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Mon (29/5)

Registration
Welcome, Local Information,
School Organization

Alicia Lopez Oramas
Gamma-Ray Astrophysics
Lecture 1

Lunch

Irene di Palma
Gravitational Waves
Lecture 1

Coffee

Martin Makler

Strong gravitational lensfig of

supernovas, gravitatiogfal
waves and other souf’es

Tue (30/5)

Brian Reville

Particle Acceleration and
Radiation Processes
Lecture 1

Coffee

Irene di Palma
Gravitational Waves
Lecture 2

Lunch

Alicia Lopez Oramas
Gamma-Ray Astrophysics
Lecture 2

Coffee

Mario Diaz

A Brief History of Gravitational

Waves: From Denial to

Multimessenger Astrophysics

Gamma-ray Astrophysics Sessions

Wed (31/5)

Brian Reville

Particle Acceleration and
Radiation Processes
Lecture 2

Coffee

Irene di Palma
Gravitational Waves
Lecture 3

Lunch

Alicia Lopez Oramas
. Gamma-Ray Astrophysics
Lecture 3

Coffee

Aion Viana
Dark Matter searches in (e
multi-messenger era

VHE Galactic Physics

> . . LU
Alicia Lopez Oramas

Instituto de Astrofisica de Canarias
Sao Paulo Advanced School on Multi-Messenger Astrophysics 2023

Thu (1/6)

Irene di Palma
Gravitational Waves
Lecture 4

Coffee

Emille Ishida
Using machine learning to find
astronomical transients

Lunch

Hands-on sessions

Coffee

Student seminars - Session 1:

posters & short talks (5 mins)

Social gathering at end of the
day in the rooftop lounge

Extragalactic and exotic physics at VHE

)
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Fri (2/6)

Visit to Sirius (LNLS, CNPEM)

Bus leaves Flat Universe at 11 am,
arrives at LNLS at 12:30.

Visit to Sirius (LNLS, CNPEM)

Visit to Sirius (LNLS, CNPEM)

Visit to Sirius (LNLS, CNPEM)

Visit to Sirius (LNLS, CNPEM)

Vis\ to/Sirius (LNLS, CNPEM): bus
leave ab at S5pm, arrives on Flat
Univers2 at 6:30pm

A quick look at
‘Blazar PKS 2155-304

- W|th .'easyF'erml.. o

Douglas Carlos - IAG USP

. black )
hole iag

Alicia Lopez Oramas
Instituto de Astrofisica de Canarias
Sao Paulo Advanced School on Multi-Messenger Astrophysics 2023
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Black body radiation
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Gamma rays are produced by non-thermal processes 5



Non-thermal processes

synchrotron (eV - MeV)

E° dN/dE




Non-thermal processes

0. decay (ptr+p+-> m@->2Yy)

* Interaction of/with particles/photons

* Can lead to gamma-ray production
* Temperature independent

* Eleciromagnetic radiation

Bremsstrahlung
(radiadion de
frenado)

Inverse Compton (e +foton->y)




Gamma rays: why are they interesting?

* They are the product of the interaction of relativistic particles in exireme phenomena
* accretion/ejection processes
* jets, outflows and/or strong winds
* magnetic reconnetion...
* Carry information:
* Partficle acceleration and interaction mechanisms
* Characteristics of the intergalactic/interstellar medium
* Origin of cosmic rays (PeVatronse )
» Since gammas are photons, not deflected by magnetic fields

Gamma rays give us information about the
most violent processes in the Universe and cosmic accelerators

Naho Wakabayashi




Gamma rays: why are they interesting?

* Origin of cosmic rays

« ~98% p*, He**, nuclei... 3-
e F~FT J
. . ( <—— 1 particle/(m? s?)
 Below the knee (~ 1015 eV): Galactic origin (?¢) e once
 Above the ankle (~ 1018 eV): Exiragalactic origin =37 dominates
o GIZKIimit ~ 1020 eV < 6 -
o o QL
+ Deflected by magnetic fields O
* Gamma rays to track the origin of cosmic rays v - Knee
= - 1 particle/(m? yr')
* Where are the PeVatronse < —124 . |
é i Galactic
£ 7151 influence
a - dominates
o —18
o il
o
54 Ankle >
Il 1 particle/(km? yr?)
97 '
- GZK
T T T T T 1 | | T 1 | T
9 10 11 12 13 14 15 16 17 18 19 20
log Enefgy (QV) Science

More in Lecture 2 T
Galactic VHE Physics PeV




How do we detect gamma rays?




Classification and detection of gamma rays

Definitions are somehow arbitrary
NOWeVer:

- X 0.1 keV-300 keV

- X/soft gamma 300 keV-10 MeV
- HE 10 MeV-30 GeV

- VHE 30 GeV-30 TeV

- UHE 30 TeV-30 PeV

-  EHE above 30 PeV

No upper Iimit, apart from low flux
(at 30 PeV, we expect ~ 1/km? /day)

Alessandro Carosi



Classification and detection of gamma rays

* High energy (HE) > 100 MeV
-> Satellites (Fermi-LAT

Very high energy (VHE) > 100 GeV

~ -> (IACTs) Cherenkov telescopes (MAGIC, VERITAS, H.ES.S., CTA)

Ultra high energy (UHE) > 10 TeV

-> Particle (EAS) detectors (LHAASO, HAWC)

\I\!avelength 10> 10 1 10" 107 10° 10"
in Metres

Electron 10°% 107 10° 10° 10° 10° 107
Volts (eV) l

10

What the Human

Eye Can See

[

-5 -6 -7

10 10

k 13 310

-9 -10

10 10 10

3 4

10 10 10

HE VHE UHE
E>100 MeV E> 100 GeV E>10TeV
(Fermi-LAT) (IACTs) (Detectors)
102 10" 10 10™ 107 1£'17 107"° 101‘19 0% 107
10° 10" 10® 10° 10° 10" 10® 10" 10" 10"
MeV GeV TeV

o RN T | ARNYARNANVAVAVAVANAVIVIN

Gamma Rays

Radio Waves Microwaves Infrared Visible  Ultra- X-Rays
Light  violet
Quantity Fermi EAS
Energy range 20MeV-200 GeV 100 GeV-50TeV 400 GeV-100TeV
Energy res. 5-10% 15-20% ~50%
Duty cycle 80% >90%
FoV 4r/5 41 /6
PSF (deg) 0.1 0.5
Sensitivity 1% Crab (1 GeV) 1% Crab (0.5TeV) 0.5 Crab (5TeV)

A. De Angelis & M. Pimienta

12




Detecting gamma rays

Detectors

CTA North 50 h /-

:

om0

/‘ CTA South 50 h

Py

IERRRL

I

NBERL

107"

10-12

10-13

T TTTTTI |
10

T TTTTTI T T TTTTT I

1072 107 1

X = Energy E, (TeV)

Y = E2 x Flux Sensitivity (erg cm2 s°7) (Differential Flux Sensitivity)

T TTTTTI I

10°

A4

]

Fermi-LAT 10 years (Galactic Centre)
Fermi-LAT 10 years (Extragalactic)
MAGIC 50 h

VERITAS 50 h

H.E.S.S. 50 h

HAWC 1 year

HAWC 5 years

10710

[T

—

@)
A
.

Illll

—

o
L
\V]

—

S
-
w

ExF(>E) (TeVecm“s™)

7
‘©
)

10714

[ lllllll

| Illlllll | llllllll | llllllll

.o \\
o, .
q ~

~ S
~ S
S .
> -
N
S \
N
~
N
\
N N\
N \
N

N o

o

©

~ oo\\\
Q S N
S, ¢ 1||1||r6 1

% . v/
%, . %

1071°

1 10~" 1

<
N

10
E (TeV)

10°



Fermi LAT 0.1 — 2 TeV, 7 years
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HAWC, <100 TeV, 1.5 years




HE gamma rays: Fermi satellite

 NASA satellite, launched in 2008
e FOV: 1/5 of the sky
e Survey mode: full sky every 3h
e Two Iinstfruments onboard:
e Gamma-ray Burst Monitor (GBM): 10 keV-25 MeV
e Large Area Telescope (LAT) : = 50 MeV

e Good angular resolution -> source localization

* High sensitivity in a broad FoV -> transients and variability

v Fe rm"LAT {1 incoming gamma ray

Anticoincidence

I =1~ Detector (background rejection)

- Conversion Foll

. Particle Tracking
Detectors

Calorimeter
(energy measurement)

electron-positron pair

Credits: NASA's Goddard Space Flight Center



IACTs: Imaging Air (Atmospheric) Cherenkov
Telescopes (Technique)

VHE gamma rays > 100 GeV
2

Atmosphere as calorimeter



Credit R. White

(MPIK) / K. Bernlohr (MPIK) / DESY

¥ -ray enters the
atmosphere

Y/

//

_

P
v »

0.1 km? “light pool”, a few photons per m?.







howers

IN AIr s

Cherenkov (355nm) flashes (~ns) emited



\ ““\s\

Cherenkoyv (355nm) flashes (~ns) emited in air showers
atmosphere as calorimeter



Particles
(electrons, protons)

gamma

-
-

’0

cascade or -
air shower Cherenkov light
T

Indirect observation of gamma rays by
detecting the Cherenkov light that emited
by the air showers produced by the
iIncident gamma rays that interact with the
atmosphere



Electromagnetic shower: Heitler model

yé E0>EC generation n N =2

T 0 1

R| 2 - E /2 o
R
AVAVAWA
MW o 46 e

Ec(air)=85 MeV -> shower stops at E<Ec (ionization loss>bremsstrahlung)

Oy
oo



Electromagnetic shower: Heitler model

A simple model for emn shower (Heltler 1944):

'
1 Eo Il:l
e e
2 E./2 n=
Ol
2|S
®lQ
SIZ
4 Efa/ e\ n=3 3|a
8 /£./8 o

e.m. shower
N,..x ~ Eo/E.
Xmax ~ AIN(EG/E,)
A.=37 g/cm?

.............. radiation length
.....
.......

b
o
o

- —
o o
a o

Number of electromagnetic particles
S

10
100 GeV
TE
] longitudinal
development
all ~
109 5 10 15 20 25 30

Radiation lengths

17



Electromagnetic shower: Heitler model

* The incoming particle has an initial energy Ee >> E¢ (critical energy)
*Ec = 85 MeV —> below which ionization losses >> over bremsstrahlung

* Energy is equally shared between the products of each interaction

* Each electron travels one radiation length and then gives half of its energy to a
bremsstrahlung photon

* Each photon fravels one radiation length and then creates an electron—positron pair; the

electron and the positron each carry half of the energy of the original photon

* After tfraveling a distance R = Xg 1n(2) Y | Eo generation n

* Radiation length Xe : average distance fraversed by A

0

an electron in a medium in the time in which its R EJ2 € e Ey/2

1

energy drops by a factore: E = Eg e-X/X0 :
* Forair, X = 36.7 g/cm2

e’ Y e Y

2

3

* The number of particles in the cascade (N)
goes on until E< Ec, with Nmax= Ee/Ec A /\/\ /\A M /\

4




(Vavilov-)Cherenkov radiation

* Experimentally discovered by Pavel Cherenkov in 1934 (Nobel prize 1958)
* Particle moving faster than light in a medium
* Peak at 350 nm
* Flashes of ~ns duration
* Originated by the re-orientation of electric dipoles which have been previous

* wavefronts emitted along the charged particle’s trajectory sum coherent

Igor Tamm, Pavel Cherenkov,llya Frank

y polarized by the charge passage
ly

* The light pool of the Cherenkov emission at 2000 m a.s.l is about 120 m radius for 100 GeV EM showers

O O o P O |
O O O O Dl O U O
OO0 0O Ao OYOoRe0 ¥ 0
OO |0oD 00 '\uQ_F”UQQ O
O 22 S0 O QOQQ(J’ BcAt .
_QOCDc_pocaGmO /\@Q(/jQO/O ,
00 o286 0F O 905 3446-00 ,
C OO0 000005 00000 P00
C?OOOO?QO/\, F\O\évOOVOO
D00 0OPA~OX SJeloXe P (ONoNe
R IChge 507400 © I%
(a) (b) (©)
' V

top of
atmosphere COS @ — ]-/ (5 n)
. ~1.3 deg at sea level
5 ;
A/ ground E

charged _ _ _ _
particle light is emitted along a cone with

half opening angle 6

—

Cherenkov angle O [deg]

Y
(=}

L1 1 1 l | 1 I L1 1 1 l 11 11 l 1 11 1 l 1l 1l I
0 10 20 30 40 50 60
altitude [km]




How do we detect Theme f
|ACTs: Imaging Air (Atmospheric) Cherenkov
- Telescopes (Technique)



Discovery of Cherenkov emission in the atmosphere

“ o *Bill Galbraith and John Jelley first
4 measure flashes of Cherenkov
ight in the night sky (Galbraith &
Jelley, Nature 1953)

 Nobel prize in 1948: for his
iInvestigation of cosmic rays
using his invention of the
counter-controlled cloud

chamber e Confirmed Blackett's assertion

that Cherenkov light from
charged cosmic rays fraversing
the atmosphere should
contribute to the overall night sky
INnfensity

e First person to propose that
Cherenkov light should be
emitted from particles in the
atmosphere

Patrick Blackett

Il Nuovo Cimento

Alexander Chudakov et al. (Crimeg) ¢ EXperlmeﬂTS fOr ChereﬂkOV Volume 7, Issue 6, March 1958, Pages 858-865

1950-1953 & | detection in atmosphere
1960-1963

* First Air Cherenkov On gamma-ray astronomy(Article)
observatory for gamma-ray Morrison, P. 2,
sources (no detection)

AN AIR SHOWER TELESCOPE
AND THE DETECTION OF 10 fev PHOTOR SOQURCES
Giuseppe Cocconi ®

CERN - Geneva.

:3,: ]). This paper discusses the possibility of detecting high energy photond produced by
discrete astronomical objects. Sources of chaerged particles are not considered as the
smearing produced by the magnetized plasmas filling the interstellar spaces probably
obliterates the original directions of movement.

It is proposed that the direction of errival of the photons, i.e. the direciion of
their source relative to the earth, be determined by timing on a horizontal plane the
arrival of the front of the Air Shower (AS) generated by the photon in the atmosphere.

As shown later, one has to consider photon energies arcund 10" “eV, thai initiate
showers whose maximum development is reached at high altitudes. If the measuremeats are

[ ]
S e e M l r Z O a n ! 0 1 4 performed at about 1/2 atmosphere (5.5 km sbove sea level), the electromagnetic cascade
y is there still in full development and containse 103 ionizing particles.




The Imaging Air Cherenkov Technique

WHIPPLE (“I generaiion) 2° generation

Inaugurated in 1968
1989: 1st source ever detected: Crab Nebula

1996: 2° detection “Mrk&01"
Imaging technique is born

HEGRA (1 987 2002)
Parficle detectors, gamma telescopes

qd Showers above 1 TeV (detection of Mrk501 at 16 TeV)

First stereo observations

Hillas parameters, 1984
Gamma/hadron discrimination
Milestone for IACT Michael Hillas




The Imaging Air Cherenkov Technique
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The Imaging Air Cherenkov Technique

H.E.S.S

3 generation fing
* Indirect detection of VHE gamma rays e eg . ok
» Cherenkov | ) flashes (ns) . | ’ =g i
* Characteristics:
— Large collection areas (12-24m)
— Highly sensitive pixelized camera (PMTs)

— Fast trigger system and readout
electronics

* Constructed and operated by collaborations
of scientists

Born as experiments, they proved

VHE astrophysics as a fully-developed discipline




|ACTs: H.E.S.S.

e High Energy Stereoscopic System

e 4 telescopes 10m (H.E.S.S. I) + 1 telescope 24 m (H.E.S.S. II)
e 2002: first H.E.S.S. telescope

e 2012: H.E.S.S. Il telescope

v

Bot
'H.E.S.S. D otstiana

Pr

i

Sudafrica

Cdad. Puerto
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|ACTs: VERITAS
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e \/ery Energetic Radiation Imaging Telescope Array System

e four 12m telescopes
e 2004 first light of VERITAS prototype
e 2007: Completion of 4 telescope array




|ACTs: the MAGIC Florian Goebel telescopes

Atmospheric
Gamma-ray
Imaging
Cherenkov

o 2 telecopes, P=17m

o £: ~30 GeV-100 TeV
(VLZA technique)

e MAGIC-|: 2003

e MAGIC-II: 2008
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Extensive Air Showers (EAS)

GAMMA RAYS Cosmic rays

Electromagnetic Shower Hadronic Shower
primary Y cosmic ray (p, o, Fe ...

Hadronic interaction + sub-showers
from n0 decay

1 gamma - 1000 cosmics

Pair production + bremsstrahlung
39




Extensive Air Showers (EAS)

gamma shower
1 TeV

—
L
9
-
—
D
o0
N

36



Extensive Air Showers (EAS)

150 30 pe

1.0 TeV gamma shower 2.6 TeV proton shower

¥ ; »

3OOGeV g'amrha

1TeV proton 27

essandrq

Slide from A. Carosi



Extensive Air Showers (EAS)

Gamma ray

Camera image

1)
& 2 . Y'phOton camera/focal plane (viewed from zenith)
ot e L) \ \
M ?I‘”‘
L 2 an A
- % cherenkov M
- ) light :
o R '
- V7. 18 shower ) '
p : y \ i S e : O
» A 13 1) 2] S . I .
= ) - : | image of : 3
: Py - - ™ I 1 shower axis ' o}
. i ' ! ! !
" ! v :
n i : » " X
e ' i 1 ! 1 |
-t ~ A ] 1 ] >
f A\ -0y 01 -0 03 0
,,; g camera coordinates given in degree
Raed

telescope

9.
DESY

Gernot Maier
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Extensive Air Showers (EAS)

Gamma Hadron Muon Camera events

Gamma fike

Entries 1
Mean 9.112

RMS 24.98

128
119
m
102
94
85
76
68
59
50
42
33
24
16
7

-1
-10

- - - - - - -

*******

39
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The Imaging Air Cherenkov Technique

Stereo
Gamma-ray ) .
Va8 Observations Gamma-ray
~10 km height &
M1 Camera | M2 Camera
Image Image

Shower
impact point

Cherenkov light pool

.
MAGIC-| MAGIC-II

N

Giavitto, 2012

Shower Image

Parametrization

MAGIC-I Shower axis MAGIC-II
Cherenkov C.here'n kov
Light image Light image

/
\\

/ \
/ COG \
ALP w

“l | ()

. DIST
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\ O) //
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Analysis steps

The final goal of the data analysis is o extract the information of the

incoming photons and measure the gamma -ray flux

e Signal exiraction and calibration: intensity+arrival times
 Event reconstruction: mage cleaning and parametrization

e Signal and background discrimination & energy estimation:
gamma/hadron separation, RF...

e Signal evaluation: physics

| Programmmg Icnguoge ROOT/C++ (+MARS: MAGIC Anolyms Recons’rruc’rlon Sof’rwor
'1 Recen’rly python gammapy, ctools

——— = —_— = e e _—

e e e e —e— e —— e ——

— - — = —_—




Analysis steps: low level

e Signal exiraction and calibration & event reconstruction: intensity+arrival times
e |dentify which pixels belong to signal/background (apply cleaning)

: . L : ~ separ
e Arrival time assigned -> fiming coincidence window P

34
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27
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23
L 2e83008 sotoss N33 : ::::"’o IS IS
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e Parametrization via Hillas parameters:

» Gamma rays: compact ellipse - / ALP,".._ 1‘:\\
 Different order momenta of the - \ 'o:{%\‘f‘@ /“’
spaftial distribution in the camera plane AN /

e Size, length, width, theta (stereo)... : \ /




Parametrizarion

How to discriminate gamma showers from hadrons from the image?

_ - v-MC
1ooo:— 4000 : LENGTH
s00 g WIDTH
- 3000 +—
3 : SIZE
SOOL_ n
400[— hadrons 2000:_ -
200 E 1000 :— hadrons
: :
% 50 100 150 200 250 300 % 20 40 80 80 100 120 140
cm cm
Simplest way:
- Static cuts on image parameters
- Dynamical cuts I:>
g-efficiency ~50%
h-rejection ~95% 28

Alessandro Carosi

44
Slide from A. Carosi



Analysis steps: intermediate level

e Signal and background discrimination & energy estimation:

* Merge of each telescope data Viengtf™ 'engthy

e Hadronic or gamma origine : gamma/hadron separation

e Randon Forest algorithm-> hadronness of an event Vuicth< W‘dthcy
e Train of the MC with OFF data (hadrons)

 Energy estimation and position reconsfruction L

> sizecut

e Convertion of Hillas parameters into fully analyzed events,
assighing hadronness and energy to each event

Random forest algorithm = a machine learning algorithm that is used for classification






n

Ine learn

Mach

hadron samples

Input



Machine learning!!ll

Select your algorithm

1 1

Ch R 2
R St

!
I——

Random Forest



Machine learninglill Classification

Test
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Machine learning!!ll

_ Real values
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Machine learning!!ll

_ Real values

Leopard Cheetah Lion
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Random Forest

More complex methods include statistical
classification method (ie, random forest)

What does RF need to work?

rain samples of both species
(gamma/hadrons, lemons/limes...)

&

a list of parameters to be used

(length, width, size etc or colour,
weight etc. for our example)

HOW TO CLASSIFY
MILLIONS OF EVENTS??

59
Slide from A. Carosi



Random Forest

More complex methods include statistical
classification method (ie, random forest)

RF choose randomly three parameters out
of the selected ones and for each one find
the value c that minimizes the Gini index

Q(c)

Y nleft | arleft right ~right
Q(c) Nt .Njet - rieht, i

S - nleft | nleft rright fri;.’,hl
‘\p + °\h .‘\p * .'\h

HOW TO CLASSIFY
MILLIONS OF EVENTS?? 2
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Random Forest

Parameters space are divided in two subset: one
rich of hadrons, one of photons. The procedure is
then repeated for the randomly chosen parameters
until the remaining subset (leaves) are smaller than
a fixed size and then the whole procedure is

repeated with a different set of parameters and
another “tree” is built.

3
£0.18 Hadronness
§0.16
&
EO.‘M hadron rejection up to 99%
. Hadronnes can be
o V.14 .
5 proton computed cou nting
E how many times an
c i
00 event has been put
HOW TO CLASSIFY °-°° in an hadron rich
MILLIONS OF EVENTS?? - subsample
0.02
.....%ﬁ.‘m::wq.-.azg,..&:.-:.—‘... 'ANNRY SANRNW
00 01 02 03 04 05 06 07 08 09 1 31
hadronness
Alessandro Carosi
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Random Forest

However, classification I1s never perfect

What is important is:

- MC have to match real data

-  Hadron sample should be
pure

- Same zd

- Igh quality data

: uge samples

Entries 794
* Mean 0.8991
AMS 0.2073

80— Size cut: 120 - 300 phe moé Size cut: 300 - 700 phe Moreover:
of J1 ™ . very difficult to have /hadron
” 1 separation at low energy.
L “E| ' (Trigger Threshold != analysis threshold)
60
- 40}
o= o 3 | 3
’ - - O Estimated Hadronness ML o seoamey ; aepmeon 1 g 1 33
Estimated Hadronness

Alessandro Carosi
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Random Forest

Other more modern
technigque include
Image recognition
algorithms and/or
deep learning

Still under
development for new
generation IACT but
promising results

Alessandro Carosi
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Analysis steps: signal evaluation level
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Analysis steps: signal evaluation level

Cut in hadronness is used to discriminate gamma events from hadrons ones

d 2 kinds of events are left: real gamma & hadrons that are gamma-like!
alpha (or th2) parameters to separate them

d  Signal is evaluated statistically; the signal region contains gamma and
background event

Time=9h
Time=9h Ii
900 ON = 3156, OFF = 1982 1200/ = ;; byl
800 , 23"; ;;i'mn - y rate = 3.39 / min
700 +++ bgd- rate = 3.79 / min g 1OW':_ bgd' rate = 0.09 / min LENGTH
g Moy 5 | WIDTH
2 N, 3 800
5 : 5 [ SIZE
3 £ 600
£ e I
E c - L :
& Crab > 300 GeV
200 why
C .
i X . 00 0.05 0.1 0.15 0.2 0.25 03
theta’® [degree?] theta’ [degree?]
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Particle/EAS detectors: UHE

Incoming gamma ray

Colision with atmospheric Direct detection of secondary particles of the EAS
High altitudes near to the depth of the shower maximum Xmax

Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY Y

Particle from air
shower

Detector tank

Water

Cherenkov
Light

3
'S
IMAGING ATMOSPHERIC S
10
CHERENKOV TELESCOPE B
ARRAY H
'3
A Photosensors detectJ
7/ : .
5‘:4,".1 | Cherenkov light
R ;
4 U . t-----1-3 km

Shower image, 100 GeV j-ray adapted from: F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005,

https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html| Not to scale
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Particle/EAS detectors: UHE

&z I
R

Water Cherenkov Detector (WCD)

LHAASO (China): 4410m

@ First intoracson {usually sevecal 10 km high)

Ax shower evoives (partickes are created
and most of them later siop or decay)

WCDA:
—— 3000 cells
& 12 telescopes
| 1024 pixels ea

&~

‘r»@. . ': KMZ2A:
| s 1171 MDs

.




Energy range

Background
rejection

Angular and energy
resolution

Duty cycle

IACTS

tens GeV - tens TeV

Excelent

Better than particle
detectors

Dark time - moderate
moonlight

Small

Particle detectors

> tens TeV

Moderate

Worse than IACTs

>99%

Big
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VHE Galactic Sources
7“ ( . @ GRB, Starburst, Superbubble
/- ‘ l - _ ,[ @ PN, TeV halo, PWN/TeV Hal, Composi

o1 0 @ HBL, IBL, FSRQ, AGN (unknown type), FRI,

’ - Q ")))) 3 ‘)\» ) )) /" N ) : \)\’ '.) -‘,.) Blazar, BL Lac (class unclear), LBL, EHBL

o Shell, SNR/Molec. Cloud, Giant Molecular
Cloud, Composite SNR

© UNID, TeV halo, DARK

\ ‘ . ’ O Binary, PSR, Gamma BIN, Nova
\ “ ",, ‘ Massive Star Cluster, Globular Cluster

« 252* sources of VHE gamma rays (http://tevcat2.uchicago.edu/)
* Blazars are the largest population (~80)
* Followed by SNRs and PWNe (63) * March 30, 2023

Note: 1st LHAASO catalog released today: https://arxiv.org/pdf/2305.17030.pdf


http://tevcat2.uchicago.edu/
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Cherenkov Telescope Array (CTA) ( cta

* Next generation ground-based VHE gamma-ray observatory
* Goals

— Improve current sensitivity

— Enlarge the energy range

— Improve energy and angular resolution

A simulated comparison of CTA’s survey of the LMC with current optical and H.E.S.S. images.

CTA consortium: aboutt 1400 members from 32 countries and 210 institutes -



Cherenkov Telescope Array (CTA)

» Future ground-based gamma-ray observatory (www.cta-observatory.org
* Science with CTA: (https://doi.org/10.1142/10986
* TwoO sifes:

* Northern array: La Palma (Canary Islands, Spain)

* Sourthern array: Paranal (Chile

67



Cherenkov Telescope Array (CTA)

* Future ground-based gamma-ray observatory (www.cta-observatory.org)
* Science with CTA: (https://doi.org/10.1142/10986)
* TwoO sifes:

* Northern array: La Palma (Canary Islands, Spain)
* First Large Size Telescope (LST1) under commissioning
* Sourthern array: Paranal (Chile)
* Three sizes of telescopes:
 Cover alarge energy range: 20 GeV- 300 TeV
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CTA-North




CTA-South

—

ray Site

S

Cerro Paranal
Very Large Telescope

wie 5




CTA energy range: 20 GeV- 300 TeV

. MST (Medium Size Telescope)
LT (Large Size Telescoy Optimized for mid-energies

SST (Small Size Telescope) Rapid surveys of the sky

Sensitive to highest energies Diameter: 12 m
Diameter: 4 m Energy range: 100 GeV-10 TeV

Energy range: 1-300 TeV ofype but 2 cameras (Flashcam, NectarCAM)
ASTRI: dual mirror o0 SCT prototype @Whipple observatory site

@Teide Observatory, Tenerife, Spain

- g—‘gering\‘cr,ed i.i:":-,y ..‘:- ~ P .‘ '

. Ty



cta

Array configurations

 Omega configuration (ultimate goal):

* Northern Array: 4 LSTs, 15 MSTs « Southern Array: 4 LSTs, 25 MSTs, 70 SSTs

total of 19 telescopes total of 99 telescopes
Northern Hemisphere Type: Southern Hemisphere
a ) a ]ype:
23-mLST @ i . (R ., = . |
12-mMST o - 23-MLST @
E d (MAGIC) © . . . . a " 12-MMST  ©
- s ) i : ' 4-M SST
/ / o L4 O. © @ O .C'
n’: o - o e ® o 2 ° . a .
o o]
o g | - s a 4 = O Ogfe© ©O
o $ . a®a o
&) o | u @] . OWwO . O
- N 250 m A 0 e © © o )
u?n - —t I . " o .
L2 1000 m " -
va?u cn::om . ) 1
v ; )

4 LS4 LSTs, 15 MSTs A LSTS, 25 MSTs, 20 SSTs
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Array configurations

@

* Northern Array: 4 LSTs + 9 MSTs

* Alpha configuration (first construction phase):

LEGEND

Large-Sized Telescope (LST)

Medium-Sized Telescope (MST)

Other Calibration Devices
Weather Station

Stellar Photometer
Raman LIDAR

Road

Gradient
MAGIC Telescopes

External Facilities

CTAO Operations Building &

| I * > o O‘-@

» Southern Array: O LSTs* + 14 MSTs + 3/ SST

EEEEEE
Medium-Sized Telescope (MST) ’
Small-Sized Telescope (SST)

Large-Sized Telescope (LST)
Foundation

SST Foundation

RRRRRRRRRR

piN 9
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Sensitivity

Alpha configuration

| I llllll' | | | lllllI | | | lIIIII | | IlllllI |
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Reconstructed Gamma-ray Energy ER (TeV)

https://www.cta-observatory.org/science/cta-performance (prod5, v0.1)

* Improved sensitivity compared to current IACTs:

5 to 10 times better

* Enlarge the energy range
almost four decades in energy

* Improve energy and angular resolution:
by a factor ~2
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Short-time sensitivity

@2

107°
— = 25 GeV
10—4 mums E =40 GeV
------- E=750GeV
10—5 mim =100 GeV
min =250 GeV
10°°

~104-10>

Differential Flux Sensitivity E°dN/dE (ergcm™@ s™

ll.lr&lF.']:-::";':":.:;.:;:.;.::::::: ------ Ty
10—11 - l-l.l::: .,L.' '::l:.::'.':’l:.n'l;ll'::u.n:;:l::::::::: .... —
10712 T, :'.-.]
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10—13 ] ] ||+|||| ] L1 |+|||| ] |¢| Lol ] ]
10 102 10° 10*

Time (s)

www .cta-observatory.org/science/cta-performance/ (prod5-v0.1)

* Unprecedent sensitivity at short timescales ->
transient detection

* Fast slewing (LST: 20 sec)
* Low energy threshold (20 GeV)
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'How many sources will CTA detect?*
*according to our simulations | - | s PN ¥ 8 i
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Galactic Plane Survey

H.E.S.S. GPS

CTA GPS

Abdalla et al. 2018 CTA Consortium, 2018

Latitude (deq) Latitude (deq)

Latitude (deq)

Longitude (deg)
e /8 VHE sources  Prediction: 300 - 500 sources

* 2700 h * 1600 h
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Towards CTA

* LST1 inaugurated in 2018

* |t is finalizing its commissioning phase and producing scientific data
* LST2-LST4 construction finalization planned for 2024

LST “sweet range”

CTA sensitivity dominated by LSTs
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Large Size Telescope 1 (LST 1) @ORM

Under commissioning but

already producing scientific results
Credit: Abian San Gil




ASTRI Mini-Array @Teide Observatory

. ASTRI: Astrofisica con Specchi a

Mo

.

|

NfRidoma £ Tecnologia Replicante Italiana

/?Jv\n/-‘(_ .:v" . f
. |
& &5\:\ ST

é gy e 150 researchers (mainly ltalian Institutions)
ortugal® Es’h‘éﬁa |
A Spainj . e Construct, deploy and operate an
i

O

array of 9 Cherenkoyv telescopes

i P e s e 1 -300 TeV energy band

* e ASTRI-I already at Teide observatory
La Palma | Ty 200 O e camera will arrive soon!
Tenerife S Morcccol v/ s v
1, / Jaaa |\, 8 - Full ASTRI Mini-Array ready for
wry i ¢ . commissioning mid 2025



Gamma rays: the most energetic electromagnetic radiation
* Non-thermal origin
e Information about particle population and acceleration/interaction mechanisms
 Exireme phenomena
e Accretion/ejection, jets, outtlows, shocks...
e 252 sources of VHE gamma rays up to now

Detection techniques: novel methods
e HE -> satellites
e VHE -> IACTs
e current generation of IACTs only 20 years old :
e born as experiments, they proved VHE astrophysics as a fully-developed discipline
o CTA: future open observatory
UHE -> particle/EAS detectors
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