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From Measurement to Discovery

My Plan for APP:
S % . Discove
iy Discovery v
Lecture 1: Cosmic Rays: discovery, techniques, spectra & spectral features
Lecture 2: Neutrinos V: neutrino hypothesis & detection, the SQIar model,
solar neutrino problem, neutrino oscillations {, gi«
Lecture 3: Neutrino astronomy: the idea, techniques ((
atmospheric neutrinos, sources  Discovery =5
Lecture 4: Gamma Rays : early ideas, techniques, path to maturity, very many

sources & successes discoveries



From Measurement to Discovery

My Plan for APP:
i . Discove
2_/ Discovery v

Lecture 1: Cosmic Rays: discovery, techniques, spectra & spectral features
Lecture 2: Neutrinos V: neutrino hypothesis & detection, the solar model,

solar neutrino problem, neutrino oscillations gi Li
Lecture 3: Neutrino astronomy: the idea, techniques { D

atmospheric neutrinos, sources Discovery H
Lecture 4: Gamma Rays : early ideas, techniques, path to maturity, very many

sources & successes discoveries

Much of this is what we call today
“Astroparticle Physics”
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Gamma Rays

'POLVUt baOh o ®
easy to detect
some absorp’ciow o
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" non-thermal processes
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Photons: astronomy
charged: p; e, .. Fe,.. _ complately ionised nuciei
electrons
------------------------------------------------- —_—)
Neutrinos:



Cosmic rays, gamma rays and neutrinos
come likely from the same sources

I difficult
only , to detect
can be accelerated in YY

Y easy to detect
“multi-messenger astrophysics” 'Y,V
but gamma rays are currently point back to sources
the most “productive” messengers. (good for astronomy)

but serious backgrounds



Y Rays:

pick them out of the CR background
point back at sources

< 100 GeV: direct observations on satellites
Y’ via direct identification

> 100 GeV: indirect obs. via air showers

Y’ via shower shape, muon content

or via localised excess of events
from certain sky positions

7



Historic Development

Many slides and historic information from talks by:
R Mirzoyan (HESS Centenary Meeting, Bad Saarow, 2012)
S Sarkar (School for Cosmic Ray Astrophysics, Erice, 2012)



Historic Timeline - Part |

O O

1938:

1948:

1 948:

934

E Curie observes bluish light in water with Radium salt

V Hess discovers Cosmic Rays
CTR Wilson invents the cloud chamber

P Cherenkov’s brilliant experimental work
to explain the bluish light (Cherenkov effect)

P Auger discovers air showers (CR energies up to 10!> eV
a total mystery at the time)

many discoveries in particle physics using CRs and
cloud chambers; interactions, particle production, ...

E Fermi publishes acceleration theory of cosmic rays

(-..and if protons are accelerated, then there should also be secondary Y rays)

P Blackett recognised that Cherenkov light from relativistic particles
in air showers (e%, u*) should contribute to the light of night sky (~10-4?).

ingredients ready for gamma-ray astronomy
with Cherenkov telescopes.



Cherenkov light from showers
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garbage can, 60 cm search light mirror,
| PMT (fast light flashes)

Galbraith, Jelley (Harwell, UK)
record Cherenkov flashes from air showers

February 21, 1953 NATURE

Light Pulses from the Night Sky
associated with Cosmic Rays

In 1948, Blackett' suggested that a contribution
approximately 10-* of the mean light of the night-sky
might be expected from Cerenkov radiation?® pro-
duced in the atmosphere by the cosmic radiation.
The purpose of this communication is to report the
results of some preliminary experiments we have
made using a photomultiplier, which revealed the

thank Mr. W, J. Whitehouse and Dr. E. Bretscher
for thoir encouragement, and Dr. T. E. Cranshaw for
the use of the extensive shower array.
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Gamma RQYAsmomy €———__ requires separation

of photons from the
cosmic ray background

| 958: seminal paper by P Morrison

1959: G Cocconi (CERN) suggests to observe the Crab Nebula
(ICRC 1959 Moscow)

R SHOWER TELESCOP

Al

ARC TH® DETECPIAN OF 107 eV PHOTON St:RCES
» —

Giuseppe Cocaoni
CERN = Caneva.

i} Thie vaper disecuesas thy pozsibility of c2telting high 2nérgy photon® produced by

dimerate azsiyronomical odjects. Scurces of chiarzed perticlées are not cousidered ar the

smeering produced bty the magnetised plezmsa fillime teratel lar gpeces prodbably

J
obliteratze the original direcctions of sovément.

Crab Nebula 2ho Crab Rebula: Visual magnituds of pelerized light w = 9.
Magretic fleld in fho gas shell }'!:‘_-10"4 RauEa. Z
1Tev Theretora:_U, = 0™ el and R(10'%ey) =073t m™s™,

fhe 8iznal iz thua about 103 times largex then the bdackzround {2), Probably in the Orab
Vobuln tha slectrone ere not in eguilibrium wmith the $rapped cosmie raye, and our es~-
timate i3 over-optimistic. However, this agurcs can Probably be 4etected even AL lte
2ffictoncy in producing high ensrpy ghoters iz rukotonticlly ezeller than postulated
ibove,

187, tha Jet Feluls: m = 13.5 H = 107* gause.

i(10%“aV) == 10"m:?6-1. 8till well abtove the backegsound (2). For this object cur ava-
Lutation {ie probadbly net funduanmentally wronsz.



Military surplus of
— parabolic search-light mirrors -2 m in diameter
— gun mounts with drive systems

G.T. Zatsepin (from GZK cutoff) asked Chudakov

to measure the predicted gamma-ray sources.

Crimea: Chudakov got |2 parabolic mirrors of |.5 m
made measurements for almost 4 years.

Crimea Experiment

1959-1965
only upper limits

Cocconi’s estimate
far too optimistic



First mention of the potential of the stereo imaging

SOVIET PHYS1CS JETP

VOLUME

20, NUMBER 2 FEBRUARY, 1965

TR ANGULAR WNMSTRIBUTION GF GNTENSITY OF CERENKOV RADATION FROM

EXTENSIVE COSWICRAY Aife SHOWERS

V. . ZATSEPIN

P, N, Lebadey Mhysics istitule, Academy of Scienses, U5 85.R,

Sabmised o JETF oditor Maren £, 1564

I, Exprl. Thacoret, Phvs LSS L) 29, S50-685 (gess, 1354)

The angalor dstrimation of antensaty 15 eclealated for the Gerenkoy radiclion produced in Lthe
terrestrial armosphere by extensive ajy showers of cosmic rays, Calculations are made tor
showars arriving from the zenich aml for conditions of observation at eea level and at an al-
titwde of 3360 m above sea loyel, Photographic ohservatiaa of the shape of the Hlash of lighs

against the cclestial spaere, 28 obtatred o 37 L3 ¢vidently §o satisinctory agreement with

Liw za.calzmnons,
1, INTRODUCTION

IN the registration of extensive oir snouwers (EAS)
Ly means of Cerenkov couniers, ~4° - 2 knowledge
of e angalar distribation of the Cerenbioy radia-
Hon Is wazoestaat prioardly oct the cmethodologi-
enl paint af visw ‘shoics of the angle 2ustended by
the Corensov oountazs (0 ouaio ogptimal sigonl =loe
eoise ratlo, estimarcs of the neeuracy of the angu-
lar coopdimtes of mgh-onergy primarr particles,
srcl 50 OR ), Besades this, tae angular distributiaa
of the Light from showers (8 2lroacy tself the ot~
Jesl gl physical jnvestigalion, A ypd erefzre it
I nsor ot Ga psceslada want qing oL insorcetion
skout o gbower caa ke obwolaed [rem 2 ackh data,
The present calcalation Fas besn made for this
purpose, arad is based on the (ollowing ideas,
Cerenkov radiation 13 malnly caused by the

clectronic comgmnsat, wikch makos up e lualk of
the churged particles in o shewer, Owing t> mul-
tiplc Coulom3s acatering by the nuzlel of awice in
ke qir, vlactrans oF 2neipy £ cbadesta g have
L Gaassian distributoa of distances ¢ irom the
315 oi the shower, and a Gaussian diarikusion
of ungles relanve to 3 mean angle &, whivh de-
pends on r. The dispersions of the transverse
and angular distributions dépead an E. 'ha enargy
Speatrum of the clectrone 15 33 g2 ibicum one wnd
does oot depene on che degree o2 davelapraent of the
Shirsor 4o cezth, For she case of Grimacy pictons
€ U variaticn of tae cloctyaag with bigns |15 taken

b 10 3¢ tat given by the cleccromagnetic caseade
B toeary [0 ong for the oase of primary pratons,
" glven by the caleulations of Nikol®skii und
: ’.3- 1 Tho light emitad by the electrens

* R nngle dog. with 106 diresnon of Their

V.. Zatsepin

Totion. Netther the scareering of the Light by den-
sily inhumogenaities in Uw air nor absorpilon of
the 1ight I3 taken Into ACCount.

2. STATEMENT OF PRGBLEM AND METHOD
OF CALCULATICN

Tre surposc of the ealeulaion (8 ta deter i
tkr number | of .ight cusata in the {requency range
from i, to A, that fall on onit area of the sarth's
suriove ul distance R [rom the axis of the shower,
and In the direction frem any given point of the
calestial enlwre.

G 1

Lal ug tura to Fig 1, Hare O is the traca of
the: mxis af the shower an the earth's surfuce, D
is the point of obaarvation, and A’ 19 an arbitrary
ausal wiauh 18 ot height Louver e lavel of cuzer -
veran snd te 2ameactrized 0y the anguler ennerii -
autes y e @enith angie ] aac @ [the uzimcthal
argle 1. We agree to meéazare the azimuthal angle
frum Ume direotion (rom Ui poiast of alSarvation D
o the wace O of the axis of the shower on the
carth's surface. The fipure OBCD bLes intha plana
af the erawtng, and OO°A'B In the perpeodieaine
p-are, We shall d2ercune for the neighbarhood of

459
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CONCLUSION

The calculations that have been made enable us
to draw the following conclusions:

1. Since the maximum intensity of the light from
a shower does not coincide with the direction of
arrival of the primary particle, in researches in
which the determination of the angular coordinates
of the primary particle is made by photographing
the light flash from the shower one should seek
improved accuracy in this determination by photo-

graphing the shower simultaneously from several
positions.

2. If the distance from the axis of the shower to |
the detector is determined from independent data, |
then an analysis of the shape of the light flash from \
the shower and its total intensity gives information |
both about the initial energy of the primary particles
and about the position in the atmosphere of the ‘
maximum of the shower, and can thus be used for
the analysis of fluctuations in the development of
showers in the atmosphere.
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Porter & Jelley
1962-66




First imaging b 5
“stereo” telescopes:
GT-48 in Crimea
1985-89

.‘-\‘ v.



First gamma-ray experiment at VWhipple Observatory,
1967-68

Trevor Weekes

>

Work on the Mt. Hopkins Observatory proceeds at an astonishing pace, The
laser and Baker-Nunn systems are now installed and operating and the large
optical reflector is scheduled to arrive by the end of next month. In preparation
for the LOR installation, Trevor Weekes (above, left) and George Rieke have
conducted seeing tests with two movable searchlight reflectors. Look care-
fully — some outcroppings at the bhase of Mt. Hopkins are visible upside-down
in the reflector.



THE ASTROPHYSICAL JoUuRrNAL, Vol. 154, November 1968 I 968

A SEARCH FOR DISCRETE SOURCES OF COSMIC GAMMA
RAYS OF ENERGIES NEAR 2 X 10% eV

G. G. Fazio axp H. F. HELMKEN

Smithsonian Astrophysical Observatory and Harvard College
Observatory, Cambridge, Massachusetts

G. H. REe

Mount Hopkins Observatory, Smithsonian Astrophysical Observatory, Tubac, Arizona,
and Harvard University, Cambridge, Massachusetts

AND

T. C. WEEKES*
Mount Hopkins Observatory, Smithsonian Astrophysical Observatory, Tubac, Arizona
Received September 3, 1968

ABSTRACT

By use of the atmospheric Cerenkov nightsky technique, a study has heen made of the cosmic-ray
air-shower distribution from the direction of thirteen astronomical objects. These include the Crab
Nebula, M87, M82, quasi-stellar objects, X-ray sources, and recently exploded supernovae. An anisot-
ropy in the direction of a source would indicate the emission of gamma rays of energy 2 X 10 ¢V. No
statistically significant effects were recorded. Upper limits of 3-30 X 107! gamma ray cm™? sec™ were
deduced for the individual sources.






1970-80°s: plenty of “discoveries” on 3-4 g level

A.M. Hillas, University of Leeds:
“A physicist's apparatus gradually learns what is
expected of it. It has a dog-like desire to please.”

“Concentration” is a good parameter
(>75% of light is concentrated in 2 pixels)

Plyasheshnikov, Bignami (1985) showed that
O is a useful parameter

La Jolla, 1985: Hillas suggests to use the
“Hillas image parameters”

ALPHA

gamma showers are:

> slimmer,
DIST— more concentrated
WIDTH oriented towards source

LENGTH




1989

. 50 signal in 50 h,
Detection of the Crab Nebula with 159 pixel camera

and Hillas image analysis.

90 significance



1990°s: sources were seen everywhere, up to 10!> eV

. which could not be confirmed.

Reliable source detection needs >50 significance and
independent confirmation.
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Hegra, La Palma

Proposal
for
Imaging Air Cherenkov Telescopes in the
HEGRA Particle Array

A. Aharonian, A.G.Akhperjanian, A.S. Kankanian,
R.G. Mirzoyan, A.A. Stepanian®

Yerevan Physics Institute

* Crimean Astrophysical Observatory

M. Samorski, W. Stamm

Institut fir Kernphysik, University of Kiel

M. Bott-Bodenhause w . Sawallisch

Max-Planck-Institute for Physics and Astrophysics
Munich
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ELECTRON DETECTORS: ! m? scintillstion counters for pamicle density and

fast-timing measurements (2 PM's cach), with 5 mm of lead for photon
conversion,
® 37 detectors in operution since July 1988 (University of Kicl)
€159 adéitienal detectars, 90 of them in operation since July 1989,
he res: since December 1990 (MPI Munich together with
University of Madrid)
o 46 further detectors to increase 1he detector density in the centre
of the array, planned for 1991 (University of Hamburg)

CJ 49 MUON DETECTORS: 15 m? cuch, consisting of sandwiches of Ociger
tube and absorber layers. planned for 1991/92  (University of
Wuppertal together with University of Kicl)

4+ 49 CHERENKOV-LIGHT DETECTORS: cach censisting of a 20 c¢m diameter
PM and a light-collecting cone, planmed for 1991 (MPI Munich
together wit b University of Madrid)

2 5 CHERENKOY TELESCOPES: 3 m in diamcter with 19 mirrors and 37 PM's
cach, imaging technique. planned for 1991/92 (Ycrcvan Institute
of Physics together with MPL Munich and University of Kiel)

Fig. 1: Status and planned extensions of the HEGRA detector array.



CTl (3 mdiam.) CT2-CTé6: (4 mdiam.)
1992 first signal from 5 more telescopes until 1997.
Crab Nebula

first successful
stereo detection of Y-ray sources




HEGRA detector, including
6 imaging air Cherenkov telescopes
La Palma 1992 - 2002




__HESSi ngh Energy Stereoscoplc System_
S Namlbla. Khomas nghlands
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Four 12-m telescopes, 5° field of view ... a major' step forward
960 pixels / camera, Data taking since 2004



Historic Timeline - Part 2

2$°

Ingredients ready 1948 AQ N©
~

Whipple 10-m telescope built 1968
ooooooooooooooooooooooooooooooooooooooooooooooo ﬁI’St deteCt|0n

... | 7 new sources

Crab Nebula PWN 1989 Whipple

Markarian 42| HBL 1992 Whipple o

Markarian 501 HBL 1996  Whipple &

3C66A IBL 1998 Crimea A

|ES 2344+514 HBL 1998 Whipple \Q

PKS 2155-304 HBL 1999 Durham Mark 6 ‘

|[ES 1959+650 HBL 1999 Telescope Array

RXJI1713.7-3946  Shell 2000 Cangaroo

Cas A Shell 2001 HEGRA

Bl Lac IBL 2001 Crimea &

H 1426+428 HBL 2002 Whipple >

TeV J2032+4130 UNID 2002 HEGRA %A\

M87 FRI 2003 HEGRA g

Galactic Centre UNID 2004 Cangaroo
ooooooooooooooooooooooooooooooooooooooooooooooo HESS Stal‘ted

... |6 new sources 2005

observations


http://tevcat.uchicago.edu/?mode=1&showsrc=75
http://tevcat.uchicago.edu/?mode=1&showsrc=76
http://tevcat.uchicago.edu/?mode=1&showsrc=119
http://tevcat.uchicago.edu/?mode=1&showsrc=77
http://tevcat.uchicago.edu/?mode=1&showsrc=90
http://tevcat.uchicago.edu/?mode=1&showsrc=79
http://tevcat.uchicago.edu/?mode=1&showsrc=84
http://tevcat.uchicago.edu/?mode=1&showsrc=78
http://tevcat.uchicago.edu/?mode=1&showsrc=87
http://tevcat.uchicago.edu/?mode=1&showsrc=80
http://tevcat.uchicago.edu/?mode=1&showsrc=81

Cosmic rays, gamma rays and neutrinos
come likely from the same sources

I difficult
only , to detect
can be accelerated in YY

Y easy to detect
“multi-messenger astrophysics” 'Y,V
but gamma rays are currently point back to sources
the most “productive” messengers. (good for astronomy)

but serious backgrounds
28



Gamma Ray Production

Energy flux/Decade
E2 F(E)
29 rRadlo

B

sy nchrotron
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CMB, IR, VIS

CosmlLe
electron
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radiation
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VHE gamma rays



Gamma Ray Production

sywnehrotron Lnverse Compton 71° prod wctlon
J'Eo
e \ / € \ / p

s ey

B CMB, IR, VIS

Energy flux/Decaole
e2 F(E)
CosSmLe
electron
accelerators

S Y nehrotron
radiation

29  Radio infrared Vistble Light X-rays VHE gamma rays



Recent Experiments



Fermi Satellite

.z | m2 2.5 sr - . | B
30 MeV - 300 GeV



Fermi - LAT

large angle
telescope

pair-conversion telescope with:

precision trackers
|8 layers tungsten converters

and X, y silicon strip detectors.

calorimeter
96 CsI(Tl) crystals in an
8 layer hodoscope (depth: 8.6 Xo)

4x4 modules covered by
anti-coincidence shield

Y
i Anticoincidence
I z‘./ Detector (background rejection)
: :' | ““TT— Conversion Foll
........................ A\ \
sk [\ Particle Tracking ~ | m22.5 sr
/ \ Detectors . .
near-perfect rejection of
I charged primaries
Calorimeter
32

(energy measurement)




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

PKS 1202+°08

®

c
Sun

October 30, 2008
PSR J1636+45825

Auguat 4, 2008

®
P<so/2-1p  CPTeE
LS| +61 303 Lndertfied ’ d . '
® W m— L ——— gy »

' vele ’

crab

NGC 1275 o
Unidenwiad

3C 4542 O
47 Tuc

Credit; NASA/DQE/Fermi LAT Collaboration

Satellite experiment: 100 MeV - 100 GeV

point sources, extended sources and diffuse emission, ...

33



Fermi-LAT: 2-year catalog

Satellite experiment: 100 MeV - 100 GeV
point sources, extended souyrces and diffuse emission, ...







Fermi data reveal giant gamma-ray bubbles

The Fermi Bubble

.« 2 remnant of
recent activity
of our galaxy ?

Gamma ray emicgiongs

X-ray 2missions

—

e 56.000 light-years
Milky Way '

-




Major gamma-ray flare from Crab Nebula
(April 2011)

I

Crab was always seen as the “standard candle

lllllllllllllllllllllllllllllllll
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Flux > 100 MeV [ 107 cm2 s ]

Flare State
April 2011

'OPTIQAL

INFRARED
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i | 1 i 2 1314151617181 9 1101 11 1

Flux > 100 MeV [ 107 cm2s7]

Spectrum varies with time.
Allows study of the AN
“dynamic processes” "'i'{

of particle acceleration. NI~ i—ﬁ
ﬂ. 1

38
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Flux > 100 MeV [ 107 cm2s7]

38
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i | 1 i 2 1314151617181 9 1101 11 1

Spectrum varies with time.

Allows study of the
“dynamic processes”

of particle acceleration.
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Flux > 100 MeV [ 107 cmr2 s ]
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Flux > 100 MeV [ 107 cm2s7]

38

Spectrum varies with time. 107} .. N
Allows study of the > "V-: V"
“dynamic processes” \ \\
of particle acceleration. \ \
\
\
-10 \
10 \ \
\
\ \
\
4 \ \
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Flux > 100 MeV [ 107 cmr2 s ]

38
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i | 1 i 2 1314151617181 9 1101

Spectrum varies with time.

Allows study of the
“dynamic processes”

of particle acceleration.
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Flux > 100 MeV [ 107 cmr2 s ]

38

E (GeV)
o107
Spectrum varies with time.
Allows study of the ¥,
“dynamic processes” \
of particle acceleration. \
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Flux > 100 MeV [ 107 cmr2 s ]

38
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Flux > 100 MeV [ 107 cmr2 s ]
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Cherenkov Telescopes

Mmost sensitive instruments
for gamma ray astronomy.

<100 GeV ... >300 TeV
air shower
only in dark nights
(10% duty cycle)

need good knowledge
of atmosphere

Fast charged particle in air shower
produce Cherenkov light. |
(forward emission) 5‘"

“Photograph” shower with an
imaging telescope.

Reconstruct identity (Y, p, ...) and energy
of primary and direction to source.

39 Cherenkov light



Photon Detection
principle
\ 4
particle g ~10 km
shower
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detector area
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stereo observation

good determination

of direction
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e.g. HESS Observatory  (28-m Telescope added in 2012)
Namibia: 0.5 km?
5 imaging Cherenkov telescopes

TeV-Gamma rays
(E = 101104 eV)

‘;

5 U/I;“ , b -
Ly,

-

e "’{-’




VERITAS
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e

Current IACTs

HESS
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Source Types
6 PWN
'm 6 XRB PSR Gamma BIN

6 HBL IBL FRI FSRQ LBL
AGN (unknown type)

background image: now: >170 sources (> 100 GeV) U
Fermi sky map (MeV-GeV) gal./ extragal./ unid. :Starbwst |
b DARK UNID Other
gamma ray emission is present ® 2 cgion Globuiar Custer
Cat. Var. Massive Star
wherever there are shocks and relativistic flows (lass unclean WR 4



TeV astronomy high“ghts from HESS, MAGIC and VERITAS

Descartes & Rossi Prize for HESS

Supernova remnants: Nature 432 (2004) 75

Microquasars: Science 309 (2005) 746 Science 312 (2006) 1771

Pulsars: Science 322 (2008) 1221 Science 334 (2011) 69

Galactic Centre: Nature 439 (2006) 695 Nature 531 (2016) 476

Galactic Survey: Science 307 (2005) 1839

LMC: Science 347 (2015) 406

Black Holes: Science 346 (2014) 1080

Starbursts: Nature 462 (2009) 770 Science 326 (2009) 1080

Active Galactic Nuclei: Science 314 (2006) 1424 Science 325 (2009) 444

EBL: Nature 440 (2006) 1018 Science 320 (2008) 752

Dark Matter: PRL 96 (2006) 221102 PRL 106 (2011) 161301

PRL 114 (2015) 081301 PRL 110 (2013) 41301

Lorentz Invariance: PRL 101 (2008) 170402

Cosmic Ray Electrons: PRL 101 (2008) 261104
e —— - = = e ——

+ many papers in other journals
... a booming field.
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Gamma Ray Sources

RX J1713.7-3946 a supernova remnant shell



Supernova Remnant RX J1713.7-3946

100

10

1

2 2
e, dFy/de,y, eV/(cm®s)

0.1

0.01




HESS:
gal . Centre Supernova Remnant G0.9+0.1

HESS J1745-290 (The Galactic Centre)

CRs with
mol. clouds

Emission along the Galactic Plane

Mystery Source HESS J1745-303




A PeV-atron in the
Galactic centre

Nature 531, 476-479 (2016

H.E.S.S. 2016:
diffuse emission in
Galactic Centre Ridge region

Presence of protons of = 101° eV

Dataset: 2004 - 2015
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Cosmic ray density profile using matter
densities from molecular line surveys.
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] ) L} L 1 ' h - T b L 4 | ‘| L ) L} L) I 1)

— B 3
om wee -
o ‘E H.E.S.S. PKS 2155-304 -
o -
2 3F 5
f‘;’ 2.5? _-:«
S %k 3
N 15F =
E :
- -
0.5F =
0
Time - MJD53944.0 [min]

BL Lac object z=0.116
bursts on minute scales
I' = 100 are required
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Gamma Rays are ubiquitous:

many sources / source types
complex structures in space, time and energy

test extreme end of high-energy phenomena

complement observations at longer wavelengths
with other particles

The Imaging Atmospheric Cherenkov technique
is not yet at its limit:

Big improvements are possible with existing technology.
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Science Scope:

Origin of the galactic cosmic rays
Also UHECR signatures
Role of ultra-relativistic particles in
in clusters of galaxies, AGN, Starbursts...
The physics of (relativistic) jets and shocks

Dark Matter annihilation / decay
Lorentz Invariance violation

Hycrogen and
Helun gas

cosmic FIR-UV radiation,
cosmic magnetism 2

o

SMicro qua

i X-ray biw.

Dark matter-—

Pulsars § PWN




cta

cherenkov telescope array

The future with

An advanced facility for ground-based gamma-ray astronomy.
CTA is the global, next-generation project
with largely enhanced performance and energy range

two observatories (South and North),

probing the extreme universe with huge potential for
high-energy astronomy and fundamental physics.

www.cta-observatory.org 55



Boosting sensitivity & resolution:
Arrays of Cherenkov telescopes

Shower
Light pool

o

—32300 WM\ —

Single telescope
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Boosting sensitivity & resolution:
Arrays of Cherenkov telescopes

Shower
Light pool
° o o o
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spot
o o o
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Single telescope o o
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Core armg:
mCrab sensitivity
Ln 0.1-10 TeV range

S7

Not to scale !



Low-energy section
energy threshola

of some 10 Gev

(a) bigger dishes or
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{g\h‘ r A 5 10X more sensitive than current instruments

+ much wider energy coverage and field of view
substantially better angular and energy resolution

telescopes: ~100 (3 sizes) o
Design: 2008-12,

@ Prototypes: 2013-16,
';}' / 1 Construction: 201 6-21
/
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The Gamma-Ray Horizon Y, e+ Yy — ¢te

Z=5 =
z=1 =
3C 279
1 Gpc -
= )
Mrk 421
S 100 Mpc -
a b
Q
Q
C
L.
C 10 Mpc -
(qv)
Q
> Cen A
1 Mpc —
M 31
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10 GeV 100 GeV 1 TeV 10 TeV 100 TeV 62 PeV 10 PeV 100 PeV 1 EeV 10 EeV 100 EeV



One observatory with two sites

<

a b La Palma

_300

Y

mid Latitude, large, flat avea,
~2 ke altituwde,
good seetng, easy access, ...



(near MAGIC site)
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- Paranal, Chile (ESO site, Atacama desert)

i ) Vulcano Llullaillaco
6739 m, 190 km east

- S Bropesed Site for the
= @herenkov Telescope Array

o

=% W —

—

Cerro Paranal

Very Large Telescope

-,




Baseline Arrays

South: 4 LSTs 25 MSTs 70 SSTs

E‘ *l UL I T L LI I NN I T | ™ L
> [ S.3HB89-NG . - ]
1000 . . -
- a o . . . . o -
500_ o . B . 2 |
. .. H n . | .- .
: 3 o [ ] . .( ‘). n P . :
0 ¢ o o WM EOECE m s+ s e
i . a n .(“)- . [ ] ° . |
o - -. "= - .
—500 . * * [} - a . G
100- SOUTH :
| ALSTed PMSTE: 25855Te 70 i |
111 I | I | N ! | L1

-1000 -500 0 500 1000
X [m]

full energy range

North:4 LSTs 15 MSTs

S 0 3ALAM15-5-N ]

400
200 e . .

0 ) . .~ il
200 el T 1
“®~ NORTH E

-600 FAN AT BN 0 "
i | B | A - - il
-600 -400 -200 O 200 400 600
x [m]

to scale

mainly low energies

66



Sensitivity to point sources
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3 telescope sizes for a wide energy coverage

Sensitivity (in units of Crab flux)
for detection in each 0.2-decade energy band
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Angular Resolution:

<0.l° for = 5 images

or for E> 100 GeV (= 4 images)
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Angular Resolution:

<0.

lo  for

or for E> 100 GeV (= 4 images)

> 5 images
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.. allows study of morphologies

CenA

SN 1006

M 82

Hydra A
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CTA observation modes . |
e Odeep field | very deep field
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CTA m Mi (Steady sources)
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Variability and Short-Timescale Phenomena
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Current Galactic
VHE sources (with
distance estimates)

HESS

CTA will be the
ultimate instrument ...

... for surveys
~400x faster than H.E.S.S.

... for transients
at 25 GeV,
visibility for 1% Crab sources 104x better than Fermi



CTA prognosis: >1000 new sources

galactic disc

Gc 40 X

58 sources

0 280 260

CTA prognosis:

~600 sources

’.‘ ‘_.f-‘a.-.‘,'..- " -.'..- -'n-.,(. ).'..o ‘n”QQO..‘- .. C.l...’ —;...I.

galactic + extragalactic: = 1000 sources

75



Multi-Messenger Physics:

Radio LOFAR,ALMA, SKA ...
optical VLT, GMT, eELT, LSST,...
X-rays SWIFT, XMM, SVOM, ...
Gamma rays (keV-GeV) Fermi, DAMPE, ...

(TeV) HAWC, LHAASO, CTA
neutrinos lceCube/Gen2, KM3NeT
gravitational waves Adv Ligo, KAGRA, Ligo-India

many complementary / contemporary experiments
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Source Number

Gamma-Ray Astronomy
goes “mainstream”
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CTA Consortium

3

32 countries

88 parties

202 institutes

1308 members (438 FTE)

Argentina, Armenia,Australia, Austria, Brazil, Bulgaria, Canada, Chile, Czech Republic, Croatia, Finland, France, Germany, Greece, India, Italy, Ireland, Japan,
Mexico, Namibia, Netherlands, Norway, Poland, Slovenia, Spain, South Africa, Sweden, Switzerland, Thailand, UK, Ukraine, USA 78



Main Science Themes:

Cosmic Particle Acceleration

— Particle acceleration

— Particle propagation

— Impact of rel. particles on their environment

Probing Extreme Environments

— Processes close to neutron stars and black holes
— Processes in relativistic jets, winds and explosions
— Cosmic voids

Physics frontiers

— Nature & distribution of Dark Matter
— Lorentz-Invariance at high energies

— Axion-like particles

— Exotics
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CTA is a new, powerful observatory
for ground-based gamma-ray astronomy

— has a huge science potential (for a moderate price)
— offers an attractive mix of discovery potential and
a wealth of “guaranteed” good astrophysics,

— complements data from other wavelengths / messengers

— is almost production ready,
— first funding is in hand / construction start very soon ...

CTA will considerably advance our

knowledge on high-energy astrophysics
and cosmic accelerators.

https://www.cta-observatory.org
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Gamma Ray Astronomy

— 1948: first ideas 41 years!

—1989: first source (thawks to very dedicated physicists)
— 2000: ~10 sources ~10 collaborators

—2010: ~100 sources ~100 collaborators

—2030: ~1000 sources ~1 000 collaborators

— Cherenkov Telescopes are the best means of
studying Y-rays at energies 50 GeV ... 300 TeV

— Astrophysics in the GeV ... >300 TeV range
will see major scientific progress with

Fermi and CTA
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sSummary:

- Astroparticle Physics is an exciting field.

- Highest energy particles are rare & difficult to detect
... but new experiments (with increased sensitivity) are getting better
in detecting these particle and identifying their sources.
- The most-energetic CRs, gamma rays & neutrinos
come likely from the same, most violent environments
in the universe. (Multi-messenger approach)

- in Astronomy:
TeV gamma rays, Neutrinos, UHECRs

- Bright future with many challenges for
bright young scientists
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Astroparticle Physics poses many puzzles

Experimental findings and theoretical ideas
do not (yet) form a coherent and clear image.
The situation may seem messy.

s\C\StS)
Steven el b\eri’o s Gor yo\m P )}
S
Fou go\d o ( 003) 389 o esses

Experiments & analyses are challenging and require
bright young students (i.e. you ?)
to answer some of the most exciting questions in physics.



