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Who am |?

« Since 2005 H.E.S.S. member, since 2009 CTAO member

 Main passion: complex data analyses at the detection threshold

« Scientific focus: Galactic science, diffuse phenomena, cosmic rays, population
synthesis

« Development of the software component responsible for transient follow-up
observations with CTAO
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Day 1: Basic considerations
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Day 1: Basic considerations

Fluxes & Counts

Flux {m* sr s GeV)™'
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Day 1: Basic considerations

Fluxes & Counts
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Day 1: Basic considerations c TAO
Fluxes & C.niinte
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Day 1: Basic considerations c TAO
Fluxes & Cniinte

How many photons do we see at 1 TeV? How many at 10 TeV?

For simplicity, consider a pure power law with C =3.45 10-11 cm-2 s-1 TeV-1
and spectral index 2.6

« at 1 TeV:~0.03 photons per square metre and ¢ in comparison, a CR proton has C ~ 105 cm=2 s1 sr-1

day / 1 photon per square metre and month! TeV-1, giving 10 000 particles per square metre and day
 at10 TeV: ~0.0001 photons per square metre + within 0.1 deg radius: 0.1 particle per square metre and
and day day

— Requires large detectors .



Day 1: Basic considerations

CTAD

Absorption in the Electromagnetic Spectrum

low fluxes + absorption in the atmosphere = indirect measurements via air showers

Cosmic microwave background, ~3 mm

Cherenkov
telescopes

fluorescence
detectors
=N [

|
telescopes ([

eV 1 PeV 1\eV 1 GeV 1 MeV 1 keV
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VHE HE X uv IR ’ » radio
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Day 1: Basic considerations

Absorption in the Electromagnetic Spectrum

Cosmic microwave background, ~3 mm

1GeV 1MeV  1keV "
10°ev  10°eM . 10°eV.  deV 10 eV _10°ev_ 10°ev 10 '%ev 10" eV
1

Air Showers

1 pr
* Crucial for ground-based
measurements
 We will have a detailed
look tomorrow A

\ h
rockets *T{‘

1
ballo

: Cherenkov
Q telescopes

fluorescence " S
detectors 7D [l
52 —particlN{etectors

low fluxes + absorption in the atmosphere =

CTAD

Development of gamma-—ray air showers

Primary particle

% (gamma ray)

<Y
N § first interaction
&— with nucleus in air
et (pair production)
14N ‘. O‘ y
/2 -~ (0] bremsstrahlung
O(\ Y Y on nucleus in air

\ . .
/ S pair production
% bremsstrahlung

\ (C) 1999 K. Bernlohr

_—
indirect measurements via air showers

10



Day 1: Detection Principles CTAO
Measurement Principles & Instruments

Satellite instruments
- direct detection
- excellent particle ID and
energy reconstruction

\g
lower energies up to ~1 TeV x‘t
K

atmosphere

Particle detector arrays
- detect the air-shower particles
& - see a cross section of the shower

wide field-of-view survey instruments

Imaging atmospheric
77\ Cherenkov telescopes (IACTs)
- detect the Cherenkov light of
the shower
- see the entire shower

D pointed precision instruments
11



Day 1: Detection Principles c ! A O

Two Techniques for Ground-Based Observations

Imaging Atm. Cherenkov Telescopes
Cherenkov light in water Cherenkov light in atmosphere

24/7 observations (moon-less) night observations
observation of full sky above detector pointed observations

Particle Detector Arrays

12



Day 1: Detection Principles

CTAD

Two Techniques for Ground-Based Observations

Survey instruments at
somewhat higher
energies

Particle Detector Arrays
Angular resolution of ~0.5 deg

Wide fields of view
Large duty cycle

Imaging Atm. Cherenkov Telescopes

Angular resolution of <0.1 deg

Small fields of view

Larger instantaneous sensitivity
(put into perspective by small FoV
and low duty cycle)

Pointed prebision

instruments with somewhat

Very strong complementarity! lower energy threshold




Day 1: Detection Principles

Cherenkov Radiation

* A charged particle moves faster than the speed of light
through a dielectric medium (cn = ¢c/n)

« Atoms get polarised. These atoms emit photons when
they return to the ground state

* When the particle moves quickly, the polarisation is not
symmetrical along the axis of motion, resulting in
constructive interference

Pawel Alexeyevich Cherenkov
(Nobel Prize in 1958)




Cherenkov Radiation

« Charged particle moving with v>c/n emits Cherenkov light Y.

/

+  Emission angle: C ///////

s Vi
— ! 0 /////

cosf, = — .
nﬁ Bct \\\
&
; \\\\\
« Charged air-shower particles can emit Cherenkov light
either in the air or in a suitable medium like water L

e 9. ~1°%in air, ~40° in water

optical equivalent to sonic boom 15



Cherenkov Radiation

 Dominated by small wavelengths
— blue light

d*N
dxd.

 No emission in X-rays because refractive index
depends on wavelength

oc N2




Day 1: Detection Principles A O
y 1:etecton i CTAN

Cherenkov Radiation in the Atmosphere

Refractive index changes with altitude h:
n =1+ 0.000283 p(h)/p(0)

What is the threshold for Cherenkov emission for
electrons at sea level (h = 0 m)? Consider that to emit
Cherenkov radiation, the electrons have to move faster
than the speed of light in the medium (cn = ¢/n).

17



Day 1: Detection Principles A O
y 1:etecton i CTAN

Cherenkov Radiation in the Atmosphere

Refractive index changes with altitude h:
n =1+ 0.000283 p(h)/p(0)

What is the threshold for Cherenkov emission for
electrons at sea level (h = 0 m)? Consider that to emit
Cherenkov radiation, the electrons have to move faster
than the speed of light in the medium (cn = ¢/n).

B:B:C/—nzl/n E:*ymoc2:42*0.511M6V%20M6V
C C
Y = 1 At sea level, the threshold is E = 20 MeV
— /1 —

At 10 km height (where we have our air showers): 40 MeV

18



Cherenkov Radiation in the Atmosphere

Opening angle changes due to density changes in the atmosphere

n =1+ 0.000283 p(h)/p(0) 5
S 1t ~1.3 deg at sea level
P
c
charged particle a
3 ~0.7 deg at 10 km
S
10"
— 002030 405060

150 m altitude [km]
19



The Beginning...

1953: with a garbage cananda 60 cm O
mirror first measurement of atmospheric

1968: Whipple telescope (10 m @ mirror)

40000? - oFe about 90 h of data—; 1 989 FI rSt
s 1 detection of the
Ejzoooo:— : Crab nebU|a at 50
o_(l) il TR T R T LS THAAS 20

AZWIDTH (degrees)



Day 1: Development of the field

Technology Advances

CTAD

H.E.S.S. II

from K. Bernlohr
21



Rapid Development in the Past Years

5
10°- GeV gamma rays
— | ¢
Y Fermi/LAT
Fermi/LAT (4FGL-DR4)
(4FGL-DR2)
10| \
Fermi/LAT (4FGL)
Fermi/LAT (3FGL) I
Fermi/LAT (1FGL Fermi/LAT

$ Sl thFal) (4FGL-DR3)

O 10k

c 10

>

8 Macomb & Gehrels

8 EGRET (3EQG) "

i EGRET (2EG) o o ‘

E 107} o

| Qe

Z 3

Galactic Sources Extragalactic Sources COS—B (ZCG)
COS-B (CG)
::m mBLLac 10 —
68 lg::::; -;:;S-Galaxy(FRl) SAS_Z
1+ McBreen  Whipple (Cral
A  etal. (Crab) A I A |
1960 1970 1980 1990 2000 2010 2020

with a large variety in sources! Year 22



Outline
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CTAD
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Day 2: Particle Interactions

Particle Interactions in Matter

Particle interactions give rise to

change of energy
change of direction
secondary particles

CTAD

24



Day 2: Particle Interactions

Particle Interactions in Matter

Interactions with electrons (atomic shell):
* lonisation: p- + atom — pu- + atom+ + e- energy loss
- Excitation: p- + atom — p- + atom® scintillation light emission

atom* = atom + vy

Interactions with nuclei:

- Bremsstrahlung energy loss/light emission
Polarisation:
« Cherenkov radiation light emission

 Transition radiation light emission

CTAD

25



Day 2: Particle Interactions I A O
y 4 c V2l

€ uv
. . L e E'
lonisation ¢ [ .
P
* w+atom— u +atom+ + e \oo/
Fermi plateau
105_ VYT T T _7
* Average energy loss described by Bethe-Bloch °E
formula: o 6
E 5
2,2@ 2 w4
—d—E=47cNAre2meczzzg 12 In 2mecz P — 2_§ E =
dx AP b 2 2 3
3
=

« dE/dxin [MeV g1 cm2]:
Distance dx measured in g/cm2, Kinematic term

W}
= T III\IIlH

AN

IlI| 7I llIlIll 1 1 l\ 1 11 |

dx = p-ds (grammage) dE 1 AT 10[3 /MI'OO\ 1000 10000
- o —— =p C
dx B’ Minimum ionising ! R
: Relativistic rise
particles: Py=4 dE ),
[Formula valid for “heavy” particles (m=m,,), electrons require modifications . <Infy

because of the equal masses of the collision partners] 26



Day 2: Particle Interactions

Bremsstrahlung

 Deceleration in the Coulomb field of the nucleus
dE/dX 08 E Electron

E E
£ _ L o E_E exp(-—5)
dc X, X,

where X, is radiation length, X, « m2

7164 gcm 2 A

A0 D) 8TV

Distance over which the energy is reduced by a factor of 1/e

X, « m2— important for small masses, electrons

in the atmosphere:
Xo (N2)=716.4g/lcm2*14 [ (7 * (1+7) * In(287/sqrt(7) ) ) = ~37 g/cm?2

X-ray

The radiation length depends on the target properties and is usually defined for electrons

27



Critical Energy

« Energy dependence of ionisation at high energies is « In y2 — basically flat!

« Energy dependence of bremsstrahlung is o« E electrons and positrons

. B I\IIIIII| I I IIIIII| I T TTTTT
— bremsstrahlung takes over at some point [ N B
_Elcctmns 1
- 1'0__ —0.15 ~
agm . . ><O Bremsstrahlung i oo
critical energy E_: energy at which energy losses of g | 1
lonisation and bremsstrahlung are the same: gl fonization i
05— Mgller (e™) ]
d_E (E i — d_E (E i : Bhabha (e —:0.05
dx i Ionisation X : bremsstrahlung :Positrpn, :
anm|hlla|t10|n| Lo
O1 10 100 1000
for electrons: E,~ 560 MeV/Z £ VeV

electrons in the atmosphere:
E. ~ 560 MeV/7 = 80 MeV

28



Day 2: Particle Interactions

Stopping power [MeV em?Z/g]

CTAD

Muon momentum

C [ [ I [ [ [ I
r 1w on Cu 1
L 100 |- =
E Bethe-Bloch Radiative |
E 4 Anderson- ]
s Ziegler -
s h
~ 7
= E. /
10 —= s '. =
e Radiative .~ Radiative g
E Minimum  effects / losses :
ionization reach 1% e -
[ Nuclear S |
losses | i e
I P Without o
1 | | I | | | 7 I I
0.001 0.01 0.1 1 10 3 100 1000 101 109 106
f
I I I I I I I I | I
| 0.1 1 10 100 | | 1 10 100 | | 1 10 100 |
[MeV/e] [GeV/e] [TeV/ec]
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Photon Interactions with Matter

photoelectric effect
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Pair Production

e
Y /e ™\
AN YA 8
¢ | © o,
* Y +nucleus = nucleus + e + e+ '\R\O_/ o,
2 G/ .
E, =2m,c* +2 Me o2
- Threshold energy: —

« After an attenuation length A =7/9 Xo, a photon beam intensity has dropped to lo/e

* Notice the difference to the definition for electrons, where the energy is reduced
by a factor of 1/e! Photon loss is catastrophic

That’s what energetic gamma rays do in the atmosphere!

31



Day 2: EImag & hadronic air showers

Air Showers

When a charged patrticle or a
photon enters the atmosphere, it
Interacts and produces a cascade

of secondary particles

— an air shower

Succession of particle interactions
that give the observable quantity

Gamma

CTAD

atmosphere

32



Day 2: ElImag & hadronic air showers

Electromag. Air Showers

« lteration of pair production
Y + hucleus — e~ + et + nucleus

and bremsstrahlung
e + nucleus — e- + y + nucleus

* Increase in particle counts in
every interaction

« Until ionisation starts to
dominate, then air shower fades

out

3

CTAD

Primary particle
(gamma ray)

first interaction
with nucleus in air
(pair production)

bremsstrahlung
on nucleus in air

pair production

bremsstrahlung

(C) 1999 K. Bernlohr
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Day 2: ElImag & hadronic air showers

Heitler Model

« Every interaction happens after
one splitting length d

* The energy is split into half:
En=1 —_ En=0 /2

* Process stops when the
individual particle’s energy
drops below E;

n=1

n=2

n=3

CTAD

34



CTAD

Day 2: ElImag & hadronic air showers

Heitler Model

$ ) What is the splitting length d expressed in radiation length Xo?
N P After n splitting lengths, what is the energy En of the particles and

<
«% what is the number N, of particles?
@//’ What is the number of particles at the shower maximum Nmax?
® ¥ What is the depth of the shower maximum Xmax expressed in Xo?

With Ec ~ 80 MeV, what are Nmax and Xmax for a 1 TeV gamma ray?

« Every interaction happens after —
one splitting length d

* The energy is split into half:
En=1 —_ En=0 /2

* Process stops when the
individual particle’s energy
drops below E;

35



Day 2: ElImag & hadronic air showers

Heitler Model

CTAD

What is the splitting length d expressed in radiation length Xo?

After n splitting lengths, what is the energy En of the particles and

what is the number N, of particles?

What is the number of particles at the shower maximum Nmax?
What is the depth of the shower maximum Xmax expressed in Xo?

With Ec ~ 80 MeV, what are Nmax and Xmax for a 1 TeV gamma ray?

« one splitting length d is: « after n splitting lengths:
dE. FE X
= E=F - _9n
dx X, ~ o SXP XO) Ny =2
d:an.XO Xn:nln2'XO

At 1 TeV: Nmax ~ 12500 particles and Xmax~ 9 Xo~ 300 g/cm?2

 at shower maximum:
Nmax — EO/EC
Xmax = l0gg Nax - In2 - X
Fyq
=] — -1n2 - X,
0g9 E n 0

Cc

Eq
=In— - X
DEC 0

36



Day 2: ElImag & hadronic air showers

CTAD

Hadronic Air Showers

* Fragmentation

« Strong interactions producing
hadrons (pions, but also heavier
particles), which will decay/
interact further

« El.-mag. sub-cascades from
neutral pions

Development of cosmic—ray air showers

Primary particle
(e.g. iron nucleus)

first interaction

-y pion decays
pion—nucleus
interaction ,
’ Y
& - Q
7w 0 RN
AN ! v _ _
o, @7 "N ® - °e ! second interaction
4 \ (] ’ )\ \
@ Y ‘(7 |‘ ?
o
(f/ ’r \I \\ \
vy @ y
@
o @
° (C) 1999 K. Bernlohr
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Day 2: EImag & hadronic air showers

Matthews-Heitler Model

* Every interaction produces M
pions (1t+, 1T, TO in equal quantities)

« Charged pions interact and initiate
a secondary cascade

* Neutral pions decay immediately
and initiate electromagnetic
shower

« Cascade stops when decay length
IS reached, i.e. the pions decay
into muons

CTAD

38



Matthews-Heitler Model

 Number of charged pions at level n:

Nnh = (2/3 M)n
* Energy of charged pion at level n: e
En = Eo/Mn

« Total energy in charged pions:

s
)
47 ) s
"l \
) ’,/ /] \ \\\ok
/] s
/| | W
— f I1 LI R
E (2/3)n E —_ —/ . — et e Ne— —
T 0 5 \
- L
o - M A
il W A ™

* Total energy in elmag component:

Eeimag = (1-(2/3)")Eo V- - I’— e /-/- - —

 Elmag. component larger with larger initial
energy (corresponding to larger Nmax)

* At IACT energies around 70% of energy in

elmag. sub-showers
39



Comparison Elmag/Hadronic Showers

Electromagnetic Hadronic

Radiation length Nuclear interaction length
Xo = 37 glcm? A1 =90 g/cm?

Xatm = 1000 g/cm?
Xatm =27 XO Xatm —_ 11 )\l 40



Analytical models vs. reality

Analytical models describe qualitative behaviour of air showers

. —e— Fluka gamma 500 GeV
- For elmag. showers: e pTTTTT e
8 - 000000, v Fluka gamma 150 GeV
3 o am .""o Fluk g 100 GeV
© i P i G S 5 Fiuka gamma 80 GeV
* Xmax ~In Eo e M T
2 C ot ¥ obBb0O, Vv, e % —<— Fluka gamma 10 GeV
g L M -V- 'S 7 O "ly .-7. ...-.- -
* Nmax ~ EO = [ gaa Ton o Teka Ma % ]
B v t "’, a ® T
10 ‘[_J r{}%{}ﬁ}{b DDDD v',y, .... ...‘-.-. i
1 . E @ & %, O Yy o =
« For hadronic showers: R o, Tttt
- Elmag component larger with larger initial energy > )

(corresponding to larger Nmax) "

bl U 3
atmospheric depth [g/cm]

- At IACT energies around 70% of energy in elmag sub © G. Maier Gamma Picturebook
showers

Details require the simulation of all processes in the atmosphere

41


https://github.com/GernotMaier/gamma-ray-picturebook/blob/main/gamma_picturebook.pdf

Why do we need air-shower simulations?

" = =
N 4= —
£ E E
2 35F =
e TE E
— 3E =
> = =
& 25F E
o - =
Q 2" =
L = =
- 1.5 =
1E- =

0.5 =

1 ] L 1 1 1 1 L L 1 I 1 L I 1
0 40 60 80 100 120
Time - MJD53944.0 [min]

L X NOROROX X
0 6 15 30 60 150 300 pe.

Determine from secondary products
primary-particle properties (reconstruction) and physical quantities

Often for air showers CORSIKA is used, for telescope response Sim_telarray 42



CORSIKA
\\" .--.;,z; 3%, 1,
O\ TR R ST

CORSIKA. "« ¢

 CORSIKA (COsmic Ray Simulations for KAscade) is a program for detailed
simulation of extensive air showers

» Particles are tracked through the atmosphere until they undergo reactions with the
air nuclei or decay

* Plug-in of interaction models

Electromagnetic interactions can be modelled to high precision (QED),
for hadronic interactions (QCD) interaction models are required:
GEISHA, FLUKA, UrQMD (low energies) and
VENUS, QGSJET, DPMJET, SIBYLL, EPOS (high energies)

43



Day 2: Air-shower simulations

Shower Simulations

longitudinal projection

Particle type is encoded in track color:
o red = electrons, positrons, gammas

o blue = hadrons

projection on the ground plane

F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005, https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html

|
/

A
v
+—>
~20m
~10 km

above sea level

CTAD

1 TeV gamma-ray

~5 km

X axis exaggerated
for visualisation purpose
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CTAO
Gamma Shower Development

hadrons muons electrs Gamma 10 ev
19788 -
20000 ‘ _ 50000 100 TeV gamma-ray
z[m] [ 7]
15000 — — 15000
10000 — — 10000
5000 — —5000
ol o I o+ I v I v I v I v v b Ty b oy [y |

0
-1200 -1000 -800 -600 -400 -200 0 200 400 600 800 1000 1200

J.Oehlschlaeger,R.Engel,FZKarlsruhe



hadrons muons electrs neutrs

Gamma 10" eV
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amma Simulations

- 50 GeV gamma 100 GeV gamma 1 TeV gamma 10 TeV gamma

47
F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005, https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html



Proton Shower Development
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100 TeV proton
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Day 2: Air-shower simulations

Proton Simulations

i
100 GeV proton |

F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005, https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html

CTAD

10 TeV proton
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Day 2: Air-shower simulations

lron Simulations

F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005, https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html
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C
Cherenkov light on the ground

100 GeV gamma-ray

L2 i

© G. Maier Gamma Picturebook

TND

52


https://github.com/GernotMaier/gamma-ray-picturebook/blob/main/gamma_picturebook.pdf

CTA

Cherenkov light on the ground
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https://github.com/GernotMaier/gamma-ray-picturebook/blob/main/gamma_picturebook.pdf

Outline

Day 1: Introduction

« Basic considerations

« Detection principles

« Development of the field

Day 2: Everything about Air Showers

« Particle interactions in matter

« Electromagnetic & hadronic air showers
« Air-shower simulations

Day 3: IACTs

 The IACT principle

 Gamma-hadron separation & backgrounds

* Current and future instruments & their sensitivities

CTAD
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Day 3: The IACT principle

Cherenkov light on the ground
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lIIIIIIIIIllll]llll]llllllllllIIII Flukagammasooeev
Fluka gamma 200 GeV
Fluka gamma 150 GeV

Fluka gamma 100 GeV

Fluka gamma 80 GeV
Fluka gamma 50 GeV

Fluka gamma 30 GeV
Fluka gamma 10 GeV

-t
(=]
N

—h
o

CF
E
—
=
=

7]
c
()
©
c
o
]
o
£
o
>
)
X
c
o
)
o
c
(&)

LEEEY

IIlllIIIlIIIIlllllllllllllllllllll|l|l

0 50 100 150 200 250 300 350 0 ¢ 0
distance to shower [m]

© G. Maier Gamma Picturebook



https://github.com/GernotMaier/gamma-ray-picturebook/blob/main/gamma_picturebook.pdf

Day 3: The IACT principle i i
y princip — Imaging Atmospheric Cherenkov Telescopes
Particle | ~10 km
shower «

© W. Hofmann




Day 3: The IACT principle

gamma-ray Deriving gamma-ray properties

Particle
shower

Intensity
— Primary Energy

Image Axis
— Shower Direction

Image Shape
— Type of Particle

© W. Hofmann



Altitude

Max. at

8—10 ki
altitude

.\ Shower

Image on the focal plane

Shower image

Shower direction

' Focal plane (camera) |

Segmented mirror telescope

© K. Bernldhr

NO
Z"a
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Day 3: The IACT princicle - St@reoscopy for better direction reconstruction

Image of source is somewhere

image axis ...

on the

Need several views !

© W. Hofmann




Detection area for Cherenkov telescopes

~ 50000 m?2




Day 3: The IACT Principle

[the classical approach, robust and simple]

Telescope 1 Image

Reconstructed

@ I,
./. Major Axis Width
T | .
Dlilrleection 'y Distance Length

Camera centre

Telescope 2 Image

Michael Hillas
1932 - 2017

CTAD
Reconstruction: Hillas Parameters

In first approximation, elmag
shower images are elliptical

Fit gives width, length,
distance, size

Reduction of shower image to a
few parameters

Comparison with (tabulated)
simulations gives derived
parameters like mean scaled

width
1 width; — (width;)yc

MSCW =
Ntel Oj
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Models of Shower Development

[the modern approach, computationally expensive and more sensitive]

With increasing computing power, we aim to
make use of
all image information available

use models: either semi-analytical or entirely
simulation based

Shower templates as function of energy,
impact distance, primary interaction depth
and zenith angle (interpolate

Pixel per pixel comparison of observed
intensity with shower model in a likelihood fit
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Day 3: The IACT Principle
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CTAO
Models of Shower Development

[the modern approach, computationally expensive and more sensitive]

With increasing computing power, we aim to
make use of
all image information available

use models: either semi-analytical or entirely
simulation based

Shower templates as function of energy,
impact distance, primary interaction depth
and zenith angle (interpolate)

Pixel per pixel comparison of observed
intensity with shower model in a likelihood fit
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From Measurement to Physics

-7;‘ = T T T T T -
N 4= —
£ = =
L 3.5F =
= = 3
- 3 =
> = =
& 25F E
(=] = =
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- 15F =
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0.5 =
:I 1 ] L 1 1 1 1 L L 1 I 1 L I 1 :

0 40 60 80 100 120

L X NOROROX X
0 6 15 30 60 150 300 pe.

Time - MJD53944.0 [min]

Counts as function of reconstructed

S : Flux as function of true energy, direction and time
energy, direction and time

Instrument Response Functions enable transition from measured to true quantities
Generated from air-shower simulations where you have both the measured and the true quantities! ¢,



Day 3: The IACT Principle

* Point Spread Function

- what is the system response to a
perfect point in space?

* Energy Migration Matrix

- what is the system response to a
mono-energetic source?

* consists of energy bias and energy
resolution

o Effective Area

« how many gamma-rays are really
detected in a certain area?

EI'QCO
|

Effective Area

Aeff

Energy

S| — E=1259-25.12

. -10 -05 0.0 05

Logyd E/TeN

Energy Response

Etrue

— E=0.10-0.20
E£=0.20-0.40
E=0.40-0.79
E=0.79-1.58
E=1.58-3.16
E=3.16-6.31
£=6.31-12.59

E=25.12-50.12
E=50.12-100.00

i
0.06

M ' |
0.08 0.10 0.12

0.250
0.225
0.200
0.175
0.150
0.125
0.100
0.075
0.050
0.025

0.000
0

© K. Kosack

CTAO
Instrument Response Functions

PSF Shape for different E
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Cosmic-Ray Background

How many photons do we see at 1 TeV? How many at 10 TeV?

For simplicity, consider a pure power law with C = 3.45 10-11 cm-2 s-1 TeV-1
and spectral index 2.6

« at1TeV:~0.03 photons per square metre <+ in comparison, a CR proton has C ~ 105 cm2 s-1 sr-1

and day! TeV-1, giving 10 000 particles per square metre and day
« at10 TeV: ~0.0001 photons per square « within 0.1 deg radius: 0.1 particle per square metre and
metre and day day

The number of cosmic-ray showers in a given region of the sky can be orders of
magnitude more than for gamma rays

Rejecting them is critical N



Day 3: Gamma-hadron separation & backgrounds

Electromagnetic shower

Z

Hadronic shower

P

CTAD

Electromagnetic and hadronic
showers look on average
different

Use this difference to separate
them
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Day 3: Gamma-hadron separation & backgrounds A O
y P g c ! Z7a

Electromagnetic shower  Hadronic shower

Z Z
p @ 4000[
§ i ——e— PKS 2155-304 (ON-OFF)
& 3500
- —— Background (OFF)
3000(—
2500 :_ —a— Background in SG < 0.6 cut
2000 —
1500
1000—
500—
0 1 1 y e S SN N Y TeY
-3 -2 -1 0 1 2 3 4 5
Mean Scaled Length
Width of the camera image
. £ g o ':':""""ﬁum
'Y XoXeX X ¥ | 'Y XoXeX-X ¥ (or the goodness of fit) - =
o 6 15 30 60 150 300 p.e. 0 6 15 30 60 150 300 pe. 100~ H ladronic

normalised to corresponding ,;

Gamma shower Hadron shower ) . ~ b
: value in simulations wf

Gt Vaiue

Gamma-hadron separation
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Day 3: Gamma-hadron separation & backgrounds

MACHINE LEARNING EVERYWHERE

CTAD

Images
image _ NN
parameters
topology
NNs

transformation

= Setting up a NN and getting some output is easy

111

111

energy
direction
gamma/hadron

energy
direction
gamma/hadron

= Making it perform at least as well as classical methods is non-trivial
= Making it perform reliably and stable on real-world data is very hard work

© W. Hofmann
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Day 3: Gamma-hadron separation & backgrounds c

MACHINE LEARNING EVERYWHERE

Images

. — ° energy
Image - NNs —  direction
‘ r parameters ——— gamma/hadron
— energy
topology NN — direction
transformation aamma/hadron

What do you think makes it so hard to apply a neural network to
real-world data?

Which of the two approaches is more promising in terms of
(a) information content used
(b) reliability?

nann

NO
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Day 3: Gamma-hadron separation & backgrounds

Background Subtraction

Event Map Event Map
* Necessary because of imperfect gamma/ £ 29
hadron separation
« Performed in background s _,
measurements in the FoV ]

(+ assumption on system response)

“On Region

-31

« lterative exclusion of regions with
gamma-ray emission 2hoom  21hsem  21hssm

Positions

22h02m

Observation’ -~

CTAD

(o]

/"8, — On Region

)

21h58m 21h55m

« Advantage: 1st order cancelation of systematics Background Modelling in Very-High-Energy y-ray Astronomy

related to condition of instrument and atmosphere

« Disadvantage: Only moderately suited for larger regions,
results in subtraction of signal together with the
background

alactic Latitude (deg)

exclusion regions — |

= regions with gamma-ray emission

3 T

N
T

-
T

o
T

-
T

D. Berge'2, S. Funk!3, and J. Hinton4>

H.E.S.S.Fov ~_ -

' . L L =
2 21 20 19 18 17
Galactic Longitude (deg) 71



Alternatives

F [Signal Background ] Gamma MC
| g [ JProton MC
OFF regions in parameter space: g%t
- still requires regions to determine the shape of the g
background distribution | %
. . . o P MM
« simulations? not very reliable FU T msw (o)
ON-OFF observations:
e o back in RA to observe dedicated OFF field
* duplicates observation time
FoV

FoV
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Background Models

« Usage of old observations with no/easily excludable sources

« Use atmosphere calibration info and average over many blank fields in zenith and
azimuth

« Control region in the field of view for verification/fitting

« Have a binned background model in 3D:
2 spatial coordinates and energy

L» RA H
Aergy
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Sensitivities

Sensitivity curves serve as
easy figure to compare
between instruments

Which minimum flux is still
significantly detectable in a
certain time of observation

the lower, the better!

CTAD
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—eo— CTAO Northern Array
—a— CTAO Southern Array

hitps:/fwww . cta-observatory.org/science/cta-performance (prod5, v0.1)
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Sensitivities

Careful in the comparison of
different instrument types
— some element of
arbitrariness

Does not reflect other
performance indicators like
resolution

CTAD
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—eo— CTAO Northern Array
—a— CTAO Southern Array

hitps:/fwww . cta-observatory.org/science/cta-performance (prod5, v0.1)

Reconstructed Gamma-ray Energy ER (TeV)
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Sensitivities

at low energies: trigger on
upward fluctuations

at intermediate energies:
background-limited region

in first order S ~ signal/bkg'/2

at high energies:
statistics-limited region

CTAD
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10710 —o— CTAO Northern Array —

- —s— CTAO Southern Array -

FI([J — \ “ L Y I

N A ¥

£ - n

; 10" ". —

Py — —— £y =

< — N s o —— ]

g R 250

= B s | _

S 1012 | —— e e —

(D — "4 i '~‘r, . j—

y ~ — ‘ d -

E — == N ]

< B =.=I_._. ‘e . _
(Eu l—.—l—.—l'_._l_._;%‘

107" = E

[ Differential flux sensitivity (50 h) -

[ 1 1 L1 1111 I 1 1 L1 1111 I 1 1 L1 1111 I 1 1 L1 1111 I 1 ]

1072 10 1 10 107

Reconstructed Gamma-ray Energy ER (TeV)
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Sensmwty for IACTs and PDAs

Assume that in 20 hours we can detect a point-like source significantly in
the background-limited regime with an angular resolution of 0.1deg. How
does this time change if we have an angular resolution of 0.5 deg like many
particle detector arrays?

Is this relevant, given the different observation modes of IACTs and PDAs?

Discuss: Which advantages do you see for IACTs for the observation of
time-variable point-like sources and for steady and extended sources?
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Sensmwty for IACTs and PDAs

Assume that in 20 hours we can detect a point-like source significantly in
the background-limited regime with an angular resolution of 0.1deg. How
does this time change if we have an angular resolution of 0.5 deg like many
particle detector arrays?

Is this relevant, given the different observation modes of IACTs and PDAs?

Discuss: Which advantages do you see for IACTs for the observation of
time-variable point-like sources and for steady and extended sources?

« The new background count per time is Nwkg = (0.5deg/0.1deg)? Nokg,0 = 25 Nbkg,0

« If nsignal,o/Sqrt(nokg,0) is Not supposed to change, we need to increase the time by factor of x:
Nsignal,0/SArt(Nbkg,0) = Nsignal,0™X / SQrt(25 Npkg,0 *X)

« Solving for x gives x/sqrt(x) = sqrt(25) -> x = 25, t = x*20 hours = 500 hours
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Sensitivities

Alternative way of looking at
things:

sensitivity vs. time

Demonstrates the possibilities
to do time-resolved
astrophysics at a fixed energy

transient phenomena

Differential Flux Sensitivity E°dN/dE (erg cm™? s

CTAD
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— = 25 GeV
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www .cta-observatory.org/science/cta-performance/ (prod5-v0.1)

79



Day 3: Instruments & their sensitivities

Current IACT Instruments

since 2003/2009)"

MPI for Physics/R. Wa

gner i

v
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Next-Generation IACT Instruments

— - , LACT
CTAO - South = v ™ R _ 32x6my
14 MSTs & 37 SSTs (Alpha) b4t =

-

, . LEGEND
) . (] ® ) Large-Sized Telescope
. Medium-Sized Telescope
™ P CTAO Operations Building &
Y Y ) Other Calibration Devices
Weather Station
Stellar Photometer
® ® Raman LIDAR
® ®
Road
Gradient
LEGEND MAGIC Telescopes
Medium-Sized Telescope (MST) ’ Weather Station . External Facilties
Small-Sized Telescope (ssT) (@) | Stellar Photometer A
Large-Sized Telescope (LST) Raman LIDAR .
Foundation &
Other Calibration Devices L] Antarctica S
SST Foundation —




Day 3: Instruments & sensitivities c TAO
Different telescopes for a larger dynamical range

Large-Sized 4 m
Telescope

Medium-Sized
Telescope

Small-Sized
Telescope m

Av. Height 6
Of A Woman ° m
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Day 3: Instruments & sensitivities

SSTs

Small-Sized Telescope (SST) ,

2 TeV—300 TeV

Number of SST telescopes 37 (South)

Optical design Modified Schwarzschild-Couder

Primary reflector diameter 43 m

Secondary reflector diameter 1.8m

Effective mirror area

2
(including shadowing) ol
Focal length 2.15m
Total weight 17.5t
Field of view 8.8 deg
Number of pixels 2048
Pixel size (imaging) 0.16 deg
Photodetector type SiPM
Telescope readout e'vent rate 600 Hz
(before array trigger)
Telescope data rates
(readout of all pixels; before array trigger) 2.55Gb/s
Positioning time to any point 70s
in the sky (>30° elevation)
Any astrophysical object 83
(2 0e) with elevation > 24 degrees



Day 3: Instruments & sensitivities

Energy range
(in which sensitivity is optimized)

Number of MST telescopes
Optical design
Reflector diameter

Effective mirror area
(including shadowing)

Focal length
Total weight

Field of view
(FlashCam / NectarCAM)

Number of pixels
(FlashCam / NectarCAM)

Pixel size (imaging)
Photodetector type

Telescope readout event rate
before array trigger
(FlashCam / NectarCAM)

Telescope data rates
(readout of all pixels;
before array trigger)

Positioning time to any
point in the sky (>30° elevation)

Observable sky

Medium-Sized Telescope (MST)

80 GeV—-50TeV

14 (South)
9 (North)

Modified Davies-Cotton

11.5m

88 m?

16 m

89t

7.5 deg /7.7 deg

1764 / 1855

0.17 deg

PMT

>6 kHz / >7.0 kHz

12 Gb/s

90s

<7 arcseconds

Any astrophysical object with
elevation > 20 degrees



Day 3: Instruments & sensitivities \ Large-Sized Telescope (LST)

L S TS (in which sE:nesrifiyvirtayniii)ptimized) AEET S

Number of pixels 1855

Pixel size (imaging) 0.1 deg
Photodetector type PMT

Telescope readout event rate
after array trigger

>7.0 kHz

Telescope data rates
(readout of all pixels; 24 Gb/s
before array trigger)

Positioning time to any
point in the sky (>30° elevation)

Any astrophysical object with
ST elevation > 24 degrees

30s




i~ 7na \ www.ctao.org



