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The Cosmic Ray Mystery
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Courtesy ALPHONZ WEBER, FORDHAM UNIVERSITY

Victor Hess surrounded by Austrian peasants
after landing from one of his ascensions a few
weeks before his record breaking ascent in the IR 7 xR
Bohmen. o
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Energies and rates of the cosmic-ray particles
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B Auger (ICRC 2017)
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Cosmic rays have been observed with energies up
to 1020eV (100EeV) or 107 LHC beam energies
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1600 Water Cherenkov Detectors (WCDs)
3000 kmA2

e oooo.o.o‘o”‘.. _— |
l‘f' ONES \\.\.......-.. r’{f. "\ b
® Cosmic ray spectrum extremely well measured (TA, Auger, ...)
® Where are they coming from ?

® What cosmic sources accelerate these particles to energies
well beyond that reached at LHC ?
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cosmic rays
+ nputrinoé

Cosmic Ray Sources

— Active Galactic Nuclei (AGN)
— Gamma Ray Bursts (GRB)
— Supernovae (SN)

— Galaxy Clusters

— Unknown

3 Victor Francis Hess
& D

Discovery of % )}

cosmic-rays | ~



radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays

cosmdlogical rhax of sfar formahtio'n ae - | | ' opaque to photons;
10° transparent to neutrinos
and gravitational waves
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» nearest galaxy
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galactic centre gravitational waves—ripples in space-time
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Energy [eV]  Bartos and Kowalski 2017
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Sources of Hish Enersy NeUutrines

Atmospheric Neutrinos Astrophysical

Cosmic rays interact — =t —
_ in the upper P T (p’Y) II V

w-men  atmosphere:

T = pion

V = neutrino
et =electron
e” = positron

v=photon P +A N -I-l-i (Ki) +
other hadrons

Active Galactic Nuclei

\ T2 UV —etVeVuV
', < H
IceCub Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
- Y
=107
o = e Vv, (unfolding)
"E B (forward folding)
GRia = -
3 = /. Vv, (DeepCore 2013)
sl v, (2014
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Principle of an optical Neutrino Telescope

Array of optical
Sensors ﬂiptlurstheg
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Neutrino lelescopes

and lceCube
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AUSTRALIA
University of Adelaide

' ] BELGIUM
Université libre de Bruxelles
Universiteit Gent
Vrije Universiteit Brussel

[EX] cANADA
SNOLAB
University of Alberta~Edmonton

DENMARK
University of Copenhagen

== GERMANY
Deutsches Elektronen-Synchrotron
Friedrich-Alexander-Universitat
Erlangen-Nirnberg
Humboldt-Universitat zu Berlin
Ruhr-Universitat Bochum
RWTH Aachen
Technische Universitat Dortmund
Technische Universitat Minchen
Universitat Mlnster
Universitat Mainz
Universitat Wuppertal

FUNDING AGENCIES

Sungkyunkwan University
-~ since 2013

N2
ZS

Clark Atlanta University

Drexel University

Georgia Institute of Technology

‘ Lawrence Berkeley National Lab
A = Marquette University

SWEDEN
Stockholms Universitet
Uppsala Universitet

Michigan State University

Ohio State University

Pennsylvania State University

South Dakota School of Mines and
Technology

[# ] SWITZERLAND
Université de Geneve

Massachusetts Institute of Technology

Southern University

and A&M College
Stony Brook University
University of Alabama
University of Alaska Anchorage
University of California, Berkeley
University of California, Irvine
University of Delaware
University of Kansas
University of Maryland
University of Rochester
University of Texas at Arlington

University of Wisconsin—-Madison
University of Wisconsin—River Falls
Yale University

Fonds de la Recherche Scientifique (FRS-FNRS)
Fonds Wetenschappelijk Onderzoek-Vlaanderen
(FWO-Vlaanderen)

Federal Ministry of Education and Research (BMBF) Japan Society for the Promotion of Science (JSPS)
German Research Foundation (DFG) Knut and Alice Wallenberg Foundation
Deutsches Elektronen-Synchrotron (DESY) Swedish Polar Research Secretariat

The Swedish Research Council (VR)
University of Wisconsin Alumni Research Foundation (WARF)
US National Science Foundation (NSF)
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The IceCube Neutrino lelescope

® Gigaton Neutrino Detector at the
Geographic South Pole

® 5|60 Digital optical modules
distributed over 86 strings IceCube Lab

_IceTop
81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

® Detector completed in December s mn— =

\
2010 after 7 years construction _\ e

® Neutrinos are identified through
Cherenkov light emission from
secondary particles produced in the
neutrino interaction with the ice

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

Ethr ~ 100 GeV

1450m|

(0] Z|AH= 20144 018 062X} AE 23Hol| AlRf= A& HCE)

I CMAE 2ol 8 201
T\ E=HE FR X Y, HIo] A A7 EHHE SA.. AFA-FHYE S AT

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Ethr~ 10 GeV

2450 m
2820 m |
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Track Cascade Double-bang

9 .m. T T

| | | : .
1 .i | !
@ Muon tracks (CC v,) o NCor ve/v; @ High energy v_(>100 TeV)
@ Resolution < 1° ® Resolution ~ 157 — 20° @ Nor observed yer
@ Large energy uncertainties o Energy resolution
SE/E =~ 15%
X, X Xig , X2
”}V% u Ve Vr

early s assssosssm |ate

amount of light in detector « v energy
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How to find astrophysical
neutrinos ?
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Point source search

\ Y .

e search for clustering
& of neutrinos from point
'/@ in the sky
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Transient source search

e search for spacial and

temporal clustering of
neutrinos
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Multi-messenger search
e search for a
coincidence between
neutrino and other
messenger particles
spacial at particular
time and location
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Diffuse search
e search for spectral
feature, inconsistent
with atmospheric
background
predictions

energy

Carsten Rott GW astrophysics mini-workshop @Ewha Jan 14,2019



e search for clustering of neutrinos from point in the sky
e search for spacial and temporal clustering of neutrinos

e search for a coincidence between neutrino and other
messenger particles spacial at particular time and location

e search for spectral feature, inconsistent with atmospheric
background predictions

Carsten Rott GW astrophysics mini-workshop @Ewha Jan 14,2019
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s Point Source Search

northern sky hotspot me=  Pre-trial (Disc. Potential) = + ANTARES (Sensitivity)
= = Pre-trial (Sensitivity) e Upper Limits (90%)
wem  Post-trial Upper Limit (90%) # Hotspots

10—1”

[
o
|
e
-

leVem 2s l]

r
.

% 10-12 =
'1; :

45°

southern sky hotspot ey L Equatorial

2

-1.0 —0.5 0.0 0.5 1.0

B o sin

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 0.4 6.0
- l[]gl[. ‘)

a N (0 )

lceCube Searched for - No point/extended
- point sources source found yet.
- extended sources
- catalog of sources - No correlation with

o diffuse Galactic emission source catalogs found.
J  _
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Search for highest enersy. ne

IceCube Coll. Phys.Rev.Lett. I I'l (2013) 021103 / arXiv 1304.5356

Tue Aug 9 07:23:18 2011
In two years of data expect

0.08 events at high energies,
but observed 2 events !!

® Ernie ~1.15 PeV (~1.9:10-4))
® Bert ~ .05 PeV (~1.7 -10-4))

Tue Jan 3 03:34:01 2012

® Topology of the events -
cascades

® Angular resolution on
cascade events at this
energy ~10°

® Energy resolution is about
15% on the deposited
energy
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Science

HESE 6yrs 80 events (track-like & showers)

observed

Expected from the Earth atmosphere ~41events

Energy Threshold

= Background Atmosphe
[ Bkg. Atmospheric Neutrinos (n/K)
[

Background Uncertainties
Atmospheric Neutrinos (90% CL Charm Limit)

Bkg.+Signal Best-Fit 1-Component Astrophysical (E~

ric Muon Flux

292 . ‘ Southern Sky (downgoing)’ | Northern Sky (upgoing)

[ Background Atmospheric Muon Flux
= Bkg. Atmospheric Neutrinos (#/K)

102 R I ______ «  Bkg.+Signal Best-Fit 2-Component Astrophysical
3 : eee Data
g :
© IceCube Preliminary
a s
2 o
o 10°p B R T :
N :
L :
(D) -
Q @
n :
el - = i .
C :
S 100 (N 0 I O
L - - _—
[
-1 :
- =]
1071 B T

102

Background Uncertainties

| == Atmospheric Neutrinos (90% CL Charm Limit) |
—— Bkg,+Signal Best-Fit 1-Component Astrophysical (E %)
= = Bkg.+Signal Best-Fit 2-Component Astrophysical

eee Data

élceCube Prelilfninary

Events per 2078 Days with deposited E > 60 TeV

-1.0 -0.5 0.0 0.5 1.0
sin(Declination)

10
Deposited EM-Equivalent Energy in Detector (TeV)

“10*

Best fit spectral index (E¥):

y=-2.92+033 4 5
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| b A | | |
! u.u.-| Pollik Mehuni Witschaft Pancama Sport Kubs Netzwel Wisenschafll mels v
IceCube Collaboration, Science 342, 1242856 (2013) WISSENSCHAFT e T

Nachrichien » Wassrnchef® » Netur b Nectnos > Nect-ros m oeQubte-Dperirmert: Drde werschiuck? Getartstichen

L) L)

L} | ) | ) LI | l W
ShOWGl’S Erde verschluckt gehelmnisvolle Gelstertelichen

Tracks Neutrinos rasen weitzehend ungestiet durchs All, wedl sie tast nicht mit normaler Materie Interagieren. Aber
nur fast. Amazerechnet unsere Erde st ein efMzienter Neutrino-Killer, wie ein Experiment beweist.

~ 'x" IceCube Pre¢ g . s ot
o

1@*"""" -
@ﬁ;c@

1

il
T o

sin(Declination)
o
|

New events

"o
SR
Se
~

-1 .m?....lw L .%.....i 0.9

== Neutrino

2 3 08 }+—mt+—mMmMmF+——.... Antineutrino
1 0 1 O 07 ﬂv—;‘ | ——Weighted combination
Deposited EM-Equivalent Energy in Detect  os ~ © —

® Recently unblinded 1.5 additional years of data (new ca = ,,
® Topology ID added (Cascades, Tracks, Double Cascades
® Above 60TeV: 60 events - |7 new events in 2016/2017 >

Accelerator
Data

1.5 2.5 3.5 4.5 5.5 6.5

® All energies: 102 events - 3| new events in 2016/2017 : log.o(E. [GeV])
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rgy. distribution

A

— 1 "B Data 1 lceCube Work In Progress HH  Data
2 2 = Ao - | pstro
= ] . Atme. Conw lceCube Work In Progress T ’{[: »—I—% BN Atmo. Conv.
3 ] v 10 = N
i B Atmo. Muons C>U~. . R H EEl Atmo. Muons
i\/ 101 K1 Atmo. Prompt 90% U.L. + _ - . T o . T\ [N Atmo. Prompt 90% U.L.
E B —1— , : , . Lo i N A\ - - -
a3 - BN 2 -
S i L \ C: - | HH
Q100 - 3 -
N 0 100 c —H HH
g 5 N[
810! - 1| o .
c <
() N
§ I 9
102 10! .k.‘, e
—1.0 —0.5 0.0 0.5 1.0 104 10° 106 107
cos (0.) Deposited Energy [GeV]

® Compatible with benchmark single power-law model.
® Best fit spectral index (E¥): ¥=2.91%033 45,

® E2¢p = 2.19+110455 x 10-8 x (E/ 100TeV)-29! GeV cm-2 5! sr-!
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B 10-7
;m

I

-

>

v 1078
—

'S

N.:> 10_9

work in progress

No Systematics

Astrophysical Flux .
(on top of atmospheric) |

e Differential
mm Best-fit (E7287%03) -
v, Best Fit (E7219=01) |

105

106

Neutrino Energy [GeV]

Carsten Rott 6

29 GW astrophysics mini-workshop @Ewha Jan 14,2019



)

alehm aYfalValY ale)
— N - — \

A - 1 he - o
ALV | Q'Hl?“@f’ffﬁ@ﬁ@ mlmug
IceCube Collaboration, Science 342, 1242856 (2013)

High-Energy Starting Events (HESE) — 7.5 yr
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Galactic Neutrino Searcies

e Combined ANTARES and |IceCube search for
difftuse v emission from Galactic plane

T T T ey ooy rrrrrrey ™=

—
—-

ANTARES and IpeCube PRELIMINARY 4

L

10°

| IlIllII

" Flux [é.u.]

E“d® [dEdQ[GeVem s sr!]

del 5 PeV CR entoft

[| = Combined UL

[| = KRA~v m«

lceCube starting events

0 50 100 150 200 250 300 350 B IceCube up-going »,

RA ] T i T/ S T/ TV
E [TeV]
3000 0- Diffuse astrophysical neutrino flux
Wi cannot be attributed to Galactic
— sources / Galactic plane

lceCube tested HAWC sources ...
no significant excess observed
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o

example: B. Feldstein, A. Kusenko, S. Mat
" and T. Yanagida arXiv:1303.7320v1 / Phys. .
(2013) 1, 015004

Flux (cm=2 s~ sr' GeV-1)

Neutrino Energy (GeV)

Rott, Kohri, Park
1408.4575

Heavy Dark Matter Decay

Decay process might produce mono- "
energetic neutrinos

Two flux contributions:
Galactic and Extra galactic
dPpmy,  dPcp, N dPrc 4.,
dFE, B dFE, dFE,

e Characteristics of the signal components:

‘Heavy-loop’ ~

Garny, Ibarra, Tran,
Weniger 1011.3786

y

® (1) Dark Matter decay in the Galactic

v Gravitino DM’ Halo (Anisotropic flux + decay
JJ\'\‘V spectrum)

Ws/o SU 1 dN, [~
dE,  dmmpm om dEL Jo

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923

& Galactic Center
Galactic Plane

K ® Dark Matter decay at cosmological
distances (Isotropic flux + red-shifted

spectrum)

o 33'00

dE~ dmmpy oM . dE,

equatorial
L a——

1 1 1 1 1 1 1 I 1 I
0.96 1.50 2.04 2.58 3.12 3.66 4.20 4.74 5.28 5.82

Line-of-Sight Integral J(¥) [10*? GeV/em? |

p(r(s,l,b))ds

dPre QM pe >~ 1 dN,
/0 H(z) [(1 - Z)Eu] dZ
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Dark Matter Decay with lceCube

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
IceCube Collaboration arXiv:1804.03848v1

1029
® Two IceCube analyses have been 3
. —~ 28
performed on independent data samples g "
&
® Track-like with six years of data P 107
=
® (Cascade-like with two years of data B 0%
é‘é . —— TceCube (this work)
Track-like Cascade-like 1025 — —— HAWC (dSph, 2018)
Number of events 352,294 278 : g:r::/jl,(f'l? ( 22(;) 1128))
Livetime 2060 days 641 days e
il:rynczsgigSackgound o (Zgl?l,l(;: - Full:);ky 10° 10° 10° 10° 107 10° 107
Median reconstr. error < 0.5°(E, > 100TeV) ~10° Dark matter mass / GeV
Energy uncertainty ~ 100% ~ 10%
Bound on DM lifetime at ~1027s
DM DM gAstro .,astro . .
Test-Statistic: TS = 2 x log /T M7, &777, y*77) obtained with lceCube data for
L(X|TPM — 00, pAstro_Zastro
(Xl ) mpm> 1 0TeV

® Dark matter alone cannot explain the observed astrophysical neutrino flux in
lceCube

® Scenarios with a PeV neutrino line became less attractive with lceCube’s
observation of neutrino events well above this energy
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Search DM Decay with IceCube’s

\ 7years HESE Sample

Einasto pgofile

1029

' . - my [GeV]
0 90 180 270 360
RA[°] 1020 IceCube preliminary X~ HTH
0.0 01 02 03 04 1025 P
Expected events/bin for - B -
X = Ui, my=1PeV, T, = 10?%s — 1077 R
) ’ -
® / years of lceCube’s HESE (High Energy Starting K 1026 -7//’\
Events) Sample g
25 | s [C: HESE 7.5 — = HAWC: M31
® Events with energies above >60TeV - — IC: Cascadeszrw B
: . : ' HAWC: GC —— VERITAS
® Binned likelihood analysis oy e~ T
103 104 10° 10° 107
® Most competitive limits above 100TeV for a large m, [GeV]

number of channel
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3
N
)
)

)

_lransient Se

Burst data from Fermi-BAT and Swift External Shock no coincidence found

provide precise time stamp and location T e R - - lceCube Preliminary » upgoing vy.track search —
the surrounding medium — ! 506 bursts in 4yrs ]
Collisions betw. diff. n 107 F0.69 x model 257 bursts in 1yr E
parts of theflow ™ ! - -
5 R
> i \
o 10 10 3 \ E
& I ’ Fireball Model Prediction % _
~ A ___ 4YrTracks + 1Yr Cascades
W , ’ , ’ 90% CL Upper Limit ]
s 1071 L ’ ’ = = Photospheric Model Prediction |
S = L0 ___ 4YrTracks + 1Yr Cascades |
(EU SRR 90% CL Upper Limit
= o ’ 5Yr Tracks + 3Yr Cascades
'y [ L’ Projected 90% CL Upper Limit |
10'12 A .x....l4 L L ......IS L L . .....l6 L . . .....17 .
10 10 10 10

Neutrino energy (GeV)

ANTARES Collaboration, IceCube Collaboration, LIGO Scientific
Collaboration, Virgo Collaboration [arXiv:1602.05411]

(]

o

6
45" Three off-source low-energy
30 > neutrinos within = 500 s
15 / %X
OO
o\
30° GW (99% CL)

®  Follow up on LIGO Gravitational Wave GW 150914

° No neutrino association observed
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We have a connection between gamma rays and gravitational
waves...
GW170817/GRB170817A

Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst Short gamma-ray burst

(>2 seconds’ duration) (<2 seconds’ duration) Gamma rays, 50 to 300 keV GRB 170817A

l A red-giant 1,500

star collapses
> .<_ onto its core.... Stars* in
T a compact
binary system »

begin to spiral
inward....
»

Fermi 2
Reported 16 seconds <y

after detection o

Counts per second

..becoming so

dense that it
\ / expels its outer
ayersina
~ supernova ..eventually
\ /. ~€xplosion. colliding. \\

LIGO-Virgo

Reported 27 minutes after detection Gravitational-wave strain GW170817

S

S

~N

=
>
3]
=
[}
=
o
@

=

w

The resulting torus
has at its center
a powerful

Time from merger (seconds)
black hole.

INTEGRAL Gamma rays, 100 keV and higher GRB 170817A

Reported 66 minutes

: 120,000
after detection

115,000

Counts per second

(CEININEREN
110,000

LIGO/Virgo; Fermi; INTEGRAL; NASA/DOE; NSF; EGO; ESA.

*Possibly neutron stars.  NASA/STScl
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Search for High-energy Neutrinos from Binary Neutron Star Merger GW170817
with ANTARES, IceCube, and the Pierre Auger Observatory
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Abstract
The Advanced LIGO and Advanced Virgo observatories recently discovered gravitational waves from a binary

L] L L}
neutron star inspiral. A short gamma-ray burst (GRB) that followed the merger of this binary was also recorded by - b I n a ry n e u t r‘o n St a r I n S p I ra I
the Fermi Gamma-ray Burst Monitor (Fermi-GBM), and the Anti-Coincidence Shield for the Spectrometer for the
International Gamma-Ray Astrophysics Laboratory (INTEGRAL), indicating particle acceleration by the source.
The precise location of the event was determined by optical detections of emission following the merger. We
searched for high-energy neutrinos from the merger in the GeV-EeV energy range using the ANTARES, IceCube, — fo I I Owe d by S h O rt G R B (O b S e rve d
and Pierre Auger Observatories. No neutrinos directionally coincident with the source were detected within +=500s
around the merger time. Additionally, no MeV neutrino burst signal was detected coincident with the merger. We
further carried out an extended search in the direction of the source for high-energy neutrinos within the 14 day -
period following the merger, but found no evidence of emission. We used these results to probe dissipation by Fe rl I l I- G B M)
mechanisms in relativistic outflows driven by the binary neutron star merger. The non-detection is consistent with
model predictions of short GRBs observed at a large off-axis angle.

Imre Bartos Neutrino 2018

GW170817 Neutrino limits (fluence per flavor: v, +7;)

—
% ; —
107§ ANTARES 4500 sec time=window |1
45° ~ i .
. ‘;E’}, Om i Auger
307 (P 2 ~ 5 10"} leeCube —
lro &%‘F x~ 1 = B
) x o -1 “se
% X f G 10%% e - 1
o AN . JceCube upegoing, ene, ¢ X . L S= o N, Kimura et al,
0 “‘-‘*C'?F"m""““'ﬁ"'l"‘ﬂﬂ !1 7 3 [l TR— . ™, EE moderate
\ IFa e GW (90% CL) < e PaEEN

prompt

{ neutrino candidste (ANTARES)
| = e e Cribe horkzon

e T — .
\_/ ] w= == ANTARES horizon
—60° \ / ] Auger FoV (Eartheskimming)
=0

. v s (N
, + NOCC 4093 =2 | \
\ . . ) . 107 FKimura et al. Ve Kimara et alt

/ oV ; —
—75° e L] Auger FoV [downmgoing) o ANTARES
SO0 —_— :
“
% lceCube :
G 10°} Fang & !
. N N ) - Metzger
* Search within 1000 s and 2-week time windows (model motivated). =l __ 30 days
€3] p—

Fang &

* Complementary sensitivity from the three detectors. 107 f

14 day time-window
100 1w' 100 10" 1w 1wt 10* 109 10"

* No significant coincident detection. 1072

* On-axis emission could have produced detectable emission in some models.
ANTARES, IceCube, Auger, LIGO, Virgo 2017
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=/  ® No significant excess
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® New more sensitive
analyses coming up
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115 | \A'Z Lf‘b@ﬂ”@,@@/fx\ 9\’{/ Wr\/\/g C j VA=K E

® Real-time alerts. Since 04/2016, el T . % SN/GRBY/...
~6-8/yr ﬁ_ | :
® Improved selection summer
2018
® Good angular resolution “The North” (R
O 50 _ 20 907 f Iridium '
(0. o of events) ¥ o
: : Veritas/H.E.S.S./ -
® 50% astrophysical fraction  [FYINaIy ey T®

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

Online Event IceCube iceCube * EHE Alert »  avoN
Filtering -» Live Live &
System South  © i North "»HESEAlert® GCN

South Pole, Antarctica Followup
...................................................................... . e A

lceCube Data Center, Madison WI

.........................................................................................
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115 H o
1C

® Real-time alerts. Since 04/2016,
~6-8/yr

® |mproved selection summer

2018

® Good angular resolution
(0.5° - 2° 90% of events)

® 50% astrophysical fraction

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

Online Event lceCube
Filtering - Live
System South

South Pole, Antarctica

-
----------------------------------------------------------------------

i

I T e

....-.-.~ aeeny 000 o
*

SABLBARNNNEN 0"
LALLALANREREssee s .

. " e
—— e .

't

. «asnesBBBeteinse
SLBNLRRAD SRese T, -0

-— S

First public v Alert: lceCube-160427

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

iceCube ¥ EHE Alert = ApmoN

&

North ™™HESE Alert ®  GCN

- Followup ->

Reconstructions

lceCube Data Center, Madison WI

.
.
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115

TITLE: GCN CIRCULAR
NUMBER: 21916
SUBJECT: IceCube-170922A - IceCube observation of a high-

energy neutrino candidate event

DATE: 1
rrom: | Fermi-LAT detection of increased gamma-ra

TXS 0506+056, located inside the IceCubs

: o Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar

m £} Recommend 448

® September 22, 2017: a neutrino alert issued by

lceCube

* Fermi-LAT and MAGIC identify a spatially
coincident flaring blazar (TXS 0506+056)
* \ery active multi-messenger follow-up from

radio to y-rays

Referred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942

Claudio Ko error region. p” S
report on - el I
ATel #10791; ¥ - - o
) «| First-time detection of VHE gamma rays by MAGIC from
On 225 . . . - .
————y .| @ direction consistent with the recent EHE neutrino
Extremely| Subjects: Gamma event lceCUbe"I 70922A
nnrmal nan
Referred to by A ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
10844, 10845, 10 ond Oct2017: 17:17 UT
Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de)
[ ¥ Tweet |

After the IceCube neutrino event EHE 170922A detected on 22/09/2017 (GCN circular #21916),
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 05064056 (05 09
12596370, +05 41 35.3279 (J2000), [Lani et al., Astron. J., 139, 1695-1712 (2010))), located 6
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source
under eood weather conditions and a 5 sigma detection above 100 GeV was achieved after 12 h of

Z0|LX] SE0|xte| X At 2| =E &0

At =S50l s SE0IAH AEFXIQ Ofo|AFEIM Z10jL{X| SHE0[AHE
HAERUCE USAS2 0| SY0IA7} 37 B BO{ZE MA| TXS 0506+056 01| Af
AARICHE AldE NZCZ BS{RICL HS0AM A&t SJ0IA] HES FX st
211 AIA ZIX|2] MAHYAHE L 230] U= BHESO0| Z=et Huts ZR|eH 22
R0|M SE0[A7HHIRRSS &OIRC

X+ dgoz
 SS0|Xtet

X7 | Tkl

#HOM &S

i fgar AT el

. | Zopeg 2|
s40/xt 2 ) HE0|

| & $AL AL _ Q
2% X Ko ;.
2A Kk, X2} VLT &%

-

. P
MM 6074E —+ [ N Alian m

i =
86717t AS g ZHM
2450m : i 516074

. R
Ny | b

: W =5 L2 ool A
ZA0|xe| S S8 T H0| Ao
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__lceCube- .
Multimessenger observations of a B g{f gg il
flaring blazar coincident with TEE V8
high-energy neutrino IceCube-170922A s E
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS- SN, HAWC, HLES S., 3 .
B SR
s572F
® Chance probability of a Fermi-lceCube et s S e e (IN
coincident observation: ~30 (determined 65 -t el AL T T e R e
based on the historical lceCube sample s Eat ST 564L LA
and known Fermi-LAT blazars) RO s G L Ny e o
e Time-integrated neutrino spectrum is s e R e S P o3
approximately E-2- g st @k T
a i ML g

® TXS 0506+056 redshift 5513 B SR st S AR e A L
determined to be z=0.3365 (S. T e BT R
Paiano et al. ApJL 854.L.32(2018)) — lceCube (50%) | . - -.o.o -+ - |

sod| - IlceCube (30%) | - -~ T R T

e Time-average luminosity about an order ’;l’?gic(gf;’;) L R PRI 0000ME.

of magnitude higher than Mkn 421, Mkn | = TXS0506+056 |+

501, or IES 1959+605

78.5 78.0 775 77.0 76.5
Right Ascension [°]
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___lceCube-I| /0922~

IC40 IC59 IC79 IC86a IC86b IC86¢

==us |ceCube-170922A
- Gaussian Analysis
== Box-shaped Analysis

2009 2010 2011 2012 2013 2014 2015 2016 2017

® 9.5 years of archival data was evaluated in 2125 M50 WIS N0 M6 20160
. . P PR | IR Lo o o o B | PR AT R 20 —~
direction of TXS 0506+056 £ 4+ == Best Fit: Box [_'\‘_l 10 E
2 = = Best Fit: Gaussian ; N 5 o
\ X
® An excess of |3%5 events above % :- F £

. o 1
background was observed during Sep 2014 & ] ' 05 O
o !
- March 2016 o &
2 0.1 §
. . 56200 56400

® Inconsistent with background only o e 2

hypothesis at 3.50 level (independently of  Time-independent weight of individual events during the 1C86b period.
the 30 associated with lceCube-170922A
alert)
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NASA

A.Weiss et'al.

(Sﬁbmi:llimétre

™

—

ESO/WFI (Optical); MPIfR/ESO/APEX/ . -
5 NASA/CXC/

Inner Structure of an Active Galaxy

Shock

0.1 lightyears

Relativistic Jet

S

Supermassive
Black Hole

Accretion Disk

Opaque brus
(Inner Regions)

Carsten Rott
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http://chandra.harvard.edu/index.html
http://www.stsci.edu/portal/
http://www.nrao.edu/

Diffuse

IC170922A

Galactic plane

Optical follow up

Supernova
Burst

________Distance.sca

observation

observation

limit

sensitivity

les. ...

Distance

(Source)

~ Gpc ~10 / year (E>60TeV)
z~0.34
TXS 0506+056 3:15 ((éc%ggw ;:'agzn EM
(Blazar) = +orpnans
10KDC 100GeV - TeV gamma-ray -
P (~hundreds) pion production

z~0.02 (triplet)
z~0.05 (doublet)
z~1.1 (singlet)

background for triplet

1/15 year optical follow up

~30 kpc

........

47 GW astrophysics mini-workshop @Ewha Jan 14,2019



Observation of Supernovae in Neutrino FolloW=UE

IceCube/PTF/Swift/Pan-STARRS Astrophys.J. 811 (2015) no.1, 52

Detection of a SN lIn in Optical Follow-up Observations of IceCube Neutrino Events
19.0 T T I I I | I _22

: ¢ cventl
185— ..... ..... 9 event?2 x -21

B meanv

180 F -4~ —f e e— | @ SN location g —20
— N Y = | -
o | . S R : g —19
g 17511 \ 1037 g Y05 h 2
2 : 1} : : | 8
= : : : ' g —18
= 17.0 - R b 3 =
bob) r -y - - Forssos yrevsrrs
a ot U Z -7
165 - SRS TS TR e
' P08} P10 111 ~16
16.0 SUUNE N S Lo '
° T “u ...... O S P S R ‘ ------- ‘ ...... B -
S O SR SN SR e I

. — . . . . L [ |
15.5 ' 1 1 1 ' ' ' ~200 100 0O 100 200 300 400 500
103.0103.5104.0104.5105.0105.5106.0106.5107.0

Right Ascension [°]

|
|
-
i
i
!
|
|
I
|

Days since first detection (rest frame)

Optical Follow up resulted in the discovery of a Supernova Type lIn (z=0.0684)
PTF12csy 0.2° away from the neutrino alert direction.

Causal connection is unlikely, explosion at least 158 days before neutrino observation
A posteriori significance of the detection is 2.20
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IceCube arXiv:1702.06131v1 (Astronomy & Astrophysics)

IceCube arXiv:1702.06131v]l  IceCube arXiv:1702.06131v1

! ! 1.c|||| T T T 11717171
— 23 v detected 16
— 2vdetected i i
46 - - gs 0.8H —0 1 Udetected JRRSY SOS SR PN S
- , !
3
g 1
S 0.6+ [
44+ 1 8
—_— | g ____________________________________ i
0 | 2 0.4 J\ Il
' =
T 42t 1 3 1
c 3 0.2+
9o |
fé 40 = - | ! i | GRB afterglows (R band)
c 0.05 Y S —  LCO (UBVgri-bands)
:...3 redshift of neutrino source 24 I I MASTER (no filter) 1
Q 38 I I ASAS-SN (V-band)
(&) - . Fig. 8: Probability of detecting a neutrino source within a certain red- - )
shift. The figure was generated by simulating a population of transient 10° 10° 10° 10°
neutrino sources with a density of 4x 10-Mpc—yr~! distributed in ; . .
3 6 redshift according to the star-formation rate and normalized to produce time since trigger [s]
= . the detected astrophysical neutrino flux. Sources detected with only one R . )
single neutrino are on average far away (median redshift of 1.1), while (b) Opthdl GRB llght curves.
sources detected with three or more neutrinos must be located nearby.
1 1 1 1 1

34 32 30 28 26 24 22 20
Right Ascension (deg)

Fig. 1: Location of the three neutrino candidates in the triplet with their Tlme since trlgger ~22h

509% error circles. The plus sign shows the combined direction and the
shaded circle is the combined 50% error circle. The solid circles show
the results of the MPE reconstruction which is as the default reconstruc-
tion in the following and the thin dashed circles correspond to the results
of the Spline MPE reconstruction (compare Table 1).

Observation of a neutrino triplet event, optical follow up was triggered, no likely
counterparts observed.

(Random neutrino triplet events occur every 13.6yrs)
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Ch'Tor transient opt
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Neutrino event Epoch Energy alert @00 02000 90% error Pan-STARRST observations Mgepth i, Number of
(MJD) type (®) () () Start End (mag) transients

IceCube-160427A 57505.24481 HESE 2403 9.7 0.45-0.54 57508.50 57550.46 22.5 19
IceCube-160731A 57600.07990 HESE+EHE 214.5 -0.3 0.75 57600.32 57626.28 22 11
IceCube-160806A 57606.51496 EHE 122.8 -0.8 0.5 Not visible - - -
IceCube-160814A 57614.90688 HESE 200.3 -324 1.2-3.0 Not visible - - -
IceCube-161103A 57695.38022 HESE 408 12.6 0.65-1.1 57695.47 57702.36 22 7
IceCube-161210A 57732.83797 EHE 46.6 15.0 04-1.1 Notobserved - - -
IceCube-170312A 57824.57615 HESE 305.2 -26.6 0.5 Not observed - - -
IceCube-170321A 57833.31413 EHE 08.3 -15.0 1.2 57834.27 57859.27 22
IceCube-170506A 57879.52565 HESE 221.8 -26.0 2.0-3.0 Notobserved - -
IceCube-170922A 58018.87118 EHE 774 57 0.3-0.95 Notobserved - - -
IceCube-171015A 58041.06562 HESE 1629 -154 1.6-2.6 Not visible - - -
IceCube-171028A 58054.35295 HESE 67.5 -69.8 >7-28 Not observed - - -
IceCube-171106A 58063.77754 EHE 340.0 74 0.25-0.7 58065.34 58075.34 22.5 2

to [mugtmmmurv\/ IceCUD

A ) Ca

- < g

-;

9 https://icecube.wisc.edu/science/data/TXS0506_alerts

High-energy neutrino production in
Type Ic SNe has been postulated to
be possible, as a result of diffusive
shock acceleration of protons in
relativistic jets powered by a central
engine

PS16cgx - spectroscopic follow up
Indicates it is Type la

. OPS16fnx | *ps
. ' / C ' o
—_
PS16cgx

[=50%
. .| — 80%
'@ QSO
| © Likely QSO
10O 0ld SN 1
| © Stellar
i 1 1

%2000
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Oﬁ

ration

Energy Threshold

® |ceCube has provided an amazing sample = S
of events, but i still statistics limited N e
® Observed astrophysical flux is consistent g IceCube Preliminary
with a isotropic flux of equal amounts of = B
all neutrino flavors 2
® So far non of the analyses has shown Z i

any evidence for point sources

® Where are the point sources? - E =)
Deposited EM-Equivalent Energy in Detector (TeV)

lceCube Gen2 Facility

® What is the flavor composition?

® What is the spectrum? Cutoff?

® Transients ?

sre/PING U

lceCube Gen2 Cosmic Ray Array (CRA)

® Multi-messenger physics!? T
e GZK neutrinos!? |

® New physics or something unexpected ?

— 14 km ’
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lceCube DOM

T —— —_
35 cm 36 cm 36cm 30 cm 30 om 11 em 11 cm

e Directional information ® Directional information e more sensitive
 More sensitive area per ® More sensitive area per  area per $
module maodule e Small diameter
* Smaller geometry e Lower noise rate
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see also:
- PINGU LOI arXiv:1412.5106

pgrade

1000m
N 2.00
¢ - ~ T A R lceCube-Upgrade Preliminary
. K Fom e 8T v, Appearance |
B " ' -\ 1.751
. L, el :'. Lo *Note, lceCube Upgrade is
.. ' .G m N2 " e CC+NC inclusive while SK &
:. : : 1)y 1501 OPERA are only CC :
B . ° N 2 =4
®. 5 1.25; :
. * | g 1.00 I 2
1Tm - — -
L J | o o - ©
100m m c g = 3 8
2"0.75- © 5 aN
24m > 8 8 §‘f '-é
* T >N gd
o’ .Q oD 0.50 g : Q 2 S:’
- o 2 o
lceCube DeepCore Phasel ;:;-$ gla §;£$ § S 8 §
| et 4 ] Q o
s 025 . 90% range § § d %
O = o
String Module Modules | S8%range | g S
Armray / 0.00 ; ; . . . -
Spacing Spacing String 05 10 15 20 25 3.0
livetime (years)
IceCube 125m 17m 60
Lot | wo | Un =
Upgrade  20m  2m 125
First step to restart South Pole activities
- Tau neutrino appearance - Test unitarity
of the PMNS matrix
- Calibration devices
- Platform to test new technologies | | | : | '
Project Year 1 Project Year 2 Project Year 3 Project Year 4 Project Year 5
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|

era System

o
(i

- = Expected (stat. only)
@ ¢ Observed (sys. + stat.)

—
-

ot

tn

-
N
v
|

\ o B=d

- O

2
&
¢

factor of 6

Median angular error (cascades)
¢

- lce properties dominant source of o L.
sys. uncertainties for most analyses
- Solution: SKKU ice camera system
- Monitor freeze in
- Hole ice studies
- Local ice environment
- Position of the sensor in the hole
- Geometry calibration
- Survey capability

Camera system key to comprehensive understanding of the detector medium
—> Retroactively analyze more than 10 years of lceCube data with substantially
improved angular and energy resolution
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High-energy astrophysical neutrinos have opened up a new window to t
Universe

® What's the origin of the high-energy neutt
Very strong bounds on dark matter scatt
Very diverse science program, lceCub:

Neutrino astronomy is a central part of
field

The lceCube Upgrade has just been approved and we can'lc
exciting discoveries in the near future

Image:Stephan Richter, IceCube/NSF






_Ihe lceCube Upgr:

Target v, — v, oscillations

J
A GClE&

« Detect v, events on a statistical —— y—
. . . 9 ; ! 0y.
basis (up-going, shower-like) ssf == [ceCbe2017 = (RGua2017 assumed]
Gen2-Phasel (3 yr proj.)
B T2K 2017 ~ [T2K 2017 assumed]
Case study for IceCube Supec-X 2015 -
Upgrade: ~ NOVA 2017
- ~2500 v, events / year e
. Drastically improve =
measurement of E O D LTI S
atmospheric mixing g &5 g0 A - v
parameters !
- Chance to determine L R T P L -
OCtant Of 623 el 90% CL contours [NO) lceCube Preliminary
. . 0.35 0.40 0.45 0.50 0.55 0.60 0,.65
» Also possible with ORCA sin? (0,.)

lceCube extremely competitive for neutrino oscillation parameter

measurements using atmospheric neutrinos
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A lau Neutrino Candidate ...
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Double cascade Event #1

Double cascade Event #2
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Detected Photons
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IceCube Preliminary

* Bright DOMs are excluded from this analysis

X

“Bright” (saturated) DOMSs not used in reconstruction
Direction and two reconstructed cascades are shown

in dark gray

First evidence for high-energy tau neutrinos !!
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PeV Energy Partially-contained Events: PEPE

7.0

. 03' [ HESE v, Contained cascades
| PEPE v, Partially-contained :

& | EHE-PeV v, | Through-going tracks
@ 102 3
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ﬁ 2.0
Y15
0 10k = = = = = = = = = = = = o2 o " " _ _ _ o
A 0.5
2 0.0 ' !

4.5 5.0 5.5 6.0 6.5
log,,(E"/GeV)

4.6 years (2012-2016) of data. One

event is at Glashow bin

It is brighter than all IceCube PeV

events even only partially-contained

%IceCubé Work |n Progréss Ecascadés dataé

'“"fe'xpectéd“si’g'néI“(‘Ejj“"*“";““f’1'5"’Fé"e‘\/;”v”i'-“?’.‘1‘9’,‘“@5’%‘0;6‘)”""'
expected background (atmospheric nu + mu)

1SN

N

Events in 4.6 yrs
W

=

5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2
log1l0(cascade energy proxy E,.. [GeV])
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— lceCube diffuse numu (ICRC 2017)
—— lceCube EHE cosmogenic nu (2018) \4
— Auger cosmogenic nu (2017)
Anita cosmogenic nu (2018)
10—7 | , A V  Auger cosmic-rays (ICRC 2015)
i lceCube HESE nu (ICRC 2017)
T the new event
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lceCube Preliminary \V4
X All flavours
bar:nue=1:1
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Energy [GeV]
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Upgi

IceCube: next step = Upgrade

J
rade

IceCube-Upgrade

« / additional strings in Deep Core
domain, densely instrumented

» Objectives:

* GeV neutrinos:
T appearance, Dark Matter, ...

* Improved understanding of ice
properties = better precision,

reduced systematic uncertainties

* Opportunity to test new
hardware developments

* Funding commitment expected
very soon

tim

e

Deployment
2022/23

U. Katz: Future neutnno telescopes
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lceCube  DeepCore  Phase | e s Lo
Insrurnenied Depth
String Module Modules /
: Spacing Spacing String
IceCube 125m 17m 60
DeepCore B m m 60
Upgrade 20m 2m 125
Neutrino 2018, Heidelberg I P[211 63] J. Evans 26
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Expanded region of instrumented ice: 1270 m Icecube CO”. Gen2 LOI arXiv:1412.5106
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http://arxiv.org/abs/arXiv:1412.5106

