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Who am I?

10-4 eV 1 keV 100 MeV 1 GeV

Some papers to read further:
| o * TeV Instrumentation: current and future, J. Sitarek 2022, https://arxiv.org/pdf/
Emma de Ona Wilhelmi 2901.0861 1 .pdf

CTA, H.E.S.S., Humboldt-Stipendiat * Ground-based detectors in very-high-energy gamma-ray astronomy, M. de
Email Naurois & D. Mazin, https://arxiv.org/pdf/1511.00463.pdf

Biiro: 2A/06 * The future of gamma-ray astronomy, J. Knodlseder, https://arxiv.org/pdf/
Telefon: 033762 7-7249 1602.02728.pdf

* @Ground- and Space-Based Gamma-Ray Astronomy, S. Funk, https://
www.annualreviews.org/doi/abs/10.1146/annurev-nucl-102014-022036


https://arxiv.org/pdf/1602.02728.pdf
https://arxiv.org/pdf/1602.02728.pdf
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What type of radiation do we want to observe?
=> Spectral characteristics

=> Morphological characteristics

=> [ime domain

E2dN/dE [ergs™! cm™?]
[
9

IC (CMB)

IC (FIR)

IC (NIR)

IC (total)
Synchrotron

Synchrotron-Curvature [_~

Bremsstrahlung
Proton-Proton

10131

How can we detect cosmic-rays/gamma-rays”?
=> Instrumental techniques

What type of instruments we currently have?
=> Satellites
=> |Imaging Array Cherenkov Telescopes (IACTs)

=> Surface Arrays (SA) and Water Cherenkov Detectors (WCD)

=> Cosmic-ray detectors”
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4. How can we improve them?

=> Planned detectors: SWGO and CTA
=> Other ideas ?

5. Multi-wavelength support

6. Brainstorming

DESY



stronomy across the electromagnetic spectrum
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Wavelength

(metres)

Radio Microwave Infrared  Visible Ultraviolet X-Ray = Gamma Ray
- t f I } l } t
SGIENCERTOLO ! ALy 103 10°2 10°5 106 108 10°10 10712
Frequency
(H2)

00 |

104 108 1012 1015 1016 1018 1020




Astronomy across the electromagnetic spectrum

THE ELECTRO MAGNETIC SPECTRUM
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High energy astrophysics

High-energy particles/cosmic rays:
particles with energies much higher than the rest energy.

* For electrons, the rest energy Is:
E=mc*~5%10 eV
* For protons:

E =my* ~10° eV

Let’s calculate the temperature necessary to reach this energies in a black body



Black-body Spectrum
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* Need 10° K to produce MeV gamma-rays
(1012 K for GeV gamma-rays)

* Such objects do exist (inside stars or in SNR explosions), but often screened or red-shifted
=> Non thermal processes dominate MeV - TeV gamma-ray
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Cosmic ray Spectrum
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o Statistics! the observed flux is low
* Mainly protons (+electrons and heavier nuclei) coming
from beyond the Solar system and extending >10

decades in energy
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Cosmic ray Spectrum
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Cosmic ray Spectrum
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Cosmic ray Spectrum
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For high energy astrophysics
we need neutral messengers



Gamma-ray radiation

Relevant beyond E, > few MeV

article annihilation CR-ISM collisions

Inverse
Compton

curvature
radiation

O/Yﬁ/
Excited nucleus
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Gamma-ray radiation

=> Spectral characteristics
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Gamma-ray radiation

=> Spectral characteristics
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Gamma-ray radiation

=> Spectral characteristics
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Gamma-ray radiation

=> Spectral characteristics
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Gamma-ray radiation

=> Spectral characteristics
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Gamma-ray radiation

=> Spectral characteristics
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Gamma-ray radiation

=> Spectral characteristics
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Gamma-ray radiation

=> Spectral characteristics
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Gamma-ray radiation

=> Spectral characteristics

MUST: Good energy resolution (<20%) to resolve spectral features
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Gamma-ray radiation

=> Spectral characteristics

MUST: Good energy resolution (<20%) to resolve spectral features
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Gamma-ray radiation

What type of radiation do we want to observe?

=> Morphological characteristics

R= 2V(D t)

Size (pc)

DESY.



Gamma-ray radiation

What type of radiation do we want to observe?

=> Morphological characteristics
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Gamma-ray radiation

=> Morphological characteristics

Large Structures in Gamma-rays

Proton-Proton
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Gamma-ray radiation

=> Morphological characteristics

Large number of (extended) sources in the Galaxy
Diffuse emission steaming from active regions

maximise the sky coverage & minimising
the acceptance variations

HESS J1828-099
HESS J]1832-085 J di.

+

HESS J1832-093

HESS j,-om -

HESS J1833-105
+

DESY



Gamma-ray radiation

=> Morphological characteristics

Large number of (extended) sources in the Galaxy
Diffuse emission steaming from active regions

maximise the sky coverage & minimising
the acceptance variations
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Gamma-ray radiation

=> Morphological characteristics

MUST: Good angular resolution to resolve source confusion, multiple components and
acceleration sites

DESY GAMMAPY



Gamma-ray radiation
What type of radiation do we want to observe?

=> Morphological characteristics

MUST: Good angular resolution to resolve source confusion, multiple components and
acceleration sites

Simulation: shell-like source with radius=0.7° and width=0.1°
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Gamma-ray radiation

=> Morphological characteristics

Galactic Latitude
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MUST: Good angular resolution to resolve source confusion, multiple components and

acceleration sites

Simulation: two nearby (0.7°) sources (size=0.2°)

le7

30

20

10

?

3° 2° 1¢ 0  359° 358° 357°
Galactic Longitude

Galactic Latitude

-1°

20

-3°

. 3¢ 1e6

20 2°

10 1®

0 0°

Galactic Latitude

-]1°

20

30
3° 2° 1¢ 0° 359° 358° 357°

3¢ 2° 1¢ 0° 359° 358° 357°
Galactic Longitude Galactic Longitude GAMMAPY



Gamma-ray radiation
What type of radiation do we want to observe?

=> Time imprints
Adapted from J. Hinton
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amma-ray detection
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Gamma-ray detection
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Only photons in a very
narrow window (radio
and optical - look at the
blue line!) are not
absorbed in the
atmosphere



Gamma-ray detection
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Only photons in a very
narrow window (radio
and optical - look at the
blue line!) are not
absorbed in the
atmosphere

HE and VHE: Either put a
detector above the
atmosphere or look at
the indirect radiation



Gamma-ray detection

DESY

* Imaging: transform directions into points in a focal plane

 The photon detector in the focal plane can be a

photographic film, the retina or an electronic device
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* High energy photons are very penetrating...
IS it possible to build mirrors for them?

FOCAL
SURFACE

» Grazing incidence mirrors made of heavy metals
(Au, Ir) effective up to E~10 keV. What can be
done at higher E?



E =10 keV - 10 MeV

Generalization of the principle of
the pinhole camera (the simplest
imaging device)

~~
Coded aperture masks:




Compton scattering detector.
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Detection of gamma
rays can also be
achieved through the
production of
secondary electrons

The dominant
interaction (e.g.
Compton scattering
or pair production)
depends on the
energy of the y-ray



Gamma-ray detection

Once the gamma-ray has transferred all or

part of its energy to secondary electrons,
these have In turn to be detected:

» Gas-filled detectors (i.e. Spark chambers)
 Scintillator + photomultiplier tube
* Semiconductors

DESY 24



X-ray and y-ray astronomy
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Gamma-ray detection

Based on Pair-Conversion mechanism

Large Area Telescope (LAT)

Observes 20% of the sky at any instant, views entire sky every 3 hrs

20 MeV - 300 GeV - includes unexplored region between 10 - 100 GeV

/

Can easily go
>300 GeV

DESY.

Gamma-ray Burst Monitor (GBM)
Observes entire unocculted sky

Detects transients from 8 keV - 40 MeV
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Gamma-ray detection

DESY

Three main parts:

A tracker to
determine the
trajectory of the e*

A calorimeter for
measuring the
energy

An “active shield”
against charged
cosmic rays (particle
detector set in anti-
coincidence)
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https://www.youtube.com/watch?v=ESkHDCEAqZk
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https://www.youtube.com/watch?v=ESkHDCEAqZk

Gamma-ray detection

Large FoV: LAT scans the entire
sky every 3 hours (two orbits)

100 Sec 1 Day
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2 Orbits 1 Year

i
L
P
-,

LAT sensitivity in different time scales (J. McEnery)

DESY. 29

Flux > 100 MeV ( phot cm? s)



Gamma-ray detection

NASA, 2022




Gamma-ray detection

DESY

Fermi Collaboration

P8R2 SOURCE_ V6 on-axis effective area P8R2_SOURCE_VE6 effective area at 10 GeV, averaged over ¢
—~ 1 —~ 1
E : —¢— Front e —e— Front
= O-9F —e—gack T T TR TS @ Q-OF gy —e—Back i
g 0.8 ~e="Total | | | | g 0.8f- =o="Total
Qo7 A —— — e R I o S R
SO S~ S - LB N
T ; | z T C
0.5} e s s e ™ i 0.5F
0.4 e T i Sl o VRS 0.4F g TG g N
o3/ : 03
0.2 T S S —— 0.2
Ay ; _ ; _ 0.1F
O PP Ll Lol Lol PRI O:
10 10? 10° 10°* 10° 1RZ 0
Energy (MeV)

< 5 Decades in Energy! >

« <100 MeV limited by 3 in-a-row trigger requirement & drop in
pair production cross section

« >100 GeV limited by backsplash

 See arXiv:1206.1896 for more info on Fermi LAT performance/

validation
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Gamma-ray detection

Fermi Collaboration
P8R2_SOURCE_V6 acc. weighted PSF

2
: 10 ¢ ~e— Front 68%
° ——Back 68% Vela Pulsar Counts Map (10°x109)
S 10l i e TomlE8% A. Abdo et al (The Fermi LAT Collaboration)
S E S [ oy J 696.1084A (2009
g - S -+ - Back 95% & ' ( )
o) H - 3- - - Total 95%
E Ll N NLIRLY 75 SR R — .
.E 1 P N OGN x.\. ‘: .......................................................
g E : :
- B : .
o H NN N, 0000
SR s
10 _é_ ............................................................... _E 4. IE . ‘ kg -
0.3 -3 GeV >3 GeV
2| ?
10 - 1111““12 ..... l ..... 111““13111““14 ..... o ll““lls ..... l““llsl .......
10 10 10 10 1
?Enerqv ( I\ReV)

 Low energies limited by multiple scattering at low E

* High energies limited by strip pitch at high E (pitch = 228 um)

 See arXiv:1206.1896 for more info on Fermi LAT performance/
validation

DESY
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Gamma-ray detection

Fermi Collaboration

Galactic ridge > 1 GeV Maximum likelihood method:
model y-ray emission as sum

of sources and diffuse
background (from GALPROP)

Free parameters of the model
iInclude the description of
each source spectrum, Its
position and whether or not it
exists

Some sources may be due to not well modeled diffuse emission!



Gamma-ray detection

* Main background => Gamma-ray diffuse emission from the CR sea

 Small effective area results in extremely low

detection rates at E > 100 GeV, even for strong sources
Fcrab Nebula,E>100Gev @ 100 photons/m2/year

That means: 1 gamma-ray / 3 hours above 30 GeV

o Calorimeter depth < 10 radiation lengths, which corresponds to ~1 ton per m2
(which is hard to put into orbit) => VHE showers leak out of the calorimeter

DESY 34



Gamma-ray detection

* Current satellites are too small to “stop” VHE g-rays, and also fail to collect
enough of them

 Fortunately, for the same reason, the Earth’s atmosphere is too thin to avoid
the effects of the absorption of a VHE g-ray to be detectable from the ground

=> Solution: a “pair conversion telescope” in which the atmosphere is part of
the detector

DESY 35



Gamma-ray detection

Cherenkov
Light

Extensive Air Shower

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE

ARRAY
AR/ N )

L

.......

—————m———— |

[2A3] D3s anoqp JybIaH

Incoming gamma ray

Collision with atmospheric
nucleus

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

PARTICLE
DETECTOR ARRAY

From the ground

VHE =

A. Mitchell, rapporteur talk at ICRC 2021, arXiv:2109.13753v1



Gamma-ray detection
Extensive Air Showers (EAS)

e Discovered in 1938 by Pierre Auger

Most frequent processes in showers:

e Electromagnetic showers:
— v > e" e (pair production)

- e > v (bremsstrahlung)

e Hadronic showers:

— CR + atm. nucleus—— w°, ¥+ N°

— > Ut + v

- n1° —> yy —> e.m. showers

37

high energy
gamma ray photon

interaction
3k (pair production)

shower of secondary
particles

ground-based
telescope

“‘pool” of
Cerenkov light




Gamma-ray detection

Electromagnetic

Y primario
€ t -
e
o
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-
e? .
e e
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Y<\e
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Gamma-ray detection

Electromagnetic

Y primario
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Gamma-ray detection

Simulated gamma | Simulated proton
50 GeV 100 GeV

12

h Fabian Schmidt, Leeds university

Fabian Schmidt, Leeds university |
http://www.ast.leeds.ac.uk/~fs/showerimages.html ? http://www.ast.leeds.ac.uk/~fs/showerimages.html
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Gamma-ray detection

1 TeV gamma
Simulated gamma

ROugh 1 TeV
dimensions
é -~y
LN A
2 ~10 km above
sea level
v

Fabian Schmidt, Leeds university
http://www.ast.leeds.ac.uk/~fs/showerimages.html

(note that x-axis scale is always
exaggerated for viewing purposes)
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Gamma-ray detection

* The altitude of the detector helps on detecting showers at different energies
* How to detect these particles? Cherenkov radiation

Rossi & Greisen B, EM shower, longitudinal development

.

N
S
|

o8 0.8 0..9 I .1.1 IR
~ °f 0.5 -7 A
I s=04/7/
6 -
4 777,
2 7
= 6
0 i ' 1
0 5

t (longitudes de radiacion)
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Gamma-ray detection

 Emitted whenever a charged particle traverses a medium at a speed larger than that of
light in the medium

* The radiation results from the reorientation of electric dipoles induced by the charge in the
medium. When v > ¢/n the contributions from different points of the trajectory arrive in
phase at the observer as a narrow light pulse

v<ce/n v>c¢/n i
00® O o 00,98~ 0
OO0 oplo0O 0~ 0090 O
O O O OA Bl 00
8OOOOOOQQ 808Q Q@OOO
00900000  $n Satgieoos
08088.,280 © O 9008
O Ocpe>® O @%Q@O ®)
OQCaele«a 00 00 oNe
000000008 LoBDI0VG,.C00
P8 PR
O 0A0.0 O
OB g ©0*-0 00 Q90 o ©
{
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Gamma-ray detection

If e* shower extinguishes before reaching Else, C-light densityis maximum
observation level (E<a few TeV) : Plateauupto at showercore and drops
the hump, then fast drop exponentially with R
QE . = F [E,z.’om: 0=0 |
™~ - ,
s [ 106eY zenith=0° s |
— 10 E s |}
4? e oY ey § . Gamma
w r e IV
c r > — Proton
s [Rs :
1 & 3=
+g
-1 r= === S
10 F
- 0 0 100 150 200 250
- R. (m)
-2- | | | | | | | | | °
s = — w00 Noteabove:fora givenE,, ay-
D. Sobczynska, CORSIKA simulations R (m) ray produces far less I|ght than

+» ahadron!



Gamma-ray detection

Gamma 100 GeV Proton 200 GeV

t= 03 ns

Arrival of Cherenkov light on the ground

* Good news: the effects of the interaction of a
VHE g-ray in the atmosphere are spread over
a large area on the ground
=> very large effective areas are achievable

=> VHE g-ray astronomy is feasible despite
the low fluxes CORSIKA simulation, A. Moralejo

* Problem: CR showers are more numerous and represent an isotropic background
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Gamma-ray detection
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Gamma-ray detection

* Detectors sample the tail of atmospheric shower that reaches the ground.
* Available information: particle density and arrival time at each detector position.

SHOWER  wn- SHOWER

) * 2 o 4 ’
0 ~ A . i -
: " : % .
. _l. . : .
0 b e § A . . t=U
.L‘:.l s . * = 1
. . 2 ns
»
* ' ) * S ns
50 - " R N .
- S % t=24n .
- - ‘“t=5ns"’
‘| Arrival times i
111 L PSR U S - ———
-100 50 0 50 100 m
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Gamma-ray detection

* Detectors sample the tail of atmospheric shower that reaches the ground.
* Available information: particle density and arrival time at each detector position.

SHOWER

.........

» . ™ . . . . ' . ' . . .

. . . . . e\ .o o N\o s N\ s e
L . e 8 2 @\ o 8N\ o ® \a #7

........
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* Angular and energy resolutions are
limited: we are only sampling the
tall.

* g-hadron separation possible
through density innomogeneities in
CR showers, specially “muon
tagging.”

* Duty cycle 100%: operate day and
night.

* Large FOV: several srad.



Gamma-ray detection

* Particle detectors can be scintillators or water tanks (or both)

Figure 1. Schematic of layouts of the CASA-MIA array and AS,, in phases before 2002. . Th reshol d ( C AS A M I A/ 1 6 O O ) O 1 P V
- m) ~ U. e

CASA-MIA detectors at Dugway 1993

J6s s 6 6 s s s s s e s O RGN NSRRI SEREBRLEEDTOERTES PY ThreShOId (ASg / 4300 m) ~ 10 TeV
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Gamma-ray detection

 Particle detectors can be scintillators or water tanks (or both

Figure 1. Schematic of layouts of the CASA-MIA array and AS,, in phases before 2002.

CASA-MIA detectors at Dugway 1993  Threshold (CASA-MIA/1600 m) ~ 0.1 PeV
* Threshold (ASg /4300 m) ~ 10 TeV
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Gamma-ray detection

* Particle detectors can be scintillators or water tanks (or both): HAWC

300 close-packed optically isolated water Cherenkov detectors
Construction began early 2012

Full detector inaugurated March 2015
Funding from a combination of US and Mexican agencies
High energy extension: Outrigger array, coming summer 2018

o Ve v v




Gamma-ray detection

* Particle detectors can be scintillators or water tanks (or both): HAWC
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Gamma-ray detection

* Particle detectors can be scintillators or water tanks (or both): HAWC

Mrk 421 s | - -
| ! . B

Mrk 501

Geminga &
Monogem
Inner galactic plane
’ EETE .
el

2HWC catalog (Ap] 2017) was 507 days, with 39 sources of which 10 were new.



Gamma-ray detection

* Particle detectors can be scintillators or water tanks (or both) : LHAASO

- e DA ML R 0 50 Bt
'— "— . . . o__19__"0® . . . .
o I S LA T e T
[®) T _,-_;.:.:.._.:..b.-_'.z.::.:.:.._.:!-;.:::.\
z ORI e 0 0 O 300 30 L
AT e e e e e
" . '.O-.-\ -.’-.n..-.-’.. -. .l’-.'L’l.l I-I.I.l-l.-.l
O' - 'hn-n.k--l‘ ...-.-.. 'q.--o.l--..-..l.-.-n'--n-n.-.:
PRI SO 20 20 G R M G O
S s tatad e Sl BREE I ok et BT B S et EL Bt I
2y ”a.:,.:.g'.:.:1:.:..‘:.:.._.:..:.:'.:.:..'.b.'.'.'."'..:..'..-.;.
p . '.l l‘lb-.‘-lgl.I..l l.l-.’I.l l‘l..:.l.:. ..l---.c.l :/.-
3 “ l'.'. . ;-..n K L] 2 ’l = ’u u i\’- 2 N ’- L w -.l ." ’l L ’: - ’l ke - ’- = W ..l & ’l
’ e l-.-‘ T .I.-I.l..l.l'-l-l.l-,.l.l..I-l.:- -'-- ..l.-.' -/-..-.
! " " ..- .I .b- = -’u . ..a 2 " ’- = . - % - ..- = . ..- 2 - -.-. L’o = " ’l Al ..- . . ..-/. - ..-
e, RSN m O S e R N Ml M :":":'.'.":'.:
LA v..l-l‘,l.‘.l-..l P . ---.-:'.--u.l.--. . - -’.-/. . . .
"- l':‘?.:.l :. il .’- :' :.l: .’I:. - L] - .h\- ?. -‘l :.n [ I .’; :.- .’l [N ’l :.- :/-, ..l -’l .n:
’ - l.n ..- L] g.-,. o..-.-,-.o-.u l..:‘ ...l’l -'.r.n..l -.--. ..o l..l - -
i .,5':"'.'.",:;.\31'.::.:',:"..':’:':'0-"..-'{'.:":'.:’:':":'.:’:'.:"Zl'.:’:'.:’:..'Q'
S e e e R e e M e M e R M M N
" M ’ 3 2 = = B > O - . ® L 1 . O . ..I = @k B u ’l/- I..-.- ..l .l..l
' - .-I.J'I-‘.l..-,‘.l'\:.-’..l:l:.l:l:l:\:.n.-.U:L- 6-.l....l - ‘-
P R R B M valie gl .
' = I.I‘I..’l.'..l.I' '.l.l\.-'l’I.I..l.I'.l.. | l-.l.l'.l'l 5 '
L . "l l.o'u-l..-.l..-.l.bl‘u-.-:\.\.,l-c .-...-. \ s I-l’..l-‘-/ql '
: " l-l-.---'.-,---'l.------c.r’- -..-.. ) \ I’ E -.-.l = \
R LD L S8 o il L oL N i ' = PALG ° '
C o A s it %! i W et . %
" U TR T ..-'-'....q._._....’.._ S~ \\ 1 L O TR TR TRl T -?' = e «0 . .:
L} ..l-l.'l.i.l.’-I-I..l.l'l.l .'-. > A} ’ o5 -l.’.l-l..l.’- .p- .’.l-l..‘. I‘l.l' '
B » 5 v . = 2 . . - . o, " L - . B * . - . - - . .
BT 5 et e ol et i (L AP e A N S el L
[f“;-‘Z'-‘I:Z "'i-'Z"Z'f;-“.'_-".’_-'...‘_:j:_':_ ““““ i il O NEA M AN _::f::j:j.‘f‘_‘“:
L ¥ ':.:.: : :-:’:.:-:-"I.l’l.l.l.l‘ I" A, e '.:.- I’l‘l-l.l.l.l’l...l.l.. l.
. T T PPl "S- - | i 3 ol ] A T B o R g e e i
TR i LY N R i LG F . 3 PGS g T Lol FEN s R IR
- 4 - = . L] - - - . L] . O - . L] - = ’l S ™ l. .n - - l.l.l.l -. ---n-n.-. "y
' = "’l. ’..l’l..l’lbl’..‘-l.”l'.l’l..‘ l' : .\.l '..I.l..l.l’l l".l.‘l.l..l-l..l.l-' - ] \\
“- ‘:- -’.'.:..:.’- -i-:.-:‘:.:q.:.:.,:/;‘ ’ 1 > .‘\......'-.’...-.-- .-..- -...-.....'. : \\\\ //
I A e e R Ao h ), : . e '.Z"l":-’:a:q:-.:-':ﬁ-f;:’:u:" §Te .2 \ N~
R T s L Rt b e g e 25 2% NGB, M 03 R S 75 < \ X
R . " . - - - L] - . -..-.. = - 1 B D B - - . .o - - & 2 L] 1 \\ é/ \\
R SR O T, 0 Gt 2 AR e P Pl R M B ¢ \.~~ \
. = ‘.'.'.,.'.‘.'.‘.'.. ’::.-."n.-'---'/" .:.L :.n--'\’- 'n.-....\.\- e e Ll « "4 . ’ \\ )\€ \\ /4
A PR R Bl P T LR R iU i o Y L L Al PRE Ak ST ' \ A\ SO
|- -‘-.'n.-..-.-.-o--..r/'-b -.’-- & .’.-.’- '-‘ -'.l-.-.--.’\-’ e o O k!----..---. .-.'.' od \\ 4/ \ >\/¢
o (L L . O B .l,/- - I’. . o lil .- Ow ™ - - O r.l . O - ,l [ L) - ‘o . - .-‘n . O lbl I' o I \\ )\/4 \\ //\< . m W r eren OV
R T R B S o T T Ot T T M R RO WS T T Tl T TR, ST \ X NN\
T ] "-.l l-’l:: - I-.l l..l-l..l- ..l l-‘l- ..l = q ol b : - I’I = = @= I‘I ‘l‘. = @ ’ -’ \\ ¢é \\ \\/é/ \\ ,
Y P E M T R SO O T O T T T T ) ";':':':'.‘\h':'g" al Jf \# \ 4;( \
N G i e BTG R P S e R R B S B S il e o AN N7\
S T R D Y e S Y T O M T T T S .i.'.'f‘.\ ‘ #Z \ XX \ 2N\ )
“ =Yg~ --.-.-.-. ..-.--.- = @ u/..-.- T gk -.'- -.-’...-.g H . @ @ ‘l-l..- ubulo ’ \ ¢¢ \\ \\ /4 \\
. ’ . 5 % - - n’ - B ‘.’.-.’L-.-.l- e .\'.b-I.‘.,.‘:I-I-I-‘-II " , \\ /4 \\ >\// \\ Z
. " 'l..l--.. .-..-l ..--- E -,’.u. l. .l L) ’ L.. . ’ — ’ . [ . . u'- . ' L) (14 ’ >\// \\ 4/\( \\ /é
N e e N e I L e e Rt Bt Tl AN\ NN\ N
A ) l\..l.l’l.l’l:l.’.l.lﬁl"l:‘-l.’l .: .I.’}.l:l:l:.-:l’l:I.’l:lbl.l-’l.l:':l.‘l"- n" &4 \\ )\\( \\ éé/\\\
\‘ ™ ‘.l -9 .- O -../. [~} - l.l --.- r-b-.--.-'. ..n.--.-.--.-. .l.l?..l‘l L 4 k] \\\ /¢¢ \\ \\ é¢ \\
“ .‘.:..:.:.'-.:..:‘:.':--....:. . :..‘.-‘rn'---.-..n'-.. II.I\\I. -.-‘u..' -’ - " \>\/¢/ \\\ é)\\/ \\\
~. . [ l..l.l..l.l l-u..l'--. ...I‘I-I‘F’l.l’l.l’l I.I.II.I¥I .-’---" - ’. 4/\< \\\ /4 \\ \
. " © -.-.. ...I/.I-.I.I-I- -.- Q-l-l.' l. .l..l-.-..--l.--...-’-.n-.'yl -' é¢ \\ \/é/ \
\‘ ™ !\!I -..- b..- " I.l..l -'-.l.. .‘l u*l -’- ...I I.......l ", n - Fl &z \\ >< \\
-~ N Nsl.l;.l.l:.l'l..l -’- l., .-.h.lél.Ibl-lél-l’l.l..l\.l..l " n " \ é¢/\\\
150 LR 0 0 0 SO T G M A0 A L SN
m ‘\: -,/ -.ﬁ;.‘- .’l :.l’ .q-u?l:l;l :..bl:l.’l--bl.l..l-l.l ‘/\ . 'y' /44/\\ \\
I | PRI S O 0 RO MO Ch el T N 2\
I 1 \el o l~~‘ . "9 -.l X ’l l’l i ... -_&' o o e \\
.. - """\""".'..I‘.': ..’._-_‘,—h‘ . . :,’ W\
~.l . - . il B T - - B . = -
Py W TR e e e Cao et al 2022
~'-.‘ . R . - .o'-’ WCDA

.-"----J-----'---



Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both) : LHAASO

. ~ | - Threshold (LHAASO/4410 m) ~ 30 TeV

R

Cao et al 2022



Gamma-ray detection

* Particle detectors can be scintillators or water tanks (or both) : LHAASO

Cao et al 2022
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Gamma-ray detection

* Particle detectors can be scintillators or water tanks (or both) : LHAASO

Cao et al 2022
LHAASO Sky @ >100 TeV

15

Significance (o)

240 -120

Crab Nebula

Dec=60 Dec=50 Dec=40 Dec=30 Dec=20 Dec=10 Dec=0 Dec=-10
LHAASO J2226+6087 LHAASO J2032+4102 LHAASO J1956+2845 LHAASO J19084+0621 LHAASO J8~13-033B LHAASO J1825-1326

i

.

LHAASO J2108+5157 LHAASO J2018+3651 LHAASO J1929+1745 LHAASO J1849-0003 LHAASO J1839.0545

70 . 60
Galactic longitude (deg)

I Galactic latitude (deg)
-~ O O C- N O N & O O O

—
o



Even on top of the highest mountains, the number of
particles reaching the ground for showers initiated by y' s
of E < a few hundred GeV is very small = a different
technique is needed for y astronomy, other than the
direct detection of shower particles

The atmospheric Cherenkov light from EAS can be used
for this purpose

Large photon collection areas are desirable (fainter
showers = lower energy threshold)

Caveat: low duty cycle = 10% (clear, dark nights)
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The IACT Technique

Electromagnetic Hadronic
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The IACT Technique

Electromagnetic Hadronic

Y primario Rayo cdsmico (p, alfa,...)

Primary y-ray
L
- Niicleo atmosférico

Particle
Shower

Cascadas EM

Nucleones Cascadas EM

* From the shape => gamma/hadron separation
e From the axis => arrival direction / angular resolution
* From the ‘size' => light / energy resolution

DESY 57



Gamma-ray detection

N
0.60°

189mm

0.0 ns

e e e e A A A W E B om

FOA P AP B EOEE T OE Y O A A e b et e R R R e e R e e m v e

5.0
4.7
4.4
4.1
3.8
3.5
3.2
2.9
2.6
2.3
2.0
1.7
1.4
1.1
0.8
0.5
0.2



Gamma-ray detection

N
0.60°

189mm

0.0 ns

e e e e A A A W E B om

FOA P AP B EOEE T OE Y O A A e b et e R R R e e R e e m v e

5.0
4.7
4.4
4.1
3.8
3.5
3.2
2.9
2.6
2.3
2.0
1.7
1.4
1.1
0.8
0.5
0.2



Gamma-ray detection

— Keep only pixels significantly above the background light fluctuations

— Calculate a small set of parameters describing the image: Size (total # of p.e.),
main axis, Width, Length (2"¢ order moments - "Hillas parameters"), time
gradient along major axis...

Image parametrization A

£

,f," shower max
. el
) ,(f? L
] ; iy
A ; T~
0.60° e -
187mm 2 .‘ \- o)

Stereoscopic reconstruction

~— “—

; g j ,:-,/ i
" showe
il core

— -~

LA txl ). =)

L xd vd =l)
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Gamma-ray detection

® Improve analysis for large FoV

DESY
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— uses the whole FoV

— tabulated using extragalactic FoVs, for different zenith angles

— applied for each run separately
— assume radial symmetry

()b

.4

Data

.\ I(’)(l("’]

(N



Gamma-ray detection

* Improved reconstruction techniques (3D)

Point
Spread
Function

Longitude
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Gamma-ray detection

Fermi sky (photons in 2 years)

o N

Field of View (FOV) of a typical IACT (HESS
~20 deg?, CTA-SCT~50 deg?)
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Gamma-ray detection
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Gamma-ray detection
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Gamma-ray detection

Pros and Cons
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Gamma-ray detection

Pros and Cons
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Ring Background

Gamma-ray detection 8%, @
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Field of view Background

Gamma-ray detection

|
Data Model

Galactic latitude (°)

HESS & HAWC Coll. 2021 (yalactic longitude (°)
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Future facilities

Planned instruments

* What kind of instruments we need? => What kind of science goals we want to achieve?

P, JACTs

100 MeV 100 GeV 1 TeV 100 TeV

. — . L————

Satellites

EAS arrays

67



Future facilities

Understanding particle acceleration in our Galaxy

Gamma-ray
Luminosity 1034 erg/s

o

NASA/JPL-Caltech/R. Hurt
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Future facilities

Understanding particle acceleration in our Galaxy

Sensitivity x 10
TeVCat «  TevCat
. CTA
Arcminutes Angular
Resolution 38 Ny - 18
* 10 - * 10
10% Energy ol ,:
Resolution N -5
0 -10
Wide Energy | e s
Range a5 e % ~“_ PRELIMINARY 5
10 | . . B Gpc -15 10 : . ’ - | (cpc
Gpc " 1‘). - 5 10 «Gp% ) w-- o7 | :1C
Energy Threshold ~ 80 GeV Energy Threshold ~ 20 GeV
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Credits to J.P. Lenain



Future facilities

Understanding particle acceleration in our Galaxy

Sensitivity x 10
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Future facilities

A Census of Cosmic Particle Accelerators, at all scales

GOAL:
A CENSUS OF COSMIC
PARTICLE ACCELERATORS

"\ ——
Cygnus
- Region

Sensitivity x 10

Arcminutes Angular
Resolution

10% Energy
Resolution

Wide Energy
Range

Full Sky
Coverage

Low energies



Future facilities

Large scale gamma-ray emission

Sensitivity x 10

Fermi sky
above
10 GeV

Arcminutes Angular
Resolution

10% Energy
Resolution

Wide Energy
Range

Full Sky
Coverage
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Large Field
of View
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Future facilities

Understanding jets and relativistic outflows such GRBs

Sensitivity x 10
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Future facilities

Understanding jets and relativistic outflows such GRBs

Sensitivity x 10

Arcminutes Angular
Resolution

10% Energy
Resolution
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Large Field
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Fast response to
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Future facilities

Searching for the electromagnetic counterpart of gravitational waves

_ N\ N A\ Low energies
Large Field
of View

C. Knax - 0zGrav-Swinburne University



Future facilities

Searching for the electromagnetic counterpart of gravitational waves

C. Knax - OzGrav-Swinburne University
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Future facilities

Understanding the medium through propagation of CRs (EBL, LIV)

Sensitivity x 10 o ALPs simulated ALP signature Low energies
e RN
f 11 ! L% \‘. : Cl -
Arcminutes Angular Corp_za N 43 Lar?\e/ Field
. 2{: I L \ ,3,
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10% Energy ¥ . : @o A
' I | o : .
Resolution E’ ””:fm"mu N LIV Q:é’ simulated LIV signature
g [ Lyl
Y & gls
Wide Energy Y UL B . £ gy T Wk
Ran e Energy [TeV) % — : a
J CTA can measure extended halos as well as = | beiave ! i:{
detect new spectral components at low S R S
Full Sky energies: all smoking guns for measurement T N
of IGMF strength 107} S

Coverage

ID #497 JVovk
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Future facilities

Understanding the medium through propagation of CRs (EBL, LIV)
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Future facilities

Trace annihilation or decaying relics

Sensitivity x 10
Weakly Interacting
Dark Matter Particles

Large Field
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10% Energy
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/8



Future facilities

Trace annihilation or decaying relics

Sensitivity x 10
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Future facilities

S

The Southern Wide-field
cherenkov telescope array Gamma-ray Observatory

Large Area Telescope (LAT)
Observes 20% of the sky at any instant, views entire sky every 3 hrs
20 MeV - 300 GeV - includes unexplored region between 10 - 100 GeV

/

Can easily go
>300 GeV

300 % Gamma ray 0.2 TeV
: i zenith angle 20°
~100 units hit

\

VY awae's Ve w

Gamma-ray Burst Monitor (GBM)
Observes entire unocculted sky

Detects transients from 8 keV - 40 MeV
eASTROGAM £ 0
DAMPE -100
AdePT !
HERD —2()()_ Gamma ray 2.0 TeV

zenith angle 20°
~1000 units hit

11111L 11‘1‘1 ‘1‘11 Lll

. ros |
-300 —200 —100 0 100 200 300
X[m]

® ‘Strawman’ - reference detector layout
EPJ-C, H. Schoorlemmer, J.A. Hinton, R. Lopez-Coto, (2019)

MeV - GeV GeV - > 100 TeV PeV



Future facilities

=> |Increase Collection Area
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Sensitivity x 10 => |ncrease Collection Area
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Future facilities
The Cherenkov Telescope Array (CTA)

Sensitivity x 10 => |ncrease Collection Area

7 ‘ cherenkov telescope array
Not to scale ! ‘

Ey, ~ 1 TeV
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Future facilities

Low energies

* 2-mirror Schwarzschild-Couder * Davies-Cotton optical design * Parabolic optical design Large Field
optical design * 12 m @ reflective surface * 23 m @ reflective surface of View
* 4.3 m @ primary reflective e PMT camera - 2 designs: * PMT camera: 1855 pixels (0.1°)
surface * NectarCam: 1855 pixels e 4.3°FoV
 SiPM camera: 2048 pixels (0.16 °) * FlashCam: 1764 pixels * 100 tonne Arcminutes Angular
 8.8°FoV e ~7°FoV :
e 17.5tonne « 82tonne Resolution
45 11 e it e e L T aaaast LI IL LI LD
NectarCam contributions: 5
36m 10% Engrgy
Resolution
P 1 e . TUTTIY SO
Wide Ener
Status Report: gy
18m = - Range
. !
9 11 T RSO RRRERERRe A L L LTy S CLTELLLE T TP TRTLTLRLEE X . g‘ ...............
1%
Small-Sized Telescope Medium-Sized Telescope Large-Sized Telescope
SST MST LST
300 TeV 5 TeV 200 GeV 20 GeV

ENERGY
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Future facilities

Low energies

* 2-mirror Schwarzschild-Couder * Davies-Cotton optical design * Parabolic optical design Large Field
optical design * 12 m @ reflective surface * 23 m @ reflective surface of View
* 4.3 m @ primary reflective e PMT camera - 2 designs: * PMT camera: 1855 pixels (0.1°)
surface * NectarCam: 1855 pixels e 4.3°FoV

: :il;!vll:oc:mera: 2048 pixels (0.16 .) ~7: l:o\I;IashCam: 1764 pixels * 100 tonne Arcminutes An g ular

« 17.5 tonne « 82tonne Resolution
45 11 T Einmadiat I e e et L L I L D e L L L LI IS

NectarCam contributions: 5
36m 10% Engrgy
Resolution
P 1 (e
Wide Ener
Status Report: de ergy
18m = Range
9m A | FaSt reSpOnSe -to
Transients
Small-Sized Telescope Medium-Sized Telescope Large-Sized Telescope
SST MST LST
300 TeV 5 TeV 200 GeV 20 GeV
B A .

ENERGY
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Future facilities

One observatory with two sites

Full Sky
Coverage

@ CTA South
'ESO, Chile

A

A




CTAO Northern Array CTAO Southern Array

e 4 LSTs+ 9 MSTs e 14 MSTs + 37 SSTs
* 0,25 km? footprint 3 km?footprint
 focus on extra-Galactic science e focus on Galactic science

"""""""""""" ! | | | 1 | | 1§ |
o 7 TN | "
Vi ( I ) 10907 CTA Southern Array O LST foundation
- | @ 14 MST
e 37557
LEGEND ' | o SST foundation
=N ’ |
AN
™
:' ) MST ! ® o 0 0o
®) e METEO 8 o * o o
Y | !
PN /4 _ FRAM g ’ e * o
| | u RAMAN LIDAR ' . .
500 !
: 1000} ‘ 1 1PREL|MIN£ARY '
PRELIMINARY e o0 0 o0 1000
o East (m)
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Future facilities

Boosting:

- Increase sensitivity by up to a factor ~6 at 1 TeV
- Increase the detection area for transients and at the

highest energies

- Increase the angular resolution/maintaining a large FoV

New:

- Energy coverage: tens of GeV =>>100 TeV (~300 TeV)
- 2 Sites, flexibility of operation, allowing for sub-arrays

and multi-mode
- Operate as an observatory
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Boosting:
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Boosting:

- Increase sensitivity by up to a factor ~6 at 1 TeV
- Increase the detection area for transients and at the

highest energies
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Future facilities

Boosting:

- Increase sensitivity by up to a factor ~6 at 1 TeV
- Increase the detection area for transients and at the

highest energies

- Increase the angular resolution/maintaining a large FoV

New:

- Energy coverage: tens of GeV =>>100 TeV (~300 TeV)
- 2 Sites, flexibility of operation, allowing for sub-arrays
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Future facilities

Large Collection Area
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Effective area (after gamma/hadron separation and direction cuts)
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Differential Flux Sensitivity E°dN/dE (ergcm™@ s

Future facilities

Sensitivity to transient events
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Future facilities

Sensitivity to transient events Angular resolution

LHAASO-KM2A
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52
The largest telescopes,

e ®
the lowest energies
LST (©23m): mirror of 400 m?! X
Targeting an energy threshold ~20 2
GeV. Stereo observations at the lowest I
energies ever observed from the gt:*»,\
ground. A

« Good overlap with satellites but with
collection areas >104 times larger

« Able to reposition to any place in the
sky within 20 seconds: GRBs.
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Future facilities

=> Larger Collection Area

* High-altitude particle detector
above 4.4 km a.s.|

* Latitude range between 15 and 30
degrees South

* \Wide energy range reaching down
to 100 GeV and 100+ TeV

ARTICLE DETECTOR ARRAY

. P
Ute, ..
etecto ——
rs at

=

Up to?OO; ofome

T * —
OM Centas™ "~ :

" 5 =

t to scale redit: Richard White, MPIK



Future facilities

Sensitivity x 10 | => Larger Collection Area

* High-altitude particle detector
above 4.4 km a.s.|

* Latitude range between 15 and 30
degrees South

* \Wide energy range reaching down
to 100 GeV and 100+ TeV

t to scale redit: Richard White, MPIK



Future facilities o e
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Future facilities
Southern Wide-Field Gamma-ray Observatory

4
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Future facilities

Large Field
THE FERMI BUBBLES \ of View

10"

Hadronic Model 1
Hadronic Model 2
107" o == Leptonic Model 1

1 === Leptonic Model 2

| — Hawc o5 SWGO

e |ceCube Hadronic Model est|mated
— SGSO, 5 years, 95% UL

¢ Fermi 2014 ApJ 793

10" T T T

10" 10} 10° 10" : _

E [GeV] Invisible to HAWC
& SWGO

E2 dN/dE [GeV cm 2

/ Invisible to HAWC

Crucial access to the
Galactic Plane and the
Galactic Center, and a
complementary view of

the sky with HAWC and
LHAASO for cosmic-rays

and diffuse emission
studies.

THE GALACTIC CENTRE

Science Case: https://arxiv.org/abs/ 1902.08429



Future facilities

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

Complementary instruments

SWGO will provide the necessary

SWGO - CTA W Follow up of SWGO detected Galactic Sources

complement to observation of the Southern
year+ Extragal. Hemisphere transient sky, filling-up a missing
Extended niche in the global network of multi-
onth messenger astronomy. It will also work as a
powerful trigger for transient observations,
specially for GRBS, with peak performance at
% day the short < 1 ks timescale.
¥
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o
§ hour
- 107> o o T T T Swi60 sensitivity.
Lo-6 E\ GRB190114C ks
a0 300
minute L"’ o
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Future facilities
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Future facilities

* A GeV telescope much bigger than LAT to increase the effective detection area would soon hit
the maximum capacities of existing (and also planned) launch vehicles.

=> I[mprove angular resolution

=> decrease the density ofthe material in the tracker / space the tracking element apart

 The TPC (gaseous time projection chamber ) serves
as three-dimensional imager of electron-positron

pair tracks arising from pair conversion of incoming
photons in the detector volume.

» Silicon tracker, a 3D-imaging scintillator calorimeter,
and a plastic scintillator anti-coincidence shield
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Future facilities

Angular resolution (degree)
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The Multi-Wavelength Picture



The Multi-Wavelength Picture
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The Multi-Wavelength Picture

Band or
Messenger

Radio
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Transient
Factories

X-rays

MeV-GeV
Gamma-rays

Other VHE

Neutrinos

Gravitational
Waves

Astrophysical
Probes

Particle and magnetic-
field density probe.
Transients. Pulsar timing.

Interstellar gas mapping.
Matter ionisation levels.
High-res interferometry.

Thermal emission.
Variable non-thermal
emission. Polarisation.

Wide-field monitoring &
transients detection. Multi-
messenger follow-ups.

Accretion and outflows.
Particle acceleration.
Plasma properties.

High-energy transients.
Pion-decay signature.
Inverse-Compton process

Particle detectors for
100% duty cycle
monitoring of TeV sky.

Probe of cosmic-ray
acceleration sites. Probe
of PeV energy processes.

Mergers of compact
objects (Neutron Stars).
Gamma-ray Bursts.
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The Multi-Wavelength Picture
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de Almeida 2019
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de Almeida 2019

The Multi-Wavelength Picture
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What do we expect in the next years?

The fun part:
Things we haven’t thought of




1.

Choose your fav science case(s)
Think what do you need to prove your hypothesis

1. which energy range?

2. what do you expect to see in terms of spectrum/

morphology/time-domain?
How precise does your measurement has to be?

Do you need MWL support?

What type of instrument you need in the gamma-ray?

If you would have an infinity amount of money, what
type of instrument could we build? how can you

improve the current and planned instruments?
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Parameter AdEPT ASTR‘; aarv| CALET DAMPE |GAMMA-400| HARPO HERD PANGU
Context R&D M57? ISS China Russia R&D China ESA/CAS?
Launch date - 20297 2015 2015 ~ 2021 - > 2020 20217
Energy range (GeV)| 0.005- 0.2 | 0.0003-3 | 0.02-10000| 2- 10000 0.1 - 3000 0.003 - 3 0.1 - 10000 0.01 -5
Ref. energy (GeV) 0.07 0.1 100 100 100 0.1 100 1
AE/E 30% 30% 2% 1.5% 1% 10% 1% 30%
Acgr (cm?) 500 1500 t.b.d. 3000 5000 2700 t.b.d. 180
Sensitivity (mCrab) 10 10 1000 100 100 1 10 t.b.d.
Field of view (sr) t.b.d. 2.5 1.8 2.8 1.2 t.b.d. t.b.d. 2.2
Angular resolution 1° 1.5° 0.1° 0.1° 0.02° 0.4° 0.1° 0.2°
MDP (10 mCrab) 10% 20% - - - t.b.d. - t.b.d.
Technology TPC Si+4+Csl fib.+PbWO4 Si+BGO Si+Csl TPC Si+LYSO Si (fib.)+B
Table 1

Summary of instruments and mission concepts for space-based gamma-ray astronomy (see text). MDP indicates the minimum
detectable polarisation of an instrument. Detector technologies comprise time projection chambers (TPC), silicon trackers (Si),
cesium iodide scintillators (Csl), scintillating fibers (fib.), lead tungstate scintillators (PbWQO,), bismuth germanate scintillators
(BGO). lutetium vttrium orthosilicate scintillators (LYSO). and magnetic spectrometers (B).
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