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—lektromagnetski spektar

Penetrates Earth's
Y N Y N
Atmosphere? Y
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray

Wavelength (m) 10° 0.5x10°° 1078 1010 10712

Approximate Scale
of Wavelength I

Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

Frequency (Hz)

10%°

104 108 1012

Temperature of
objects at which
this radiation is the
most intense
wavelength emitted

1K 100 K 10,000 K 10,000,000 K
=272 °C =173 °C 9,727 °C ~10,000,000 °C

I. Puljak, FESB, Split 3
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radio continuum (2.5 6Hz)
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Astrocesticna fizika

» Sto istrazuje
= Najenergetskije procese u
svemiru
= Najranije periode razvoja
svemira
= “Nevidljive” dijelove svemira

» Cime istrazuje
= Teleskopi/detektori
visokenergijskih kozmickinh i
gama zraka
= Detektori neutrina

= Detektori gravitacijskin
valova

Particle @ ASTROPARTICLE
physics PHYSICS

Astronomy

Cosmology

Koristi tehnike iz fizike Cestica, astrofizike,
kozmologije, sve do napredne astronomije
Koristi fiziku Cestica za objasnjavanje
svemira, i Cestice iz vanjskih dijelova
svemira za napredak fizike Cestica




Kozmicke zrake otkrivene 1912. godine

Otkri¢a novih Cestica u kozmickim zrakama

1932 pozitron
1937 mion

1947 pion

1956 antineutrino

Augusr 1912: Vicror Hess afver his highess balloon
flighs. Hess' discovery of cosmic nays was ack-
nowledged with the 1936 Nobel Prize in Physics. by Carl D. Anderson in 1932.

One of the firse posizron macks in a cloud chamber, recorded




Vazni datumi u astrocesticnoj fizici

> 1912: Victor Hess climbs to 5200 metres in a balloon and demonstrates the existen
of radiation coming from the sky.

» 1930: Pierre Auger discovers particle showers, which come from the collisions
between cosmic rays and particles of the atmosphere.

» 1932: Carl Anderson discovers the positron; the first antiparticle.

> 1937: For the first time, muons are observed in the tracks of a particle showerin a
bubble chamber.

P 1956: Frederick Reines & Clyde Cowan bring the neutrinos to the fore.

> 1965: Arno Penzias & Robert Wilson discover the Cosmic Microwave
Background.

» 1987: Neutrino emissions by Supernova SN 1987A confirm theories about
the origin of elements.

> 1989: The first source of high-energy gamma rays is discovered.

» 1992: The COBE satellite discovers the anisotropy of the Cosmic Microwave
Background.

P> 1998: Cosmic neutrinos reveal the oscillatory nature of these particles.




ozmicke zrake
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Kozmicke zrake — Osnovni podaci

» Konstantno bombardiraju
Zemlju

» Kroz vase tijelo u sat
vremena ih prode oko 100
000

» Kada pogodi Cip moze
promijeniti stanje memorije

» Moze ostetiti zivu stanicu

» Sastav
= 89% protoni
= 10% alfa Cestice (jezgre He)

= 19% ostale Cestice
* 0.01% gama zrake

11
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of Cosmic Rays
KOzm|éke 10" " :— 1 particle per m? - second
L 0
Zrake — 7 ‘
. . i 10'6i A
) L %  Knee
EﬂergUSkl g E (1 particle per m? — year)
A1[0 0
spektar 2 10" N
NE = :
= L N
3 10" %,
o i 1
10'2152 \
: Ankls. =
10728 (1 particle per km? — year) | )f
L f
10° 10" 10" 10" 10%"

Energy (eV)

(source: Swordy - U.Chicago)



Kozmicke zrake —

—nergijski

spektar

-
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Flux (m? sr GeV sec)”
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o o o
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101°
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10-16
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-‘4-% (1 particle/m”-sec) 1 Yakustk - ground array
gk Haverah Park - ground array
- ""+ M
* e} Akeno - ground array
= ‘ i iy AGASA - ground array
— m] Fly's Eye - air fluorescence
= * HiRes1 mono - air fluorescence
= % & HiRes2 mono - air fluorescence
= i HiRes Stereo - air fluorescence
- 2 y 7 [m} Auger - hybrid
- X
. ix Knee
Cd (/) XQ‘% (1 particle/m’-year).
— -
- —~F
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Energy (eV)
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Odakle dolaze kozmicke zrake?

Cosmic-ray energy
spectrum

From supermova
remnants —

Possibly
from another
galactic source?

From extragalactic

sources .
\.

Number of cpsmic rays (logarithmic scale) —3»

Energy (electron volts)
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Kako se propagiraju kozmiCke zrake”?
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E? dNVAE (erg cm®s™)

'o-lo

‘o-"

‘0-12

Image data from ESA Herschel and XMM-Newton

~

L

W44

1.0 Ul'"l

| O | 11['"’[

& Formi-LAT
#  AGILE (Guhani ot al. 2011)

2".decay preciction

1 11'"]

10° 10’ 10" 10" 107
Energy (eV)

E? dN/JE (ergem™®s™)

Supernova W44 & IC 443 Neutral Pion Decay Spectral Fit

Image data from Chandra X-ray

3 3
- 3

T T IIIII’I

]
i

L]

IC 443

| B J | lll"l

- M'm:‘:u 2009)
3 : 2‘8&? avan ¢ al. 201
= +'-Gecay predicton
10° 10° 10" 10" 10"
Energy (eV)
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Neka od pitanja

>
>
>
>
>

>

Koji su izvori kozmickih zraka®?

Gdje se nalazi izvori?

Kako funkcioniraju kozmiCki akceleratori

Kakav je spektar, priroda i smjer kozmickih zraka®?
Koji su fizikalni mehanizmi produkcije kozmickih
zraka?

Koja je maksimalna energija’?

17



Ubrzavanje Cestica

E «< BR

Large Hadron Collider

ATLAS

FEN -

R ~10km,B~10T = E~10TeV

CMS

Tycho SuperNova Remnant

R ~10%km, B~ 10T = E ~ 1000 TeV




Mehanizmi ubrzanja

il el el il il e

YYVYWYYY

(@) (b)

Fig. 4: (a) One-shot acceleration. (b) Diffusive shock acceleration

- o
v
following head-on
collision collision downstream — upstream downstream « upstream
(@ (b)

Fig. 5: (a) Second-order Fermi acceleration. (b) First-order Fermi acceleration.
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Power law — Odakle dolazi?

» Average energy E after one acceleration/collision
process, E=BE,, E, initial energy.

» P — probability that particle remain within the
acceleration region (within cross shocking region).

» After k collisions particle energy E=B¥E_, and the
number of particle with this energy, if there was
initially No particle, which are inside the
acceleration region: N=P*N_,

[] ] ] N ’
» Eliminateing K "N N | s ),

from equation above mEi: kmp " N,

» Number of particles with energy > E:
N(E)=const. E'*"" qE




Astronomija kozmickih zraka

ENERGIJA INSTRUMENTI
LE 100 keV do 100 Sateliti
MeV
HE 100 MeV - 100 GeV Sateliti: GLAST/Fermi
VHE | 100 GeV -100 TeV IACT
MAGIC(HEGRA),HESS, VERITAS,
CANGAROO 11l
UHE | 100 TeV — 100 PeV AUGER
EHE > 100 PeV AUGER




ke zrake?
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Pljusak Cestica

Primary cosmic ray

Primary cosmic rays

Metres

= 50000

= 40 000

= 30 000

= 20 000

—15000 _ "

electromagnetic
shower

= 10 000 _
—9000_ —
= §000

e

Mont Blanc )
(4807 m) \ — 7000

= Sea level

\

This cosmic ray imageisa modified versioh of «mloriginal picture produced by CERN ',




(Gama zrake




(Gama zrake

Particle
Shower

i Primary y-ray
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Pierre Auger(PAO) Observatory (UHE-EHE) _

= The world largest CR observatory, S
exposure area 40 000 km?2, duty Fiffs
cycle about 100 % heey s,

« 1600 water CD at a distance of 1,5 \ Iii:i?fjffififif 1111

km distributed over the area of 3000
km? — measure lateral profile EAS.

= 24 special telescopes record UV light yaarge
(300-400 nm) emitted by excited a
nitrogen atoms IN the atmosphere —
measure longitudinal profile of EAS.

« PA energy range: (10 - 1029) eV




EHE CR - P. Auger Observatory

» PAO: AGN are sources of UHE (Science 318, 938 -943 (2007)

» UHE CR > 40 EeV(4x10'° eV) are slightly deflected by
galactic and intergalatic magnetic filed.

__ o SO STSTEY Siat
. 19 ml:rodlcts that MJEY
27 sources wih E>5,7X10 eV mary spectrum will steepen abruptly, Mtho :

: v ion will at last observ
The highest energy event 3.2 x 102%eV :gﬁ';ﬁ":'c:"‘:“’“l T i T

- e Auger I
[ s power laws .
: —— power laws + smooth function
| Lol Lol L

10 10% 10°
Energy [eV]




Kako se propagiraju kozmiCke zrake”?
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Astronomija
neutrinima




Astronomija neutrinima

Neutrinos are elementary particles of very small
mass (SuperKamiokande 1998).

Intergalactic gas, dust and magnetic filed does not
affect neutrinos.

Neutrinos are ideal messenger from the region of
the Universe unreachable by electromagnetic
spectrum

Universe is full of relic neutrinos of very low
energy (400 neutrinos/m3at 1.9 K) generated 2

seconds after Bing Bang-a, passing through 50 Ly.
thick lead.

It will be wonderful to detect these neutrinos !?
Neutrino detectors need a huge volume.

Neutrino ocillation impose a lower limit on the
heaviest neutrino mass of about 0.05 eV.

Neutrino contribute at least 0.1% to cosmic matter




Fundamental question in neutrino physics

» Are neutrinos their own antiparticles (“Majorana particles”)?
» \What are the masses of the neutrinos?

» How do different neutrinos mix?

» Are the CP, T and CPT symmetries broken by neutrinos?

» Are neutrinos the key to the understanding of the matter-
antimatter asymmetry of the Universe?

» Are there additional light (“sterile”) neutrino types beyond the
three known (e, p and 1) flavors?

= “Strange/Puzzle” results of LSND experiment not confirmed by
any other experiment

* muon antineutrino has been produced but detected a significant appearance
of electron antineutrinos over 30 m distance

* This results could not be accommodated with all the other results on
oscillations

» Expect by introducing a fourth neutrino mass te around 1 eV




Neutrino masses — current knowledge

Normal hierarchy Inverted hierarchy

~ eV ——— ) =
m"A = H T mA‘
R 2 B .
my 4 + m, |am?y;| = (2.4+0.3) -10° eV
i 8”12 SOlar >
—+ m am?y = (8.3%0.3) .10 eV?
Am~ I
atmospheric A2 i = j::*i:
6= ES
2
G > atmospheric 615 < 109
N om~ solar 5
My = F
| + b -
Neutrino oscillations:
? ‘) The heaviest nutrino mas < 0.05 eV
0 Y >

V= Z Uyv,; l=eurt, i1=1,2,3,
Weak eigensate # mass eigenstate if neutrino have mass

We do not know the sign of Am_zgz so we do not
know if m, is heavier or lighter than m, and m,,
We know: m, > m..




— —
(=) o
™ )
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s

10
10°¢

10"

10-‘6 -

102
10 24

102

Cosmological v

Solarv

Detected

Supernova burst (1987A)

- Reactor anti-v
/

Background from old supernova

: No clue

3 How to Terrestrial anti-v

- detect??? .

! Atmosphericv

i v from AGN - Likely

! detection?

: GZKv
10 107 1 10° 10° 10° 10" 10's 10'8
pevV meV eV keV MeV GeV TeV PeV EeV

Neutrino energy




Neutrino astronomy

e e
e Rt Ry
A A A A A, A,

A A s A AAAA A ARAAARAARASS®

A |
AALT Y

AR

SuperKamiokande neutrino detector 600 m
underground filled with 50 000 tons of ultra pure

water equipped with 11 146 photomultiplier ,
tubes of 50 cm in diameter ANTARES - near Marseille




Neutrino observatories

|lceTop

» Under sea/water
= ANTARES
= NESTOR it
= DUMAN
= Baikl | bl &

¢ TSI SIS eeTesPP"

» Under ice
= AMANDA |
= |ceCube gt

Figure 5: The IceCube Observtory, including the deep ice array, IceTop,

AMANDA, and Deep Core. For comparing sizes the image of the Eiffel tower is
also shown.




Events in IceCube

®

v, (cascade)

Figure 4: Simulated events in the IceCube detector, visualized using the IceCube
event display, showing the 3 typical topologies discussed in Sec 3. The shading
represents the time sequence of the hits. The size of the dots corresponds to the
number of photoelectrons detected by the individual photomultipliers. From left
to right: a muon event of 100 TeV, a cascade event induced by a 100 TeV v,,
and a double bang event induced by a 16 PeV ;.




VHE gamma ray
Astronomy

209.8 phe- 0.0 ns 24 1.00
2.0 0.94
18 I 089
N 17 0.83
16 0.78
-_d 15 0.72
1.3 0.66 N
12 0.61 b
11 0.55 |
1.0 0.49
0.8 0.44
0.7 0.38
0.6 0.33
0.5 0.27
0.3 0.21
0.2 0.16
0.1 0.10

Run 212805 Event 6816




VHE gamma-ray astronomy

» American spy satellites detected accidentally 1967 high-energy gamma rays during
the search for radiation generated by the explosion of atomic bombs

» 1989 Whipple Collaboration discovered 1t source of VHE gamma-ray
= T C.Weekes et. al., ApJ 342,(379-395) 1989

» Crab nebula, standard candle E > 1TeV, flux=2 x 10" m=2 g1

2 -

c . v

- 0 4
> «<

E 2 g

£ = £

i —

400 years




VHE Gamma-ray Sky Map

VHE y-ray Sky Map
(E >100 GeV)

ey

Min. ZA for MAGIC

[ Je<ao
[ Je=30
[ Je=e0

- 6 =90 2011-11-20 - Up-to-date plot availsblz at hitp:www. mpp. mpgdai~ wagns isources

o

VH

m

oopou I HOO

y-ray sources

Blazar (HBL)
Blazar (LBL)

Flat Spectum Radio Quasar
Radio Galaxy

Staiburst galaxy
PulkarWind Nebula
Supesrnova Remnant

Binary System

Wolf-Rayet Star

Open Cluster
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Generation of VHE gamma ray

Hadronic model of y emission
A | 1
Enin = = (ymgx £ Bymz) = 5 Ex(1+£p)

= Hadronic model of emission min = o
= Leptonic model of emission p* (>»>TeV)
NN vy (TeV)
matter ]
» Disentangle hadronic from o 4y
leptonic gamma ray origin Tt S

T — U +7V
=> shape of spectrum g

Leptonic model y emission

4

E2 dF/dE

e (TeV) ® Syncgr?e'c\(;?kza\;:l)iation
S IC W
! ® 3
B \WWWWWWW\~
TeV
J-l:odecay Y (CV) InveX's( C?)m)p‘ron

energy E :




Active galactic nucleal — broad band spectra

Cerenkov

R NN
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i

Optical 'UV  X-ray

Infrared
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Markarian 421 - broad-band spectrum
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MILAGRO

0
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T FIBET -
ARGO-YBJ

VERITAS

CANGAROO
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Pliusak Cestica

Gamma ray

Electron Positron

JAIAEN,
HEALLLA RERAAAN

.
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Heitler model of em shower

In the nth generation, 2" particles (e* and y) o
energy Ey/ 2"

Shower maximum reached when E_ Is
reached, hence E;/ 2" =E_

Number of generations until shower
maximum: nmax = In (Ey/ E,) / In(2)

Atmospheric depth of shower maximum:
Xnax = Nmax - R =X, In (Ey/ EY)

(depends logarithmically on E,)

maxXx
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Pljusak Cestica

primary v
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‘Cerenkovljevo svjetlo

» C light is produced by particles faster than light in air

» Limiting angle cos 6, ~ 1/n
= 0.~ 1°at sea level, 1.3° at 8 km asl
» Threshold @ sea level : 21 MeV for e, 44 GeV for u

Maximum of a 1 TeV y shower ~ 8 Km as|
200 photons/m? in the visible
Duration - 2 nS CHERENKOV EFFECT ¢

B =v/c n(water) = 1.33 (LI LA)

Angular spread ~ 0.5° e ceesnnnann:ee
:oooooooo. » e

p=1 0 = 42 degrees




JACT tehnika detekcije

IACT = Imaging Atmospheric Cherenkov Telescope

Atmosphere

~10 km

L 3

Particle
Shower

Courtesy J.Hinton




Density of Cherenkov photons

=2

—
(=)

Cherenkov Light Density (photons/m?)

—
Q
-

Radial Distance, R {m)
; =& primary muon
10 .
0.9 F ~—  Light emitted at 10 km =8 primary gamma
08 F 5 —  Light detected at 2 km — primary prolon
07 F 2
ol I : d2N/dxd) = 1/A2 :
05 F
0.4 z- 1
03 B 10
02 F
01 E
PR T EPEPE BN BRI EPEPEPE EPEPEPE EPEPEE PR 10°
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JACT tehnika detekcije

Hadron Gamma-ray

NSB
=

NSB
S




Osjetljivost

AC

- tehnike detekcije

» O (sris’,m=2) -

NSB f

UX

» (2 —solid angle viewd by detector

» T - integration (exposure) time

» F (M~) — density of Cherenkov photons

» A- light collection area

» ¢ — light collection efficiency (reflectivity,QE....)

» Number of background photons

Ny=QAe++/ pQAe

> Numer of detected Cherenkov/signal photons N=FeA

S

N

FAg FeA

B~ N, ~¢QAer + ¢z

Eth ~

PpQt
eA




JACT tehnika detekcije

Telescope focal plane

l Primary y-ray

-
{ »,
Particle Focal ¥
Shower/& Plane
-
]
-

sir-shoiiis

== Chrenkov pulse

== NSB pulse
== clectr. noise
2 ; éns 3"?’ \:
VVV \ '[}VVV‘O‘\#VV

Signal oc A
Fluctuations ~ (ATtQ)/2

=>S/BY? o« (A/TQ)Y/?

»|IACT — counting
technique

»Signal & Background:

= Night sky background light, (NSB)

= 1 g-showerin ~ 10000 h-
showers

| U,ei

»NSB is controlled by
small integration time

» Trigger logic &
sophisticated analysis is
needed to reduce h-
shower

»Images parameterization
(Hillas parameters)




Razvoj pljuska Cestica

Principle of the

Imaging Technique

top of atmosphere primary particle
 — ,
/ P Electrons energetic and
ke —>» not much deflected by
N bremmstrahlung

(under characteristic angle: B;]

camera image

camera

Q

-8 km asl

Cherenkov Telescope

ascatteri'ng(n) —

2| =
ha

Electrons less energetic
deflected by
bremmstrahlung

Some photone deflected
for 6 equivalent pixel
away forn the original
trajectory




Hillasovi parametri

Counts

Entries 1
Mean 20.78
RMS 44.53

5000

4000

3000

2000

1000

L1

L1

T T N BB T

O 17T

90
lalpha] []




La Palma — Kanarski otoci

Data SIO, NOAA, U.S. Navy, NGA, GEBCO c)zooecoogle

Image ® 2010 GRAFCAN
Datumi slixa: 21. prosinac 2008, 28°40'02.67"S  17°50'29.37"Z podizanje Oft Visina pogleda 48.61 mi




MAGIC telescopi

» Telescope array: M1 & M2

»Largest CT, 17 m @ mirror
dish
M1: 236.0 m? reflector
M2: 241.5 m? reflector

»3.5° FoV
M1: 1039 coated PMT'’s
M2: 1039 enhanced QE
PMTs

» Fast repositioning for GRBs:
M1: 30 s for 180° Az
M2: ~30 faster

» Trigger threshold
M1: 580 - 60 GeV
(25 GeV sumtrigger)
M2: not measured yet

» Sensitivity: 0.7 % Crab / 50 h
»v-PSF: ~ 0.1°
» Energy resolution: 20 %

Major Atmospheric
Gamma Imaging

Cerenkov Telescope




Kalibracija MAGIC-a



MAGIC

* Very low trigger threshold but background
suppression <100 GeV very poor with single
telescope (even with time information):

ALPHA plot (analysis 3)

o 10000

Count

800

600

400

200

0 10 20 30 40 50 80 70 80 -
abs(ALPHA) [deg]



MAGIC

* For comparison: high energies (>250 GeV)

ALPHA plot (analysis 3)
600

Counts
(4]
o
o

400

300

200

100

1 1 1 1 I 1
0 10 20 30 40 50 60 70 80 90
abs(ALPHA) [deg]

NoviCosmo



/nanstveni cilievi MAGIC-a

Galactic

‘
3
.

Pulsars/PWN

Binary systems

107 10° 10° 10*
Fluence, 50-300 keV (ergs cm®)

GRBs

Fundamental

Effect

PR oY R



Rakova magliéa - Cr,alo nebula

Crab Nebula




Crab nebula

Supernove in 1054

Neutron star - engine

T=33 ms ,

Radius: ~12 km RS

Density: ~10' x Sun e
Gravity: ~101x Earth

B = 1012 x Earth

Tempeture: 10"? K (initial)

RADIATION
BEAM




Crab — standard candle for VHE Y

A oR,, I, ~ 108

R, = 30R, (this work)
Poynting-flux-dominated wind

I, ~10°

R ~10°m | //

Termination shock
Non-thermal nebula

Wind acceleration zone
Kinetic-energy-dominated wind

|

Ry, ~3x 10" m

-

> Dense electron (e-)—positron (e+) plasma produced in the pulsar magnetosphere by pair creation processes initiates an electron—
positron wind at the light cylinder, which has radius R, ~ 10 m. Initially, the rotational energy lost by the pulsar,
Emt =5 % 1031 ] s~ I is released mainly in the form of electromagnetic energy (Poynting flux) and the wind’s Lorentz factor therefore
cannot pe very large. At a distance R, the Poynting flux is converted to the kinetic energy of bulk motion (green zone), leading to an
increase in the bulk-motion Lorentz factor to at least20 'w ~ 10%. The termination of the wind by a standing reverse shock at Ry, =~ 3 x
10> m boosts the energy of the electrons to 10'°eV and randomizes their pitch angles. The radiative cooling of these electrons through

the synchrotron and inverse-Compton processes results in an extended non-thermal source2, the Crab nebula.




Differential energy spectrum of Crab nebula

[TeV'cem2 sT]
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Crab Nebula -Spectral Energy Distribution

» Dominated by
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. . ystematic uncertainty
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Before Fermi, 6 EGRET Pulsars

CRAB PSR B1509-58 VELA PSR B1706-44 PSR B1951432 GEMINGA PSR B1055-52
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Pulsed and bridge emission from pulsar

Depending of the angle of view
One see two pulses or one puls




Artist’s view

Source: Wikigeda

Crab pulsar
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FERMI — gamma telescope on board satelite

At the height 565 km

» Period 90 min

» Scan of whole sky in 3 hours
» Energy range:

" 20 MeV - 300 GeV (side-view) AntiCoincidence
Calorimeter Detector
Solar Panels S — Lﬁ'i%:ce::ea
Radiator

GBM Instrument \ /

(GLAST Burst Monitor)

Ku-Band Antenna




Future: Cherenkov Telescope Array (CTA)

hitp:/ v cta-observatory.org

Low-energy section Core array:

: High-en_ergy section
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Sensitivity of gamma ray telescopes
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 Future observatory: CTA
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Nekoliko zakljucnih misli

» Fizika Cestica je zapocCela kao astroCesticna fizika
» Sada se stvari dogadaju u obrnutom redoslijedu
= Ali isto tako astrocCestiCha fizika ponovo utjeCe na fiziku
Cestica
» Napredak u tehnologiji i razumijevanju fizike Cestica
nam je omogucio studiranje najekstremnijin procesa u
svemiru
= Koje nije bilo moguce mjeriti u laboratoriju
» |ACT instrumenti na zemlji su relativno jeftini i postaju
sve vise tehnoloski napredni
= Zaispitivanje ne-termalnog svemir
» | najekstremnijin procesa u svemiru




