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1he biggest question In
Astroparticle Physics:

Flux of Cosmic Rays

© «——— 1 particle per m? - second

The origin of Cosmic Rays .

0

%  Knee f
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Energy (eV)
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What are the sources of CRs?

Most energetic and violent events can produce high energy CRs

Hillas-plot

® Necessary COﬂdIthﬂ fOr a SOUFCG tO (candidate sites for E=100 EeV and E=1 ZeV)

I
I Neutron

accelerate cosmic rays \
I

e Particle must stay confined: 9 o

E
RLarmor — ch < Rsource

* Maximum energy:

B R
EmaX — ShZ —_— —_— E@V
PN uG kpc |
Velocity of the  Charge number of :
shock front CR particle

log (Magnetic field, gauss)

u
log(size, km)
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MVulti-Messenger Astropnysics

GRAVITATIONAL WAVES GAMMA RAYS
Point to their sources,
g A\ but can be absorbed and
“ ] . created by multiple emission
mechanisms

air shower
14

CosMIC RAYS QYR

Charged particles, Weak, neutral particles,
deflected by ~ L point to their sources,
magnetic fields - X Not deflected, not absorbed
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Outline

2. Gravitational Waves

3. A multi-messenger
case: Gamma-Ray Bursts

s SR 4“ =
e SRR (e R .
ok 3 ’f.:i_.k :

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 6



Outline

Gravitational Waves

A multi-messenger
case: Gamma-Ray Bursts

Gl "\7‘
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—lectromagnetic spectrum

Energy in eV
10-10 10-5 100
Visible light
Infrared
<
Wavelength 1 r

In Metres Radiowaves Microwaves Ultraviolet amma rays
Electron <€ s e f i g
Volts (eV)
Spectrum |

105 1010 1015

Frequency (Hertz

NFRARED VISIBLE LIGHT ULTRAVIOLET

CRAB NEBULA

GAMMA RAYS
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v-rays: why to study them?*

@ |ndicate 'the presence Of a * Tracers for ultra-relativistic

electrons and hadrons

parental population of high-
energy massive particles

Energy
o Little effect from absorption  |E——. <P
N the galaxy l
. . . Optical, UV, Inverse Compton
e Carry information directly Hoavily Scattering
from the sites of absorbed

acceleration S Energy

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 9



V-rays: how are they produced”

o
INTERACTION
HADRONIC N/ /
PROCESSES O
COSMIC Rm
INTERACTION
P
RADIATION (...)
FIELD
—
LEPTONIC B
PROCESSES -
ELECTRON INVERSE COMPTON ELECTRON-POSITRON BREMSSTRAHLUNG
SYNCHROTRON SCATTERING ANNIHILIATION
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V-rays: how are they produced”

Only produced by non-thermal processes

ELECTRON POPULATION PROTON POPULATION

Energy Flux
EZ dN/dE

X-rays Y-rays
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V-rays: how are they produced”

Only produced by non-thermal processes

ELECTRON POPULATION PROTON POPULATION
_>
+ B FIELD

Energy Flux
EZ dN/dE

X-rays Y-rays

IR
Energy
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V-rays: how are they produced”

Only produced by non-thermal processes

ELECTRON POPULATION PROTON POPULATION

_)
+ B FIELD
+ PHOTON FIELD

Energy Flux
EZ2 dN/dE

Inverse-

Compton

Radio

X-rays Y-rays

IR
Energy
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V-rays: how are they produced”

Only produced by non-thermal processes

ELECTRON POPULATION PROTON POPULATION
—
+ B FIELD + TARGET MATERIAL

+ PHOTON FIELD

Energy Flux
EZ2 dN/dE

Inverse-
Compton

Radio X-rays Yy-rays

IR
Energy
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vV-rays: how to detect them?

* Medium-Energy Gamma Rays (MeV)

— ¥y Detected from space e
detector !:":.:
* High-Energy (HE) Gamma Rays (100 77" 1§
MeV — 50 GeV) LN
|\ A ———
— ¥ & e pue_ N
\
e \ery-High-Energy (VHE) Gamma Rays
(50 GeV — 100 TeV) . A

IACTS, 1-2 kmas.l. @il e

— @ Detected from ground-based
experiments
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V-rays In space: Fermi-LAl

The Large Area Telescope (LAT)
20 MgV - 400 GeV

Photon interacts with
layers of detector and

secondary particles
¥ are created

q o x Particle tracking
The Gamma ray Burst Monitor (GBM) ]
8 keV - 30 MeV i—

Scintillation detectors are distributed
around the spacecraft with different
viewing angles in order to determine

the direction of a burst by comparing Calorimeter

the count rates of different detectors Revealing
secondary particle
properties

Credit: Liz Hays and Judy Racusin (Fermi school 2021)
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VHE y-rays

~~dnteraction of primary particle in the high atmosphere
= showers of secondary particles (Extensive Air Showers)

® Atmosphere acts as an
INhomogeneous calorimeter and
a tracking medium

® Spread on a wide area, distant

detection = large effective area,
can be used at high energies (>
100 TeV) where flux are very low

Primary Gamma Ray

® (Cascades initiated by:

® Photons

® Charged partiC|eS gamma ray interacts with the atmosphere

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWS — IDACS School 2025 | 17
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Extensive Air Showers

Electromagnetic vs Hadronic showers

primary y

.

2
|
-

-

S .~ Pair production
:

e —
e
/ Bremsstrahlung
/ el /?Y
+ /,./> S o AN
e”" N
. - ol S o et
AN )
: il e

cosmic ray (p, o, Fe ...)

|
EM shower ./ y
. ‘“ / nucleons,
p, | K-, efc.
atmospheric nucleus
EM shower
0
I
nucleons e Y
K-, etc Yk'\' S @
et €
\
- H e
H EM shower
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Extensive Air Showers

Electromagnetic vs Hadronic showers

Simulated showers g‘ Simulated showers
initiated by a 100 GeV - initiated by a 100 GeV
gamma ray | proton
N Hadrons with energy |
7 E > 0.1 GeV
Muons with energy
E > 0.1 GeV
et e,y |

with energy E>0.1 MeV

t‘

Hadronic showers have larger transverse momentum and sub-EM showers

H. Ashkar, F. Bradascio
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Extensive Air Showers

The Heltler model

+ /// ™ N
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Radiation Lengths

* The shower is dominated by

Bremsstrahlung and pair creation
—lectromagnetic showers start to
develop at an altitude around 25 km
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Ground particle arrays

Shower size $
0 >
....................... 20

Altitude

4-5 km

o))

Altitude (km)

Atmospheric slant depth (g.cm™)
N
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Ground particle arrays

Altitude
Shower size
0
....................... 20
...................... 15
(\.'f\ 200 ...................... 12
g ................... 10
20
= I cvcrareeues 8
a. 400
4-5 km 3 | N\ 6
g
=
g 6004 A
=
72
E
2 8004 /... o)
1-3 km ) _ 1000
Imagmg Atmospherlc .................. 0

Cherenkov Telescopes
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Water Cherenkov Detectors

Detecting method: showers particles
reaching the ground (,ui, ex.,y,l),In
water, ground-based

AIR SHOWER
PARTICLE

Field of View (FOV): 50°
Duty cycle: 100% (operates in daylight too)

\ | ’

Angular resolution: [0.1,1]°

Energy resolution: ~30%

Effective aerea: ~10° m-?
PHOTOMULTIPLIER

tuee (PMT)  Energy range: ultra-high-energy regime
(UHE, E > 100 TeV)

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 23



Water Cherenkov Detectors

Reconstruction

® Timing — Direction
e Shape — Nature

e Size —

gamma-ray shower cosmic-ray shower
ba Gy 1P
‘>. - ". g
oA SEREE |\ A
- o : > .u '. /
) < ° -
"hot” spots concentrate NOL™ Spots are more
around the core dispersed
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Current and future generation of
WCDs

LHASSO (2021)
Daocheng, China
(4410 m)

HAWGC (2015)

Puebla, Mexico
(4100 m)

-

R B
R T I I B
& R R R

-
o,
@
SW G 0 h g g .....
iy
: \ i i g m’”’,é’\%'o =
ARTICLE DETECTOR ARRAY

Atacama, Chile¥ & & & & 5"«
(4770 m):® & & & & &

Not to scale

tos
Il I I = = = N = N N N N N N N = =N dlﬁl
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Imaging Atmospheric Cherenkov
Telescopes (IACTs)

Detecting method: Cherenkov radiation
iInduced by EAS In atmosphere, ground-based,
pointing

Field of View (FOV): 2-6°

Duty cycle: 10-15% (clear, moonless nights)
Angular resolution: [0.04,1]°

Energy resolution: ~15%

Effective aerea: ~10° m-?
Energy range: wide (50-100 TeV)

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 20



ACTs: detection techniques

Shower maximum:
* Altitude ~10 km
* ~1083 charged particles

Cherenkov emission:
® AltrtUde eCherenkov ~1O

e Duration < 10 ns
o UV light

Cherenkov light-pool on ground:
* R~100m éé; &
* ~100 Ycherenkow/M?

<€

>
130m

10km

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025
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ACTs: detection techniques

Cherenkov light-pool ~120 m

Image the shower on a fast
camera (At ~2ns)

Large effective area (105 m2) even
with modest reflector

10km
Change in Cherenkov angle +

multiple Coulomb-scattering
washes out the ring shape of the

Cherenkov light — faint elliotica é
shaft of UV light é ~

130m

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 28



ACTs: detection techniques

Energy: amount of Cherenkov light
(calorimeter)

10km

4

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025

>
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ACTs: detection techniques

Energy: amount of Cherenkov light
(calorimeter)

Nature: shape of the shower

)

10km

With every gamma-ray around 1000
cosmic rays enter the atmosphere at the
same time making a significant

background noise “130m

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 30



ACTs: detection techniques

Telescope field of view

Energy: amount of Cherenkov light
(calorimeter)

Nature: shape of the shower
Direction: stereoscopic observation

* 10km

Directional reconstruction by geometrical
iNntersection of image main axes

Greatly reduces the background at the

trigger level (requiring 2-tel coincidence) é é
Significantly improves shower @ -

reconstruction, PSF, etc 130m

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 31



IACTs: detection technigues

Telescope field of view
Energy: amount of Cherenkov light
(calorimeter)

Nature: shape of the shower
Direction: stereoscopic observation

10km

>
130m

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025
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Current and future generation of

’
P S LTS
. s .
= " s T \

e

| \ L '." s 1)
> R - STTTYT. p
MAGIC-P

"MAGIC

RBoche de los Muchachos
Canary Island

VERITAS
Mount Hopkins, Arizona

CTAO - North

Roche de los Muchac
Canary Island

=" <

H.E.S.S. (2002) [ &
CTAO - South Khomas Highland, . y .
Atacama, Chile Namibia [ =
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Future IACTs: The Cherenkov
Telescope Array Observatry (CTAO

—

——— o

CTAO North ==
‘ORM, La Palma, Spain
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Current and future generation of
WCT and [ACTs

. Santander

leet/ARG'O .LHAASO

Sky coverage ——
/N Instantaneous sky_/ce(erage

Past & future projects = = -
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X Incoming gamma-ray
X7

photon Summary

15t interaction
with atmospheric
molecules

10 km altitude

Secondary

- Gamma-ray Astrophysics

particles

Space-based (Fermi-LAT)  Ground-particle arrays IACTs
Water Cherenkov tanks Field of view ~137° 90° 3°-10°
. Duty cycle >95% >95% 10-30%
detect secondary particles Energy range 20 MeV - > 300 GeV  ~500 GeV->100 TeV 30 GeV->100 TeV
Angular resolution 0.15°(> 10GeV) 0.4°-0.1° 0.05-0.02°
Energy resolution 15% > (100 MeV) 60% - 20% ~ 7%
5 k titud Background rejection < 10% 90% — 99.8% >95%
m altituae Effective area 0.8 m? several 10* m? several 10* m?
Cherenkov
light cone

Imaging Atmospheric
Chrenkov Telescopes
detect Cherenkov light

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025
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Outline

Very-High-Energy Gamma-ray Astrophysics

2. Gravitational \Waves

A multi-messenger
case: Gamma-Ray Bursts

IR v
¥ 27 S
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Gravitational Waves

e (Gravitational waves are 'ripples' in space-
time caused by some of the most violent
and energetic processes in the Universe

e Albert Einstein predicted their existence In
1916 In his general theory of relativity

* They travel at the speed of light (300,000
km per second)

* These waves sgueeze and stretch anything
N thelr path as they pass by

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 38



What causes gravitational waves”

* |n theory, all accelerating objects emit gravitational waves, but most are too weak to
detect

* [he most powerful gravitational waves are created when objects move at very high
speeds

* Only massive and fast cosmic events produce detectable waves

Two black holes orbiting Two big stars orbiting A star exploding
each other and merging each other asymmetrically (Supernova)

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 39



How gravitational waves are generated

Spacetime

Orbiting black holes Gravitational wave

1. A black hole by itself 2. Here are two black holes orbiting each other
makes a deep dent in (binary system). As they orbit, they whiz around
the fabric of spacetime, each other so quickly that, instead of just making
but it doesn’'t throw out a dent in spacetime, they plough up waves (like
any gravitational when you stir soup with your finger) - these are
waves. gravitational waves.

But it takes energy to create gravitational waves and, with each orbit, the pair lose energy, which is carried away by the gravitational
waves. As they lose energy, their orbits will begin to shrink. Eventually, it will shrink so much that the black holes will crash together.

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025




How gravitational waves are generated

Solutiqn of Einstein’s ng — nuv -+ h,uv
equation of general }

relativitv: Gravitational Waves
Y- happen here

Electromagnetic Wave 0 Gr:lvgtt:yj’olnl W:Ir\[re 311/2
. o SO e 3 The Family of Wave Forms
e ] -
mﬂec tric Field pol. '\\‘___/ T B ___,/ A b 4 Y- longitudinal pressure wave transverse gravitational wave
: wavelength : )
. l.].l:l mle W W x .,’/ \'-il t / \'..' "'/.'f /f\: B <l .. .
Charge pol. \ ',.‘ L7 4 my
Polarization D Polanzanon = S’

rarefaction compression

transverse electromagnetic wave

Na\/e]ength

Cfest

wavelength

Dipole Radiation Pattern nole Radiation Pattern
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Gravitational waves deform spacetime

dipol waves

(electromagnetic)

/'\/\/9

quadrupol waves b @ @@ C}
test  (Qravitational)

gravitational particle.
waves Lmaxfe
e X he @ (3 C} O @

Lmin 2 ," N
i 1
particle “\ g Phaze 0 T2 x 3nj2 2
B i i+~ i > \ 7/ S Ve
mechanical response of gravitational S p .
da particle wave
A c
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The effect of a GW

4G5/3 2/3 %5/3 Al
h ~ (#/) ~ 10722 = ~h~ 1072
c4 D L

The strain h Is the ration of the deformation
INn the arm length to the arm length. Usually
Where: smaller than an atom.

. M= )"
(M1+M2)1/5

Is the chirp mass

« fisthe GW frequency = twice the orbital frequency

« D isthe distance to the source

 For circular orbits: f = %\/G(MIJ’M”

3
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GW interferometers

LIGO - Livingston (USA) LIGO - Handford (USA)
4km arms 4km arms

H. Ashkar, F. Bradascio Multi-Messenger Astrophysics in the high energy domain: y rays and GWs — IDPACS School 2025 45
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GW interferometers

~ >

-~—*."--_'-.~~- e ,;Nb—‘

- .-

i e

“’*’ﬁr menw / =
, ,W, //

KAGRA - Japan VIRGO - ltaly
3 km arms 3 km arms
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GW detection

W \
g f ‘ I
 — [ |
— s | ‘ |r !
: 3 A MU N a u ' ‘ Ly
| 2% | % .A! f [ !‘ 'i f ‘N" | | | \ . Ur.l'
- .' Beam Splitter - V.o uyewe ||, n
; Laser _,-' = R
GWstrain '* ' GW propagation V- ‘
direction

Output
photodiode

Time
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GW detection

Inspiral Merger Ringdown

i e¢ eie
|

| ".' ,'.,, ,‘ ‘\ i n
H“ "‘W M\ \\"\» \/ \ AH’\J

mn

1.0

Strain (10%)

LIGO Hanford

-1.0 -

LIGO Livingston

1 | 1
0.30 0.35 0.40 0.45
Time (s)
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GW detection

LR TR R R [ c Signal is compared to a set of templates
G e R e e SRS e  Template bank (milions):
- Yo — : S ———— o \' =

SN DA%

e Built from numerical relativity and post
Newton expansions

e Each template Is for specific source
poroperties (mass, inclination, spin
etc...)

g
o
=
1=
L)
P
it
i

~ H1 signal, band and notch filtered
-~ NR template

~ NR template, band and notch filtered - O btai n ed ap ri O ri

-0.20 -0.15 -0.10 -0.05

Time (s) ' | e Cross match the data with template
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GW 150914: First binary black hole merger

H. Ashkar, F. Bradascio

Hanford, Washington (H1) Livingston, Louisiana (L1)
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GW localization

y Sphrat 44/’
ik

Most probable
location for the
Gravitational Wave
Source is within the
triangle formed at
the intersection of
the Location Annuli

Location Annulus
for Gravitational
Wave detectors #3
and #1

Based on timing triangulation: More interferometers — more accuracy
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GW localization

GW170818-HLV
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VWe can now “observe” black holes wit

Masses in the Stellar Graveyard
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GWSs: another way

A Pulsar Timing Array (PTA) is a network of highly stable millisecond
pulsars monitored over time to detect tiny variations in their arrival times.

Sensitive to very low-frequency GWs
f~10"" -10"" Hz
This corresponds to:
e Supermassive black hole binaries

(SMBHBSs) in galaxy mergers

 Possibly a stochastic GW

background from many unresolved
SOUrces
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The GW spectrum

THE SPECTRUM OF GRAVITATIONAL WAVES (éesa

Observatories Ground-based Space-based observatory Pulsar timing array Cosmic microwave
& experiments experiment background polarisation

LD T

Cosmic fluctuations in the early Universe

Cosmic @ ’ -

sources Compact object falling

onto a supermassive Merging supermassive black holes
Supernova black hole

O —
o A

Merging neutron Merging stellar-mass black holes Merging white dwarfs
stars in other galaxies in other galaxies in our Galaxy
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GWs: near future
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Upgrades to LIGO, Virgo and Especially KAGRA
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GWs: far future

Einstein Telescope (ET):

* [rlangular shape
e 10 km arms
e |nstalled in Europe

LISA:
* [riangular shape

o 2.5 million km arms
* Space based
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Outline

Very-High-Energy Gamma-ray Astrophysics

3. A multi-messenger
case: Gamma-Ray Bursts

.
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Gamma-Ray Bursts
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Gamma-Ray Bursts

Brightest electromagnetic transient (10°51-93 erg released)

e Distinction into short and
ong GRBs:

ambient medium
(external shock wave)

gamma rays

h rt | 2 ] olliding shells emit gamma rays f> 100 GeV)
internal shock wave model)
S O ) 90 < S, 'Y, igh-e C

long, Too > 2 s (core
collapse of massive

stars) “
The Long GRBs and short ongine ol S
. . . ‘ Prompt )
GRBs have similar emission emission

mechanisms whith short GRBs
being scaled down

Afterglow
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GRBs and GWs, what is the relation ?

Where do short GRBs come from??

Jet—ISM Shock (Afterglow)
Optical (hours—days) ,
Radio (weeks—months) ',’

Ejecta—ISM Shock

Radio (weeks—months)

-------------
~~~~~~~

,,,,,,,

Merger of neutron stars are
responsible for short GRBs. /
These same mergers can v

Tidal Tail & Disk Wind

Kilonova *.
Optical (t ~ 1 day) ™.

Merger Ejecta

------

/’
/
/

also create GWs N Q/;
N

......

"""""
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Gamma rays, 50 to 300 keV GRB 170817A
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hat can we learn from the Kilonova

A ORIGINS OF THE ELEMENTS
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This periodic table depicts the primary source on Earth for each element. In cases where two sources contribute fairly equally, both appear.
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-Few seconds, many diSCOVEries

Gravitational-wave strain GW170817

Gravitational Waves
— Neutron star merger

FOrmaJ[IOF Of ajet - amma rays, 50 to 300 keV GRB 170817A
of highly relativistic particles

— Short Gamma-Ray Bursts

Nucleosynthesis process: rapio e
neutron-capture process (r-process) =
AT

— radioactive decay — Kilonova & -
formation of heavy elements
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-Few seconds, many diSCOVEries

Gravitational Waves
— Neutron star merger

Formation of a jet
of highly relativistic particles

— Short Gamma-Ray Bursts

~100 preprintc

8 letters in Seience
6 in /\/ature
32 in ApJL

Nucleosynthesis process: rapiC
neutron-capture process (r-process

— radioactive decay — Kilonova &
formation of heavy elements
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GW170817 and its electromagnetic counterparts

Confirmed neutron star mergers as a source of gravitational wave

Kllonovae

Proved that neutron star mergers produce short gamma-ray bursts
Revealed that heavy elements (like gold and platinum) form via r-process nucleosynthesis in

—nabled precise localization of a gravitational wave source using light
Provided a new iIndependent way to measure the Hubble constant

Showed that gravitational waves travel at the speed of light to high precision
Tested general relativity in the strong-field, dynamical regime
Constrained alternative theories of gravity by confirming gravitational wave speed and

polarization
Placed tight limits on violations of Lorentz inva

rlance a

Provided constraints on the neutron star equa
effects

nd the equivalence principle

'lon of S

‘ate from merger dynamics and tidal
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lake home messages

V-ray astronomy is a mature field, but it's about to level up
with new instruments like CTAO, which will bring better
sensitivity and resolution.

Gravitational Waves are a new tool (first detection in
2015). This field is still young, and the most exciting
discoveries are still ahead.

Multi-messenger astrophysics combines signals like
GWs, v rays, and v to reveal a more complete picture of
the Universe, making it essential for understanding
extreme cosmic events and driving future discoveries.

F sy o - y
N T Ak
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Gamma-Ray Burst

GRBs detected directly
are usually on-axis

Jet opening
Increases g g

But GRBs resulting from
GW events might be off-
axis, adding to the
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Example: contraining viewing angle with VAE y-rays
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Example: constraining magnetic fields

Synchrotron alone cannot synchrotron self-Compton (SSC)
dlsantaf\gle betwee.n the Fssc ~ u2up
energy ins the particles synchrotron

and the enegy in the Fsynch ~ UeUB 6

magnetic field. An
additional measurement
is needed.

Increase magne tic field

Synchrotron self-
Compton is when the
synchroton photons are
also the photon fileds for radio X-ray gamma-ray
inverse-Compton
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Example: constraining magnetic fields
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