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SOMETHING ABOUT ME W JICECUBE 2

Hl!

» | originally come from ltaly, where | started studying physics 10 years ago as a bachelor
student...

» ...and | had no idea | would end up doing neutrino astronomy!

TODAY: DATA ANALYSIS FOR
NEUTRINO ASTROPHYSICS
(8 LAB EXPERIENCE)

PHD: | COULD SEE MYSELF
WORKING IN A LAB!
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SOMETHING ABOUT ME

Hl!

» | originally come from ltaly, where | started studying physics 10 years ago as a bachelor
student...

» ...and | had no idea | would end up doing neutrino astronomy!
» Currently, | am a (4th year) Ph.D. student in Munich, Germany.

» | work with the lceCube Collaboration mainly searching for point-like sources of high-energy
cosmic neutrinos (data analysis).

» | also work with some astronomers to understand the nature of the neutrino sources.

» | am very grateful for the opportunity to be here, to get to know all of you, and to visit
Thailand for the first time!

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



AN INTRODUCTION TO

MULTIMESSENGER ASTRONOMY WITH (OR WITHOUT) NEUTRINOS

» Today:

» I'll try to give you an overview of the reasons why multimessenger
astrophysics is such an exciting research field at the moment

» We will talk about a couple of examples when multimessenger astronomy
helped us understand the nature of astrophysical objects

» We will start discussing how IceCube is contributing!

» Tomorrow: we will go into the details of some of IceCube’s analyses.

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



PHOTONS

Higher energies make
smaller length scales
accessible.

Different wavelengths
reveal different structures
of the same
phenomenon.
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PHOTONS

Higher energies make
smaller length scales
accessible.

Different wavelengths
reveal different structures
of the same
phenomenon.

The cosmos emits light
at various energies and
we can use this to
understand its features!
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PHOTONS

Radio (73.5 cm) Microwave Infrared (2x10° m)

G; Large Magettanic Clowd
Smad Magetlank Ooud

The Planck one-year all-sky suruey $esa

Optical Gamma ray

NASA's Fermi telescope reveals best-ever view of the gamma-ray sky

Credit: NASADOE/Fermi LAT Collaboration




PHOTONS

Radio (73.5 cm) Microwave Infrared (2x10° m)
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PHOTONS

Photons are not

deflected by magnetic
fields

Localization of a huge
amount of sources is
possible (Fermi-LAT
>6000 sources)

But the distant universe
becomes opaque to
high energy photons
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radio/microwave Infrared/optical gamma-rays neutrinos cosmic-rays

cosmological max of star formation opaque to photons;

transparent to neutrinos

nearest blazar

nearest galaxy

galactic center

credits to icecube.wisc.edu
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MULTIMESSENGER ASTRONOMY

Cosmic rays, Gamma rays,
Neutrinos are direct
messengers about the non-
thermal/nuclear processes
in astrophysical sources.

What are their differences?
Pros and cons from the
detection point of view?

Why are neutrinos a game
changer?

\

*

AGNs, SNRs, GRBs... 4

Gamma rays .
They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

=
~W’
~
=

Gravitational
Waves >~

* v * -
Neutrinos \
They are weak, neutral N Y AARA
particles that point to their N
sources and carry information
from deep within their origins.

air shower

They are charged particles and
are deflected by magnetic fields.

»

* X




MULTIMESSENGER ASTRONOMY 3

Cosmic Rays (CR): All-particle spectrum
Protons:
Messengers from extreme ®  AMSO2
- CREAM-I/IIT (protons)
environments >
Nuclei (20% protons, but also heavier) S
All-particle: \,
E> 10'8eV —> UHECR HAWC |
Tibet-I11 (QGSJet-01c, HD)
) ) ) IceTop-73 \
Deflection due to magnetic fields —> GAMMA \
e e - - KASCADE-Grande
extremely difficult localization of HiRes-I

SOUrces HiRes-II \
Auger
TA SD

Attenuation with photons

Sources are still unknown!




MULTIMESSENGER ASTRONOMY

Cosmic Rays (CR):

Messengers from extreme
environments

Nuclei (20% protons, but also heavier)

E> 1018¢eV —> UHECR

Deflection due to magnetic fields —>
extremely difficult localization of
sources

Attenuation with photons

Sources are still unknown!
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MULTIMESSENGER ASTRONOMY E 10

DIFFERENT MESSENGERS
» COSMIC RAYS

» deflection due to magnetic fields

» attenuation

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de
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MULTIMESSENGER ASTRONOMY

DIFFERENT MESSENGERS

» COSMIC RAYS

» deflection due to magnetic fields

» attenuation

» GAMMA RAYS
» strong attenuation at the highest energies

» can be produced both in hadronic and leptonic processes —> no insight on what
is actually happening at the acceleration site.

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



MULTIMESSENGER ASTRONOMY

DIFFERENT MESSENGERS
» COSMIC RAYS

» deflection due to magnetic fields
» attenuation
» GAMMA RAYS
» strong attenuation at the highest energies

» can be produced both in hadronic and leptonic processes —> no insight on what
is actually happening at the acceleration site.

» NEUTRINOS!

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



MULTIMESSENGER ASTRONOMY

'ﬁ' Gamma rays (Fermi 2017) The hlgh_energy ﬂuxes Of

4 Neutrinos (HESE 7.5yr, this work) ga mma raysl neutri NOS, a nd
' " Cosmic rays (Auger 2017)
M)A
; N A CR seem to be comparable
/ VY. ™

‘AA

" X\ A hint of an intrinsic
connection at the
production site!

/\

-

10° 107
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022002

MULTIMESSENGER ASTRONOMY

'ﬁ' Gamma rays (Fermi 2017) The hlgh_energy ﬂuxes Of

4 Neutrinos (HESE 7.5yr, this work) ga mma raysl neutri NOS, a nd
' " Cosmic rays (Auger 2017)
M)A
; N A CR seem to be comparable
/ VY. ™

‘AA

" X\ A hint of an intrinsic
connection at the
production site!

/\

-

Do we expect the proton -

neutrino - gamma energy

105 107 contents to be similar?
Energy [GeV]



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022002

MULTIMESSENGER ASTRONOMY

Cosmic Rays [PeV - EeV]

Hadronuclear Interaction Photohadronic Interaction

S N 0

Production of 7TO, 71'4'7 T

The Pierre Auger Collaboration, -
Science 357 (R017) 1266-1270 ) ; _

K “
Gamma-Rays [ 100MeV - 100GeV] High-Energy Neutrinos [ 100GeV - 10PeV]

MESSENGERS T o0

https://

fermi.gsfc.nasa.gov/ IceCubeCollaboration, M. G.
ssc/observations/

types/allsky/ Aartsen et al.,Astrophys. J.
835(L017) 181




MULTIMESSENGER ASTRONOMY

Cosmic Rays [PeV - EeV]

Hadronuclear Interaction Photohadronic Interaction

P .P Xm . P

Production of 7TO, 7T+, T

The Pierre Auger Collaboration,
Science 357 (R017) 1266-1270

K «

Gamma-Rays [ 100MeV - 100GeV] High-Energy Neutrinos [ 100GeV - 10PeV]

MESSENGERS T o0

https://

fermi.gsfc.nasa.gov/ IceCubeCollaboration, M. G.
ssc/observations/

types/allsky/ Aartsen et al.,Astrophys. J.
835(L017) 181




THE NON-THERMAL UNIVERSE

GALACTIC COSMIC ACCELERATORS

L)

‘r:

Supemova Remnants » Supernova Remnants (SNR) are remnants of
supernova explosions happening at the end of

massive star lives.

» They remain for thousands of years and their shell
and shock waves are a suitable environment for
particle acceleration.

» No evidence of neutrino emission from SNR so
far!

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



THE NON-THERMAL UNIVERSE

EXTRAGALACTIC COSMIC ACCELERATORS

» Gamma-Ray Bursts (GRB) are the most energetic
transient eruptions ever observed.

14

Gamma-Ray Bursts

» Can be long (t > 2s) or short (t < 2s):
» Long GRBs: massive star collapsing into a BH;

» Short GRBs: merging of compact object
binaries.

» The eruption causes an expanding relativistic
fireball which could be the particle accelerator

(burst)

» No evidence of neutrino emission from GRBs so
far!

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



THE NON-THERMAL UNIVERSE 15

EXTRAGALACTIC COSMIC ACCELERATORS

» Active Galactic Nuclei: compact core of
galaxies with EM emission which is too
AGNs / Blazars luminous to be produced by stars (most

luminous non-explosive objects).

» The emission is driven by a SMBH which
accretes hot gas and plasma.

» Sometimes this plasma is deflected and
emitted perpendicularly to the accretion disk
forming a jet of accelerated particles.

» We have evidence for neutrino emission
from 2 different AGNs!

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de
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THE NON-THERMAL UNIVERSE

EXTRAGALACTIC COSMIC ACCELERATORS

Blazar presTpeyess > Main components:

(BL Lac, FSRQ)

» SMBH powering the engine and creating an

» Accretions disk of hot plasma, which can be
beamed into an

Black Hole » Ultra-relativistic jet (?)

Dust Torus » If the jet points towards us, we call the AGN a

Accretion blazar.
Disk
» Torus of hot gas and dust.

%&& . » Unification scheme of AGNs: AGNs are all the same

type of objects and the differences mainly come
from the viewing angle, the accretion rate and the

Non-Jetted (Radio Quiet) AGN presence of a jet,

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



THE POTENTIAL OF NEUTRINOS AS ASTROPHYSICAL MESSENGER

On Gamma-Ray Astronomy.

P. MORRISON

Department of Physics, Cornell University - Ithaca, N. Y.
(ricevuto il 22 Dicembre 1957) 1. — The nature of the problem.

Astronomy is based on information carried by incoming radiation of optical

Summary. — Photons in the visible range form the basis of astronomy. frequencies. 'I‘h( photon.s in thie.; ('ha,nn(.el.ret;fin t.he n.loment.u.m with which
They move in straight lines, which preserves source information, but they they were or.lgmally emitted: Wlt'h. precision in direction, subject only to a
arise only very indirectly from nuclear or high-energy processes. (ummi(,_m}', rather easily interpreted Doppler shift in magnitude. On the other hand, such
particles, on the other hand, arise directly from high-energy processes photons are very indirectly related indeed to the processes, generally: nuclear
in astronomical objects of various classes, but carry no information about in nature, which form the ultimate source of the radiated energy.

source direction. Radio emissions are still more complex in origin. But Insofar as energy-releasing processes are thermonuclear in nature, they
v-rays arise rather directly in nuclear or high-energy processes, and yet proceed deep in stellar interiors, screened by dense layers of matter. We cannot
travel in straight lines. Processes which might give rise to continuous hope to obtain direct signals from such regions (except by way of the still
and discrete vy-ray spectra in astronomical objects are described, and unexploited neutrino channel). But it is increasingly clear that energy-releasing
possible source directions and intensities are estimated. Present limits processes of quite different type are also of importance for the evolution of

Il Nuovo Cimento, Vol. VII, N. 6, 16 Marzo 1958




MULTIMESSENGER ASTRONOMY

18

NEUTRINOS

» Low cross-sections —> The universe is nearly

transparent to neutrinos

» Neutrinos can only be accelerated in hadronic

processes

» If we detect high-energy neutrino sources, we
know automatically that hadron interactions are
happening at the acceleration site!

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023

Hadro-nuclear interactions

p+p—> Nt o, 1°)+ X.

Photo-hadronic interactions

ntt — net v,

PY =S
pr” = pYY

{ Neutrino are produced }
| in the decay of charged j
mesons! '

Chiara Bellenghi — chiara.bellenghi@tum.de



NEUTRINOS TELESCOPES

Neutrinos only interact via weak interactions:

not directly detectable

Neutrinos can undergo deep inelastic scattering
with the nuclei (N) of the detection medium via

charged/neutral current interactions, producing

secondary charged particles.

Nl + N — v H X}

ol ) + N — [ H X

- Hadronic cascade
after the nucleus N
is destroyed

Use a dense, transparent medium to
detect the Cherenkov light emitted by
these secondary particles!

lce/water satisty the requirements
while also being very abundant in

nature.
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NEUTRINOS TELESCOPES

REQUIREMENTS TO BUILD A NEUTRINO TELESCOPE

» Neutrinos don't easily interact (weak ‘
interactions, low cross-sections) i A

» The detector has to cover large volumes

» The detection medium has to be transparentf
so that the light emitted by secondary e’
charged particles is not absorbed

SN S S s - i s B

a e
> . i o e :
. - . o i . .
& & o . o B 3 ; : o R BRAN TS
= e 5T s, o8 . 3 s 2% RO - . i
S 3 F - v » ; . - s -l O T ]

» The detector volume has to be shielded as
much as possible from any background
radiation —> underground / underwater

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



NEUTRINOS TELESCOPES

21

ICECUBE

4

4

1 cubic kilometer of antarctic ice at a depth of ~1.5km

86 strings are instrumented with 5160 optical modules
(PMT).

Detects the light emitted by secondary charged particles
produced in neutrino interaction with the ice nuclei.

By reconstructing the observed light pattern we gain
insight on the original neutrino properties: direction and
energy!

lceCube has a ~100% duty cycle! Not like traditional light
telescopes that are blinded by the sun light during the
day.

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023

Chiara Bellenghi — chiara.bellenghi@tum.de



NEUTRINOS TELESCOPES

21

ICECUBE

4

4

1 cubic kilometer of antarctic ice at a depth of ~1.5km

86 strings are instrumented with 5160 optical modules
(PMT).

Detects the light emitted by secondary charged particles
produced in neutrino interaction with the ice nuclei.

By reconstructing the observed light pattern we gain
insight on the original neutrino properties: direction and
energy!

lceCube has a ~100% duty cycle! Not like traditional light
telescopes that are blinded by the sun light during the
day.

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023

Chiara Bellenghi — chiara.bellenghi@tum.de



THE BEGINNING OF

After being completed,
lceCube quickly fulfilled its
first scientific goal: in 2013,
lceCube observed for the
first time a flux of high-
energy neutrinos of
astrophysical origin.

.

1988 2000 2001 2011 2013

Telescope in the AMANDA Atmospheric lceCube Astrophysical
Ice Envisioned Completed Neutrinos Completed Neutrinos
Detected Discovered




THE BEGINNING OF
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After being completed,
lceCube quickly fulfilled its
first scientific goal: in 2013,
lceCube observed for the
first time a flux of high-
energy neutrinos of
astrophysical origin.



THE BEGINNING OF

.

1988

Telescope in the
lce Envisioned

2000

AMANDA
Completed

2001

Atmospheric

Neutrinos
Detected

2011

lceCube
Completed

2013

Astrophysical
Neutrinos
Discovered

=

2018

First Source
TXS 0O506+056
|dentified

After being completed,
lceCube quickly fulfilled its
first scientific goal: in 2013,
lceCube observed for the
first time a flux of high-
energy neutrinos of
astrophysical origin.

It took longer to identify the
first cosmic accelerator.

A very high-energy event
(~290 TeV) was detected
from a direction compatible
with the location of the

blazar TXS 0506+056!



THE FIRST EXTRAGALACTIC NEUTRINO SOURCE 23

THE ALERT SYSTEM FOR HIGH-ENERGY NEUTRINOS

[ridium » lceCube’s uptime > 99%

Gold Alert B ) Constantly covering the
GCN|

Online Event
Filtering -
System Followup

Bronze Alert full sky (but mostly
sensitive at the horizon)

Reconstructions
» Perfect to alert other

IceCube Data Center, Madison, WI, USA instruments in case of rare

South Pole

events happening!

» Alerts are sent out when a neutrino with extremely high-energy, a good angular resolution and,
therefor, high probability of having astrophysical origin is detected.

» A very fast reconstruction an evaluation of the event is performed at South Pole and multimessenger
observations are triggered within ~33s on average.

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



THE FIRST EXTRAGALACTIC NEUTRINO SOURCE
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On the 22nd of September 2017 IceCube detected a high-energy
neutrino (~290TeV) of likely astrophysical origin.

The direction of the event is well consistent with a flaring
gamma-ray blazar - TXS 0506+056!

Chance coincidence probability ~0.13%

Archival IceCube data show a 110-day neutrino “flare” with 3.5c
from the same direction.

TXS 0506+056 is the first compelling source of cosmic neutrinos.


https://doi.org/10.1093/mnras/sty1852

THE FIRST EXTRAGALACTIC NEUTRINO SOURCE
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1988 2000

Telescope in the AMANDA
lce Envisioned Completed

2001

Atmospheric

Neutrinos
Detected

2011

lceCube
Completed

2013

Astrophysical
Neutrinos
Discovered
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2018

First Source
TXS O506+056
|dentified
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Telescope in the AMANDA Atmospheric lceCube Astrophysical First Source Glashow

lce Envisioned Completed Neutrinos Completed Neutrinos TXS 0506+056 Resonance
Detected Discovered |dentified geutr]inc():i
Identifie
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Second Source
NGC 1068
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THE DETECTION OF

This time the observation is not
triggered by one high-energy event.

We scan the sky searching for
significant neutrino emission!
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THE DETECTION OF

This time the observation is not
triggered by one high-energy event. P

We scan the sky searching for
significant neutrino emission!

..........

Declination



THE DETECTION OF

This time the observation is not
triggered by one high-energy event. e

We scan the sky searching for
significant neutrino emission!

---------

Declination




THE DETECTION OF

Declination

This time the observation is not
triggered by one high-energy event.

We scan the sky searching for
significant neutrino emission!

-
------
.........

RS OL AN The most significant emission is found at
4.20 from the Seyfert II| AGN NGC 1068

We look at it edge-on! Directly into the
dusty torus! EM radiation heavily obscured



THE SECOND EXTRAGALACTIC NEUTRINO SOURCE

The neutrino flux outshines the
gamma-ray one!

IceCube TeV neutrinos

Get some information from the non-

observation of a gamma ray component

Fermi GeV y-rays this time

10?
Energy |GeV]




THE SECOND EXTRAGALACTIC NEUTRINO SOURCE

y

IceCube TeV neutrinos

Fermi GeV y-rays

10*
Energy |GeV]

The neutrino flux outshines the
gamma-ray one!

Get some information from the non-

observation of a gamma ray component
this time

Neutrino and gamma rays coming from
different sources within the galaxy?




THE SECOND EXTRAGALACTIC NEUTRINO SOURCE

py

IceCube TeV neutrinos

Fermi GeV y-rays

10*
Energy |GeV]

The neutrino flux outshines the
gamma-ray one!

Get some information from the non-
observation of a gamma ray component
this time

Neutrino and gamma rays coming from
different sources within the galaxy?

With neutrinos, we can’t resolve the
different regions within NGC 1068.
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From “"Astrophysics of Cosmic Rays” - Berezinsky, Bulanov, Dogiel - 1990!!

89. Hidden sources

In the example of a massive black hole in a cocoon we encountered a model of a
hidden source: an object which contains particles accelerated to high energies, but
is not seen in high-energy electromagnetic radiation (X-ray and (or) gamma-ray
radiation).

A important property common to all hidden sources is the inevitable presence
of associated radiation: black-body electromagnetic radiation and a stellar wind

lost by a proton is distributed among secondary particles. As an example, let us

consider a pp collision of a proton of very high energy. Almost all the energy it
loses is transformed into pions, and 2/; into charged pions. In the pion decay chain
there appear three neutrinos and an electron with on average approximately the
same energies. Thus, half of the energy lost by the proton is carried by neutrinos,
and the other half is transferred to photons (from 7% — 27 decays) and electrons.
The situation in py collisions differs only near the threshold (where a A resonance
is produced).

If the origin of the hidden source is due to a gas of X-ray photons, then the energy
of the secondary electrons and photons dissipates into soft gamma (a few tens of
MeV) and X-rays. If in the hidden source there is a thick (z >> z,.q) envelope of
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The concept of hidden sources is
not new!

From “"Astrophysics of Cosmic Rays” - Berezinsky, Bulanov, Dogiel - 1990!!
89. Hidden sources

In the example of a massive black hole in a cocoon we encountered a model of a
hidden source: an object which contains particles accelerated to high energies, but

is not seen in high-energy electromagnetic radiation (X-ray and (or) gamma-ray
radiation).

A important property common to all hidden sources is the inevitable presence
of associated radiation: black-body electromagnetic radiation and a stellar wind

lost by a proton is distributed among secondary particles. As an example, let us
consider a pp collision of a proton of very high energy. Almost all the energy it
loses is transformed into pions, and 2/; into charged pions. In the pion decay chain
there appear three neutrinos and an electron with on average approximately the

same energies. Thus, half of the energy lost by the proton is carried by neutrinos,
0 _, 2+ decays) and electrons.

and the other half is transferred to photons (from =
The situation in py collisions differs only near the threshold (where a A resonance
is produced).

If the origin of the hidden source is due to a gas of X-ray photons, then the energy
of the secondary electrons and photons dissipates into soft gamma (a few tens of
MeV) and X-rays. If in the hidden source there is a thick (z >> z,.q) envelope of
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The concept of hidden sources is
not new!

1990: a massive black hole in a
cocoon can be a CR accelerator
even if not seen in y-rays.

From “"Astrophysics of Cosmic Rays” - Berezinsky, Bulanov, Dogiel - 1990!!
89. Hidden sources

In the example of a massive black hole in a cocoon we encountered a model of a
hidden source: an object which contains particles accelerated to high energies, but

is not seen in high-energy electromagnetic radiation (X-ray and (or) gamma-ray
radiation).

A important property common to all hidden sources is the inevitable presence
of associated radiation: black-body electromagnetic radiation and a stellar wind

lost by a proton is distributed among secondary particles. As an example, let us
consider a pp collision of a proton of very high energy. Almost all the energy it
loses is transformed into pions, and 2/; into charged pions. In the pion decay chain
there appear three neutrinos and an electron with on average approximately the

same energies. Thus, half of the energy lost by the proton is carried by neutrinos,
0 _, 2+ decays) and electrons.

and the other half is transferred to photons (from =«
The situation in py collisions differs only near the threshold (where a A resonance
is produced).

If the origin of the hidden source is due to a gas of X-ray photons, then the energy
of the secondary electrons and photons dissipates into soft gamma (a few tens of
MeV) and X-rays. If in the hidden source there is a thick (z >> z,.q) envelope of
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The concept of hidden sources is
not new!

1990: a massive black hole in a
cocoon can be a CR accelerator

even if not seen in y-rays.

One reason for the absence of
high-energy radiation could be that
it is reprocessed to lower (MeV)
energies and we don’t see it!

From “"Astrophysics of Cosmic Rays” - Berezinsky, Bulanov, Dogiel - 1990!!
89. Hidden sources

In the example of a massive black hole in a cocoon we encountered a model of a
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is not seen in high-energy electromagnetic radiation (X-ray and (or) gamma-ray
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One reason for the absence of
high-energy radiation could be that
it is reprocessed to lower (MeV)
energies and we don’t see it!

To understand the case of NGC
1068 better, we need more
sensitive MeV telescopes :)
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THE 4TH MESSENGER

GRAVITATIONAL WAVES

» Ripples in space-time predicted by Einstein and
fully described by general relativity

» First direct observation in 2015, from a BH merger!
The last messenger coming into the game :)

» GWs are detected via interferometry (hard to
detect) and they can in principle point back to
their sources (via triangulation) but have poor
angular resolution compared to gamma rays and
neutrinos.

» Sources of GW are binary systems (of white
dwarfs, neutron stars, and BH) or supernovae.

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023
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ANOTHER MULTIMESSENGER OBSERVATION (WITHOUT NEUTRINOS) 30

BONUS: MULTIMESSENGER OBSERVATION OF A BINARY NEUTRON STAR MERGER

» On 2017 August 17, the Fermi Gamma-ray Burst
Monitor (GBM) detected a short GRB —> ALERT
SENT OUT WITHIN 14 SEC!

Swope +10.9 h

» ~6 minutes later, a binary neutron star merger
candidate was recorded through gravitational
waves (GW) by the LIGO detector. It happened ~2
minute before the GRB! —> NEW ALERT SENT

IPN Fermi /
OUTI INTEGRAL

» Multiwavelength observation of a bright optical
transient in NGC 4993 less than 11h after!
Counterparts found in all low-energy wavelengths.

» No ultra-high-energy gamma-rays and no neutrino
candidates consistent with the source were found.

2nd ThaisCube Workshop — Chiang Mai, 8 August 2023 Chiara Bellenghi — chiara.bellenghi@tum.de



ANOTHER MULTIMESSENGER OBSERVATION (WITHOUT NEUTRINQOS)
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The electromagnetic observations
® further support the interpretation of the nature of the binary:

4 :
W » Coincidence with the sGRB: BNS mergers are among the progenitors! a
—
& > UV, optical and IR detections allow the identification of the host galaxy in
4 NGC4993

tré

B > Delayed X-ray and radio emission provide constraints on the geometry of —
M the energy outflow and its orientation.




CONCLUSION

Multimessenger observations are the most powerful tool
we have to understand the origin of the highest energy

ﬂux Of cosmic particles_ I NGC1068 Diffuse flux from VM(25)
TX50506+056 == Diffuse flux from v.v,(17)

Together with gamma-rays, neutrinos and GW are starting
to provide a new, more complete picture of the Universe.

With IceCube, we are starting to identify the first
extragalactic factories of neutrinos! AGNs (both jetted
and non-jetted) seem to be promising source candidates.

Tomorrow we will look into some details of how we

identify the astrophysical signals with IceCube. We will

also sneak peek into other interesting physics cases that
this powerful instrument can study!



