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The Multi-Messenger Picture
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Presentation Notes
HE universe is an elephant. We don’t know what kind of animal we are dealing with


New Windows to the Universe
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Presentation Notes
Exciting times for MM astronomy – two new windows to the HE universe openen in the last few years


Cosmic rays reach 10%%eV
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~10 million times more energies than LHC protons!
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Neutrino Production Processes

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

X+ D yy

pp > X+T 2 u'v, 2erv, v, v,
X+ 2 UV, D eV Vv, V,

\'

@~

Photohadronic (e.g. gamma-ray bursts, active galactic nuclei)

0>
SAtS ] PT=ZDRYY
PY {nn*%np*vué nevyv, v,

Gamma-rays are not exclusively produced in hadronic processes
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HE gammas absorbed through pair production, however cascade down, low energy extension of neutrino signal to low E
Because of this conenction … 
Direct observation of gamma-ray emission in association with the IceCube flux is hence (due to pair production) not feasible, unless there is a significant Galactic contribution. However, the sub-TeV extension of the IceCube signal (expected for a pp  origin of the signal) as well as the sub-TeV contribution of cascaded gamma-rays via inverse-Compton scattering of the high-energy e+e- can be visible as an (extended) point-source TeV gamma-ray emission and provide an additional constraint for the contribution of close-by sources


Neutrino Production Processes
Hadronuclear (e.g. star burst galaxies and galaxy clusters)
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HE gammas absorbed through pair production, however cascade down, low energy extension of neutrino signal to low E
Because of this conenction … 
Direct observation of gamma-ray emission in association with the IceCube flux is hence (due to pair production) not feasible, unless there is a significant Galactic contribution. However, the sub-TeV extension of the IceCube signal (expected for a pp  origin of the signal) as well as the sub-TeV contribution of cascaded gamma-rays via inverse-Compton scattering of the high-energy e+e- can be visible as an (extended) point-source TeV gamma-ray emission and provide an additional constraint for the contribution of close-by sources
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Where Can We Look?

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays
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Every time we’ve opened a new window we’ve learned something new about the universe, because we see deeper into the universe or we can trace different astrophysical processes in different wavelength.
Classically we’ve observed the Universe in electro-magnetic radiation. In the highest energy regime however, the Universe becomes opaque to photons. Explain plot
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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
Vi volume L

\W

N hadronic
cascade
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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
/ C.-111.
v Ve cascade
Cannot
distinguish
Z W
between
showers (size
hadronic N hadronic few mete I’S)

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

Vr N Only for very

hadronic large energies

Resolvable
_ cascade the two
for deposited |\ showers can
izggg_l}’ev be separated
\ _ (otherwise
N adronic . t
cascade signature C)

Page 12



Diffuse Neutrino Flux detected!
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Similar energies in gamma rays,
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our Universe!

Page 13


Presenter
Presentation Notes
Explain blazars. What are the sources of HE neutrinos and cosmic rays?


Where do the Neutrinos come from?

IceCube high-energy events > 30 TeV (2010 - 2016)

i, B B T gt e Equatorial
IceCube Preliminary IceCube, ICRC 2017
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lceCube Target of Opportunity Program
Public alerts since April 2016

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

e 8/yr,~3/yrof
cosmic origin

* Median latency:

30 sec
¥ 4




|C-170922A — a 290 TeV Neutrino

side viev
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e 125m
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DEsy IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn, Page 16

Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018






Fermi-LAT finds Flaring Blazar *‘\

DESY. Fermi-LAT Coll., ApJ 846, 2017, Video credits: Matteo Giomi, Fermi-LAT Collaboration  Page 17



Fermi-LAT finds Flaring Blazar, TXS 0506+056
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The Multi-Messenger Light Curve

Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS,

VLA, Science 2018



First observation at >100 GeV gamma rays
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The Multi-Messenger SED

log(Frequency [Hz])
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Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018



How Likely is it a Chance Probability?

Step I: Draw a random neutrino from a
representative Monte-Carlo sample of
high-energy muon- track events

swsll

Step Il: Are there any extra-
galactic Fermi sources close in
space to the neutrinos?

— le-5

E 2.5 }

T 2.0

315 H } Step Ill: What is the gamma-ray
% 10 H H energy flux in the time bin when
3 0. . the neutrino arrives?

E 2(5) “'q:‘;v‘n' - ',Y"v",' T ‘IIIV}v 'IW ‘}I} } IH

55000 55500 56000 56500 57000 57500 58000
MID

DESY Page 22



How Likely is it a Chance Probability?

L(ng=1) S
1S =2log L(n, = 0) — QIDEE
Prc(sinf)
B(7) = 2m
Signal PDF
~ | 7, —F2 /(202
S(E1) = 3 g O () wace(62)
: r
\ Y } ‘ acceptance

Spatial term  gamma-ray energy
flux at time t
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How Likely is it a Chance Probability?
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Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018



Three models tested

— 1 _|z _fZ G’Z
- | S(E1) = Y 5oz O o (6
Neutrino emission correlates with s 7

1. gamma-ray energy flux in the range 1-100 GeV

w(t)=0et) = [ B2

~y
1 GeV dE vy

2. relative gamma-ray flux variations in the range 1-100 GeV
ws(t) = ¢4(t)/ (Dy)

3. very high-energy gamma-ray energy flux in the range 100GeV-1TeV
(extrapolated from Fermi energy range)

dE~

w®=es0= [ 5%ap,

.-'}r
100 GeV dE v

All tested models yield similar p-values
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TXS 0506+056 in 3LAC
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“masquerading BL Lac” , padovani et al. 2019
based on radio and O Il luminosities, emission line ratios, Eddington ratio
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Are there more Neutrinos from this Source?

DESY. Page 27



Are there more Neutrinos from this Source?

135 above the background of
atmospheric neutrinos, 3.50
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Neutrino Flare Properties

E*J [10°* TeV ecm 2]

neutrino spectral
parameter fit
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DESY

4 times larger than average
gamma-ray luminosity!

IceCube Coll.,Science 2018
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Is there also a Gamma-ray Flare?

neutrino

1C86h flare 1C86¢ IC=1709224
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Spectral Change?

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

3 5/ IC-170922A

Neutrino flare 2014/15

3.0; Gamma-ray flare 2017/18
-+ Fermi-LAT 300 MeV - 1 TeV ’

| Spectral change significance < 20

: . See also
3.5 Garrappa et al. in arXiv:1901.10806

Padovani et
40 | | | | | | — al. MNRAS,
DESY 2018
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The Multi-Messenger Light Curve

Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS,

VLA, Science 2018



The Multi-Messenger Picture
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The Multi-Messenger Picture
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HE universe is an elephant. We don’t know what kind of animal we are dealing with
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N W

& Proton Bethe—Heitler Photopion Photopion
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Modeling — leptonic

eV keV MeV GeV TeV PeV
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Modeling — leptonic, hadronic

eV keV MeV GeV TeV PeV
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Modeling — leptonic, hadronic, Gin & Tonic

l0go(EdN/dE / erg cm™2s™")

DESY

2017 neutrino + gamma flare:

eV keW MeV GeV TeV PeV
Gao et al. 2018

- C Quiescent

Flare

-10|

logqg(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.
Rodrigues et al. arXiv:1812.05939
A. Reimer et al. arXiv:1812.05654,
F. Halzen et al., arXiv:1811.07439
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Modeling — leptonic, hadronic, Gin & Tonic

2017 neutrino + gamma flare:

eV keW MeV GeV TeV PeV
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Gao et al. 2018
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Other interesting candidates

Blazar + high-energy cascade o
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Other interesting candidates

Systematic search for Fermi-LAT catalogued counterparts (3FHL, 3FGL)
to 37 well-reconstructed IceCube real-time alerts and archival events
revealed on more coincidence. Chance coincidence ~30%
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Other interesting candidates

Gamma-ray and optical lightcurve

Not significant if weighted
with gamma-ray energy flux
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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
, Correlation study of 3 years of IceCube
Stacking data and 862 Ferml LAT blazars

* Upper limit of 27% of the 2LAC Blazar Lpper Timit | - - equalmghnﬁgwf
diffuse flux fit between 10  — 106 {— Fa=-25E>10TeV| i o Aweighting -
TeV and 100 TeV with a R | fs= 225> 0TV : 5
soft E-%° spectrum g

« Upper limit of 40% and z
80% for an E-2 spectrum O
(compatible with the 5
diffuse flux fit > 200TeV) Ry : . "} e

g o| [ B A e o] D
Averaged over 9.5 years, the 10 10° 108 10° 106 107 10°  10°
neutrino flux of TXS 0506+056 by Neutrino Energy [GeV]
itself corresponds to 1% of the Fully compatible with blazar
astrophysical diffuse flux catalog stacking results
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Other neutrino source candidates
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Theory provides us with several source candidates and I’ll briefly go through the most promising candidates. The needed ingredients are acceleration of matter and a target. Basically a comic beam dump experiment. Stellar explosions provide a good environment: The collapse of the stellar core released a lot of energy and in case of GRBs rapid rotations and strong magnetic fields produce highly relativistic jets, which collide with material of the stellar envelope or the interstellar material surrounding the star. In case of GRBs the jet is able to penetrate the surface and can be detected in form of a bright short flash of gamma emission. In some cases the jet might not be  energetic enough to penetrate the surface of the star, but gets stuck in within the star, in which case all gamma-rays will be absorbed, but neutrinos can leave the dense environment. This model can only be tested by neutrinos.
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Theory provides us with several source candidates and I’ll briefly go through the most promising candidates. The needed ingredients are acceleration of matter and a target. Basically a comic beam dump experiment. Stellar explosions provide a good environment: The collapse of the stellar core released a lot of energy and in case of GRBs rapid rotations and strong magnetic fields produce highly relativistic jets, which collide with material of the stellar envelope or the interstellar material surrounding the star. In case of GRBs the jet is able to penetrate the surface and can be detected in form of a bright short flash of gamma emission. In some cases the jet might not be  energetic enough to penetrate the surface of the star, but gets stuck in within the star, in which case all gamma-rays will be absorbed, but neutrinos can leave the dense environment. This model can only be tested by neutrinos.


Zwicky Transient Facility

ZTF scans the entire Northern sky every night to 20.5 mag
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ZTF will reach world-leading speed in finding
spectroscopically-accessible transients

LSST
DECam ZTF will provide an
ZTF unprecedented catalog of

e Supernova

« Tidal disruption events
ATLAS « AGN flares

which can be used to probe
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BlackGEM P1

those source classes as
CRTS-2 neutrino sources

PTF

Scan large uncertainties of

CRTS GW detections
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AMPEL

NEW REF
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AMPEL — Towards a MM real-time center

Spectroscopy l alert stream @ @
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Summary

unigue messengers from the
high-energy Universe
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Summary

Neutrinos can reveal the
sources of high-energy
cosmic rays
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Sources still unknown - Electro-
Summ ary 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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