a) through-going muon track E ~ 140 TeV
b) Starting muon track E ~ 70 TeV

c) Shower event E ~ 1 PeV

d) “double bang” event E ~ 200 PeV

(simulated)

Tau neutrino charged current interaction

Vo ~Vr Only for very
. large energies
hadronic
:%?Sdoelvca)z:teed cascade the two
for d p W showers can
¢ Ooql'ye v be separated
N (otherwise
N adronic .
nscade signature c)
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Diffuse Neutrino Flux detected!

—6 i _

— 10 : isotropic 7y-ray high-energy - ultra-high energy

L ; background neutrinos = cosmic rays
,_I,m 07 | @%E@(Fermj) (IceCube) "‘,.h (Auger) __
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Similar energies in gamma rays,

neutrinos & cosmic rays injected into
our Universe!
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Where do the Neutrinos come from?

(2010 - 2016)

: .3f

lceCube high-energy events > 30 TeV

Equatorial

lceCube, ICRC 2017
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Search for Neutrino Point Sources

Search for statistical excess of neutrinos from a direction in the sky

DESY

—logop

IceCube Coll. ApJ, 835 (2017)
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Search for Neutrino Point Sources

Search for statistical excess of neutrinos from a direction in the sky

o . TRy griigc® St Ty

B S e L L Jr S e, SP A T8 i A e e S

post-trial p-value: 17% — >~ . e

45O
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Search for Neutrino Point Sources

Search for statistical excess of neutrinos from a direction in the sky

—150\
post-trial p-value: 17% — >~ . @

0.0 0.6

Large trials factor - Multi-wavelength data can tell
DESY. us where and when to look for neutrinos




IceCube Target of Opportunity Program
Public alerts since April 2016

« Single high-energy
muon track events
(> ~100TeV)

« 8/yr,~3/yrof
cosmic origin

* Median latency:

30 sec
A




IC-170922A — a 290 TeV Neutrino

. v na &S ‘. - Ao S £t3sa ,
y AL I P At W K Pons "+ pimg
< L LR L < ) = raa
. . ©'0 Yom ¢ Vo ate et 228 gp oo F o'y 3950 0 oo
side view © o ¢ © oo Oogeent o 3% £33 3035225 3
© o o §°c0c§ 0000 X o % P2 50 20020 23 2 &)
©oo0 00 0% oo opn O o o
. o © ©gooe OO0 °0,00 o Oo ° 5 % >a 8 522,25 &)
© © o © CPO o o 0Q o o
Mo eoo° 000 » © 3° % % o o o ® o o
© © co0® e o o o o%®° ) ° ° o 9 o 2
o © ) © o . > 5 5 o, o , o
o © .. : ?Q) ZO ° o ° ; ° 0 o o
© 4 o o 2
[ ° ) o> ® o 5 o
= : =N Y I £
© ' o Q@ > 2R°
» . 08 © o ° ° o o
° 1 . e o o
o ® 6&’00 o 5 N &)
¢ .‘. 1)8) ° ° ol 2
© K © - o ’ o @ o ®
© o o i 9 o b 28 o o o
e o ©Qo ¢ Ok - > > ‘ o
© Eozooo Vs, 6’ o @ :o) 5 -
° o (- 2 on | ° 1 o
o ©o
o oC® OQ o b °
Coc@C° @ 2 o 5 ’ >
& o ©%c Qoo y o 5 y
© ocP o © @O o 5 X )
© co bt (. o o
CQ Oc‘o ™ 0 y o P
© 2o "o . QG) = o ° S o
9] © © ~o° © ’ o [ J ° °
oC. o ~0.%¢ 0% QQQO 5 > o
o B o :
¢ °
op % H°W@ ]
o o o
@ QO 00 o o 5
8 s ° @09
9% o o @
O o ° o °
° o ° o
° o
]
[») o
(*)
. 500 1000 1500 2000 2500 3000 m
top VIeW . 7 nano T “ 71 25

T

Signalness: 56: "'\[
IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn,
Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018
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Fermi-LAT finds Flaring Blazar Ty

DESY. Fermi-LAT Coll., ApJ 846, 2017, Video credits: Matteo Giomi, Fermi-LAT Collaboration  Page 20



Fermi-LAT finds Flaring Blazar, TXS 0506+056

le—-8
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— lceCube-170922A \
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Time relative to lceCube-170922A (days)

Pre-trials p-value: 4.10

10 public alerts and 41 archival events
—2>Post-trials p-value: 3.00
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MAGIC observes >100 GeV gamma rays

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

78.4°  78.0° 77.6° 77.2° 76.8° 76.4° ©78.4°  780° 77.6° 77.2° 76.8°  76.4°
Right Ascension Right Ascension

Flux increase observed also
in optical, X-ray and radio =

. ‘

: / = 2 ! \ Sergi Luque
{ N B © Espai AstroriGiic

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn,
Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018
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Are there more Neutrinos from this Source?
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Are there more Neutrinos from this Source?

1315 above the background of — — — 1.
atmospheric neutrinos, 3.50 | 1 |

2009 2010 2011 2012 2013 2014 2015 2016 2017

Neutrino luminosity (averaged over 158 days): (1.2j8;2) x 10%7 erg s71
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Is there also a Gamma-ray Flare?

I1C86b 1C86¢

1315 above the background of —1 1.
atmospheric neutrinos, 3.50
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2009 2010 2011 2012 2013 2014 2015 2016 2017
2009-06 2010-11 201_2-03 2013-07 2014-].2 2016-04 201'_)-09
3.51 IC-170922A i
- Neutrino flare 2014/15 prellmlnary
n 3.0; Gamma-ray flare 2017/18
h 25 -+  Fermi-LAT 300 MeV - 1 TeV
E .
QO oo .
320 No gamma-ray activity during
o 1.5 2014/15 neutrino flare
—
x 1.0
e f
“ 0.5 ;
+ t + + - == —
00

Neutrino luminosity (averaged over 158 days): (1.270-%) x 10*7 erg s—*

DESY Page 25



Spectral Change?

2009-06 2010-11 2012-03 2013-07 2014-12 2016-04 2017-09

35/ — I1C-170922A i
- Neutrino flare 2014/15 :
n 3.0; Gamma-ray flare 2017/18 |
o +  Fermi-LAT 300 MeV - 1 TeV |
|
Q
'8_2.0
Lis
'g 1.0
%05
0.0
1.0 %
1.5 |
Y *WW A Hﬁ T4
50 ﬁ% **ﬁ ﬁﬁ -ﬁﬁﬁ}f
£25 i {
3.0 |
. Spectral change sjgnificance <20 . Seealso
. Garrappa et al. in preparation . | .
pre||m|nary i Padovani et
an . . . . ! . — al. MNRAS,

DESY 2018



The Multi-Messenger Picture

DESY
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Modeling — leptonic

eV keV MeV GeV TeV PeV

synchrotron —— 8SC

GeV-y
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log,o(Frequency/Hertz)

DESY. Gao et al., Keivani et al., Murase et al. Page 29



Modeling — leptonic, hadronic
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Leptonic = Photons

s Muon Neutrinos

~ Hadronic
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Overshoot X-ray
Observation ...~

pair production

15 20 25 30
log,o(Frequency/Hertz)

Gao et al., Keivani et al., Murase et al. Page 30




Modeling — leptonic, hadronic, Gin & Tonic

DESY

logso(E*dN/dE / erg cm™2s™")

2017 neutrino + gamma flare:

eV keV MeV GeV TeV PeV

Gao et al. 2018

_____ Quiescent —. Flare

-10:

-11+

10 15 20 25 30
logqo(Frequency/Hertz)

Gao, Fedynitch, Winter, Pohl, Nature Astronomy 2018,
Keivani et al., ApJ, 2018, MAGIC Coll., ApJ, 2018 ...

2014/15 neutrino flare:

neutrino luminosity is ~4
times higher than
gamma-ray luminosity

- challenge for
models

see e.g. M. Boettcher, A. Reimer,
S. Gao @ TeVPA 2018,
F. Halzen et al., 2018
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Other interesting candidates

Blazar + high-energy cascade f:)
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DESY Kadler et al., Nature Physics 2016

5% chance
coincidence
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Other interesting candidates

Blazar + high-energy track N
GRS
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Garrappa+ (in preparation)
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Other interesting candidates

Not significant if weighted
with gamma-ray energy flux

Gamma-ray and optical lightcurve IC-141209A
'
35le=1 2009-06 2010-11 2012-03 2013-07 2014-12 2016-04 2017-09
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Do blazars produce all IceCube neutrinos?

« 40 well-reconstructed track events, 20 signal events, 1-2 blazar/neutrino
coincidences = ~10% contribution

* No significant excess
from the directions of

cataloged Fermi [ 2LAC Blasar Upper Limit - = = equal weighting |
= 107 6H—— Tg=-25,E,>10TeV |- i . yweighting -
blazars s Tg=-22E,>10TeV| : : : :
- contribution <30% 7 . : : -
£ 10
'_U
lm
% 1078
O,
S‘.
g2 1077
€3 [ : 3 3 : : :
1010 E#® Astrophysical Diffuse Flux | - 0

102 10° 10°® 10° 10° 107 10° 10°
Neutrino Energy [GeV]
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Other neutrino source candidates

Gamma-Ray A 4 Supernova | Supernova
Burst (GRB) A'a! with choked Yo"  Typelln
jets %\ Y

Tidal Disruption \ A 4 v only
event (TDE) \ A /

Active Galactic
Nucleus (AGN)

) Super
massive BH
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Other neutrino source candidates

Gamma-Ray a Supernova | Supernova
Burst (GRB) A: with choked Yo"  Typelln
jets %\ Y

Y&V

Tidal Disruption \ A 4 v only
event (TDE) \ A /

Active Galactic
Nucleus (AGN)

blazars
<30%

DESY.

Super
massive BH
Page 37



Two Strategies

Atmospheric background: O(1) events/deg2/year

10_3 T ;
101 [02012-2014 |
< 0 '5::_— Upgoing muon neutrino events -
an 10_5 ! Astrophys.J. 833 (2016)1.3 |
~ E ol 3
S 106 . " Look for counterpart of
- . T, . :
. single high-energy events
L 1077 4 -
@ i
3 10—8 _ .
ch Hundreds of astrophysical
10~9/ neutrinos at low energies -

102 10 10* 10° 105 107 10%

Look for statistical Muon Energy Proxy / GeV
excess

DESY. | Neutrino Summary | Anna Franckowiak | ZTF Meeting Page 38



Deep Optical Follow-up

Pan-STARRS, 1.8m Dark-energy survey,
telescope, Hawaii 4m telescope, Chile
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Deep Optical Follow-up
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Two Strategies

Atmospheric background: O(1) events/deg2/year

10_3 T ;
101 [02012-2014 |
< 0 '5::_— Upgoing muon neutrino events -
an 10_5 ! Astrophys.J. 833 (2016)1.3 |
~ E ol 3
S 106 . " Look for counterpart of
- . T, . :
. single high-energy events
L 1077 4 -
@ i
3 10—8 _ .
ch Hundreds of astrophysical
10~9/ neutrinos at low energies -

102 10 10* 10° 105 107 10%

Look for statistical Muon Energy Proxy / GeV
excess

DESY. | Neutrino Summary | Anna Franckowiak | ZTF Meeting Page 41



Search for Generic Optical Counterparts

Four sides in: Chile, Hawaii, Texas, South Africa
All-sky coverage to 17" magnitude

0 124 249 373 498 623 747 872 996 1121 1246
Times Observed
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Zwicky Transient Facility

ZTF scans the entire Northern sky every night to 20.5 mag

HSC,
1.7 deg?

| ]

MegaCam,
1.0 deg?

2.5 deg?
47 deg?

PTF/iPTF, 7.3 deg? ZTF, 47 deg? LSST, 9.6 deg®

»
ﬁ | PS1, 7 deg?

T o .

[ [ .

—+—1 deg



ZTF will reach world-leading speed in finding
spectroscopically-accessible transients

LSST
DECam ZTF will provide an
ZTF unprecedented catalog of

* Supernova

» Tidal disruption events
ATLAS « AGN flares
which can be used to probe

PS1

BlackGEM P1

those source classes as
neutrino sources

CRTS-2

PTF
Scan large uncertainties of

CRTS GW detections

10° 10* 10°
Volumetric Survey Speed (Mpc® s ', M, =-19)
VM _ Qfov .Vc(zlim(Ma texp))

DESY. 47 texp + tom Page 44




AMPEL

Spectros[.]copy alert stream
R trigger / \ _
. <[ Event selection Storage rez![-rtelr:r?]v-
Real-time analysis tools: <:I .

Photometric redshift
Catalog matching
Light curve fitting Farm

ICECUBE

Archival analysis tools:
Reproducibility

\Cross correlation of data sets /

DESY Page 45



AMPEL - Towards a MM real-time center \‘3}((

¢ Bd

SAUARE KILOMETRE ARRAY qﬁ

Specf(l:qmsmcopy alert stream @
IR trigger / \ _
. <[ Event selection Storage rez![-rtelr;riv-
Real-time analysis tools: <:I

Photometric redshift
y-ray light Catalog matching
\@l curve <:| Light curve fitting Farm

Archival analysis tools:
IACT Reproducibility

follow-up \Cross correlation of data sets / I
gravitational

wave triggers
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Summary

unique messengers from the
high-energy Universe
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Summary

unique messengers from the
high-energy Universe
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Summary

Neutrinos can reveal the
sources of high-energy
cosmic rays

DESY Page 49



Sources still unknown - Electro-
Summary magnetic counterparts are crucial to
identify the sources
First compelling candidate found!
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Development of models
Summary describing all multi-messenger
data in a consistent way.

Probe other
source classes.
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Stay tuned!




