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® There is no such thing as too much information in
astroparticle physics

® The more we can explore and examine the full
range of particles at large in the cosmos — and the
more we can link our discoveries and findings
together — the better we can understand the
Universe, its most extreme characteristics and its
most fascinating and awe-inspiring phenomena.

APPEC European Astroparticle Physics Strategy 2017-2026

Summer Institute 2019 2 QS Carsten Rott



~ time

o D

lhe big questions of oul

®rod ganiwaticrs ol v oetar
Iterions:

. What are the fundamental
' ‘ particles

" OOl ® | @
up J tharmJ tap JL gluan ) Hi

T 3

=
A

‘ollel®|l @
dcwa st'angcJ bottcr'JLph

-

oto
o1 mens? ) :
. ' ' »
- @D @ @
epctron J mucn Tau 7 bosan
C e - J 7)L )

What is theg
Universg

GAUGE BOSONS

f_,‘ 3 Mot AT O

- 0 0 ¢ ol ]

off ? L@ D@ | @
g B 1 electron wian tau I hae

yr. t reulring neutrire S0 nzulrnu ) Whoson

btk thacer How did the Universe comiétto be

and how will it develop

e nrdmarv Matter

-------

Dark Energy

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

Summer Institute 2019 3 Q‘S Carsten Rott



>




A very bright future

(Over the past decades, astroparticle physics has
esleblished isell 2s enimportant scientfic discipling
— Just as particle physics, astrenomy and cosmalegy
have done. Like Lhose sisler disciplines, it has
gen=rated knowledge and insights with patential to
generdle spin-c[T benelils: for example, innovzlive
rechnelogiss for low-level light sensors 2nd high-
precision seismic sersars, and revoluliondry imezging
concepts using COSMIC-ray muons

This emergence of astroparticle physics as a core
scientific discipline is retlected by a string ot
Nobel Prizes awarded in this field since the turn
cf the century:

2007 for work on®  detectinn of cosmic
neuliinos...”

- 2006: for work on’.. eniscliopy of the cosmic
mic raowave background

- 7011 for work onthe * accelerzting expzansion
¢l the Universe ..."; and

- 20715: 1o Lhe *...discovery ol neuliino
oscillarions

Summer Institute 2019

European Astroparticle

Physics Strategy

Some of the most pressing questions
we hope to make progress during the
next decade (~2017-2026)

Tiny particles, huge questions

Astroparticle physics 1s a dynamic, intercisciplinary
rasearch field. Consequently, its precise scope can
be hard to define; indeed, dafinitions vary slightly
[rom wunliy Lo counlry. Never Lheless, a generel
consensus surrouncs the tundzmental questions
that astroparticle physics airms to address.

More than that, generating 2n answer to any of
these questicns will almaost certainly constitutes
nothing less Lthan 2 major breckUwough in oul
understanding of the Universa. For example:

= What s Dark Matter?
* Wha! s Dark Energy?

« What caused our Inverse to become dominated
by matter and not anti-matter?

» Czn we probe deeper into the earlizst phases of

= What are the properties of neutrinas?

= Can we identify the sources of high-energy
neutrinos?

+ What is the ongin of cosmic rays?

« Do protons decay?

The Nobel Prize in Physics 2017 was divided, one half
awarded to Rainer Weiss, the other half jointly to Barry C.
Barish and Kip S. Thorne "for decisive contributions to the
LIGO detector and the observation of gravitational waves."

6 Carsten Rott



Windows on the Universe: The Era of Multi-messenger Astrophysics

10 Big Ideas for Future NSF Investments

We have arrived at a special moment in our quest to understand the universe. For years, we
have been making observations across the known electromagnetic spectrum - from radio
waves to gamma rays -- and many great discoveries have been made as a result. Now, for the
first time, we are able to observe the world around us in fundamentally different ways than we
previously thought possible. Using a powerful and synthetic collection of approaches, we have
expanded the known spectrum of understanding and observing reality. Just as electromagnetic

radiation gives one view of the universe, particles such as neutrinos and cosmic rays provide a
different view. Gravitational waves give yat another.

Summer Institute 2019 6 €S Carsten Rott
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Multimessenger Astronomy
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Multi-Messenger Astrophysies

\ >/

MULTIMESSENGER
ASTRONOMY

gravitational waves gamma rays
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Icecube-170922A and TXS 0506+056
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T he non-thermal Universe
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® Most of the visible light and other electromagnetic radiation
we observe from the Universe is emitted by objects in near-
thermal equilibrium
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-thermal Universe

® High-energy cosmic rays cannot be explained by thermal processes

® With the exception of BigBang no object in the Universe can attain the
temperatures required to emit particles with energy as occasionally
observed in cosmic rays

® Origin of ultra-relativistic particles
® Astrophysical sources

® Example - aftermath of a cataclysmic event such as a supernova
explosion

® Exotic sources:
® Decay of super-heavy unknown particles
® More exotic

® Particles produced as a result of mechanisms that are as yet entirely
unknown and unexpected ...

Summer Institute 2019 |5 Q‘S Carsten Rott



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 P PRSI S T S
Bohmen.
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primary particle
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/ collision point of
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1. Cosmic rays

Cosmic rays have been observed with energies up
to 1020eV (100EeV) or 107 LHC beam energies
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® 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 ?

Summer Institute 2019
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Caergies and rates of the ecsmic-ray paricies
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® Where are they coming from !

Sclentific American, (c) 1998
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® What cosmic sources accelerate these particles to
energies in the EeV range ?
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o, ® The reason for the

EoN steepening of the

" spectrum at ~2PeV (knee)
is not understood
3 ® (|) Cosmic rays escape
from the Milky Way

" ® (2) Galactic Accelerators
“F i can only accelerate up
TE i to about ~ PeV

10¢  10™ 0™ 10" 10m 10" 10" 10 10" 10 0% 10 107

. = ® (3) Interaction cross

Overview of the cosmic ray spectrum. Approximate energices of the breaks in the spectrum commonly

referred to as the knee and the ankle are indicated by arrows. Data are from LEAP (4), Proton (5), AKENO . h
(6), KASCADE (7), Auger surface detector (SD) (8), Auger hybrid (9), AGASA (10), HiRes-1 monocular S e C I O n C a n ge S
(11), and HiRes-II monocular (11). Scaling of LEAP proton-only data to the all-panicle specerum follows

(12).
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K. Kawata (TA Coll.)

Telescope Array - Hotspot PS3-173 - PoS 310

® number of events grows slightly slower than in the
past, but still grows faster than background rate

(a)

-+ Data
20
1o
-~ B.G.

——— . ————— ———— " ————————— " —— — o—
- ——— S — c—— —

Cumulative events in the Hotspot

Haotspot fram 11 years of TA SD dala, from May 11, 2008 to May 11, 2019

5 o
E > 57 EeV, intotal 168 events oy -
38 events fall in Hotspol (a=144 3¢ §=40.3u 259 radius, 22 fram SGP), expected=14 2 svents = ol
local significance = 5.1 o, chance probability — 290 500 1000 1500 2000 2500 3000 3500
25¢ gver-sampling radius shows the highest local significance (scanned 15¢ to 332 with 52 slep) Days
20 01 August 2019 RP3: Cosmic Ray Indirect fas@udel.edu
of 563 ICRC, Madison, WI, USA frank.schroeder@kit.edu
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cosmic rays
+ néutrino$

Cosmic Ray Sources

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

— Galaxy Clusters

— Unknown

Victor Francis Hess

Discovery of . &

cosmic-rays



Potential

sources of high-enersy. neUtEiNOs

Galactic sources Extragalactic sources Exotic

?

Supernova remnants  Active Galactic Gamma-ray Something
Nuclei bursts unexpected
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Multimessenger HOLIZOR

mMICrowave optical X-rays gamma-rays neutrinos COSMIC rays

# s

terra incognita:

Non-thermal Universe powered by cosmic accelerators
Probed only by gravity waves, neutrinos and cosmic rays

Summer Institute 2019 -\ Carsten Rott




Energetic Universe

Summer Institute 2019 28 6 Carsten Rott



) \ : o w. N— . ~
dotential extrasalatic Se

Accreting
supermassive
black holes

Calorimetric
sources

Explosions of
massive stars

Starburst
galaxies

Gamma ray
bursts (GRBs)

Choked GRBs Supernovae lIn Tidal disruption Active Galactic Cluster.s of
events (TDEs) Nuclei (AGN) Galaxies

seconds weeks month continuous
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Expected emission: Opt. peak mag.: Duration:

GRBs y-rays, X-rays, UV, -24th ~100 s
optical
rarely: VHE y-rays
choked or optical SN: -19th v:~100 s
II-GRBs maybe: y-rays, X- em.: ~30 d
rays, late radio
type lin optical -18th ~100 days
SNe rarely: y-rays, X-rays (-21th if superl.)
jetted TDEs optical, UV, X-rays -20th ~100 days
blazars all wavelengths -26th minutes -
months
9.
Nora Linn Strotjohann | Optical emission from neutrino sources | 2019-05-21 | Page 14 ':t.:'.
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Active Galactic Nuclei (AGN)
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® Supermassive
backholes with
relativistic
outflows in jets
at the center of
large galaxies

® Observational
characteristics
change depending
on the alignhment
of the jets and
observer

Summer Institute 2019 32 QS Carsten Rott



“Blazar”

Ning Cown e '
.
?)
"Quasar / Seyfert 1"

viewng at an angle o the et o>
2\

‘Radio Galaxy / Seyfert 2”

P

WINg & at 90° from the et
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Blazar - An AGN with the jet pointing towards us

® Energy spectrum shows two characteristic bumps
® Between IR / X-ray

® Believed to be from synchrotron radiation from
relativistic electrons

® Y-ray

® Could be attributed to inverse Compton scattering

Synchrotron radiation:

«

p 2 s (P cB\*“
el = o QUi — 5 |
3 M. M= )

Inverse Compton:

[

magnetic field

: |
X=ray

dE/dt~m-4
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® subdivided into different types based on the
location of the synchrotron peak (low-
energy) - SED (Spectral energy
distribution)

SED component. Low-synchrotron-peaked (LSP) blazars,
consisting of flat-spectrum radio quasars and low-
frequency peaked BL Lac objects (LBLs), have their syn-
chrotron peak in the infrared regime, at v, < 10'* Hz.
Intermediate-synchrotron-peaked (ISP) blazars, consist-
ing of LBLs and intermediate BL Lac objects (IBLs)
have their synchrotron peak at optical — UV frequen-
cies at 10" Hz < v, < 10'° Hz, while High-synchrotron-
peaked (HSP) blazars, almost all known to be high-
frequency-peaked BL Lac objects (HBL), have their syn-
chrotron peak at X-ray energies with v, > 10'° Hz

Summer Institute 2019 36 Q‘S Carsten Rott
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Fig. 1. Spectral energy distributions of four sub-classes of blazars: a) the FSEQ 3C279 (frorma Collmar et al. (2010)),
5} the LBL BL Lacertas, (datz from Abdc et al. (2010b)). ¢) the intermediate BL Lac 3C6EA (cata from
Acciari et al. (20:0c)], and ¢) the HBL RGB JOT104501 (data trom Aceciari et al. (2010b)). In Panel a) [3C270),

anes are one-zone leptonic model fits to SEDs at various epochs shown 1 the figure. In zll other panels, red lines are
dts with a leptonic one-zone model: groen lines are fits with a one-zone lepto-hacronic model.
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® The electron-synchrotron origin of the low-frequency
emission is well established.

® However: Two fundamentally different approaches
concerning the high-energy emission:

e Leptonic: Emission from ultra-relativistic
electrons

® Lepto-hadronic: Emission from cascades
initiated by py

Summer Institute 2019 38 QS Carsten Rott
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M. Boettcher arXiv:1006.5048yv |

® | eptonic models are difficult to distinguish from
lepto-hadronic models by Y-ray observations alone
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1) lepto-hadronic models
assume that the high-energy
emission is dominated by decays
of pions produced in py
interactions or synchrotron
radiations from protons, pions,
and muons.

2) leptonic models assume
that the dominant cause of the
high-energy emission is through
ultra-relativistic electrons, while
protons are not accelerated to
sufficiently high energies to reach
the pion production threshold or
to few of them reach such
energies.
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Gamma Ray Bursts (GRBs)
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1201
® Observation 100 - ﬂ
® Bursts last from milliseconds to tens of £ @
. 7z ) i
seconds and show great variety. Clearly . ’H,
bImOdaI ;l:: ,j. e m.—ﬁ.j."_j T N
ol ol 16 100 1000
® We distinguish between long (>25s) Lyg sec)

and short (<2s) bursts

2704 BATSE Gamma-Ray Bursts

® |sotropic distribution

® Cosmic origin

® highest redshift burst z=9.4 (GRB 090429B)

® Energy output too high to be spherically
radiated, hence must be highly beamed

® Frequency ~ |/day

® Actual rate suspected to be much
higher due to beaming

Summer Institute 2019 4] \ Carsten Rott



® There is a consensus that the GRB
phenomenon is caused by the death of a
massive star and involves:

® Unusually large amount of angular
momentum

o j~ |0l6-]07cm2s-!
® Unusually large magnetic fields

® ~|0!>Gauss

Summer Institute 2019 42
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:The Long and Short of It Gamma-Ray Bursts (GR
Short gamma-ray burst Long gamma-ray burst
o Long bur’sts (>2$) (<2 secends’curation) {2 secords’duraticn)

® (Can often be associated with a
galaxy with rapid star formation

WAIZLOMNgG S0

A dense that it
e cat
J¢ 3

® Some long GRBs are linked to el Qe
supernovae & IR

Y

® Brightest Supernovae are associated
with relatively faint GRBs

® Short bursts (<2s)

® Several short GRB (X-ray)
afterglows have been associated
with centers of large galaxy clusters
or large elliptical galaxies, both
regions of little or no star hort bursts tend 0 be
formation e s tr o 1

® No Supernova link established f:;srgtlelgr(i Eﬁgf foiagnngst F | AJJI N
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Observatories
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Multi-messenger Science
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® Neutrino observed in coincidence with Gravitational wave !
... but significance from this event alone is not very high GW

TITLE: GCN CIRCULAR

NUMBER: 25192

SUBJECT: LIGO/Virgo S190728q: One neutrino candidate from lceCube search
DATE: 19/07/28 10:06:18 GMT

FROM: Raamis Hussain at IceCube <raamis.hussain@icecube.wisc.edu>

IceCube Collaboration (http://icecube.wisc.edu/) reports:

A search for track-like muon neutrino events detected by lceCube consistent with the sky localization of gravitational-wave candidate
S190728q in a time range of 1000 seconds [1] centered on the alert event time (2019-07-28 06:36:50.529 UTC to 2019-07-28
06:53:30.529 UTC) has been performed. During this time period lceCube was collecting good quality data.The search is a maximum

likelihood analysis which searches for a generic point-like neutrino source coincident with the given GW skymap [2].

One track-like event is found in spatial and temporal coincidence with the gravitational-wave candidate S190728q calculated from the map
circulated in the 4-Initial notice.This represents an overall p-value of 0.03 (1.84 sigma).

An earlier search (GCN 25185) based on preliminary information of S190728q yielded no significant p-values for the worse GW
localization [3].

Properties of the coincident events are shown below.

dt ra (deg) dec (deg) Angular Uncertainty(deg) p-value(generic transient)
-360  312.87 5.85 4.8l 0.039
where:

dt = Time offset (sec) of track event with respect to GVV trigger.

Angular uncertainty = Angular uncertainty of track event: the radius of a circle representing 90% CL containment by area.
p-value = the p-value for this specific track event

RA & Dec = Right ascension and declination in degrees quoted in J2000 epoch

The IceCube Neutrino Observatory is a cubic-kilometer neutrino detector operating at the geographic South Pole, Antarctica. The
IceCube realtime alert point of contact can be reached at roc@icecube.wisc.edu

[1] Baret et al.,Astroparticle Physics 35, | (2011)
[2] Braun et al.,Astroparticle Physics 29,299 (2008)
[3] GCN 25185: https://gcn.gsfc.nasa.gov/gen3/25185.gen3

https://gcn.gsfc.nasa.gov/gen3/25192.gcn3
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® August 17,2017, the LIGO-Virgo detector network observed
a gravitational-wave signal from the inspiral of two low-mass

compact objects consistent with a binary neutron star (BNS)
merger

® Gamma-ray Burst (GRB 170817A) was observed in
coincidence with this event

® Multi-messenger observations and EM follow ups
observations support the hypothesis that GW 170817 was
produced by the merger of two neutron stars in NGC4993
followed by a short gamma-rayburst (GRB 170817A) and a
kilonova/macronova powered by the radioactive decay of r-
process nuclei synthesized in the ejecta
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Normalized amplitude

GV

e Slower waveform evolution than all BBH 0 2 4 6
B
systems we observed 500 -
® |Implies much lower chirp mass
P P SNR = 18.8

® Clear signals in LIGO detectors, not
obvious in Virgo 50

® Signal spends ~100 sec in the LIGO
sensitive band (>20 Hz)

® BNS horizon distances (Mpc) 218 (L1),
107 (H1),58 (VI)

SNR =26.4

Frequency (Hz)

® |nVirgo’s blind spot, however
triangulation is still possible

® Total Signal-to-noise ratio SNR: 32.4

® | oudest GWV signal detected!

-30 -20 -10 o 0 |
PRL119,161101 (2017) Time (seconds)

Summer Institute 2019 52 6 Carsten Rott



Iriangulation and Glitch remeyval

Time (seconds)
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5 100 - I localization skymap, a window
=) ) ?é amplitude was applied
—
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50 o |
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NGC 4993
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GammaRayBurst detection

° ‘\x\.c\. =3 “’
® Fermi GBM: 90% of burst fluence e TS = &
ightcurve rom #ermaz) 3N ) — ol ke ")‘
observed over T9o = 2.0+ 0.5 s

2250 -

[ | ‘
2000 - o X THNE |
o U R A g ] VR

. _ . _ Ll ol i ' :
® Slgnal shape ;soo-# AR ik Il' ' | i | 1 ‘

Event ratc [counts/s)

1260 -

® Fast main pulse

2000

) 0
® ~0.5 sec long 2 1500-
. “j 1250 -

e Comptonized spectrum :

(power law + exponential)

‘ol)

Lightcurve from INTEGRAL/SPI ACS

® peak energy 185 * 62 keV

e Followed by a weak tail

e

120000 - (> 100 keV)

117500 4 ‘ 1 L [ ‘

115000 Ll | l.“ h LA ’ R0, I l l. m o1
Lid .11”' B L L R

n:zsm-I] | | R . | LR

Event rate (counts/s)

® ~| seclong

. I O I(eV - 138 Gravitations!-wave time-fieaguency
T 200
® blackbody spectrum
: 100
e Overall observation indicates -
‘ y ‘ y ? 10 -8 —6 —14 —2 0 2 ! 6
® 3:I Odds for Short VS. Iong GRB Tmme from merger (3)
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GBM map from
directional sensitivity

GW map uses H-L time

8n

. IPN Fermi / delay and H/L/V
\ INTEGRAL— signal amplitudes

’ -30°

!
- Fermi/Integral band
< from time delay
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Yrobability. of chance colncideé

-

® Rate of sGRBs detected by GBM ~0./day

® Probability that unrelated sGRB detected with peak
within £1.74 ~ 5x 1076

® Probability that GW/Fermi—GBM sky maps are as
consistent for unrelated sGRB ~ 0.01

® . Chance probability for both time and direction :

® 5x|108~%53 ¢”

® = Clear association of BNS merger with (one)

sGRB
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® Follow up campaigns
by dozens of
observatories

® New source was
found within hours

*2 e ® ® NGC 4993 identified
Ve Swopc DLT40 VISTA % Chandra | as host galaxy
- “ ' | .. ® Distance ~40Mpc
10.86h A124h WK 8d Xerthy - —
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lceCube Alert Systemn

lceCube Realtime Alerts

IceCube sending alerts since C. Tung NU9b

s I T
Updated alerts as of June 2019

BB o Signalness >50% >30%
Gold & Initial GFN Notlc? followed by ExTErTedeai e 28
IC190619A GCN Circular with updated
reconstruction Expected bkgd/yr 6.1 14.7
Iridium
............................................................ //\
Orline Event lceCube | : |cecube > Gold Alert ™ AMON
Filtering 4 LYV€ 0 i Live &
System South i i nNorth = Bronze Alert=ps  GCN
Bronze :
South Pole, Antarctica Foll
ICI907X2A T AU = | P -> . o: Sfimms_'

lceCube Data Center, Madison WI
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115

Z00|UHX] SF0|xte] TEX| AR HEZ &P

AlH| 250 A= SQU|A AEEAL COIAFREUA 210 4A| SHUIALE

TILE: GCN CIRCULAR SR MEASE O] ZAU|A/L 37O Bl OIT A3 “TXS 0506+056 CIA]
NUMBER: 21916 ASPCH= AFEE A/SL 5ol =00 AST SE0IR2 A& E F4T
SUBJECT: IceCuba-170922A - IcaCuba obsarvation of a high- @ A RO HHYEED P Us BEFS0| =B HIF e A2
energy neutrino candidate event AUM S0 - IS E =ML

g:g; 1; Fermi-LAT detection of increased gamma-ra

TXS 0506+056, located inside the IceCube

Claudio Kg error region. =
repuilon ATel 41791: ¥ - ol
‘ ‘«| First-time detection of VHE gamma rays by MAGIC from
n .’_ e . . - - .
On ZZ 5ep el adirection consistent with the recent EHE neutrino
proahahilihy
Extremely| Subjects: Gamnis event IceCube-170922A
rormal nn
Referred to by Al ATel #13817; Razmik Mirzoyen for the MAGIC Colicborction
084<, 10843, 10 on # 0 2617, 17:17 UT
= Crederaa! Certilcaion, Recrih Mircoyan {Buorak Mirzoyan @ muyp g s i)
L Subjecss: Optic’, Gumena Ruy. >GeV, TeV, VHE, UHE, Neurinos, AGN, Blazur : =23 — = AT ustog
- SMX
Refermed to hy ATel & 10830, 10R37, 108K, 10840, 10834, 1NRLS, 10642 QLUI_I'R}
SX7| o
(3 esot | €] tecormens <0 = 3794 210k Wa
°: — - - -‘ ”s-_ ~-_ -QE — -
After the JceCube soutsino event EHE 170022A dotected on 22/09,2017 (GCN circular #21016° - S Sk e Az
Ferm:-LA measured enhénced gamma-ray emissioa [rem the bazer TXS 0505056 s 0 © Z;E__.-'g} x‘II'7|l_L'rQ|
PI5.856370, <05 41 35,3279 (J2000), [Lai o a., Asuon J, 139, 16931712 2010))), lowawal g J = =
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* September 22, 2017: a neutrino alert issued by | Si5(2:A] 0 i

lceCube An 6024 — | 32T WY AT Y
e Fermi-LAT and MAGIC identify a spatially aonst 1 LA | o mrmia
coincident flaring blazar (TXS 0506+056) e sl BT N
* \ery active multi-messenger follow-up from L R "
radio to y-rays : = | S s
' TSRS o) A
v #%d
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Multimessenger observations of a
flaring blazar coincident with

high-energy neutrino IceCube-170922A

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS SN, HAWC, HLES S,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/1T7B403 teams ™

® Chance probability of a Fermi-
lceCube coincident observation: ~30
(determined based on the historical
lceCube sample and known Fermi-

LAT blazars)

® Time-integrated neutrino spectrum is SEE
approximately E-2! S

® TXS 0506+056 redshift determined *‘“ Major
to be z=0.3365 (S. Paiano et al. ApJL : '
854.1.32(2018))

® Time-average luminosity about an

order of magnitude higher than Mkn
421, Mkn 501, or |ES 1959+605

D

‘//;

. 9.Cusard & R.Gandlar
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____lceCube-|70922£

IC40 IC59 IC79 IC86a IC86b IC86¢
5
===s JceCube-170922A .
a 4 + Gaussian Analysis -
o 3« == Box-shaped Analysis .
(o) -
L2 - .
|
1
0
2009 2010 2011 2012 2013 2014 2015 2016 2017
20125 20130 20185 20140 20145 20150
® 9.5 years of archival data was . —— — > 3
. . . o = o RastEB: . A L
evaluated in direction of TXS o Jest Fit: Gaussian . -
~ 3+ o
0506+056 : ! o
i 2 " 0.5 ?,
® An excess of |3+5 events above g i
. = 1 el 5
background was observed durlng Sep 56200 53400 560D 56800 57000 .
2014 - March 2016 - o MB | .
Time-independent weight of individual events during the 1C86b period.
® |nconsistent with background only PR

hypothesis 1t 3.50 level : However: Maximum contribution of the 2LAC
(independently of the 3@ associated :blazars to the observed astrophysical neutrino flux
P y o © to be 27% or less between around 10 TeV and 2

with IceCube-170922A alert) PeV [lceCube Astrophys.]. 835 (2017) no.l, 45]
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Active Galactic Nuclei: Cosmic A

Inner Structure of an Active Galaxy

|—| sh
0.1 lightyears .

Relativistic Jet

-

Sucemassive
_. Black Hcle

ESO/WFI (Opfic'al);' MPIfR/ESO/APEX /. _
_ , A.Weiss et al. (ubmillimetre); NASA/CXC/
Azcretion Disk CfA/R.Kraft et al. (X-ray) - i

— QOpague orus
(Inner Regions)

. X-ray: IASAY CXC/SAQ; )
" . Optical: /STScl; \
_-* Radio:

2LAC Blazar Upper Limit = = equal weighting
U e 'y — =25, 2, = 10 TeV ceebbiaaend 7:-'.-.'cig}‘|t,i:‘1g

— g =—22, k. > 10 ey

EHowever: Maximum contribution of the 2LAC blazars:
43 109 :to the observed astrophysical neutrino flux to be 27%:
B e — le"‘* — @ :or less between around 10 TeV and 2 PeV [IceCubeE

S o o w0 o (Astrophys). 835 (2017) no 1,451

Neutrino Energy GeV]
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http://chandra.harvard.edu/index.html
http://www.stsci.edu/portal/
http://www.nrao.edu/

Conclusions/Summais

® We are now able to observe the Universe in fundamentally
new ways (using Gravitational Waves, High-energy
Neutrinos, Gamma-rays, ...)

® Astroparticle and Multi-messenger science has seen
dramatic progress over the last years

® Coincidence observation of GWI170817 with a GRB

® First compelling evidence of high-energy neutrinos with
electromagnetic counterparts (TXS 0506+056)

® Opportunities to discover new phenomena beyond the SM
(probe physics at the highest energy scales)

® Entering golden age of multi-messenger astroparticle physics
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