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The Marathon soldie
Cortot, 1834 Louvre

MultiMessenger

Coordinated observation and interpretation of
distinct signals (“messengers’) associated with
two or more of the four fundamental forces:

gravitational

photons neutrinos cosmic rays
_ waves

Ed Porter

Heide Constantini GWs, Mon @10:15

VHE g-rays, Fri @9:00



Astrophysical messengers: cosmic rays

F{m®srs GeV)'

L I mis!

diréct indirect
measurements  measurements

< — < >
\mee ~10'% eV

| mt }rr"
. ~ ankle

LHC
!

”]';' ID” ”]I] |ﬂ|.*':- IDIT" ”]I'} H:ITI

E (eV)

* protons, nuclei from He up to Fe

* CR interact with atmosphere
produce hadronic cascades
— atmospheric neutrinos

* power-law spectrum

* transition form galactic to extragalactic
sources ~10'"> eV (knee)

* GZK cutoff at ~10%° eV
p+tYcme A= p+al or n+x?
T = P*Vu—=e " Vu Ve
guaranteed source of UHE neutrinos!



Cosmic rays: acceleration sites!?
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Size

Hillas criterium (1984):
E _=10'%V Z B (R/kpc)(B/UG)
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Los Leone:

.......

70
[km]

* Located in Argentina

* 3,000 km2 area

* Hybrid: 1600 water-Cherenkov tanks + 4
fluorescent detectors

* Detects CR of energy > 10'7 eV (0.1 EeV)
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Loma Amarilla

Eankie = (5.08£0.06+ 0.8) EeV
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..............

B Auger (IC

GZK cut-off
Q\ or|acceleration
i limits?
= UHE neutrinos?

Es = (39+£2+8) EeV
Ejjp=(23+1£4) EeV
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or|acceleration
limits?
UHE neutrinos!?
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GZK cut-off

Eankie = (5.08£0.06+ 0.8) EeV

| - Auger (ICRC 2017)
1 . L

Es = '::
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39+248) EeV

Ejjp=(23+144)EeV
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AE neutrinos?

Py e R ..::::.::-..:_: ] -
AUGER| R \allf - cpmevraaitiecarnefocachaacsns e —
; OBSERVATO?Y ¢.c'o _50 :;-..
- Co{hmo ......... . =i
& HEAT ” T E
r'. lllllllllllllllllllll ] 740 N
_i . e IR L . . =
=T S R O OO, G e v
B e N vcviveosggpes v st Wiy selenamime e el e N "'_“30 N
e Los | -
73 Morados \-..:J_./ 1[]_1,* -
.\‘ ::. . —20 —
7 ey e I 1 | E
Bl e\ st =10 r':,"
Campus... S \Jora | R
—0 17.5
EleV
1017 10'8 [ } 10" 10%0
oL+ data. | w1 Composition:
850F 4 data £ Oyg > .
o syst A heavier @ higher E
800 e - ]
oEE - p _ __ . '_' - YL )
L 750 o _: rOCRL P
ﬁ - " ’ - s e .-.'\{0'\'\_
- ’ _:: - . ::_ -_/_.—-.- L
vy ?ﬂﬁ:f..e-’j'. = g - 186 - odee
[ . -:/:’:/.- -
ES» 650- A ]
s —— EPOS-LHC ]
R Sibyll2.3
SLL L= - QGSJetll-04

Ig(E/eV)

17.0 175 180 185 190 195 200

18.0

18.5
1g(E/eV)

T S
19.0

19.5

P
20.0

Large-scale anisotropy >8%10'8 eV
indicates extragalactic origin

,,,,,,,,,,

-90

90

0.46

AR s Wy




y—-rays & CRs

Spatial/Temporal correlations between
and gamma rays can trace
cosmic-ray acceleration/interaction sites

p+p/y =X+’ =y
S X4+ =yt 4

+ + At source: 1:2:0
u' — e’ + (oscillates to ~1:1:1)



ICECUBE
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86 strings of DOMs,

lceCube Laboratory

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

1450 m

i THES 1

DigitalOptical @ ' S |

set 125 meters apart

Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

Antarctic bedrock

Amundsen-Scott South
Pole Station, Antarctica

A National Science Fou
managed research facili

|

&0 DOMSs
on each
string




Neutrino detection: event signatures

Charged-current v, Neutral-current / ve  Charged-current v«

(data) , (data) (simulation)

, Isolated energy
Up-going track  geposition (cascade) ~ Pouble cascade

with no track

. , (resolvable above
Factor of ~2 E resolution 15% deposited E res. ~100 TeV deposited

< 1 deg angular resolution ~ ~10-20 deg ang. res. energy)




/.5 years of astrophysical neutrinos

lceCube PRELIMINARY
i 60° Ll L Astrophysical Flux
Neutrino 2018 o work in progress (on top of atmospheric)
‘ n - e Differential
+30° T 107 Best-fit (E~287%03)
0 v, Best Fit (E~219%01)
+15° |
=
24h . oh @]
>
Q
—-15° w
-30° =
+
=3
; |
""""" G |
— W IceCube PRELINIINARY, Neutrino2018
Equatorial 1'05 166
0.0 65 130 Neutrino Energy [GeV]
TS = —24In(£)
E < 300 TeV 1PeV < E
Flr'St deteCtIOI’]I 20 I 3 — HESE with ternary topology ID <
*  bestfit: 0.35:0.45: 0.2 1.0
. — Sensitivity, E~%? spectrum o
> |00 astrophysical events! * 1:1:1 flavor composition -

WORK IN PROGRESS

No significant event clustering

Energy spectrum: unbroken power law with y_ .~ 2.9

Flavor ratio — consistent with 1:1:| R

Fraction of v,

MOSt|)’ iSOtrOPiC - extragalactic (7) IceCube PRELIMINARY, Neutrino 2018



Neutrinos: search for point-sources

R s e e e T R e T
—log;op

lceCube muon tracks > | TeV, all-sky, time independent analysis (7 years)

No significant event clustering in space, no point sources identified so far



Disk

Neutrino sources: blazars...? el

Correlation of 7 years of IceCube neutrino events
with > 860 blazars from 2LAC (Fermi/LAT)

|IC Coll.,Ap) 853 (2017) |
| 2LAC Blazar Upper Limit - ;equal Wéighting : W ‘_ =
T'— 10_6 - I'si = —2.5, E, > 10 TeV ----- TLLTS é-’y-weight{ing ------- E
. | — Iy =-22,E,>10TeV| | i | 3
o _
| . _ .
— i
E 10
-
o 1078F
O,
N 9
SR 1077
: : : : : ~ AR
10-10 | B2 Astrophysical Diffuse Flux | T
AR AR NN RERRENEY R AT R
10 10* 10* 10° 10° 10" 10%® 107
Neutrino Energy [GeV]

Blazars account for: 85% of extragalactic Yy background, but only < 27% of the neutrino flux



Neutrino sources: GRBs...?

& T = = Internal Shock Fircball Prediction | Exciting GW connection: production of
= = = Photospheric Fireball Prediction 1 neutrinos and g-rays in short-GRBs and GW
. ICMART Prediction : events caused by mergers (NS-NS) [Bartos et
1[’ L] - L = s pranl " |||||||_ g aepanl R |||||||_ FEFEETTT L a asian F
0 1w 100 10t 17 100 10 al. 2013)]

v Energy (GeV)
® > 1100 GRBs correlated with IceCube data
® GRBs contribute less than |% to observed diffuse neutrino flux
® Most popular neutrino emission models excluded (production in prompt phase)

® NOT excluded: production in precursor or after-glow phase, multi zone models,
“chocked GRBs™...



lceCube alerts

Neutrinos

IcCECUBE

> Key for understanding neutrino source emission: simultaneous MWL data
> Alerts = make sure we get them when IC sees something interesting!
> IC alerts:

* Public: single high energy events > 60 TeV (via AMON)
" Private: event clusters, specific programs aimed at gamma-ray and optical telescopes

IC real-time system: M.G.Aartsen et al., Astropart. Phys. 92 (2017) 30-41s



lceCube public alerts
~70 TeV track

HESE = High Energy Starting Event (since Apr 2016):

EHE

Muon track starting inside the detector

E. ~60TeV

median angular resolution 0.4-0.6 deg

expected rate: 4/yr all-sky (50% signal probability)

Extremely High Energy (since Jun 2016):

Muon track going through the detector
E., ~ 100 TeV

median angular resolution 0.22 deg

expected rate: 4/yr all-sky (75% signal probability) .

IC real-time system: M.G. Aartsen et al., Astropart. Phys. 92 (2017) 30-41s



lceCube public alerts

IceCube, ICRC 2017 ,
..| PRELIMINARY _ /

{
€ 9.8 \
g
g /
2 o

i \
171028A
160427A -
i’uuﬁ‘“ 3 170922A
165731A 160806A
» % :
171015A 57032111
]£0312A \ 170506A

160814A
 J

|2 alerts sent so far. No firm source identification.

IceCube HESE events
{AMON alerts only)

IceCube EHE events
{AMON alerts only)

YA
®

Sources:

PosS (ICRC2015) 1081
Astrophys.). 833 (2016) 1
Phys. Rev. Lett. 113 (2014) 101101
GCN/AMON Motices https:f/gcn.gsfc.nasa.gov/

Planned extensions: all-sky neutrino event clusters + upgrade of single events

streams (lower E threshold)



Alerts: IC-170922A

Relative Flux > 800 MeV

sa.gov/ssc/data/access/lat/FAVA/SourceReport.php?week=477&flare=27

GCN #21916

Sep 22", 2017 @20:54:30.43 UTC

lceCube detects a high-energy muon track with a high
probability of being of astrophysical origin (EHE)
RA:77.43 deg (-0.80 deg/+1.30 deg, 90% PSF)

Dec: 5.72 deg (-0.40 deg/+0.70 deg, 90% PSF)

14 arcmin away from blazar TXS 0506+056!

A N‘%‘l...

2.5

o

—=  ATel #10791
{ Sep 27*, 2017

{ | Fermi/LAT detection of an
mfw | increased gamma-ray

W%*WWWMW MM&W% j M 3 activity of TXS 0506+056
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MET

ATel #10817

Oct 4, 2017

MAGIC: | 2h of observations Sep 28th-Oct 3™
Detection > 5 sigma > 100 GeV

First time detection of TXS 0506+056
in VHE gamma-rays
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Alerts: IC-170922A

Relative Flux > 800 MeV

GCN #21916

Sep 22", 2017 @20:54:30.43 UTC

lceCube detects a high-energy muon track with a high
probability of being of astrophysical origin (EHE)
RA:77.43 deg (-0.80 deg/+1.30 deg, 90% PSF)

Dec: 5.72 deg (-0.40 deg/+0.70 deg, 90% PSF)

14 arcmin away from blazar TXS 0506+056!

HE neutrino event observed from
a direction consistent with a gamma-ray emitter!

Publication coming soon!

TOT7
@ Oct 4th 2017

MAGIC: |12h of observations Sep 28th-Oct 3™
Detection > 5 sigma > 100 GeV

First time detection of TXS 0506+056

in VHE gamma-rays
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TXS 0506+056

TXS 0506+056 Ra=77.35818 deg Dec=5.69315 deg (NH=1.1E21 cmA-2)
-3

§ = et 4e-170022A
T IS - H et By o2
b . I ‘T 34 2
) f
'S !:-’ 551 TXSOSOB}OSG-?-.-T---
o ¥ v I b s b e
@ : 1
= # _10 0 10
= 44
S f%'f arcmin
gi-m ;*
- * .
) Archival data from ASDC Typical blazar of BL Lac type
s z= 0.34 (Paiano et al,,2018)
o . .
Creation date: 04-Jun-2018 12:43:35(UTC) IOA brlghteSt In HE g-rays
-16

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 25 27

Log frequency v (Hz)

After alert: dense MWL coverage + neutrino?! — Exciting prospects for modeling!



2016 ‘ 2017 ‘ 2018 | 2019

‘[ Gen2 Phase 1 g
(7 string)

today

2020 ‘ 2021 ‘ 2022 ‘ 2023 ‘ 2024 ‘ 2025 ‘ ‘ 2031

Future: lceCubeGen?2

A wide band neutrino observatory (MeV - EeV) using several detection
technologies - optical, radio, and surface veto - to maximize the science

Multi-component observatory:
e Surface air shower detector
* Gen2 High-Energy Array

e Sub-surface radio detector Gen2 Surface Veto
e PINGU

lceCube

M.Kowalski TeVPA 2017



G.Ferrara, Wed@17:50
Future: KM3NeT ANTARES+KM3Net
Multi-cubic km size neutrino telescope
in Mediterranean Sea

ORCA: neutrino oscillations
* Fist string deployed in 2017
y Sy * Completion ~202|
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w
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Latitude

%m i %\ ARCA:TeV - PeV astrophysical neutrinos (Galactic Center!)
: g 5= * First two DU deployed successfully 2016/2017
) * Completion ~2022

T
10.0 120 140 160 180 200 220
Longitude

w
B
\ ST

(23
N

30




. Supermassive Black Hole Binary Merger
— I

P Compact Binary Inspiral & Merger

s -
_w= |Extreme Mass- Pulsars,
) Ratio Inspirals g3 Supernovae @
R =
age of the Wave Period
universe years hours seconds milliseconds

701¢ 10" 107 10°1° 10¢ 10 10 1072 1 10°
Wave FreJ;;uenc v ‘

Radio Pulsar Timing Arrays Space-based interferometers Terrestrial interferometers




GW + EM + neutrinos...?

neutron star

il ational high-energy

gravit
waves y neutrinos
black hole o
U
e

G gy
accretion d‘.;%b.fa ck hole

dravitationg
Waves

massive star

merger

\ GW151226

A : GW170817

© GW150914

core collapse

\

b : es * :

+ational ’ wav!
gravitat ’ high-energy ; GW170814 LIGO/Virgo/NASA/Leo Singer
waves (Milky Way image: Axel Mellinger)

gravitd tional

accretion disk

. =i _neutrinos
black hole

BH-BH mergers probably no EM or nu (depends on environment)

MeV neutrinos from stellar core collapse

HE neutrinos + gamma-rays from non-thermal processes (BH+acc. disc — jets?!)
chocked GRBs - only neutrinos and GW!

Timing of signals from different messengers — progenitor

EM emission = localization + redshift
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5 12907 * GW emission duration ~100 s, typical
= NS-NS pattern, localization ~28 deg2
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sl GRB [70817A, t0+l.74iO.05 s, duration
E 117500 4 ’ f | :
2 115000 ~ 2 seconds (faint! “chocked GRB™?)
§ 112500 1
Lﬂ . .
o« ~t +11 h Swope SN Survey identified
FE Gravitational-wave time-frequency map 0
g the nearest galaxy as NGC 4993 —
g S localization error 0.0001 deg
£ 100

Distance: 40 Mpc (z=0.0099)
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Time from merger (s)



500

kg LIGO - Virgo -
ES esowT
GW-170817
* 70 observatories on all ~%6 400 o0 o 2000
seven continents and in =
Space LIGO, Viego
y-ray
Wi, INTEQIRAL, Agtroial, IPM, Foaght-HIOUT, Swill, AGILE, CALET. HE 5 5 HAWC, Kofus-Wind I
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+ longer afterglow due to oV =
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GW-170817 + neutrinos

GW 170817 Neutrino limits (fluence per flavor: v, +7,)

107 F

102}

10"t IceCube

E?F [GeVcm™2]
3 3

_Hr/-_‘_

e
107 FKimura et al.

ANTARES

+500 sec time-window

Auger

L

Kimura et al.
EE moderate |

-~ = —-. Kimura et alj
FEE optimistig 4 g 0 prompt ]
10° ¢
102 L Auger
i i L
IE ANTARES
; 10" L :l_,_[ -
& 100} —‘EM Fang &
— i Metzger
1071k SOdays ]
a i Fang & 5
10-2L A\ Metzger _
- | 14 day time-window 3 days
0707107107 105 106 107 105 107 100 10!

E/GeV

Observed isotropic-equivalent energy

of Eiso ~ 4 x 104® erg, (Fermi-GBM)
— faint!

Maximum jet misalignment:
0 < 36° at 90%
obs

Typical opening half-angles for short
GRB:s: Gj ~ 30 — 100

Prompt and extended emission models
tested for +/- 500 s and +/- 14 days

Most optimistic predictions for small
jet viewing angle constrained

(in agreement with measurements)



Gravitational Waves — the future

* Detectors improving, especially at lower frequencies
* Increasing observation time
* Better progenitor localization
* Public alerts
* Expected rate for O3:

~ | /week BH-BH

~ |/month NS-NS

\ [VT151012 +wirso
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Summary
2017 — exciting year for MM!

Precise measurement of CR spectrum at UHE
CR composition seem to shift towards heavier nuclei with higher energies
UHE CR origin extragalactic

Astrophysical neutrinos sample growing steadily
I Low contribution of bright g-ray sources — “hidden accelerators”...?

|IC-170922A HE neutrino coming from a direction consistent with flaring
gamma-ray blazar

GW-170817A first high energy MM source (GW+EM)

Significant progress towards resolving the fundamental MM questions:
acceleration/emission/propagation...?! sources...?
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Cosmic rays

Meutrinos

y-rays

X-rays

Multi
wavelength

THESEUS NG

Wisible and
near infrared

“sxis

Radiatars
Readiatons far XSis

Infrared ot

THESEUS

Radio waves

Gravitational
waves
AOVENCED .

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030







Neutrino detection;: BACKGROUND

Event rates:
* atmospheric Y (99.999% of triggered events) 7 x 10'° (2000 per second)
* atmospheric V (residual background) 5 x 10* (I every é minutes)

* astrophysical neutrinos: ~ O(10) per year

— We need clever background rejection techniques!! ¥ .“9
cosmic ray (p) / ' CR shower
in IceTop
N:,(b) 99.9999% _
j of all events
L \\‘ Y yd
e,u Ve,u Prompt \
: Y .. background p bundle
n # TR &
. - physics
I\
e : 2 1k
conventional - &t
Vu CR shower +§ §11 ’F
Ve muons SR ¥ Bt




SERACH FOR COSMIC Nu SIGNAL

® The signal is expected to exhibit a differed spectrum compared to
atmospheric neutrinos

i . 4
® Search for deviations from background *
+ »

® in energy (diffuse-like searches) <+ \ \ 4

® in energy and direction (look for individual sources) + - 4
T 107
T Individual sources: search for excesses
V107 bi ] lised (i
E | from few strong objects. Localised (in
> 107E .
] space and/or time)
6510"‘l
W

-
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141
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—
o
&

rompe., _
extraterréétrlq

. p .
neutrinos?, \ Diffuse searches: search for an overall
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BACKGROUND SUPPRESSION: DIRECTION

down-going
atmospheric
muons

B¥ up-going
atmospherj _
c Earth stops penetrating muons from below
neutrino

® Apply direction cuts (select up-going)

up-
/ going
cosmic ® Effective volume larger than detector

neutrino
° E>O(100 GeV)

® Sensitive to V, only

® Sensitive to “half” the sky (the North)



BACKGROUND SUPPRESSION: EVENT TYPE

® Looking for cascades

® Effective volume smaller than detector

® E>0(30TeV)

cascade-type
Sensitive to all flavours events
Sensitive to full sky

almost background-free!




BACKGROUND SUPPRESSION: ENERGY

< Energy spectrum looks different for background and signal

< Select high-energy events:

- reject atmospheric U
- reject atmospheric Vy
- requires strong energy cuts

- mostly sensitive at the horizon

... eeaDiEigly !“n—__v'_-',@_m T

lceCube Coll. Phys. Rev. D 91, 022001 (2015)

E?® [GeVem 2sr1s 1]
—
N

102 103 104 10° 108
Energy [GeV]




Astrophysical neutrinos

E? @, [GeV cm™s-1sr-]
S

-
-
4]

iy
o
&

D,
107F Ot Y v
i AstrolphyS|Ca1 N ==~sl
10°F  neutrinos ’
i ¢ \
Ol Ll Ll | Ll 1 1l l Ll 1 1 | L1 1 L1 Ll 1 1
103 o 1 2 3 4 5 6 7

Iogw (EV [GeV])

for atms. U
— reject tracks entering the detector from outside, expected background: 6+3.4 /year

for atms. Vv
— reject tracks accompanied by air showers with muons, expected background: 4*3¢., , /year

(detectable when coming from the Southern hemisphere)

+ charge cut (> 4000 phe) to select very high energy events
— “golden channel”: High Energy Starting Events (HESE)



CR & v: COSMOGENIC NEUTRINOS

® Protons with energies exceeding
10" eV interact with the cosmic
microwave background photons:
ptYcme 2 A*—=p+rl or ntmt
T M Vu—e Vyu Ve
guaranteed source of UHE
neutrinos!

® No such neutrino has been
observed so far..

”»

¢ “Two mysterious ANITA events

(see talk by L. Cremonesi

Wed @18:30)
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10 - Kotera 2010

Pure p and mixed

All-flavor (v + #7) E2®, (E,) [GeV cm ™2 s~ 1 sr1]

<
_. - \ PureFeinj._
10—10__ Fe rich, low EZg*__ . _ - o 7 el =
: . / \ \
il \

s f G £ \ \

/ A g \ \
10—11 .. ol o i  rnn] o R

02 e 08 07 = R oE R0

Neutrino energy E, [GeV]
Credit: M.Bustamante



Alerts: HESE-160427A

PAN-Starrs followed up

lceCube HESE alert on

2016-04-27 and found a
recent supernova at z=0.3:

Jacob van Santen ICRC 2017

Gemini (GMOS)

Optical spectroscopy

« PRELIMINARY _ 10, 20 days post-peak
10,17 ol PEH-TARHS'ETEI k| Eamil.'li Observatony/ALIRA
10.00 | // '| 3.0
—_ = PS16cgx@~10d mm 1a@([8,12] days (10)
9.9 / 'l LEH 2.5 la@[8.12] days (2a) 1Dd
g ot / 2.0 -
R - / E
H \ "- o ]5 =
T g | I}j
) 1.0
] i'll:l E
0.4 Light curve mﬁ 0.5 -
consistent with
. explosion days 0.0 ' ' ' ' '
1.2 | before neutrino alert - .‘;';E be 160427 bestft ,
n | o Features atypical for SNla,
T30, T V230,87 230, 0° 240, 07 240. 17240, 2 EI.I.I.Z'i 3'.u.1 g:u..‘u gm G -:Ju.‘.' 240. & but not SUﬁICIEI"IT tD exclude

right ascension

if Ic (associated with GRBs): <1%

Chance probability { if la (no HE neutrinos expected): <10%



E?x @ [GeVs~tsrtem™

Neutrinos, y-rays & CR

| | | | | | |
. ¢ Diffuse ~ (Fermi LAT)
1077k ¢ Cosmic rays (Auger)
@ Cosmic rays (TA)
10-% L
10"
........ Wé&B 1984
108
YL
10-10 [
i | I I I L | - I I | |
0% 1o 10?2 10° 10t 10° 10% 107 10% 10° 10'° 10i!

E [GeV]




m
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eri o “*Neutrinos, y-rays & CRs
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| | I I I I | I I
\w liffuse ~ (Fermi LAT) lceCube (ApdJ 2015)
;osmic rays (Auger)
] ;osmic rays (TA)
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e F b S 'v_ W&B 1984

y-rays

Known since ~30 yrs t

~3000 sources

> 100 TeV sources

Should be produced

together with v!

Constraints can be derived . .

depending on the interaction 07 10° 10' 10° 10° 107 10° 10° 1070 1011
type (pp or ph) E [GeV]



Neutrinos, y-rays & CRs

10-° |
ol i
5 10°L
[ E
0 : kY
7 w0l i
3 : B K 3 2 \wzB 1084 _
% 108 | 79 _
<) t %
= o ) ]
w 1077 L Neutrinos: .
o : Obs. since ~few years ]
10-10 | Flux ~ W&B bound ]
: Sources? f
0% 10 10? 10% 10* 10° 10° 107 10® 10° 10'Y 10!t
E [GeV]

Very similar energy output for all three messengers!



Astrophysical messengers: photons‘

Fermi-LAT satellite;

M Surveying the whole sky since 200
'@\[. > 3000 sources detected
rgy range: 100 MeV - 300 Ge

|IACTs - _
Current generation H.E.S.S, M ‘ﬂ? = RITAS
Pointing instruments 1o | SR T — e

= > 200 sources detected
Energy range: 50 GeV - 50 TeV

Water Cherenkov arrays
HAWC 2015 (predecessor: }
FoV: 2 sr

> 20 sources detected
Energy range: 500 GeV — 508




Neutrino sources: GRBs...?

IC Coll., Ap J 843 (2017) 2

107" g—rrrrrmr—r—rrrmy | | rey
= 10° il »
0 ~ o = axnd .-H-I_' S 1
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g 1071 3 53
i # W 3
- Fa
& ’ :
— 10712 -
?% T = = Internal Shock Fireball Prediction (4 Exciting GW connection: production of
2y = - Photospheric Fireball Prediction |} neutrinos and g-rays in short-GRBs and GW
" ICMARL Prediction ] events caused by mergers (NS-NS) [Bartos et
10

L] L = s pranl e al g aepanl oz el FEFEETTT L a asian
e 10 100 10° 107 100 10 al. (2013)]
i Energy (GeV)
Senno, Murase, Mészaros, (2016) PRD,93,083003
Orphan Neutrinos < Precursor Neutrinos Prompt Neutrinos 2\
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Neutrino sources: transients...!

* Possible connection of v and y-rays
in short-GRBs and GWV events

caused by mergers (NS-NS) [Bartos
et al. (2013)]

> GRBs with jets “choked” in T
surrounding medium BN,
[Senno et al. (2016)]: explains Wewoge
hypernovae and Low Luminosity — “‘KM = MLM
GRBs (rate ~100-1000 Gpcyr'), . .
predicts neutrino & y-ray emission

> GCN#19888, MASTERS follow-up of IC alert, reports a
delayed optical transient in FoV — white dwarf in binary
system or other cataclismic variable?! Possible prompt y-ray

emission: see models by [Bednarek&Pabich (2010)] and refs in
GCN#19888

> Tidal Disruption Events (BH eating a star)
— jet + surrounding material = v? y-ray?
[Lunardini&Winter (2016)]




)

Cosmic “beam dump’

Accelerator

proton
beam

Berezinsky et al, 1985
Gaisser, Stanev, | 98 st

beam dump
on target

L

4

neutrino

) and
: photon
p,e ‘ beam

Neutral particles should trace the production sites of CRs!



Potential sources of cosmic rays

In 1984 Hillas did a back-of-an-
envelope calculation that in order
for a source to accelerate CR to
high energies, the size of the
acceleration region must be > 2 x
Larmor radius

The formula is:
E = 10'8eV Z B (R/kpc)(B/UG)

— By looking at the size and
magnetic field of different objects
one can find many CR accelerator
candidates

Magnetic field [Gauss]

NeMron stars

1
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1 | 1 |/I
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T 7
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—@
L

—

Interplanetary
space

—rh
o
&

Emax ~ Bsz-B-L

6
1km 10 ka1A

E

1pc 1kpc 1Mpc
Size




CR & v: WAXMANN BAHCALL BOUND

® Starting from the observed CRs with energies >10'" eV a limit was derived on the neutrinos

produced within the same sources assuming:

|.  Protons are accelerated at the sources with a power-law

2. All protons undergo photo-hadronic interactions giving neutrons, neutrinos and g-rays

3. The sources are optically “thin” to neutrons, which escape and decay into protons giving

the observed CRs

4. The luminosity evolution of far away sources (whose CR
stronger than any class we know

index 2

we do not observe) is not
K.Mannheim, et al. (2001)

~ -4
®  Mannheim Protheroe and Rachen (MPR) showed that P
7 -5 -
different CR spectra can considerably weaken the limit presen—: “:I;k
I ny
) . .. E -6 \&\\'Tmﬁl
The observed flux is very close to WB limit: o
S . ]
a coincidence or a deeper multi-messenger ~ W
-~ - &B
s
connection? A— .
2 —8 1 -1 —2[<
E“® <3x107°GeVs "srcm™ “|® il
-~ -9 FE B L
3 6 9 12

log(E/GeV)

15


http://arxiv.org/find/astro-ph/1/au:+Mannheim_K/0/1/0/all/0/1

G-RAY FOLLOW-UP PROGRAM RESULTS

~ Time-dependent point-source analysis within 2| days

< Pre-agreed upon source list lceCube arXiv: 1610.01814

T
N On source bin ]

— Rate threshold

m
-
1]
-
=

Source location

MAGIC (I alert / year)

Declination [degrees]

VERITAS (3 alerts / year)

< Most significant alert on 09.11.2012 g

~ 6 events in 4.2 days e

L I I
RA [degrees]

~ Alert forwarded to VERITAS — no signal
— Planned extension: North+South, all-IACTs + Fermi + HAWC



OPTICAL FOLLOW-UP PROGRAM: RESULTS

MASTER: +22h

46
v < RS
Fermi LAT: +30min Bile e
54
=
Swift BAT: +100s = 5 g
2 40 N
2 L Fd
538' 3
HAWC: )
-5min until +6h I
Swift XRT: +22h 3420 e

Right Ascension (deq)

32

detection of neutrino
triplet on 2016-02-17 19:21
(follow-up triggered +22h)

ASAS-SN: +34h LCOGT: +32h

. Three neutrino candidates within 100 sec from the same direction
. Once every |4 years from background

 No optical counterpart found close-by supernova ruled out




The Marathon soldie
Cortot, 1834'Louvre

MultiMessenger

Each of the messengers has its special qualities...

10*18eV 10"19eV 10™"20eV

/ e Proton/photon free path in the Universe

\ 259
\ 'a
\ E 4
At T A f

32 - :

b N S e = .
= ” 0 o " o 0 | =8 r - L

X[kpe] Xikgc] Al RER TR e e g 3
Proton deflection in Galactic magnetic field 9() |- highest observed p energy L i "

Instrumental limitations...

log(particle or photon energy, eV)

; 15 = =
| highest coserved ¥ energy
®
$ - qalany e
photons
local group neutrinos
1@ B3 "-r-\.: 141 1 - :.- I 7, - _. =

- AGN & Q508 0 i i 1
- coamology | -

‘Angular resolution 'w‘;O 2+20 deg

0.01 0.1 1 10 102 10° 104
Observoble distoance (Mpc)

~1000 deg2




e
Potential sources of cosmic rays ’

Ry, .

Observed Excess Map - E > 39 EeV

10**1 ISEV ‘ 10**19eV _ , 10"’20&\’ — 50
i - | ] '_ ]
. iy
\'\/\ ! 3314 - \‘_:‘“‘\-...H___‘- e —{30
T g ° =< T 5 1 S | | JONSYANESERRYEENSS ()R o T
: = ! ; 8 20
| X4 8 180
pc) Tkpc] :>:: //
~~ Beam size
Nevts=40
ST ' ]
. L4 L
* Data: 5514 events, E>20 EeV (AUGER till 2017 April 30)

* Test: 4 anisotrophy models based on active galactic
nuclei (AGNs) and starburst galaxies (SBGs) from
Fermi-LAT, Swift-BAT and 2MRS catalogues

e Result: starburst model fits the data better than the
hypothesis of isotropy with a statistical significance of

4.00 (alternative models ~2.7-3.20)
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