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Astroparticles: particles from astrophysical sources

Energles ReV ... MeV ... GeV ... TeV ...PeV ... BeV ... ZeV
10% ...10% ...109 ...10%*2...10%*> ...10*% ... 10** eV

Cosmic Rays: p, He, ... Fe, ...  fully ionised nuclei,
= P ssusnnunns
electrons o >102%¢V
Photons: classical astronomy + high-energy gamma rays
> Liptey
Neutrinos: astrophgs'wal, v (solar, SN, AGN, ...)
i
~107¢eV, ).Pev

highest energies particles -
accelevation L naost extrenmee environments



Cosmic Rays, qamma Rays and Neutrinos are Linked

/ t V
onl n M
X b \ very dL{-ﬁcuLt
el.mag. fields I to detect,
but are deflected YY atwmospherie Vs

b
easy to detect, ackground

_ ) but high CR background,
€ Y can't travel far at high €

high-energy Crs produce also high-energy Vs and neutrinos Vs

Vs and Vs travel in straight Lines, L.e. point back at sowrce.



if Cosmic RAYS exist,
then also Y and V must exist
at stmilar energies.

But:

can Y and 'V be detected above backgrounds ¢¢7¢

YV : 103-10% x wmore

V : low interaction cross section
atmospheric neutrinos from atmosphere



Y Rays

plek them out of the CR background

Y :  10%-10% x wore chavoed cosmie rays

poiw’c baclk at sources

< 100 GeV: direct observations on satellites

> 100 GeV: indirect observations via air showers

Y via shower shape, muon content
or via excess of events from certain sky posttions
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Ferml - LAT

Large angle
telescope

- h "
» - . .

pair—oovwersiow telescope with:

precision trackers
18 layers tungsten converters

and x, Y stlicon strip detectors.

calorimeter
96 csl(Tl) crystals L an
g layer hodoscope (depth: 2.6 X,)

4x4 modules covered bg
anti-counctoence shield

b
:' 2 Anticoincidence
I =1 Detector (background rejection)
— # T~ Conversion Foll
........................ A\ | B ,
s [T Particle Tracking ~1 m= 2.5 sr
Detectors , ,
near-perfect rejection of
charged primaries

Calorimeter
(energy measurement)




NASA’s Fermi telescope reveals best-ever view of the gamma-ray sky
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polnt sources, extended sources and diffuse emission

... hundreds of papers on all sorts of objects and thelr emission.




... many old and new gamwma ray pulsars
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Fermi data reveal giant gamma-ray bubbles

The FermL Bubble

... @ remnant of
recemt ac’ci\/i’cg
of our galaxy ?

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.

X-ray emissions

Milky Way




2.5GeV - 50GeV

Ferml Bubble

Fermul Loop




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

crab was alwa Ys seen as the “standard candle”
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Flux > 100 MeV [ 107 cm? 5]
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Flux > 100 MeV [ 107 cm? )
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Flux > 100 MeV [ 107 cm? 5]
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Flux > 100 MeV [ 107 cm? )
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Flux > 100 MeV [ 107 cm? 5]
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Flux > 100 MeV [ 107 cm? 5]
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Flux > 100 MeV [ 107 cm2 5]
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Flux > 100 MeV [ 107 cm2 5]
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Flux > 100 MeV [ 107 cm? 5]
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Flux > 100 MeV [ 107 cm? )
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Flux > 100 MeV [ 107 cm?2s™]
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Lorewntz Lnvartance violation
@ high energies ?

space-time becomes granular—
ow smallest scales

(qua w’cum—qm\/i’cg eﬁccts)

high energy photons
resolve structures and
travel on curLg paths,

L.e. they are slower than ¢




Fermul:

LIV test:

GRE

Ferml LAT+GBM:

RG energy scale > 1.2 Erianck

(Linear dep. of the speed of light on energy)

... plus many wmore
exciting results.
100s of papers...

P . |

GBM Nals

£ 150F (8-260 keV) :
100 ;

4r(>1oouow; a0 &
R - |
I ! '
g. ;__I " . i
f e 1 "4
3 HITTTTE R
s 0 05 1 15 2

Time since GBM trigger (263607781.97) (sec)



Bcgowd 100 GEV...

Steeply falling spectrum:
10X inenergy /100-500 in flux !

Newts = 'ﬂ«lxt)( x Area x tlmee l

A A

=> 100 low, given ~1 m? ~3 Yrs

for <10% by nature for space exp. for a PUD
stat. error
ERERe—— | "—'—--J

Stize of detector Limits the fluxes that can be observed

Therefore, HUGE detection volumes (L.e. target materials)
need to be tnstrumenteo
Natural detector: the atmosphere is first target for particles from space



\prﬁmarg particle: €, type, 6,

Indirect Measurements:
Extensive Alr Showers (EAS)

Tre e =
e

The Task: Ve
measure "the show e r ;

to Ldentify the SRD SR
primarg particles.



+ Particle MuL’chLLcatiow:

nstead of 1 particle (the primarg) one has to detect
a shower with ma nwy part'wLes scattered over a wide area.

much easter to detect !

- lndirect Measurements:

Deduce properties of primary particles from
the shape and particle content of the shower of secondartes.

‘fOY all:

particles (e, ¥ , M, ...) at ground Level

Cherenkov light from charged secondaries (forward)
Fluorescence Light from tonised air (isotropic)
Radio emission from charges in. Earth magwnetic field (forward)

This Ls tr'wleg:

Lt requires knowledge on how a shower develops

de‘pewdiwg own Lts

dewsitg, Lateral-, energy-, timee distributions

primary, energy, angle,
el.mag. / hadronic tnteractions, ....



10*2 eV Y ray vs hadrowie showers

Y ray proton

different shape
more Lrregular
muow content

all pa vticles



Different detectors for different purposes ...

EAS Observables: Suitable Detectors:
Number, distribution, —  -oeeeeeee arrays of scintillators,
fluctuation of electrons water Cherenkov detectors
arrival times or gas chambers

Nuwmber, distribution, angle, — --------- burted detectors,

energy, fluctuation of w tracking chambers
Number, distribution and — -ooeeeeees deep hadronie calorimeters

energy of hadrons

Number and distribution, — ocoeeeeee wide angle and

angular distribution Lmaging Cherenkov detectors
of Cherenkov photons

angular distribution, e fluorescence telescopes

of fluorescence photons

Depth of shower maximum — -eeeeeeees Cherenkov or fluorescence detectors



ldentifying secondaries is wot so easy ....

e/"y detector

absorber

U detector

detector response is crucial



ldentifying secondaries is wot so easy ....

e/"y detector

absorber

U detector

detector response is crucial



Gamwma ray sowrces can be detected

—f You cawn Ldentify a single photon event

from the sea of background events
(shower shape, muon content)

—uf they emit so many photons that the
number of particles from this direction

stands out of the background.
(excess of events from a position tn sky)
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Tibet AS Gamma 4200 m.a.s.L.




MI:LQQ Yo 2650 m.a.s.l.
New MexLeo

0 M X 60 v water powd
L Mm aleep.

Detect shower pa rticles via
Cherenkov Light L water

PMTs n 2 layers for
el.mag. and muons.

Look for excess:
OAVAAA SOUYCES

27 sky VA,




Gamma-
ray

Particle

or sample the Light pool

and wmeasure the Lateral distribution Eﬁﬂ?ﬁﬁ“"&“”'ﬁ’"“ e

~a00fgg e

good, calorimetric
energy measurement

10

SO 00 00 200100 ¢ 100 200 3&54&& 5n:m 1




scintillation counter

lead (Sroua) scintillator
light pulser

photorulaphier

0 cm

AIROBICC counter

}ght cone

LED filter

H

phuotornuitplaer

Hegra, Atrobice
La Palma

seintillator array
Muown detectors
Cherenlkov counter



poor Y- hadrown separation
VA muon content or particle pattern at ground

Y sowrces detected by excess counts
from certain directions

sources: Moon, Suwn shadow
Crab nebula

few strong ¥ sources



Moow. Shadow ... calibration of direction reconstruction
E=Tev
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Cherenkov Telescopes

primary produces shower of secondaries,
secondaries produce Cherenkov Light

very forward emissiown, Little absorption,
view all parts of shower
only in dark nights (10%)
with moown lLight (15%)

The weost sensitive techunioue
100 GeV ... 100 TeV

Most shower particles are absorbed,
only Cherenkov photons reach ground.




The Earl.gj bays

Many slides and historic information from talks by:
= MLYZD 5 AW (HESS centenary Meeting, Bad Saarow, 2012)

S Sa Vk’,a V (school for Cosmic Ray Astroph gdsics, Erice, 2012)



Historie Timeline - Part 1
1910: E Curie observes bluish Light tn water with Radiwm salt

1912: V Hess discovers Cosmic Ra Ys
1912: CTR Wilson invents the clowd chamber

1934-38: P CherenkoVv’s brilliant experimental work
to explain the bluish light (Cherenkov effect)

1938: P Auger discovers air showers  (CR energles up to 105 ev
a total mystery at the time)

many discoveries in particle physies using CrRs and
cloud chambers; interactions, particle production, ...

194€: & Fermi publishes acceleration theory of cosmic rays
(... and if protons are accelerated, thew there should also be secondary Y rays)

1948: P Blackett recognised that Cherenkov Light from relativistic
particles in air showers (e*, u*) should contribute to the light of night
shg (~10*7?).

.. ingredients ready for astronomy with Cherenkov tels.



CherenRov Light from. 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 their encouragement, and Dr. T. E. Cranshaw for
the use of the extensive shower array.

W. GALBRAITH
J. V. JeLLey

r-ﬁ: Phototube
3 | | EM1 rype
g s ”~ 6360
jo- %
| ' -
, : 240 - . 1
garbage can, &0 cwe search light wmtrror, % AP .
, irror, diam. Oin.,
1 PMT (fast light flashes) 520 _ _ Jocal length 46in.

qalbratth, Jelley (Harwell, UK)

01 ] 20 30 40 50 60 70
record Cherenlkov ﬂashes from aLr showers Level [Base  Pulse height (arbitrary units)
night- oscillo-
sky scope

noise




Qamnma rRa Y AStVOMMa ——____ requires separation

of photons from the
, , coswmie ray background
1958: seminal paper by P Morrison

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

& |

AN _AIR SHOWER TEL

ANE THE DETECTIAN OF 1512

I a's's | P

- s - Sty sl W -\ o
e * &
Giusepre Coceoni
CERN - Geneva.
1) Thie paper discussas thy poz2ibility of cetecting high energy photore produced by

gerticles are not considered ae the

l . - - o~ { 3 > S~ — - . .
diwcrate antyonomical odjects. Sources of cSherged
.
1

smeering produced by the pagnetize

-4

1> vl 4

iizing the interatellar gpeces probabdbly
obliteratee the originel directione of movement.

Crab Neb'/d,a Tha Crad Rebula: Visual magnitude of peiarized light m = 9,
Magretic field in the gas shell Mo10"% zaucs.
1 TeV Therefore:_U, =/0"%ey and R(.‘o"ey/x/g""- Mg,
‘he 8ignal is thus sbout 108

times lerger than the backgrourd (2)., Probadbly in the Crab
ectrone are not in eguilibriux with the ‘rapped cosmic raye, and our es-
timate is over-optimistic. Mowever, this a@surce can rProbtavly be deteocted even if ite
pfficlency in producing high energy photons iz eukotantially sxaller than postulated
Abovae.

gﬁzj.‘the Jet Neblu. o
{10 V) == 10 n o6 L

S
Vadula the el

3.5 H = 10™4 gause,
i

1 well above the background (2). For this odject cur ava-
undamentally wrong,



Military surplus of
— parabolic search-light mirrors 1-2 m in diameter
— gun mounts with drive systems

G.T. Z,atSC‘PLVb (from gZK cutoff) asked Chudakov

to measure the predicted gamma-ray sources.

Crimea: Chudakov got 12 parabolic wmirrors of 1.5 m
made measurements for almost 4 years.

Crivmea E)qaerimewt

1959-1965
only upper Limatts

Cocconl’s estimate
far too optimistic



First mention of the potential of the stereo imaging

SOVIET PHYSICS JETP

VOLUME

20, NUMBER 2 FEBRUARY, 1965

THE ANGULAR DISTRIBUTION OF INTENSITY OF CERENKOV RADIATION FROM

EXTENSIVE COSMIC-RAY AIR SHOWERS

V. . ZATSEPIN

P. N. Lebedev Physics Institute, Academy of Sciences, U.S.5.R.

Submitted o JETP editor March 2, 1964

J. Exptl. Theoret. Phys. (U.S.S.R.} 47, 650-696 (August, 1964)

The angular distribution of intensity is calculated for the Cerenkov radiation produced in the
terrestrial atmosphere by extensive air showers of cosmic rays. Calculations are made for
showers arriving from the zemth and for conditions of observation at sea level and at an al-
tizude of 3860 m above sea level. Photographic observation of the shape of the flash of light
against the celestial sphere, as obtained (a “**7 s evidently in satisfactory agreement with

the calculations,
1. INTRODUCTION

I.\' the registration of extensive air showers (EAS)
by means of Cerenkov counters, ¥ - 2 knowledge
of the angular distribution of the Cerenkov radia-
tion is important primarily {rom the methodologi -
cal point of view (choice of the angle subtended by
the Cerenkov counters 1o obtain optimal signal-to-
noise ratio, estimates of the accuracy of the angu =~
lar coordinates of high-energy primary particles,
arnd 50 on). Besides this, the angular distribution
of the light from showers is already itself the ob-
Ject of physical investigation, 31 and thereforo it
Is important to ascertain what Kind of information
about a shower can be obtained from such data.
The present calculation has been made for this
purpose, and is based on the following ideas.
Cerenkov radiation 1s mainly caused by the
clectronic component, which makes up the bulk of
the charged particles in a shower. Owing to mul-
tiple Coulomb scattering by the nucle: of atoms In
the air, clectrons of energy £ at a depth p have
a Gaussian distribution of distances r from the
axts of the shower, and a Gaussian disiribution
of angles relauve to a mean angle 4, which de-
pends on r. The dispersions of the transverse
and angular distributions depend on E. The energy
Spectrum of the clectrons is an equilibrium one and
does not depend on the degree of development of the
. shower in depth. For the case of primary photons
£ e variation of the electrons with height is taken
1o be that given by the electromagnetic cascade
theory, (4 and for the case of primary protons,
Ahat given by the calculations of Nikol'skil and
“anskil.\*] The light emitted by the electrons
8 the angle o, with the direction of their

motion. Neither the scattering of the light by den-
sity inhomogeneities in the air nor absorption of
the light is taken into account.

2. STATEMENT OF PROBLEM AND METHCD
OF CALCULATION

The purpose of the calculation s to determine
the number | of light quanta in the frequency range
from A, to A; that fall on unit area of the earth's
surface at distance R from the axis of the shower,
and in the direction from any given poim of the
celestial sphere.

r g 4
e
O S 7}
Ny s
: 2".\‘ \‘. o |
“ M \ ,\'
' A 1
'
c| G A
o
FiG. 1

Let us turn to Fig. 1. Here O is the trace of
the axis of the shower on the earth's surface, D
is the point of observation, and A’ is an arbitrary
point which is at height h over the level of obser -
vation and is characterized by the angular coordi-
nates 3 (the zenith angle ) and ¢ (the azimuthal
angle). We agree to measure the azimuthal angle
{rom the direction from the point of observation D
to the trace O of the axis of the shower on the
carth's surface. The figure OBCD lies in the plane
of the drawing, and O0’A’B in the perpendicular
plane. We shall determine for the neighborhood of

459

V.l. Zatsepin 1965

1°, . ?..F(lpo). and 107" 1544(100). Diagrams & m_d bcoe

INTENSITY OF CERENKOV RADIATION FROM E.A.S. 463
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AT 2 g L3 P
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7
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e &= = > R
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FIG. 6. Contouss of equal inteasity in light flashes from 83
showers from pnmary protoas and primacy photons of various '_;,——

eneegies, for sea level snd R » 100 = from the axis. The
curves |, 2, J correspond to intensity values 107 [, .(100),

o= -

'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
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 J
maximum of the shower, and can thus be used for |
the analysis of fluctuations in the development of
showers in the atmosphere.

> o o A2
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First gamwma-ray experiment at Whipple Observatory,
196768

Trevor Weekes

e

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 base of Mt. Hopkins are visible upside-down
in the reflector.
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A SEARCH FOR DISCRETE SOURCES OF COSMIC GAMMA
RAYS OF ENERGIES NEAR 2 X 102 eV

G. G. Fazio axp H. FF. HELMKEN

Smithsonian Astrophysical Observatory and Harvard College
Observatory, Cambridge, Massachusetts

G. H. RExe
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ABSTRACT

By use of the atmospheric Cerenkov nightsky technique, a study has been 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" e¢V. No

statistically significant effects were recorded. Upper limits of 3-30 X 107" gamma ray cm™ sec™ were
deduced for the individual sources.
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Figure la. Artist's concept of VHE Gamma Ray Observatory
showing seven 15 m aperture atmospheric Cherenkov cameras

with spacing of 75 m.

1984 proposed at NASA Workshop,
Space Lab. Science, Baton Rouge
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Filrst tmaging
“stereo” telescopes:
GT-48 Ln Crimen

1925-29

A Stepa nWLan



1970-g0ies:  plenty of “discoveries” on 3-4 o level
but tnstruments were not sensitive enough ...



19F0-R0Les:

plenty of “discoveries” on 2-4 o Level

but tnstruments were not sensitive enough ...

A.M. Hillas, university of Leeds:
good MC stmulations §
image analysts,

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

Plyasheshnikov, Bignami (1985) showed that
o s a useful parameter

La Jolla, 1985: Hillas suggests to use the

“Hillas tmage parameters”

gamma showers are:
» slimwmer,

DIST ==

»~

LENGTH

WIDTH

more concentrated
ortented towards source

1929: Whipple disecovers
90 sigwnal from Crab !!!



Detection of the
Cral Nebula

50 sigwaL LW 50 h,

with 159 pixel camera
and

Hillas tmage analysis.




1990°s: sources were seen everywhere, up to 10*° eV ...

. which could not be confirmed.

Reliable source detection needs  >50 significance anol
independent confirmation.

mawy wew exptl. activities were started ...
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Hegra, La Palma

Proposal
for

Imaging Air Cherenkov Telescopes in the
HEGRA Particle Array

F.A. Aharonian, A.G.Akhperjanian
R.G. Mirzoyan, A.2

A.S. Kankanian,
panian®

Yerevan Physics Institute

* Crimean Astrophysical Observatory

M. Samorski, W. Stamm

Institut fiir Kernphysik, University of Kiel

M. Bott-BodenhauseiCE. Lorenz,). Sawallisch

Max-Planck-Institute for Physics and Astrophysics
Munich
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ELECTRON DETECTORS: 1 m2 scintillation counters for particle density and
fast-timing measurements (2 PM's cach), with 5 mm of lcad for photon
conversion.

® 37 detectors in operation since July 1988 (University of Kiel)

0159 additional detectors, 90 of them in operation since July 1989,
the rest since December 1990 (MPI Munich together with
University of Madrid)

O 49 further detectors to increase the detector density in the centre
of the array, planned for 1991 (University of Hamburg)

] 49 MUON DETECTORS: 15 m? cach, consisting of sandwiches of Geiger
tube and absorber layers, planned for 1991/92 (University of
Wuppertal together with University of Kiel)

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

@ 5 CHERENKOV TELESCOPES: 3 m in diameter with 19 mirrors and 37 PM's
cach, imaging technique, planned for 1991/92 (Yerevan Institute
of Physics together with MPI Munich and University of Kiel)

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



Hegra, La Palma

cTL (B wmdiam.) CT2 - CT6e: (4 wadiam.)

1992 first signal from 5 more telescopes until 1997,
Crab Nebula

first suceessful
steveo detection of Y-ray sourees




HEGRA detector, tncluding
& imaging air Cherenkov telescopes
LaPalma 1992 - 2002




Historte Timeline — Part 2

Ingredients ready 1948 \{)Q,V\\(e

whipple 10-m telescope built 196 /J—YO
-----------------------------------------------ﬁrstde’cectiow

Crab Nebula PWN 1989  Whipple G

Markariamn 421 HBL 1992  Whipple N

Markarian 501 HBL 1996  wWhipple 3

3CEEA BL 1998  Crimea QD

1ES 2344 +514 HBL 1992  wWhipple lyo

PK.S 2155-304 HBL 1999  Durham Mark & /

1ES 1959 +650 HBL 1999 Telescope Array

RX J)17#123.7394¢  Shell 2000 cangaroo

cas A Shell 2001 HEGRA 467

Bl Lac BL 2001 Crimen ;S\

H1426+428 HBL 2002  Whipple QD

TeV )2032+4130 UNID 2002  HEGRA é)

MEF# FR1 2003 HEGQRA ’

Galactic Centre UNID 2004  cangaroo
ceccccccsssssssssssssssssssssssssssssssssssssssHESS started

... L& NWEW Sources 2005

observations
... - NEW SOUYCES 006


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

distinguish protons and photons from the shape of their tmages.
... very successful technicgue

also possible to tdentify e and Fe



MAGIC Cawméra

Entries 1
Mean 20.78

RMS 44.53
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P
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Gamma-
ray

Particle
shower

~10 km
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Detection of

TeV )4 mgs
wtth Cherenkov
teLesoopes

huge detection aren
~ 10° m*>



stereo observations



lmaging Cherenkov Telescopes

Tev gamma ray astronomy (100 Gev - 50 Tev)
requires good knowledge of atmospherie conditions

maging Atmospheric Cherenlkov Telescopes:
e.9. HESS, MAGIC, VERITAS,




HESS, NamtlbLa
detects Crab
L 20 seconds

1% Crab tn 25 h

TR
-, i%
ool R TS NS
e s
Sk

A oo

4 x 12m telescopes ,ﬁ:;
X 5° FOV, 0.16° '
960 pixets
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Frow. particles to radiation.

sy nchrotron
e
\IS,,—— /
)
B
Energy flux/Decade
E* F(e)
Radio nfrared

LIWVeErse Compton

°~__

S

PS)
CMB, IR, VIS

CosSMLe
electron
accelerators

S Y nehrotron
radiation

Visible Light X-rays

lnverse Co mp’cow
vq:scatteriwg

VHE gamwma rays



Frow particles to radiation

sywehrotron LVerse Compton 7° prod wetlon 5
JU
S \ / © \ / P

)
| &
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¢S g

B CMB, IR, VIS

Energy flux/Decade
e2 F(e)
Cosmle
electron
accelerators

S Y nehrotron
radiation

RaolLo nfrared Vistble light X-rays VHE gamma rays



Teveat +90

+180

Source Types

& PWN
baclzgrou.wd: -90 @ XRB PSR Gamma BIN
FermaL skag map

6 HBL IBL FRI FSRQ LBL
AGN (unknown type)

6 Shell SNR/Molec. Cloud

b Starburst

R012: >140 sSources @ DARK UNID Other
oal. / extragal. / wnid. ® egion Globular Glser

Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR



Tev Astronomy Highlights

SUPErnova remmnants:
MLerogquasars:
Pulsars:

Galactic Centre:
Galactic Survey:

Starbursts:

Active Galactie Nucelet:

esl:

Dark Matter:

Lorentz lnvartance:

Cosmic Ra Yy Electrons:

from HESS, MAGIC and VERITAS
Descartes § Rossi Prize for HESS

Nature 432 (2004) #5

Sclence 309 (005) F46, Sclence 312 (2006) 1LFF1 1
Sclence 322 (2008) 1221, Sclence 334 (2011) &9,
Nature 439 (2006) 695 |
Sclence 30F (2005) 1839

Nature 462 (2009) #7#0, Science 326 (2009) 10L0
Science 314 (2006) 1424, Sclence 325 (2009) 444

Nature 440 (2006) 1018
Sclence 320 (2008) #52

PRL 96 (2006) 221102, PRL 106, 161301 (2011)
PRL 101 (2008) 170402
PRL (2009)

R —

... @ boowiing fiela.
anad the technique s wot Yyet maxed out.



~30 pulsar wind nebulae (PWN)

young (~10 ky) pulsars with large spin-down power
magwetised relativistic winds

worphology
SED: GeV - TeV connection

SNR - PWN connectlon
electron cooling
PopuLatiow stuwoles

Tev PWNe  Gev PWNe

Spin Down Power/Distance? [erg/s/Kpc?]




£.9. HESS 1825 137
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Gamma RAY Solkees

RX J1F13. 73946 A SUpernova revenant shett



Supernova Remnant RX J1713.7-3946

mevV AY RevV Mev qev TevV
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HESS:
@ A L, Cé V\,‘tYe Supernova Remnant G0.9+0.1

HESS J1745-290 (The Galactic Centre)

CRs with
VM,OL OLD (/Ld < Emission along the Galactic Plane

Mystery Source HESS J1745-303
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eh == vl
o ok PKS 2155-304 -
- 3
- 3 .l
F— - =}
S 25 :
8 = -
o 2F =
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A 1.5:‘ __‘
E =
0.5 =
ob——L | =500 -
40 60 80

BL Lac oloject z =0.116
bursts on 200 < scales

I' = 100 avre required

Time - MJD53944.0 [min]

voluwmee of emission can only be
=~ Light milnutes across (sun-earth)



Extragalactic Background Light

The Gamma-rRay Hortzonw VYoo + Vi —»  ete

whole universe vistble “A et
e — Beamed sources, tlme varia b'LLL‘c@
NI [— 3C279
1 Gpc — —> e-
‘-S Mrk 421
—  Mr

nﬂ_’ 100 Mpc 4 Preciston study of

8 local €4 sources,

g resolved morphology

cC 10 Mpc —

o

Z — Cen A

1 Mpc —
Preclsion study of — M 31
galactic CR sources,
up to the kRnee
100 kpc — Cherenkov
Telescopes
< >
10 kpc =
P — GC
| I I I I | | I |

10 GeV 100 GeV 1 TeV 10 TeV 100 TeV 1 PeV 10 PeV 100 PeV 1 EeV 10 EeV 100 EeV



Mazin et al. 2012

s MKn 501, HEGRA, measured
e Expected spectrum to be observed
o

- T Reconstruced intrinsic spectrum with 'correct EBL’
«m : .+ Reconstruced intrinsic spectrum with EBLx1.3
't 10— @2 [ e=meaa. Crab (MAGIC) ..
o = =
& = o
) — =
.:. = —
0 — —
g ™ € reconstructed
107" = e e, . —
80 e T - =
= = oo = 3
w : ~ . D‘ :

. i €= predicted (CTA)
<= wmeasured (Hegra)

1

10" Observation time: 50.0 hours T, E:] [;]
-a+plog (EE) "~
AGN spectral form: dN/dE = Nox (E ) S -

“
s

| | lllllll | | IIIIIII | | IIIIIII | Bl IR [ R |

0.01 0.02 01 0203 1 2 3 4567 10 20 30 100
Energy (TeV)

analyse absorption features L the spectra of distant sowrees.
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Dwek & Krennrich 2012
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Meyer et al. 2012 (dashed) Stecker & de Jager 1993 (dashed)

1 Lot aaal 1 Lo aal 1 Lot v aaal 1 L1

e ann

2 10 11 3
A(um)

LUALVErSE LS Surprisingly transparent.



Seilentifie Objectives:

Pulsars § PWN

Origin of the galactic cosmic rays

Also UHECR stgnatures

Role of wltra-relativistic particles in <~
in clusters of galaxies, AGN, Starbursts... "_,:M'Lcro X
The physies of (relativistic) jets and shocks IERSCERIT

Dark Matter annithilation / decag
Lorentz lnvartance violation

cosmie FIR-UV radiation, :

cosmic magnetism



The Futwre with

‘ cherenkov telescope array




How to do evew better with Ch. telescopes ?

A future Cherenkov observatory weeds:

‘fOY E > Tev: 11(0/’.
bigoer collection area \ e e,
(t.e. large arra Y of telescopes, wioer FOV) ﬂésf
for E < Tev:

better background rejection

6%(
) ’ \ekel/
(t.e. Large array of telescopes, wider FOV €y £ =

for multiple shower tmages) \6}(



cta

cherenkov telescope array

. @ advaneed facility for
ground-based gamwma-ray astronomy

CTA is the global next generation project.

A precise and sensitive probe of the extreme universe,
with huge potential for extrene astronomy ana
fundamental physies with Tev photons



VCV% C.ood reviews ASTROPARTICLE PHYSICS
for CTA: ASPERA:

ASTRONET:

ESFRI:

European Strategy Forum
on Research Infrastructures E S F RI
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Infrastructure Roadmap:

A Strategic Plan for European Astronomy

EUROPEAN ROADMAP
FOR RESEARCH
g INFRASTRUCTURES

The ASTRONET Infrastructure Roadmap: A Strategic



Boosting sensitivity § resolution:
Arrays of CherenRov telescopes

Shower
Light pool

o

—300 M. —

Single telescope



Boosting sensitivity § resolution:
Arrays of CherenRov telescopes

Shower
Light pool

o) (@) (@)

—300 M. —

Single telescope



Boosting sensitivity § resolution:
Arrays of CherenRov telescopes

Shower
Light pool

o) o o
sweet

Sp ot

—300 M. —

Single telescope



Boosting sensitivity § resolution:
Arrays of Cherenkov telescopes

Shower
Light pool

o) (@) (@)

Single telescope



Boosting sensitivity § resolution:
Arrays of Cherenkov telescopes

Shower
Light pool

o) (@) (@)

Single telescope



Core armg:
WmCrab sewsiti\/itg
Ln 0.1-10 TeV range

Not to scale !



Low-energy section
energy threshola

of some 10 Gev

(a) bigoer dishes or

Not to scale !



Not to scale !

Low-energy section

energy threshola

of some 10 Gev

(a) bigoer dishes or

(b) dense packing /
high-RE sensors



Lown

energy sect

High-

10 kw2 area at

’

> 100 TeV energles

Not to scale !



Sewsiti\/ltg (v units of crab flux)
for detection Ln each 0.2-decade energy band

50 hours
5 sigma
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10X MOre Sensittive than current Linstrumee

+ much wider energy coverage and field of vie
subs’caw’ciaLLg better angular and energy resolution
International project: S50-100 telescopes
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20 &
2 Q ‘AO
Price Tag: €100 + 50 M

(2006 Ewros)

0

what s the best nstrument for this money?

Optimise performance (within budget),
(parawmeters: telescope size, type, pixel size, FoV, arra Yy layout)
design for wass production, lLong-term operation
and Low maintenance
L.e. cheap, reliable, modular ...



A real obser\/atorg with = 100 telescopes.

Low-energy section

Medium Energles:
High-energy section

~23M teLesoopes

A T &
. v

eneroles =300 TevV



CTA observation modes ' |
i | very deep freld O
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Owne obsewatorg with twe sites - operated bg OWne CONSOrELLULMA

Tenerife @

5’) Arg entina

_300 i |

'\,3‘. RS ¢
\ © 00 0 0000000000000 00000000000 0000000000000 00000 o0

Selectiow of sites by end 2012
10 km? (S) flat area 1.5-4.0 ke altituoe,
mintmume clouwd cover, eastest access, ...




Mean Free Path
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Performance
caleuwlations
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Exawmples of subarrays

(of same cost)
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main trade-off: quawntity vs quality of events



Polnt Sowuree sewsitivit5

‘ED 1 E
N B e =
'510 - Fermi LT
o - ) . o
% : — ° 4 O o ©
= - _ . °0QQoo°
: - ~ ©o0O O O Oo
" ° s0000
A 2O
LI.1O'12 - ' o - o
> E : o o o
L - -
: | | s 1 1 1
10 array “e” .
= 59 telescope config.
- (analysis § layout
- not optimised yet)
l | | £20M nominal cost
10-14 L L1 11111 1 L1 1111 ] L1 L1111 L L1 1 1111

10" 10" 10" 10"
Energy (eV)



Performance: Sewnsitivity
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Performance: angular and energy resolution

Angular Resolution Iy (degrees)

B C E
T
- 0.4
2 & F .
5 5 .F
E 3 0.35—
I
105 % 03— o
3 © r B
- Q »
c 0.25:—
0.2—
0.15—
01—
1 -
B : 0.05
102'_11lllllllllllllllllllllllllllllllllllll— 0:11111111 111111111 111111111 111111111 |
4.5 4 0.5 0 0.5 1.5 2 0.1 1 10 100
log, (E/TeV) Energy (TeV)
1-2' for € > 1 Tev <10% for € > 1 TeVv

(fundamental limit: ~ 10”)



Hydra A

Angular Resolution

SN 1006



Performance:
Energy Area Ang.Res E.Res FOV
o :
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pointed observation of a 0.5 continuum source: ~xX5
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CTA Versus Fermal — steadg sourees
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Varla bLLLtnd anod Short-Timescale Phenomena
(flares, gR®Bs, ...)
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CTA expectation:

HESS —~500 h

CTA e)qbeo’catiow: >1000 SOUYCES



Ganmma-Ray Astronomy becomes “Matnstream.”

(with lots of sources and results...)
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some existing telescopes
of different sizes







SST dual mirror desigwn:
10° FOV, small pLate scale, much cheaper camera
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CTA as aw open observatorg

Scientific community

Observer

Data products

Virtual Observatory

Proposal

CTA observatory

Evaluation + selection,
preparation

Scheduling

Data dissemination
and reduction

Validation

Execution




CTA Members: 27 Cowntries

>1000 sclentists and engineers from
>170 Lnstitutions

B Members (2F countries)

Lnterested tojo'm

Argenting, Armenia, Austria, Brazil, Bulgaria, Czech Republic, Croatia, Finland, France, Germany, Greece, ndia, ttaly,
lreland, Japan, Mexico, Namibia, Netherlands, Norwa Y, Poland, Slovenia, Spain, South Africa, Sweden, Switzerland, UK, USA



.,
MDV& Deta LLS: general info: www.cta-observatory.org

ASTROPARTICLE
Chorenliov Telsscops Arrey PHYSICS
CTA

An Advanced Facility for Ground-Based
High-Energy Gamma-Ray Astronomy

The CTA Consortium

May 2010

‘“Design Concepts for the ‘“Seeing the High-Energy Universe
Cherenkov Telescope Array”’ with the Cherenkov Telescope Array”

120 pages 368 pages

arXiv:1008.3703 in press, December 2012

Exp. Astronomy 32 (2011) 193-316


http://www.cta-observatory.org
http://www.cta-observatory.org

... an artilst’s impressiow



Photons Lw Astroparticle Physies ...

- play many roles as
probes, projectiles and targets

- range from 10 - =10%° eV

— pose many exciting questions for research tn
the near future

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

—the qev ... >300 TeV range will see
the Largest progress in the next decade

. With Fermul

and CTA



OTA: ... @ new project in Astroparticle Physies

— has a h%@@ SO,LCV\IOC ’POtEV\/tLaL (for a moderate price)
— offers an attractive mix of discovery potential and
a wealth of  “guaranteed” good ph 53105,

— s almost productiow reaol Y,
— Wno major technical problems

(main problems arve political/sociological/organisational)

— Strong Lnternational SUPPOIT (scientists § funding agencies)
— will be funded / built Very soow ...

CTA will considerably advance our knowledge on
high-energy astrophysies and cosmie accelerators.
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. Exercises in 7 Ray Astronomy
ovR:

Johannes Knapp', Astroparticle Physics, DESY Zeuthen

Some of these problems can be solved with basic university physics, others are a bit more
demanding and require some web search or educated guesses.

1.

10.

What are the frequency and wavelength of a photon of 1 TeV?
How does it (most likely) interact when impinging on matter?

. A proton (rest mass m, = 938 MeV/c*) moves with a velocity v = 0.7c.

Calculate its relativistic mass, momentum, kinetic and total energy. Show that forv < ¢
the relativistic momentum and kinetic energy approach the classical values.

In a satellite detector like Fermi photons are detected via the measurement of the ete~
pairs they produce. A pair is observed with the following direction unit vectors d; and
energies E;. What are the energy and direction of the incident photon?

dy(xy.z) = (-0.65, 0.14, -0.75) E, =203GeV and

dy(xy.z) = (0.66, -0.04, -075)  E, = 2.27 GeV.

What is the energy threshold for a high energy photon to produce an e*e¢™ pair when
colliding with an infrared photon of 1100 nm wavelength?

. What is the average amount of air (in g/cm?) traversed by a TeV photon to its first

interaction in the atmosphere? What is the distribution of first interaction points? To
what height (in km) does this roughly correspond for a vertical primary photon?

How can photons in satellite and ground-based Cherenkov experiments be separated
from the overwhelming background of charged cosmic rays?

In 2007 the gamma-ray source PKS 2155-304 was observed to double its output within
5 min. Estimate the size of the emission region.
What if the emission region is moving towards us with a Lorentz « factor of 157

. The energy spectrum of the Crab nebula (the strongest steady TeV gamma ray source)

is about J=32x10"7 (E/TeV) 25 . Can you explain the units?
Estimate roughly how many photons above 500 GeV a single Cherenkov telescope would
detect per minute from the Crab. (assume the detection efficiency =, is 100%.)

How does CTA achieve better performance than existing Cherenkov experiments?
Where and why is it superior to the Fermi LAT observatory?

How are the fluxes of gamma rays and neutrinos from an astrophysical source linked?
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| am sure the organisers will be happy
to donate a valuable prize for the
first correct and complete solution.
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