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In a series of balloon
flights, up to an altitude
of 5000 meters a.s.l.,
Victor Hess discovered
"penetrating radiation"
coming from outside,
from space.
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The non-thermal sky: energies and rates of CR
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Origin of cosmic rays

. I :; fAMAAA uxes of Cosmic Rays
Discovered in 1912 but 3 N Fluxes of Cosmic Ray
their sources are not yet I W ——

identified! .
Which object(s) in our galaxy can
provide the right amount of CR? °
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Astronomy with Charged Cosmic Rays ?

Charged CR particles, deflected by magnetic fields, lose, their information
on the |ocation of the emission site (unless E is very large)

fi
i
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Today‘s VHE y—ray Sources in the Sky
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Cherenkov light: the beginnings

* In aseries of publications Oliver Heaviside has calculated
and predicted the main features of a special emission when
an e- movs in a transparent medium with a speed higher

than that of light.

* The work of the genius, who advanced his time by half a
century, was not appreciated by contemporary scientists
and was forgotten. In 1912 he calculated the geometry and
the angle of emission relative to the axis of movement of

the charge (1888, 1889, 1892, 1899, 1912a,b)

* Please note that during the end of 19th century scientists
believed the space was feeled-in with Ether.
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Cherenkov light: the beginnings

* It took almost 50 years until the effect was experimentally
discovered and later on got the name Cherenkov

* Also Sommerfeld studied the problem of a charge moving in
vacuum with a speed v > ¢ (1904). The relativistic principles
prohibit such a motion in vacuum but in a medium with
given n then his equations give valid solution (,,sonic
boom*).

* First observation of ghostly bluish glow of bottles in the
dark cellar, containing radium salts dissolved in distilled

water, by Marie Curie in 1910 (E. Curie, 1937). It was
thought to be a type of fluorescence.
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222 ’ ACADEMIE DES SCIENCES.

RADIOAGTIVITE, — Ktude specirale de la luminescence de I'eau et du sulfure
(le carbone soumis au rayonnement gamma. Note (') de M. L. Marrer,
prcsemee par M. Ch. Fahry.

Dans une Note publiée aux Coniptes rendus (*) nous signalions que 'eau et
cerlaines substances orguniques exposcées aux rayons Y des corps radioactifs
émettent une luminescence blanche. I’étude photographique de cette lumi-
nescence & l'aide d’éerans de verre, de quartz et de sel gemme nous avait
permis de supposer, que cette lumlme devait contenir des radiations s'éten-
dant dans I'ultraviolet.

L’étude spectrographique de ce rayonnement trés faible aurait été -

impraticable avec les appareils ordinaires. J’ai pu lamener & bien au moyen
d'un spectrographe trés lumineux (*) construit sur les indications de M. Ch.
Fabry. La chambre photographique de cet appareil est munie d'un objectif
ayant une ouverture égale & '/ 2 (objectif Taylor-Hobson), dont la distance
focale est de 108™ et dont, par suite, 'ouverture utile est de 547 L’appareil
est disposé de telle maniére que I'on puisse utiliser divers trains de prismes,
pour changer la dispersion ; je me suis servi de deux prismes en flint, de 30°,
dont I'un recoit la lumiére sous I'incidence normale, tandis que I’autre est
utilisé sous émergence normale. La lentille du COlllmrll(,LlI‘ est une simple
lentille dchromathuc d’ouverture I/ 1o, ayant par suite 5o= de distance
. focale. L'appareil ainsi disposé donne des spectres pen dispersés mais trés
Jumineux ;-on peut sans difficulté, obtenir les spectres de corps fnblemenl.
phosphorescents ou fluorescents. : :

Nous avons pris.comme source de rayonnement y deux tubes de verre con-

tenant chacun 250 de radium lément (sous forme de So'Ra) qui: ont 6té
. placés dans une gaine de 2™ de plomb Le rayonnement émergeant était

i constitué par des rayons v, sans aueun rayonnement memane Le foyer -
radioactif a été placé, soit-dans un récipient de bois muni d'une fenétre de
cellulmd et remph d’eat distillée, soit dans un récipient en. pyrex substance :

I;présente une lumihescence. ‘propre négligeable.

-~ Nous avons exposé le réeipient contenant I'eau devant la fente du spec-
graphe, dont la largeur a pu &tre rédulte Aomhya sans augmenter exagé-

* French scientists

M.L. Mallet

published 3 articles on the
bluish glow in transparent
liquids (1926-1929).

* On the left one can see a
scan of one of those papers
(1926)

* Mallet recongnised the
continuous spectrum of
emission that was
contradicting the
fluorescence theory, but
failed to offer any deep

explanation
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Cherenkov light: the beginnings

* Pavel Cherenkov: born July 28th 1904 in a poor
peasant family in village Novaya Chigla, Voronezh
province.

* 1924-1928 studying in Voronezh sate university.

* 1930: postgraduate student of Sergej Vavilov at the
Institute of Physics of Soviet Academy of Sciences in

Sankt-Petersburg (later on FIAN).

e Had to find the fluorescence nature of solvents of
uranium salts, emitting bluish light

* Big was his surprise that also pure solvents and even
water were emitting the annoying background light
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Cherenkov Effect

Medium, refractive index n
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Reorientation of electric
dipoles results in (very faint)
isotropic radiation

* Initially complaning about his boss: he had to
spend >1-1,5 hours in a dark, cold cellar, for

accomodating his eyes

* He noticed that the emission is not chaotic, but
is related to the track of moving particle.

*1934-1938 conducting a series of brilliant

expeirments.
* Obtained doctorate in 1940

Cherenkov Effect
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==> radiation from different points along the
trajectory arrive in phase within narrow
light-cone at the observer ==> bright light
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The Suspicious Emission

e In 1937 Cherenkov succeeded
to measure the anisotropy of
the emission and submitted it
to the journal ,,Nature*

* ,,Nature* declined his paper
* Fortunately ,,The Physical

Review™ accepted it

* In that paper he has mentioned
the possibility to measure fast
e_
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P.A. Cerenkov Phys. Rev. 52, 378 1937

LETTERS TO THE EDITOR

Prompt publication of brief reports of important discoveries in physics
may be secured by addressing them to this department. Closing dates for
this department are, for the first issue of the month, the eighteenth of the
preceding month, for the second issue, the third of the month. Because of
the late closing dates for the section no proof can be shown to authors.
The Board of Editors does not hold itself responsible for the opinions
expressed by the correspondents.

Communications should not in general exceed 600 words in length.

P.A. Cerenkov
The Physical Institute of the Academy of Sciences U.S.S.R., Moscow
Received June 15, 1937

Visible Radiation Produced by Electrons Moving in a Medium
with Velocities Exceeding that of Light

In a note published in 1934 [1] as well as in the subsequent publications
[2] [3] [4] the present author reported his discovery of feeble visible radiation
emitted by pure liquids under the action of fast electrons (G-particles of
radioactive elements or Compton electrons liberated in liquids in the process
of scattering of 4-rays). This radiation was a novel phenomenon, which could
not be identified with any of the kinds of luminescence then known as the
theory of luminescence failed to account for a number of unusual properties
(insensitiveness to the action of quenching agents, anomalous polarization,
marked spacial asymmetry, etc.) exhibited by the radiation in question.
In 1934 the earliest results obtained in the experiments with v-rays led S.I.
Wawilow [5] to interpret the radiation observed as a result of the retardation
of the Compton electrons liberated in liquids by ~-rays. A comprehensive
quantitative theory subsequently advanced by I.M. Frank and L.LE. Tamm
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[6] afforded an exhaustive interpretation of all the peculiarities of the new
phenomenon, including its most remarkable characteristic — the asymmetry.
According to their theory, an electron moving in a medium of refractive
index n with a velocity exceeding that of light in the same medium (3 > 1/n)
is liable to emit light which must be propagated in a direction forming an
angle # with the path of the electron, this angle being determined by the

equation:
cosf =1/08n, (1)

where (3 is the ratio of the electron velocity to that of light in vacuum.
A successful experimental verification of formula (1) was only performed
with water [4] for which, at the moment

lo lhe Mqtqé‘u 05'«'/‘"?
i §

Figure 1: Arrangement of apparatus.

of publication of the above theory, data were already available which had
been obtained by visual observations by the method of quenching [7] [8].

We recently performed additional experiments in which the intensity of
radiation was recorded photographically, the records being taken simulta-
neously for all the angles @ lying in a plane passing through the primary
electron

beam. The liquid was placed in a cylindrical glass vessel with very
thin walls, and the light emitted by the liquid was reflected by a conical
mirror in an upward direction to the object glass of a photographic camera
as indicated in Fig. 1. An approximately parallel beam of ~-rays, filtered
through a 3-mm lead plate, fell on the liquid horizontally. The ~-radiation
used was equivalent to that of 794 mg of radium. The considerable thickness
of the lead screen, the large aperture of the object glass (f : 1.4) and the
long exposure (72 hours) ensured sufficient distinctness of the photographs.
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Cherenkov radiation

Analogous to “sonic boom”

VAL
é 90°

y

cos0=1/(pn)

0o = COS1(1/n)

CTAO-LST-Summer-School, Razmik Mirzoyan: VHE Gamma-
Bertinoro, Italy, 17.06.24 Astrophysics with IACTs



Cherenkov, Tamm and Frank awarded Nobel
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Prize in 1958
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e S. I. Vavilov has
passed away in
1951 (after ~10

heart attackes).

* Nobel prize is
awarded only to
scientists who are
alive



Cherenkov radiation in the
atmosphere

In 1948, P.M.S. Blackett suggested
that secondary CR’s should produce
Cherenkov radiation which would
account for a fraction 10+ of the total
night sky light

Pulses of Cherenkov light from air
showers were first recorded by
Galbraith and Jelley in 1953
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The Experimental Beginning

1953
By using a garbage can,
a 60 cm diameter mirror

in it and a PMT in its focus
Galbraith and Jelly had

discovered the

Cherenkov light pulses

from the extensive air
showers.
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Gamma-ray Astronomy,
the beginning
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Extensive Air Showers
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A 100 GeV y-ray event on the ground
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A 200 GeV proton on the ground
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Air Showers measured
on the ground

Electrons and
positrons

Gamma rays

Particle detectors
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Alexander Chudakov and the

Cherenkov Technique for
Gamma Ray Astronomy

1921-2001

ea Experiment 1959-1965.
Chudakov, et al., (SNR, radio galaxies)
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e A multitude of sources
have been observed and
serious statistical treatment

of data has followed

* Except for some small
fluctuations no significant
flux has been observed

> 3.5-5 TeV,

Flux upper limit:

5 x 10-11 ph/cm?s

* They turned down the too
optimistic prediction of

Cocconi about 1000:1 S/N
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Ist Smithsonian venture into VHE gamma-ray used Solar
Furnace at Natick, MA ~ 1965-6.

Gamma-ray Astronomy Group led by Giovanni Fazio

mat
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The Pioneer Trevor Weekes; life-long trying hard,
until succeeding with Crab Nebula in 1983

THE ASTROPHYSICAL JOURNAL, Vol. 154, November 1968

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. RiExE
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 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# ¢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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Cherenkov Shower Imaging using Image Intensifiers

(1960-65) and Stereo Detectors (1972-76)
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Figure 5.

Top: Image Intensifier used by Hill and Porter to record the images of cosmic

S B
ray air showers 24. Bottom Images of the night-sky triggered by an ACT (left) and
triggered randomly (right)

The field of view was £12.5°.

Josh Grindlay demonstrates value of

stereo imaging with two-pixel system
(Double Beam Technique) at Mt.

Hopkins and Narrabri (1972-76)

Image Intensifier Pictures of Cherenkov light
Image from Cosmic Ray Air Shower.

On short time-scale images are brighter than
bright star (Vega).

Work by David Hill (M.1.T.) and Neil Porter
(U.C.D.) in 1960
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V. Zatsepin in 1962
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Victor Zatsepin, born in 1928

In 1960°s Victor Zatsepin well-
-understood all the main features of the
air Cherenkov technique.

I learned from him that in 1960

was long seriously considering a key question about
how one could measure multiple images of showers
(which kind of cameras can do it?).

He performed simulations of air showers in 1961-64
(were there computers available, really ?)

* ,,URAL® was the name of the russian computer
that was operated by a specially trained staff.

Razrnil Mirzoyan: YrIE Garnrna-
Astroonysics witn IACTs



SOVIET PHYSICS JETP

THE ANGULAR DISTRIBUTION OF INTENSITY OF C
EXTENSIVE COSMIC-RAY AIR SHOWERS

V. L. ZATSEPIN
P. N. Lebedev Physics Institute, Academy of Sciences
Submitted to JETP editor March 2, 1964
J. Exptl. Theoret. Phys. (U.S.S.R.) 47, 689-696 (Augus

The angular distribution of intensity is calculated for
terrestrial atmosphere by extensive air showers of co
showers arriving from the zenith and for conditions of
titude of 3860 m above sea level. Photographic observ.
against the celestial sphere, as obtained in 3 s evi
the calculations.

1. INTRODUCTION

I.\' the registration of extensive air showers (EAS) tl
by means of Cerenkov counters, (127 2 knowledge
of the angular distribution of the Cerenkov radia- H
tion is important primarily from the methodologi=-
cal point of view (choice of the angle subtended by
the Cerenkov counters to obtain optimal signal-to-
noise ratio, estimates of the accuracy of the angu-
lar coordinates of high-energy primary particles,
and so on). Besides this, the angular distribution
of the light from showers is already itself the ob-
ject of physical investigation, 37 and therefore 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 is mainly caused by the
electronic component, which makes up the bulk of
the charged particles in a shower. Owing to mul-
tiple Coulomb scattering by the nuclei of atoms in
the air, electrons of energy E at a depth p have
2 Gaussian distribution of distances r from the
axis of the shower, and a Gaussian distribution
of angles relative to a mean angle &, which de-
pends on r. The dispersions of the transverse t
and angular distributions depend on E. The energy  is
- 8pectrum of the electrons is an equilibrium one and pt
. does not depend on the degree of development of the vi
. shower in depth., For the case of primary photons n

a B om o

& the variation of the electrons with height is taken al
i to be that given by the electromagnetic cascade fr
theory, (4] ang for the case of primary protons, tc

that given by the calculations of Nikol'skil and e
omanskif, ] The light emitted by the electrons of
at the angle $cer With the direction of their p!

CTAO-LST-Summer-School,
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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 particle
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.

In conclusion I regard it as my pleasant duty to
express my gratitude to A. E. Chudakov for sug-
gesting this topic and for helpful discussions.

Razmik Mirzoyan: VHE Gamma-
Astrophysics with IACTs
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Arnold Stepanian’s pioneering imaging

“stereo telescopes: GT-48 in Crimea
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15 m aperture atmospheric Cherenkov can

la, Artist's concept of VHE Gamma Ray Observa

ing seven

proposed in 1984 (prior to the
detection of the Crab Nebula

(NASA Workshop, Space Lab. Science, Bat

with spacing of 75 m.
An array of ACI'T’s was first

Figure
showi

Rouge, 1984)

This is the configuration that we

later adopted for VERITAS.

VHE Gamma-
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Some key developments

* 70-80°s: plenty of ,,discoveries* on 3-4 G level

* M. Hillas: ,,A physicist’s aparatus gradually learns
what is expected of it (blame the apparatus for a dog-
like desire to please)*

* La Jolla, 1985: Michel Hillas suggested to use the

,»Hillas® parameters

* 1989: Whipple discovers 96 signal from Crab

CTAO-LST-Summer-School, Razmik Mirzoyan: VHE Gamma-
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First Gamma-ray Experiment at Whipple
Observatory, 1967-68

The pioneer, the #1 _
in gamma astronomy 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 sched ive 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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The Pioneer Trevor Weekes and his 10m O
Whipple telescope gave birth to y-ray
astrophysics: 96 from Crab Nebula in 1988 !

s ,,If a telescope can within
a few s evaporate a solid
piece of steel, it can also
measure gamma rays”

)
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CT]1 started to collect data in summer 1992
The 1% signal from Crab Nebula fall 1992

2 x larger reflector, 1997 CT2 —CT6: 5 more telescopes

were built until 1997.

The 1% telescope of
HEGRA, the CT1

(installed spring 1992)

CTAO-LST-Summer-School, Razm (kilBizoya s =
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The HEGRA detector, including

6 air Cherenkov 1imaging telescopes
Location: ORM (@ La Palma
Dperation 1992 - 2002

Bertinoro, Italy, 17.06.24 Astrophysics with IACTs



Milestones in VHE y astro-physics

2nd generation imaging telescopes, lead by the pioneering
10m @ Whipple telescope, made the breakthrough, in the first
time allowing to measure reliably y sources at E > 700 GeV

2nd generation telescope arrays, put in proximity and set into
coincidence (later on dubbed as ,Stereo”), led by HEGRA,
allowed increasing the sensitivity and precision of
measurements

3rd generation telescope MAGIC was 1st to lower the
operational energy range of an IACT by one order of
magnitude, down to 25 GeV (discovery of y pulses from Crab
pulsar at E > 25 GeV, SCIENCE,2008)



VERITAS, H.E.S.5. & MAGIC: still exploring
the limits of VHE y-astro-physics

P
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System of 2 MAGICs: the main parameters

Energy threshold (trigger): ~ 50 GeV

Energy threshold in “Sum-Trigger” modus: 30 - 35 GeV

Energy resolution: 15 % - 23 % for E < 10 TeV

Angular resolution: 0.07° for E 2 300 GeV; 0.05° @ 1 TeV
Sensitivity: source with 6/1000 of Crab Nebula 5c in 50h
Light-weight construction, only~ 70 T

Fast re-positioning to any coordinates in the sky: 25s/180°
Opto-electric design optimized to provide ~ 2.5ns FWHM pulses

Data digitized by using DRS4 chips operated at 1.67
GigaSample/s

Producing ~ 1 TB data per observation night per telescope



GRB observations

10*

107

Fluence, 50-300 keV (ergs cm?®)

GRB trigger from a satellite to MAGIC: 13 sec
Capability: slew to any position in < 50 sec

“RadrsiliriviireopahodH B&dimora; Italy,
Astrophl3iosaith |IACTs
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Fast Rotation of MAGIC to,,catch” GRB
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Cherenkov radiation in the
atmosphere; S|mple model

Air density: /)(h) = pPo "€ h“O hy="7.1 km
Air density exponentially reduces with increasing height

Refractive index:

_ N , .
n=1+m=14+n-e "  withn, =2.9-10"*
at sea level
So, for example, at the height of 7.1km the air density 1s

(1/e) times less, 1.e. only ~37 % of its value at sea level
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Definition of refractive index: n = ¢/v (c-speed of light; v-
speed of electromagnetic interaction in a given medium)

Definition of B: B=v/ic=1/n=n";

nN2=(1+n)?2=1-2n+n?; n<<1; 2> n?2=1-2n

Threshold for Cherenkov emission for e=:

M 2 m e,CZ 0.511 MeV (= 21 MeV at

\/1 — ,(/));Zmn N \/1 —n=2 V2 M sea level)

E min —

Cherenkov angle for =1

1 1
oSO 0y = — = ~ 1 —mn,
n 1+mn
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Cherenkov emission threshold

In atmosphere

Let us estimate Cherenkov light emission threshold
energy for e*, u* and p for few height levels in the

atmosphere
particle type | e+ V== P
E4 @ sea level, GeV 0.021 4.4 38.9
@ 2kma.s.l. 0.024 5.1 44.8
@ 10 km a.s.l. 0.043 8.9 78.6
@ 15 km a.s.l. 0.061 12.6 111.5

CTAO-LST-Summer-School,
Bertinoro, Italy, 17.06.24
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Number of emitted Cherenkov
photons

An electron traveling at speed £ in a medium of refractive
Index n emits, between wavelengths A, and X,, per unit

length:

AN (L1 (!
dr Al A9 32n?

For A; =300 nm, A, = 600 nm (this is the usual
sensitivity range of classical PMTs), 1n air, f= 1,
for exponential atmosphere p profile:

dN/dx ~ 45 - e™h0 photons/m = 45 - t/t, photons/m
t-slanth depth at given atmospheric height, t, = 1036 g/cm?
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Cherenkov emission threshold
In water and in glass

« Water: n=1.33;
0. =41.2°
fore*™ Eu,=775KeV
fory* Ey, = 160 MeV
Nohotons/mm = 36 for A in (300 — 600) nm

* Plexiglas: n =1.50;
0. =48.2°
fore* Ey, =686 KeV
fory* Ey, = 142 MeV
Nohotons/mm = 46 for A in (300 — 600) nm
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Number of emitted Cherenkov
photons in the atmosphere

« A relativistic particle at a given height (slanth depth) a.s.l.
will emit in the atmosphere, in the wavelength range of

300-600 nm, the following number of photons per 1m path
length:

Slanth depth, g/cm? 100 300 800 1036
Height a.s.l., km 16 10 2.2 0
Number of emitted C- 4.5 13 35 45
photons/m
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Index of Refraction and Cherenkov Emission
Angle versus Altitude
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Lateral distribution of light from a single u

density (photon/m?)

) 20 40 60 80 100 120 140 160
R (m)
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Lateral distribution of C-light

If e* shower extinguishes before reaching  Else, C-light density is
observation level (E< a few TeV) : Plateau maximum at shower core and

up to the hump, then fast drop drops exponentially with R
= C 10°F 5 1 ?
t = = EO =20 T(’V, 0=0
Lo zenith=0° S |
- 10 $
= £ .5 O(.;_e,v. § . — Gamma
(EE E § F —— Proton
s [206eV E
! E 10 GeV/| s |
E—_ E 10°
Pl §
10 F innndflin i allnnandlinn anll
- 0 50 100 150 200 250
C RL_ (m)
-2 [ 1 1 1 l 1 1 1 l 1 1 1 . .
S = = s00 Note above: for a given E, a
D. Sobczynska, CORSIKA simulations R (m) y-ray produces far less Ilght
than a hadron!
CTAO-LST-Summer-School, Razmik Mirzoyan: VHE Gamma-

Bertinoro, Italy, 17.06.24 Astrophysics with IACTs



d — diameter of the telescope

2rux (r + d/2) — circumference of ring
¢ =d/r+d/2 —arc length of pimage

LL

s
0

Cherenkov

i\/
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NV
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VHE y-astrophysics with IACTs is possible
thanks to exponential atmosphere

1L

n(h)=1+0.00029 exp (-h/h,)
n(h) — refraction index
h,—scale height, h, = 7.4 km

Exponential atmosphere

Chn.

ef' = O.So

iwimagein the 0cy.=0.7°
camera
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Heightin km

2

Angle in degrees

Gamma/lladron separation

25

Gamma
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Proton
1TeV
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Hadron Rejection by Image Shape
+ Orientation ~ 99.9 %
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Arrival time distribution of
Cherenkov photons

B primary muon
10 = — primary gamma
E — primary proton
1
10"
10° |
:I J I 1 Im 1 I 1 L L 1 I 1 1 L 1 h 1 I nl nl I 1 In 1
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ns
CTAO-LST-Summer-School, Razmik Mirzoyan: VHE Gamma-

Bertinoro, Italy, 17.06.24 Astrophysics with IACTs






Gamma-Ray Emission Processes
Astrophysical process

Electron acceleration

X-ray(synchrotron)

A AYAVAVAVa Ve Ve —

22®)

2.7K CMB photon

Gamma-ray(IC)

Proton acceleration

High-energy proton

o E2?* Nucleus

CTAO-LST-Summer-School,
Bertinoro, Italy, 17.06.24
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IC 310: Unexpected Discovery in the
Perseus Cluster of Galaxies

IC 310: detected > 30GeV by
Fermi/LAT (Neronov et al. 2010) &

> 260GeV by MAGIC (Aleksic et al. 2010)

£}
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NGC 1275+

i
o1

VLA Radio 1.49 GHz

3.45 3.4 3.35 3.3
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Flux and spectral variability
in X-ray

Day-scale variability in VHE,
no spectral variability

Hard spectrum in HE and
VHE = 2" hump = 1TeV
Original head-tail
classification not supported
VLBI reports parsec-scale
blazar-like structures; 6 < 38

o

» MWL campaign in Nov. 2012

to Feb 2013

Razmik Mirzoyan: VHE Gamma-
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Aleksic et al., submitted

Radiogalaxy IC 310

Nov.12, 2012
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* Light curve with 1-minute bins shows extreme variability; unusual
for a radio galaxy

* Still, spectral shape in the VHE remains constant

* No curvature in spectrum from 60 GeV — 10 TeV

e Difficult to explain with current (standard) theoretical scenarios !

CTAO-LST-Summer-School, Razmik Mirzoyan: VHE Gamma-
Bertinoro, Italy, 17.06.24 Astrophysics with IACTs



,xpfas Research Articles

Black hole lightning due to particle acceleration at
subhorizon scales

J. AIGKsIC, T 3. Ancoidi 2 L. A, Antonall 2 P. Antoranz 4 A. Babic,» P. Bangaie.» J. A. Barrio,” J. Becerra Conzalaz s » W.
Bodnarek y E Barmardinl % B. Blasuzx 2 A. Bland, 11 0. Blanch,* 5. Bonnefoy,” G. Bonnoll,» F. Borracci s T. Bretz am E
Carmona, = A. Carozi» P. Coiin g E. Colombo . J. L Contreras,” J. Corting, 1 5. Covino* P.Da Ve 4F.Dxxir A Do
Angails,2 G. De Caneva, % B. De Loto 2 E. de O Wilhaimil, 4 C. Daigado Mendez,  D. Dominis Prester s D. Dorner, 2 M.
Doro, s 5. Enecke, = D. Esenacher,'s D. B12desser,'> MLV, Fonseca,” L. Font 7T K. Frantzen, '+ C. Fruck» D. Caindo,“ R. J.
Carcia Lopaz» M. Garczarczyk, *? D. Garrido Terrats, ™ M. Caug, ™ N. Codinovic » A. Conzyez Munoz,* 8. R. Cozxinl, % D.
HAAsCh, 47 Y, Hanabaty, » M. Hayashida, ™ J. Herrera,» D. Hildebrand, ' J. Hoze 2 D. Hrupec,» W. idec,» V. Kadenius O H.
Kellormann, s K. Kodanl '+ Y. Konno, ' J. Krause, o H. Kubo, ™ J. Kushida, ™ A La Barbera,? D. Lelas » N. Lowandowska, = E.
Linafors, 0= 5. Lombardl,® F. Longo,* M. Lopaz,” R. Lopez-Coto, ! A. Lopaz-Oramas, ! E. Lorenz, T L. Lozano,” M. Makariev !
K. Malot, ¥ G. Maneva, = N. Maniachiyll = K. Mannheim, 2 L Maraschi,» B. Marcote, s M. Mariotsl, = M. Martinez.' D.
Mazine U. Monzel o J. M. Miranda 4 R. Mirzoyan » A, Moraiajo, ! P. Munar-Adrover, 't D. Nakajma, = A, Niedazwieckl » K.
Nilzzon, 202 K. Nizhiima, ' K. Noda* R. Orito, '+ A Overkemping, 3. Palano, ™ M. Palaticlio,? D. Paneque,* R. Paolett 4 ).
M. Paredes, '+ X. Paredes-Fortuny, '* M. Parsic 220 ). Poutanen, P, G. Prada Moronl = E. Pranaind, 1 L Pullok,* R.
Rointhal 0 W. Rhoda, M. RIDS, = J. Rico, ' J. Rodriguez Garcia» 5. ROgamer, = T. Saito, '+ K. Saito, ' K. Satalecka,™ V.
Scazotzo, » V. Scapin,” C. Schultz » T, Schweolzers 5. N. Shore, = A, SHlanpad = J. Skarek,! |. Snicaric.» D. Sobczynska »
F. Spanier, 2 V. Stamatescu, ‘21 A, Stamerra,» T. Steinbring, = J. Storz, 2 M. Strzys.» L Takdio 2 H. Takami, * F. Tavecchio »
P. Tomnikov, > T. Terzit s D. Tescaro,» M. Teshima r J. Thoole,  O. TIDold, 2 D. F. Torres 22 T. Toyama » A Troves, M.
Uslionbock, ' P. Vogier, ' R. Zanin, * M. Kadier, 2 R. Schulz 1222 E. Ros, =adm U, Bach,» F. Kraud 1202 J. Wimss:

"FAE, Campun UAS E-08193 Beluterrs, Spuin. ‘Usiversth d Udine, and INFN Trieste, 1-S3100 Udine, By INAF Netiore! Institute for Astroptrpscs,
D018 Romre, Bdy ‘Usiversth d Sene, and INFN Pias, 153100 Sens, By "Croutien NAGIC Consortium Ruder Boshowc mudtute, Usiverstty of
mn-amdwn MR-10000 Zagred, Crowta "MexFtenck-neitt fr Prysit, O-80805 Nanchen, Germeny "Universded Complatense
£-28040 Machid, Spwin. "t e Atrofince de Canertes, £-38200 Le Lugurm, Tenerfe. Spen *Uriversity of Lad:’ PLODNS Loz, Polend
"Dectaches Elektronen-Synctroton (DESY), D-15738 Zeuthen Germuny ETH Zurich, CH-8003 Zusch, Switzednd “Uriversititt Worsberg
DG7074 Wirztary Garmarry “Cortro de vestgeciones Enerpttcum. Med camtiestales y Y-:-dcp:- E-28040 Mecrid, Spain. “iraiiie of
Spece Scercem t-omv:m Spen. “Ustversth d Padovs end INFN, 135131 Pedove, Tudy T achinche Universtit Dortrrund, D-44221
Dotrund Gerrran “Uritet de Flaics de les Red soorm, Depsrtemert de Fiicn and CERESJEEC, Unverstst Actinome de Bercelone, E-08193

Belutarra, Spen eraint de Barcelons, ICC, 1EEC-US E-08008 Barcelons, Spein. “Jeperens MAGIC Cormortium Division of Physics nd
Astronomy Kyots Urtvensly, Jeper F¥innh NAGIC Comortium, Teods , Urdversity of Turtu nd Departrment of Physcs, Usiversity of
Ouhs, Firdend "inst for Nudd. Resewrch end Nud. Energy BC-1784 Scfe, Bugets © 4 Pina, wod INFN Pine, 58128 Pas, Bely. DICREA

and inviiute of Spece Scences, E0815S Barcelons, Spen *Universth delinsctrie end INFN Miero Bicocon, Come, 122100 Come, ity “Now «
NAZA Codawd Space Fight Certer, Creerbelt MD 20771 U'erWe'va“DwmndAmm Usiversty of Maryle <
Colege Pk, ND 20742, USA ’Mn-tmmwﬂam (EPFL), Lausarne, Switzerdend = Now ot lsstiut 0 Astro- und
Y"""ﬁa’:‘ Locpoi-t rerg erm- Universtit irmsdouch, A-S000 [rrmdruck Austrie ‘?«v"m-ﬁm‘bm‘r ES0 (FINCA), Turks,
borien: ot Astrophysics Science Divison, Bhathe Adomic Resewch Centre, Murmbee 400085, indu. “Also of INAF-Trieste. "'Now ot Sched of
Chemintry and Muysics, Universty of Adeleds, Adelede 5005 Austrele Sor Homea-2errrawte Sertery Asronoresches iIra@ist der Usiverstie
Eftergen-Nimmberg ECAF D8040 Burderg Gerrmany Pra-Menck-rating B Rediomtonomie, 53121 Bosn, Germanry ™Otmervaton
Astrondesc, Urtversitet de Veldncis, E-45080 Putarme, Veldecie, Spen *Departarrent & Astroncerte | Astrotécs, Urfventt de Viedochs, E-48100
Bujmact Velrcie, Spen

10ecoemed
CTAO-LST-Summer-School, Razmik Mirzoyan: VHE Gamma-
Bertinoro, Italy, 17.06.24 Astrophysics with IACTs

Dowribaded Bom www sclencem ag.org on Nowber 19, 2004



Exotic Physics: Test of Lorentz Invariance

Violation with VHE vy

Long Wavelength

Short Wavelenth

E, = e 1 29 %10°Gel
G

Linear deviation:

{_"1:0: £2<(), l_((l—\[‘_ ), ]?(E)_l+\[
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Fast time variation of VHE y from AGN
Mrk-501 by MAGIC, PKS 2155 by HESS

Mrk501(z=0.03) MAGIC observation, PKS2155(z=0.116) HESS observation
Mqg1> 0.26 x 10'8GeV Mag1> 0.72 x 10'8GeV
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VERITAS discovery of Tycho SNR

Historical SNR first observed in 1572
Type la; estimated distance: 3.8 kpc
0.9 % crab units
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e Berezhko, et al., 2012
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Composite figure of Crab Nebula

Crab in Gamma rays
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Crab pulsar

CTAO-LST-Summer-School,
Bertinoro, Italy, 17.06.24
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Aliu et al. (MAGIC collab.)
Science 322 (2008) 1221
First detection of emission
above 25GeV for a pulsar

Aliu et al. (VERITAS collab.)
Science 334 (2011) 69-72
First detection of emission
above 100GeV

Aleksic et al (MAGIC collab.),
AplJ, 742 (2011) 43,
First spectrum 25-100GeV

Aleksic et al (MAGIC collab.),
A&A, 540 (2012) A69
First spectrum 50-400GeV

Aleksic et al (MAGIC collab.),
A&A, accepted for publication
Discovery of Bridge Emission




Cartoon of a pulsar

Light
Cylinder
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deviations from
force-free
conditions
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surface
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Daugherty &
Harding (1996)

Cheng et al. (1986)
Romani (1996)

Dyks & Rudak (2003)
Arons & Scharlemann (1979);
Muslimov & Harding (2003, 2004)
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MAGIC bridge emission & very narrow pulses

Light Curve of the Crab Pulsar between 50 and 400 GeV

J. Aleksic, et al., arXiv:1402.4219

Fermi bridge emission
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becomes strong above
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The last word is not yet said: soon new results, new insights...

CTAO-LST-Summer-School,
Bertinoro, Italy, 17.06.24

- | N
o OO o e -1 0.8 0.6

Razmik Mirzoyan: VHE Gamma-
Astrophysics with IACTs

0

0.2

0.4

| it L
0.8

* bridge hints on toroidal bending
T L, | Of magnetic lines near LC
* This result set a quest for

e precision Crab pulsar theories

1
Phase



the Crab pulsar as a very compact
accelerator of TeV y rays

® Discovered pulsed emission from
Crab, spectrum extending = 1.2 TeV

® Challenging the emission models

e 107 —=
S T - o L
N e 1 ®  MAGIC-Fermi fit shows IC emission
A E from ~10 GeV to = 1 TeV
v W\ 1 ® Emission from the neighborhood of
10k \ e Light Cylinder (r ~1600km)
T\ R
0+ e L - ® TeV pulsationis used to put
+“"“G'C‘P2 - \.\..\\ ] quadratic limits for Lorentz
0t 1 10 10° 10° Invariance Violation (LIV):
e EQG2 > 4.4 x 1010 GeV: this is only
factor 3 below current best limit from
Fermi
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Discovery of Gravitationally Lensed Blazar S3
02184357 residing at the red shift 0.944

* In 2012 Fermi observed
high state, with many
overlapping flares

* Fermiclaimed 11.46 £ 0.16
days delay for the lensed
component

+ On July 13/14 2014 Fermi Lo tuagic
again observed a high state ;sos o e e
* Magic started observing 2 %‘;2 S
days before the predicted = o o1 F
delayed signal and kept on- ol * & * 1 I |
going till 5th of August Ol
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Gravitational lense system S3 0218
(also known as B0218+357)

| FermiToO | Fermi LAT flux (E>100 MeV) light curve -
2nd delay

1st flares

F,(10° photons cms™)

100
Radio 2cm, VLA NRAO/AUI/NSF | (MJD 561 OO days)
1 2nd fIare 2nd delay

Spiral arms of
lensing galaxy

‘\

Ontizal, Hubble ACS
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w Rare cosmic alignment creating an optical illusion
ing galaxy

{ntervening
Background

Blazar images 4.03 billion light-years y Blazar

Today: first gamma-ray 53 0218+35 (oD 330)

Redshift 0.685
measured lens delay
4.35 billion light-years
Redshift 0.944

1979: First double-lensed quasar discovered in radio
~100 multiply imaged lensed sources now known

18 delays measured in optical and radio
mn: VHE Gamma- 5 are radio doubles including B0218+357
A i i
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First association of a ~¥300 TeV neutrino
to a y-ray source

SCience 361 ul evaluatec HOW 'L\‘\(l'l'ltlnﬂ neutrino and y-ray
RESEARCH ARTICLE , July e e .
» 2018

The neutrino alert
NEUTRINO ASTROPHYSICS IceCube is a neutrino observatory with more
than 5000 optical sensors embedded in 1 km® of

= - the Antarctic ice-sheet close to the Amundsen-
Multlmessenger Observatlons Of a Scott South Pole Station. The detector consists of
86 vertical strings frozen into the ice 125 m apart,

ﬂaring blazar COinCident With each equipped with 60 digital optical modules

B N (DOMs) at depths between 1450 and 2450 m.
When a high-energy muon-neutrino interacts

- trino IceCube-170922A |
gll ener&, neu 0 Ce with an atomic nucleus in or close to the detec-

tor arrav a mnnn ie nrovinced mavine thranoch

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, $ : ‘ : :
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR, o
VERITAS, and VLA/17B-403 teams" { 7 4

54 . . 5%8F r

564 N &
714 773 77.33
§ TXS 05064056
U0 wer oo * PKS 05024049 |

T T T T T

Right Ascension [*]
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GRB190114C MWL light curves by MAGIC & 2 dozen space-
and ground-based instruments measured on 14.01.2019

mmmmmmmmmmm

MAGIC published 2-papers Acciari, et al., Nature
in Nature, 575 Nov. 2019 2019

_.4 LR A ] L B | a8 THERRY Ll | L | LL]

*  For the first time GRB measured @ TeV 8 7 GNIBC“:S"‘:)LO?;)O";\QV)
* Measurements started 57 s after onset 10~k -y,

*  Tge~ 360 s, bright, long GRB oF ° o

e Ei.™~3x10% (1keV - 10 MeV) 10
* Red shift z=0.4245 = 107k ' oaE
« Detected ~ 600 in afterglow, T L i 0 Gz (VLAATCA 10 ]
the energy range 200 GeV — 2 TeV < 10 F :

.. . u E 1 (MeerKAT,GMRT x10%

* TeV flux similar to that in X-rays 2ok : i vV ]

* Intensity > 130 Crab in the first minute é i ol T i

* Purest ever gamma-ray sample 10 °F i " h b |
F ! g XMM%mpn (210 keV) ]

-11 | B il ]

o | "y

=1 s : B\ L - - l- v ]

Natufd575 455-458 (2019) & Nature 575, 459-468" g

(201%),\—1; R .
10° 10 10° 10° 10" 10° 10

T-To [s]
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Evolution of GRB 190114C could be followed
with ultra-short time resolution

MAGIC collaboration, et al., Nature 2019
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Nature, 575
November 2019

The incredible intensity @ TeV allowed us to
follow the spectral evolution in extremely short
time intervals

e 42s (1st bin)
* 70s (2nd bin)
* 180s (3rd bin)

The SSC process with two-bump structure could
successfully explain the TeV emission

GRBs even more powerful than assumed before
the discovery of the TeV emission
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HAWC

HAWC is located at an altitude of 4100 meters on the slope
of the Volcanoes Sierra Negra and Pico de Orizaba at the
border between the states of Puebla and Veracruz in Mexico.

Currently all 300 Cherenkov detectors are deployed

and taking data. Each Cherenkov detector consists of
180,000 liters of extra pure water stored inside an enormous
tank (5 meters high and 7.3 meters in diameter) with four
highly sensitive light sensors fixed to the bottom of the tank
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Hybrid Detection of EASs by
LHAASO

CATCHING RAYS

China’s new observatory will
intercept ultra-high-energy y-ray

particles and cosmic rays.

Total-cost: 180.-MS

12 wide-field-of-view
air Cherenkov

teleslcopes 80,000-m? surface-

: 5,195 scintillator water Cherenkov 1,171 underground
/ detectors detector water Cherenkov tanks

CTAO-LST-Summer-School, Razmik Mirzoyan: VHE Gamma-
Bertinoro, Italy, 17.06.24 Astrophysics with IACTs



LHAASO in China

Last couple of years LHAASO discovered several tens of PeVatrons
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Next generation VHE y ray Observatory CTA

MAGIC

>1500 scientists
>130 institutions CTA

HESS Phase Il

n: VHE Gamma-
s with IACTs




LST1 taking data

CTAO-LST-Summer-School, Razmik Mirzoyan: VHE Gamma-
Bertinoro, Italy, 17.06.24 Astrophysics with IACTs




Reflector frame of LST-4 installed recently
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Photo of the LST-construction site in La
Palma taken several weeks ago
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Slide shown at the recent LST/CTAO Collab.
Meeting in Prague; construction of 4 LSTS
will be ready in coming 2 years

LST2-4 Schedule & Status CTZ\

<&@

May 2024 MAX-PLANCK-INSTITUT

Martin Will
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