GAMMA RAYS, NEUTRINOS AND

ANTIPROTONS FROMINTERACTIONS
OF CosMIC RAYS

by
Jagdish Chandra Joshi

A Thesis submitted to the

Q

QNG

Jawaharlal Nehru University, New Delhi

for the degree of

Doctor of Philosophy

Raman Research Institute
Bangalore 560080

INDIA

2015



Certificate

This is to certify that the thesis entitled ‘Gamma Rays, Neos and An-
tiprotons from Interactions of Cosmic Rays’ submitted bgdlah Chandra
Joshi for the award of the degree of Doctor of Philosophy wikarlal Nehru
University is his original work. This has not been publisteegubmitted to
any other University for any other Degree or Diploma.

Prof. Ravi Subrahmanyan Dr. Nayantara Gupta
Director Thesis Supervisor

Raman Research Institute,
Bangalore 560 080
INDIA






Declaration of Authorship

I, Jagdish Chandra Joshi, declare that the work reporte@iisnthesis ti-
tled ‘Gamma Rays, Neutrinos and Antiprotons from Inteawtiof Cosmic
Rays’, is entirely original. This thesis is composed indefently by me at
the Raman Research Institute under the supervision of DraiNara Gupta.
| further declare that the subject matter presented in kasis has not pre-
viously formed the basis for the award of any degree, diplamembership,
associateship, fellowship or any other similar title of amyversity or insti-

tution.
Further, | also declare that, this thesis has been checkedgh the pla-
giarism software TURNITIN.

Dr. Nayantara Gupta Jagdish Chandra Joshi

Astronomy and Astrophysics Group,
Raman Research Institute,
Bangalore 560 080

INDIA



Acknowledgements

Foremost, | would like to express my sincere gratitude to ohyisor Dr. Nayantara Gupta
for her continuous support during my thesis work. My collator in DESY, Germany Dr.
Walter Winter contributed to the key results in the neutnmark. | am indebted to him
for a fruitful collaboration. Besides my advisor, | woul#tdi to thank the rest of my thesis
committee members: Prof. Shiv Sethi and and Dr. Arun RoytHeir encouragement and
insightful comments. | am grateful to Reji Sir and Smijeshhwivhom | did some experi-
mental work in laboratory plasma physics.

Thanks to Library staff for their support in providing thesearch papers and articles. In
the Astronomy group, | had a very good time with Kanhaiya jgiMvir, Naveen and Nazma.
Thanks to all of you for your help during my start-up days & &stro-floor. | would like to
thank Vidya, who made life very easy w.r.t. all the paper wiorkiravel and other things.

It was impossible to stay at a place for six years and don’tesgaod moments, as a
human being we don't like it. 1 enjoyed my trekking and tratrgds in the southern part of
India. Thanks to all of the friends and others with whom | &léed and explored my genuine
hobby. Finally thanks to all of the people at the Astro-floagttvwwhom | shared a good time.

This thesis is dedicated to my parents and late grandfathermotivated me to pursue
with my thesis work.



Synopsis

Cosmic Rays were discovered more than one hundred years Hgey contain hadrons
(protons, alpha particles, heavy nuclei) whose kinetiaggnepans in the energy range of
MeV to 100 EeV* and leptons (electrons, muons) whose fluxes have been nedasuhe
energy range of GeV to TeV.

Their acceleration in distant astrophysical sources,ggapon through the cosmic radia-
tion backgrounds, interactions with radiation and matter@nergy losses have been studied
since their discovery. Although there has been much pregrethe experimental front, we
still do not know much about their origin, production, aeration mechanisms and their
interaction cross sections at energies beyond the reatie girbund based accelerators.

The gamma rays and neutrinos produced in the interactiotteeafosmic rays with the
radiation and matter travel directly from their sourceshe tletectors. They are the mes-
sengers of the underlying physical phenomena in differsttophysical sources of cosmic
rays. The high energy gamma rays may interact with the arhlaemtion and their flux is
attenuated but the neutrinos interact very weakly. Thegdthparticles produced in the in-
teractions of cosmic rays are deflected by the Galactic nteginedd and finally we observe
a diffuse flux of these particles.

This thesis is based on our theoretical studies to undetskenfollowing observational
results (i) emission of GeV to TeV gamma rays observed by gmenFLAT and HESS from
the core of Centaurus A (ii) TeV to PeV neutrino events detgtty the IceCube detector
and (iii) the flux of the antiprotons and protons detectedh®/RAMELA experiment. In
the above studies the secondary gamma rays, neutrinos apbaons are produced ithe
interaction of cosmic rays’

GeV to TeV gamma rays from the core of Centaurus A

Centaurus A (Cen A) is our nearest extragalactic radio gatdxa distance of 3.4 Mpc.
The active central region of this galaxy has been observetkittromagnetic radiations in
the energy range of0—> — 10'? eV. This non thermal radiation has been modelled with
synchrotron self Compton (SSC) emission upto almost 1 GeMigher energy the gamma
ray spectrum appears as a separate component and is mbysofikadronic origin.

In this work we have assumed an inverse power law spectrutmeo$hiock accelerated
cosmic ray iron nuclei at the core of Cen A above 2.8 TeV. Thegtger nuclei and the
stripped nucleons are produced after the iron nuclei aréopttisintegrated in the radiation

*The Notation: MeV= 10% eV, GeV= 10° eV, TeV= 10!2 eV, PeV= 10'° eV, EeV= 108 eV



field of the core.
A+y—> A" (A-1)++ +norp (1)

The daughter nuclei de-excite by emitting gamma rays. Thedfuhe Lorentz boosted
gamma rays are calculated and compared with the observedffiggmma rays from the
core of Cen A.

The cosmic ray iron nuclei of energy 2.8 TeV are photo-desirited by X-ray photons of
energy 170 keV. The peak energy in the gamma ray spectrumtfrerphoto-disintegration
of iron nuclei by170 KeV photons is found to be @0 MeV. Assuming the spectral index
of the cosmic ray iron nuclei to be -2.45 above 2.8 TeV we gei@dit with the observed
flux of gamma rays in the GeV to TeV energy range. The total hasity of the iron nuclei
in the energy range of 2.8 TeV to 150 EeV has been found te 16" erg/sec, which is
higher than the Eddington luminosity((*® erg/sec) of Cen A.

The apparent isotropic luminosity can easily excéett erg/sec in Cen A during high
flaring states for small beaming cones. The rate of photioHeigration is directly propor-
tional to the density of low energy photons at the source.rdigeno observational data on
the flux of the low energy photons in the energy range of 1 eVlaKeV. Higher density
of low energy photons would lead to higher rate of photordesyration. Moreover a slight
variation in the assumed value of the Doppler factor of thedwnedium of the core can
change the photon density drastically leading to higher afitphoto-disintegration. If the
rate of photo-disintegration is higher then a lower lumityas cosmic ray iron nuclei would
be required to explain the observational results.

Our study reveals that although photo-disintegration @vigenuclei is possible at the
core of Cen A the total luminosity in cosmic rays requiredhistcase is higher compared
to the models in which the gamma rays originate from the dedayeutral photo-pions
produced irp — v interactions.

TeV to PeV neutrinos from interactions of diffuse cosmic rayg with am-
bient hydrogen atoms in our Galaxy

The neutrino detector IceCube at the south pole detecte@Z28d PeV neutrino events in
2 years (2011-13) of observations. This is the first detaabiovery high energy neutrino
events. More recently the number of events has increased.tdN8ne of these neutrino
events are found to be correlated with astrophysical ssuvekich might also be due to the
large angular uncertainties in the directionalities osthaeutrino events. Since their origin
is unknown people have tested different hypothesis to egploWe have explored whether



they could have originated in the interactions of the défessmic rays with the hydrogen
in the Galactic medium during their propagation in our Gglax

We have considered the steady state flux or the observed fleosaiic rays to calculate
the flux of secondary neutrinos. Thus our results neitheedemn the unknown injection
spectrum, nor on the escape time of very high energy cosmigfram our Galaxy. The
hadronic interactions lead to the production of chargedrendral pions with equal proba-
bilities. The charged pions decay to neutrinos and the akpitons to gamma rays. Each of
the secondary gamma rays takes awdy of the parent cosmic ray proton’s energy while
only 5% goes to each neutrino.

The density of the hydrogen atoms is the highest near thec@Balslane and decreases
with the distance from the same. We have selected the retpea to the Galactic plane to
find the maximum contribution. In the most realistic case wf Galaxy, a cylindrical halo
with radius 10 kpc, height 500 pc and density of hydrogen atbront 3, we have found that
none of the TeV to PeV neutrino events has been produced frermteractions of cosmic
rays with the ambient hydrogen atoms in our Galaxy.

Cosmic Ray Antiprotons from Nearby Cosmic Accelerators

The detection of antimatter from the cosmos has great imfpdics to our understanding of
the physics of nature. Fermi LAT has detected gamma rays finamy SNRs and molecular
clouds. In some of them the gamma rays are possibly prodadbe interactions of cosmic
ray protons with the hydrogen atoms. In molecular cloudsdiesity of hydrogen atoms
could be in the range of 100-1000 ci Antiprotons are also produced by the same inter-
actions although their flux is very low. They are deflectechim Galactic magnetic field and
merge with the diffuse flux of antiprotons. In this work we baliscussed that the gamma
ray emission from the hadronic accelerators close to us €SP associated molecular
clouds) can be used to find out the contributions of the samecss to the diffuse cosmic
ray antiproton flux measured near the earth. We have caécltae antiproton and proton
fluxes from the nearby supernova remnants Vela jr, W28, W430Q Wycho and 1C443 and
included the effect of propagation on them.

We have found that the cosmic ray antiproton fluxes expected the individual nearby
cosmic accelerators are 1000 times less than the totalatatipflux observed by the PAMELA
experiment. The proton fluxes from the same sources are fioupel 100 times less than the
total proton flux observed by the same experiment. Thus welada that most of the ob-
served antiprotons and protons are coming from distara@sysical sources.
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Chapter 1
Introduction

The early signatures of cosmic rays were found by Ginzbury&@tskii (1964) in the ion-
ization chambers where an unknown current was flowing withoy ionizing source. The
researchers at that time thought that this current mightdra some unknown earth based
sources or due to the radioactivity of radium and thoriumisuess led to the misconcep-
tion that the flux of this ionizing radiation at earth wouldcdease with increasing distance
from the earth.

F. Hess (1912) measured the flux of this radiation at diffeaéiitudes and found that the
results were reversed. He noticed that the flux was incrgasith altitude. These results
indicated that the source of ionization was not terresbidlfrom the outer space. Later,
Millikan (1925, 1926)onfirmed these results and he named these particle cosgacThe
composition of the cosmic rays is energy dependent. Thetelpa are mostly protor6%,
alpha particled1% and1% other heavy atomic nuclei. A small fraction of the cosmicsray
are other subatomic particles like electr@i, and antiparticle$% (Gaggero, 2012).

Auger et al. (1939) observed the cosmic ray air showers pexiby the interactions of
energetic cosmic rays with the air molecules in the earttmgaphere. The cosmic ray air
showers are made of secondary charged and neutral parfitieg estimated the energy of
the primary cosmic rays approximately to b&° eV and the electric fields of long exten-
sion in cosmos were accelerating these charged particleter,LLinsley (1963) found the
first evidence of cosmic ray with energy?’ eV, at the Volcano Ranch experiment in New
Mexico.

The observation of these energetic particles led to thieateinvestigations. Fermi
(1949) gave the theory of the particle acceleration in @stysical sources. In this paper,
according to Fermi, “the origin of cosmic radiation is prepd according to which cosmic
rays are originated and accelerated primarily in the itédes space of the Galaxy by col-
lisions against moving magnetic fields.” In this theordtfcamulation, the cosmic rays are



injected into the interstellar medium (ISM) and their cgibin with the irregular magnetic
field of moving molecular cloud accelerates them. The spettf these accelerated parti-
cles is an inverse power law which agrees with the cosmic bagivations.

In the Fermi mechanism, the energy gain per collision is priognal to‘V‘—z, where v is
the patrticle velocity and u is the velocity of the cloud (Geap2005).The dependence of the
energy gain is quadratic in the cloud velocity and it is cdltee Fermi mechanism of second
order. In general, the particle velocity is much greater than cleeldcity v >> u, which
leads to very low energy gain per collision. This processisegry long time for particle
acceleration in the presence of energy losses due to colisivith the ambient gas. To
overcome these energy losses, Fermi (1949) discussedtaleauted of an injection energy
above which the acceleration takes place efficiently. Tjeetion energy to the particles can
be provided by the astrophysical shocks, where the relatiaggy gain is proportional to
the difference of inner shock front and outer shock fronbegies (Grupen, 2005). Figure
1.1 shows the collision of the charged particle with the camly moving magnetized plasma
centres. The arrow inside the plasma centres shows thelomnadirection of velocity. These
plasma centres are available in the interstellar mediunhefGalaxy, where a molecular
cloud of parsec size can have many magnetized scatteririgesen

incident particle

Tz

outgoing particle

\ %4

N3

n-successive collision of a charged particle in the moving clouds of plasma

Figure 1.1: Second order Fermi mechanism of charged particle accelerat

The theory of acceleration of charged particles in astrefgay shocks was developed
by Axford et al. (1977), Bell (1978a,b) and by Blandford & @lstr (1978a), which has
direct implication to astrophysical objects, for exampleaks of supernovae explosion. The
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acceleration of the charged patrticles in the shock fronpedds on the difference of inner
shock front and outer shock front velocities (Grupen, 200Byure 1.2 shows the general
morphology of the blast waves from the supernova explosidre acceleration of charged

particle occurs in between the outer and inner shock fr@ug. to this first order dependence
on velocity, the acceleration in astrophysical shocks $® &nown as Fermi mechanism
of first order. In the astrophysical shocks, the back andhforbtion of charged particles

across the shock front accelerates them (Bell, 1978a)yfdheenergetic but not necessarily
relativistic (Bell, 1978Db).

—— 5 VvV (outer shock front)

> U (inner shock front)

In general: u>v

Explosion of a supernova and formation of inner and outer shock front

Figure 1.2: First order Fermi mechanism or shock acceleration of clibpgeticles

First order Fermi shock acceleration mechanism has beeitosemderstand the acceler-
ation of charged patrticles in the interplanetary shockslbgdh (1983), in the solar flares by
Ellison & Ramaty (1984) and in the relativistic shocks byigtih et al. (1990). The spectrum
of the accelerated protons, electrons and alpha particld®ei solar flare can be explained
by an unique compression ratio of the infinite plane shocken&Hison & Ramaty, 1984).
The Fermi first order acceleration mechanism in the magmeticnnection (Drury, 2012)
and in the frame work of random walk theory has been studigddiyg & Takahara (2001).
In some cases of relativistic supernovae the cosmic ray ceselerate to ultra high energy
(Chakraborti et al., 2011).

The Galactic cosmic rays are accelerated by the first ordeniFeeceleration process in
the supernova remnant shock fronts (Kotera & Olinto, 20BHd, 2015). In a shock-wave,
the combined effects of Fermi first and second order mechenan accelerate charged
particles (Webb, 1983). These combined processes wenessisd¢ by Gombosi et al. (1989)
for the acceleration of ions in the cometary plasma and byeksy1992) for the charged
particle acceleration in the hot-spots of radio galaxies.



The Fermi mechanism of second order is a stochastic prodes®\the average energy
gain in the energy of the particle occurs after many colfisiavith the randomly moving mag-
netized clouds (Fermi, 1949; Davis, 1956; Parker & Tidm&%g8t Miller et al., 1990). The
giant lobes of radio galaxies provide large regions for thetigde confinement (Fraschetti &
Melia, 2008) where the protons can be acceleratettb eV in 10° years . This stochas-
tic mechanism of particle acceleration was studied by O\&n et al. (2009) in the giant
lobes of Cen A where the stochastic acceleration processdhe Alfvénic turbulence can
accelerate the charge particles to energies greater thak.1 E

There are variety of acceleration mechanisms in the asysipdd sources. The time
dependent magnetic field of sunspots can accelerate chpeggdes upto GeV energies
(Grupen, 2005). For example, in the sunspots with an exdansiR, approximately0® cm
and the change in the magnetic fieldﬁf, approximately2000 Gauss/day can accelerate
particles uptqewRQi—f), 0.73 GeV (Grupen, 2005). Similarly in pulsars and in neustars
the very high magnetic field of value approximately? Gauss and rotational velocities of
value approximately x 10° m/sec can produce electric field of valu®'® eV /m (Grupen,
2005; Kotera & Olinto, 2011a), which accelerates the chapgaticles.

The various theoretical studies on the astrophysical tbjée pulsars, supernova rem-
nants, GRBs and radio galaxies have shown that these ologttaccelerate cosmic rays
upto the maximum energy of 1000 EeV (Gunn & Ostriker, 19691,B892; Bell & Lucek,
1996; Torres & Anchordoqui, 2004; Lyutikov & Ouyed, 2007 abchetti & Melia, 2008;
Neronov et al., 2009; Kotera & Olinto, 2011a). The cosmicsraythe relativistic jets of
AGN with jet luminosity greater thah0*® erg/sec can be accelerated 19! eV (Lyutikov
& Ouyed, 2007) . Neronov et al. (2009) discussed the po#silaf cosmic ray accelera-
tion in the polar cap region of the black hole magnetosptiEne.acceleration occurs in the
rotation induced electric field if the magnetic field is akghalong the rotation axis of the
black hole (Neronov et al., 2009). The accelerated protdhersuper massive black holes
can produce TeV photons by the curvature or synchrotronrggsoflevinson, 2000).

In the last two years, an alternative of Fermi mechanism bas proposed by Ebisuzaki
(2014); Ebisuzaki & Tajima (2014). Ebisuzaki (2014) hascdssed ponderomotive ac-
celeration of charged particles in the accreting black sytems like microquasars and
AGN. Ponderomotive acceleration is an electromagneticewgarticle interaction process
(Ebisuzaki & Tajima, 2014) which has the following advargayyer the Fermi mechanism:
ponderomotive potential provides intense acceleratirld,fie particle bending cancels the
synchrotron losses and due to the decay of acceleratingfibklparticles escape freely after
their acceleration.

The observed cosmic ray energy spectrum spans in the erargg of 1 GeV to 100’s
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Figure 1.3: Cosmic ray spectrum observed at the earth. (figure taken:frafiliam Hanlon @
http://www.physics.utah.edu/ whanlon/)

of EeV *. This spectrum in dimensions of\(/cm? sec sr) observed at terrestrial detectors
has a power law distributiorE() with spectral index = —2.7 upto 3 PeV of cosmic ray
energys = —3 from PeV to EeV and above 30 EeV,s = —2.6 (Kotera & Olinto, 2011b).
The flux of cosmic rays observed at the earth decreases witbasing energy. The cosmic
ray flux at 100 MeV is 1 particléém? sec). Above 10 EeV itis 1 particlekn? year) and at
100 EeV decreases to 1 particlat(?> century). The observed diffuse cosmic ray spectrum
is shown in Figure 1.3.

Cosmic rays are isotropically distributed in the irregutaagnetic field of our Galaxy.
These patrticles collide with the gaseous medium and thextradifield of the ambient
medium. In these interactions secondary neutral and ctigigas are produced. The decay
of these unstable particles produces high energy photahseutrinos.

Penzias & Wilson (1965) discovered that the universe idfiléh low energy photons
with an average energy of x 10~* eV and average density 660/cm?. This radiation

*The notation: MeV\= 10eV, GeV= 10% eV, TeV= 102 eV, PeV= 10'° eV, EeV= 10'% eV



is known as the cosmic microwave background radiation (CMB®Rer the discovery of
CMBR, Greisen, Zatspin and Kuz’'min studied the interactboosmic ray protons with the
CMBR.

In thep — v interaction the threshold photon energy for pion produrctiothe rest frame
of protons isEPYhr ~ m,; + ;fl = 160 MeV WhereEEYh‘r is the threshold photon energy for
pion production in the rest frame of protoms, is the rest mass of a pion ang, is the rest
mass of a proton.
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Figure 1.4: Delta resonance cross section for pion production. (ficakert from:Kelner & Aharonian (2008))

The cross section of pion productionpn- ~ interaction w.r.t. energy of the photons in
rest frame of the proton, is shown in Figure 1.4 (Kelner & Airaan, 2008). In this inter-
action the resonance occurs at around 300 MeV. In the resefa the proton the CMBR
photon of energy,;, eV will have an energy., = niig ¢, €V. The resonance interaction
between CMBR of energg x 10~% eV and cosmic ray protons of energy approximately
6 x 10* eV will have a cut-off signature in the cosmic ray spectrumown as the GZK
cutoff (Greisen, 1966; Zatsepin & Kuz’'min, 1966).

This interaction has very important implication in cosmay rphysics, neutrino and
gamma ray astronomy. In GZK interactions, secondary plsoamoidl neutrinos are produced
which are called the GZK photons and GZK neutrinos. Howevisr ¢hallenging to detect
them because of their very low flux values.

As discussed earlier, the observed cosmic ray spectrugsiaéply with increasing cos-

mic ray energy. To improve the statistics of the observedaosay events large area detec-
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tors have built. The first results on the detection of ultghrenergy cosmic rays (UHECRS,
cosmic rays with energy greater than EeV, ) were reportedksnA Giant Air Shower Ar-
ray in Japan (AGASA), High Resolution Fly’s Eye (HiRes) epents. In the past decade
Pierre Auger observatory (PAO) and Telescope array (TAgltetected cosmic rays of en-
ergy greater than EeV. These observations are very imgddathe identification of GZK
cutoff in the cosmic ray spectrum.

1 | 1 1 L | L
10 -
= X ]
‘\.‘w B LJl][I]L:][:]DD b
S I 0 .
S
.2. 1k A A\ | ® i
2 MIE
m: N O AGASA 0 J
w L » Auger LN -
-] - o HiRes-| AM T
= . o HiRes-Il 1 ]
e TASD
10-1=....|....|....|....|....|... (IR R
17 175 18 185 19 195 20 20.5
Iogm(E/eV)

Figure 1.5: GZK features observed by different experiment. (figurendkem: Tinyakov (2014))

The AGASA observatory did not find any GZK cutoff in the cosmag spectrum in their
10-years (1993-2003) of observations (Takeda et al., 200d#& other cosmic ray experi-
ments HiRes, PAO and TA have detected a signature of GZK ffu-their observations.
The HiRes observatory detected the GZK suppressign-atl0!? eV after the analysis of
their 6-years (1997-2006) of observational data (Abbaal.e2008). Similarly the TA ob-
servatory detected the GZK suppressiord dtx 10! eV in their 4-years (2008-2011) of
observational data (Tinyakov, 2014) and the PAO obseryatetected the GZK cut off in
the cosmic ray spectrum aboxex 10'? eV in their 4-years (2004-2007) of observational
data (Abraham et al., 2008). The GZK cutoff as seen by HIREABA, Pierre Auger and
Telescope Array observations are shown in Figure 1.5. THiK Gut off feature is consis-
tent with the proton composition of cosmic rays at ultra hegiergies for Telescope Aarray
and HiRes data but the PAO data is indicative of a mixed cosayicomposition (Tinyakov,
2014).



Pierre Auger collaboration has detected 231 cosmic raytswaove 52 EeV in 10 years
of observations (2004-2014) (Pierre Auger Collaborat®i4). In the correlation study
of these events with astrophysical sources, they have fthustdcosmic rays with energy
greater than 58 EeV are correlated with Swift AGNs (Tueltestle 2008), which lies in an
angular region ol &8°, within a distance of 130 Mpc and the X-ray luminosities ¢ee#han
10* erg/sec.
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Figure 1.6: Cosmic ray accelerators in the “Hillas plot‘ (1 Ee¥ 10'8 eV, 1 ZeV = 10%'eV) (figure taken
from: Chiarusi & Spurio (2010)

To understand the contribution to the observed cosmic rifysei spectrum from differ-
ent astrophysical sources, Hillas (1984) introduced g plbere the cosmic ray accelerators
are plotted based on the accelerator size and the corrasgoaekrage magnetic field. In
any cosmic accelerator, if the Larmor radius of the chargetigle is smaller than the accel-
eration region R, then the maximum energy of particles carabmilated from

Enmax(EeV) ~ B Z B,g Ripe-

In the above expression Z is the charge of the nucleus, B isatadield and R is size of
the source (cosmic accelerator) in which the charge pest@te confined. In the Figure 1.6
“Hillas plot” shows astrophysical sources which are pasmandidate for cosmic-ray ac-
celeration.

The physics of cosmic rays can be explained from their icteéya with the ambient



Chapter 1. Introduction 10

matter and radiation. In these interactions, the seconpkamycles like high energy gamma
rays and neutrinos, antimatter, mainly antiprotons arelyced. We now discuss about
gamma ray astronomy, neutrino astronomy and the produofiantiprotons in cosmic ray
interactions in Section 1.1, 1.2 and 1.3 respectively.

1.1 Gamma ray Astronomy

The astrophysical or cosmic gamma rays have a very broad\enange. It spans in the
energy range of MeV - 100 EeV which has been divided into Srgalvals, as discussed
by Aharonian (2004). (ax 30 MeV, low energy (LE)(b) 30 MeV - 30 GeV,high en-
ergy (HE)(c) 30 GeV - 30 TeVyvery high energy (VHE]d) 30 TeV - 30 PeVultra high
energy (UHE)(e) > 30 PeV,extremely high energy (EHEYhe various types of physical
processes which can produce gamma rays in the astrophgsioaes are matter-antimatter
annihilation (electron-positron and proton-antiprotateractions), radioactive decay of an
excited atomic nuclei, synchrotron radiation, inverse @ton effect, pion decay channels
etc. These mechanisms have been discussed in details lkeS{E871), Ramana Murthy &
Wolfendale (1993) and Aharonian (2004).

The gamma ray astronomy started with the discovery of cogiaema rays of energy
(> 100 MeV) by Clark et al. (1968) using Orbiting Solar Obseovat(OSO-3) satellite.
They found that the intensity of radiation was maximum ta¥gathe Galactic centre. Later
Kraushaar et al. (1972) reported the detection of cosmicngamays (621 events) of en-
ergy > 50 MeV using the same OSO-3 satellite. To understand the highggrdynamics
of our solar system the gamma ray observations of solarigcsitarted in 1972, where the
gamma ray emission lines at 0.51 MeV, 2.2 MeV, 4.4 MeV, 6.1 Me&re observed (Chupp
et al., 1973a,b; Forrest et al., 1973), using the OSO-7IgatelThe detection of gamma
ray emission lines indicated the presence of excitetd andeyvels (carbon and oxygen),
electron-positron annihilation processes and the themaairon flux in solar flares (Trom-
bka et al., 1978; Chupp et al., 1973b). In 1980’'s the gammalbagrvations of the Galactic
point sources like Crab Nebula, Vela-X pulsar and the ganayaliffuse emission in MeV
to GeV enery range were reported by the COS-B European migldiermsen et al., 1977,
Bennett et al., 1977b,a; Kanbach et al., 1977) and by thel&wbnomy Satellite (SAS-2)
NASA mission (Fichtel et al., 1975; Kniffen et al., 1977; Thpson et al., 1977a,b; Fichtel
et al., 1977). The detection of the gamma rays from the poimtces reveals the cosmic ac-
celerators while the observations of the diffuse gammaneyeal the propagation of cosmic
rays in the magnetic fields.

The first detection of TeV gamma rays from Crab nebula wasrtegdy Weekes et al.
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(1989). This detection was a huge jump in the field of gammaastgonomy. They used
IACT (Imaging Atmospheric Cherenkov Technique) array fog tletection of these gamma
rays at the Whipple observatory. The GeV to TeV gamma ragsant with the atmospheric
medium and they produce secondary relativistic chargeticfees. The detection of these
relativistic charged particles by their Cherenkov radiais called IACT imaging technique.

Energetic Gamma Ray Experiment Telescope (EGRET) was a gaaytetector on the
Compton Gamma Ray Observatory (CGRO) of NASA mission duti®@1-2000. EGRET
had an effective area d600 cm? and it could detect gamma rays in the energy range of 20
MeV to 30 GeV. Casandjian & Grenier (2008) reported 188 psinirces of gamma rays by
EGRET observations. They correlated these point sourcésradio pulsars, pulsar wind
nebulae, supernova remnants, OB associations, blazafaamaddio sources. They found
that a large number of point sources (87) do not have anylatioe with any known gamma
ray sources. They took 1775 pulsars and 11000 radio sowcé#sdir cross correlation and
they looked in three energy band above 100 MeV, 0.3 GeV, ane\M EGRET mission also
detected diffuse galactic gamma ray emission for lowerg@l#atitudes.
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Figure 1.7: Expected gamma ray sensitivity of the instruments. (figaken from: HAWC collaboration @
http://www.hawc-observatory.org/)

Gamma ray satellite missions operate upto 100 GeV and laegeggound based gamma
ray detectors operates above 100 GeV. In the current eractivee satellite missions are
Swift Gamma-Ray Burst Mission, AGILE (AstroRivelatore Gaia a Immagini Leggero)
and Fermi-LAT (Fermi-Large Area Telescope). AGILE detegasnma rays in the energy
range of 30 MeV-50 GeV, Fermi-LAT operates in the energy eanfy30 MeV-300 GeV.
IACT arrays HESS (High Energy Stereoscopic System) in NeanMAGIC (Major Atmo-
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spheric Gamma-ray Imaging Cherenkov Telescopes) in Cdsianyd, and VERITAS (Very
Energetic Radiation Imaging Telescope Array System) izdwa, and the HAWC (High Al-
titude Water Cherenkov Experiment) in Mexico are detedBey - TeV gammarays (Hillas,
2013). Figure 1.7 shows the sensitivity of the ground basteatiors w.r.t. the Fermi-LAT
detector and the Crab flux.

1.1.1 Galactic sources

The Galactic sources of gamma rays are supernova remnadiisjSpulsar wind nebula

(PWN), microquasars (binary systems with relativisticiogéts), gamma ray binaries and
transient objects like soft gamma repeaters (SGRs). Theemion between gamma rays
and cosmic rays can be understood from the theoretical rnivaglef their observed gamma

ray spectra. We have discussed below some of the Galacticesoof gamma rays.

e Supernova Remnants:

Supernova remnants (SNRs) have been detected in the eregy of MeV to TeV.
The acceleration of electrons, protons and nuclei in SNRsrsdy the shock accel-
eration process (Bell, 1978a,b; Blandford & Ostriker, 11878nes & Ellison, 1991,
Malkov & Drury, 2001; Caprioli et al., 2011). The multi-wdeagth observations of
SNRs and their theoretical modelling reveal their magrfegid, density of neutral hy-
drogen and physical properties like the nature of the acatelé particles Abdo et al.
(2010c); Saha et al. (2014); Ackermann et al. (2013a). Timenga ray emission of
SNRs upto TeV energy can be explained by both leptonic (ipa&ieictronic contribu-
tion) and hadronic p-p interaction models.

We consider the case of Cassiopeia A (Cas A) which is a youRg(8ND. 1680, 330
year old), of size 2.34 pc and located at a distance of 3.4(Reed et al., 1995). The
multi-wavelength observation of Cas A spans from radioelewgth to TeV-gamma
ray energies. It has been observed in radio wavelength bssaal. (1977), Ander-
son et al. (1995), Vinyaikin (2007), Helmboldt & Kassim (Z)0in optical wavelength
by Reed et al. (1995). The Cas A has been observed in X-raysley ét al. (1997),
Hwang et al. (2004), Helder & Vink (2008), Maeda et al. (2Q08)GeV gamma rays
by Kanbach et al. (1996) (EGRET collaboration), Abdo et 2010c) (Fermi-LAT
collaboration), in TeV gamma rays by Aharonian et al. (20HEGRA collabora-
tion), Albert et al. (2007) (MAGIC collaboration), Acciaet al. (2010) (VERITAS
collaboration).
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This source has been modelled by Abdo et al. (2010c), whexe fttund that both
leptonic and hadronic models can explain the gamma ray @nig®m this source.
In the leptonic model by Abdo et al. (2010c), high energy tetets accelerated in
diffusive shock acceleration transfer their energy toogzhotons and converts them
to gamma rays.They also discussed the hadronic p-p intemnanbdel where the same
gamma ray spectrum can be explained with hadronic modehdradronic model,
these gamma ray emission are produced in interactions bfdngrgy protons with
the neutral hydrogen available within the source.

To explain the gamma ray observation of Cas A by leptonic nsdke energy re-
quired in electrons above 10 MeV was approximately 10 erg, while in the p-p
interaction hadronic models, the energy required in p®i@move 10 MeV was ap-
proximately3 x 10%° erg. The energy in electrons and protons were approximatély
of the total explosion kinetic energy of Cas A% 10°! erg/sec).

Saha et al. (2014) found that leptonic models alone can rgaexthe gamma ray
emission from Cas A. They found that combined contributronfleptonic and hadronic
(lepto-hadronic) interactions, can provide the best fihedata.
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Figure 1.8: Lepto-hadronic gamma ray emission model of Cas A. (figurertdkom : Saha et al. (2014))

In the lepto-hadronic case, the total energy needed inrelectbove 10 MeV was ap-
proximately4.8 x 10%® erg and in case of protons it was approximat2l§7 x 10*° erg.
In Figure 1.8, the individual contribution of inverse Comipprocess, Bremsstrahlung
and p-p interaction to the total emission have been showma(8gal., 2014). In some
other SNRs, 1C443 and W44, Ackermann et al. (2013a) (FerATi-tollaboration)
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found that the gamma ray spectrum can be best fitted by a pegastion pion decay
signature.

e Pulsars and Pulsar Wind Nebulae:

The confinement of relativistic outflow wind from pulsars guges objects known as
pulsar wind nebulae (PWN). PWN are objects powered by thealesompact objects
(central rotating pulsars) with steady injection of energye rate of dissipation of
rotational kinetic energy for a pulsaris= 47;2?, where | is the moment of inertia of
the pulsar (or the neutron star with a radius of 10 km and migkg d/1.), P is the spin
period and® = i—f is the period derivative (Gaensler & Slane, 2006a). Themasen

of pulses from pulsars are used for the determinatidhafd P. It has been found that
pulsars WithE > 4 x 10% erg/sec form the pulsar wind nebula structure (Gaensler &
Slane, 2006b).

Radiation from a Pulsar-wind-nebula complex

Pulsar
R,0,X

nebula

R,0,X
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9/33;9 g @Synchrotron

Interstellar medium

Y

Figure 1.9: PWN and gamma ray emitting regions. (figure taken from : Ah&o & Bogovalov (2003))

The electromagnetic emission region from rotationally pmed pulsars (RPP) has
been shown in Figure 1.9. The innermost region very neardgties of the pul-
sar produces electromagnetic radiation from radio to VHEma rays in the pulsed
form. This region is located within the light cylinder of tipailsar. In this region,
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the gamma ray production mechanism is mainly explained loyrmwdels (a) polar
cap model and (b) outer gap model (Chiang & Romani, 1994; Rédayks, 1999;
Baring, 2004; Yuki & Shibata, 2012). Within the unshockedhaimiddle region of
Figure 1.9) from where only GeV to TeV-ray radiations have been observed, can
be explained by the inverse Compton process. The outer rapsti{rotron nebula
region of Figure 1.9) region has been observed in multi-feangth radiation from ra-
dio wavelength to TeV. The emission from this outer mostaegian be explained by
synchrotron and inverse Compton processes.

A large fraction of electron-positron wind plasma takes ytiee rotational energy of
the RPPs. The initial wind energy goes out in the form of Piogntlux and at the
termination shock approximately all of the energy residethe kinetic energy of the
wind (Aharonian & Bogovalov, 2003). The physical mechanfemthis transforma-
tion is still unknown (Aharonian, 2004). The pulsar wind flpderminates at the ISM
which creates synchrotron and inverse Compton emissiamdrthe pulsars (Aharo-
nian, 2004; Gaensler & Slane, 2006a).

Gamma ray Binaries:

The emission from the binary systems in the energy range d GdeV has been
detected by IACTs. The gamma ray binary system is made of tarestar of mass
1.4 M., associated with massive O / Be star with 10M0 (Tam et al., 2011; Dubus,
2013). Gamma ray binaries, which emits most of their powewvald MeV, are like
pulsar wind nebula in a binary system where the non thermé&stom arises due to
collisions between the winds from a massive star and a ootatowered pulsar (Dubus,
2013). The five confirmed gamma ray binary objects, PSR BB&%By Aharonian
et al. (2005a), LS 5039 by Aharonian et al. (2005b), LS | +63 B Albert et al.
(2009), HESS J0632+057 by Bongiorno et al. (2011), and 1F3118.6-5856 by
Fermi LAT Collaboration et al. (2012) are located witlihof the galactic plane.

Recently in the HESS observations (H. E. S. S. Collaboraiah, 2015) of the source
HESS J1018 - 589 A, they found the association of this souitetive Fermi-LAT
detected gamma ray binary 1FGL J1018.6-5856. In this HESS8reghtions of gamma
ray binary 1FGL J1018.6-5856, the light curve shows thealmlity in the gamma ray
flux, and detection of gamma rays upto 20 TeV.
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1.1.2 Extragalactic sources

In the current era of ground based GeV to TeV gamma ray detelike HESS and VER-
ITAS, many astrophysical sources have been detected. TWedt@alog (Horan & Wakely,
2008) has listed Quasars, Radio galaxies with active daeyeons, AGN jets, blazars and
massive star clusters as gamma ray candidate sourcesa®jrthile Fermi-LAT satellite has
detected gamma ray bursts from cosmological distances HB&S observations have de-
tected 24 extragalactic sources of TeV gammarays (Stawéoeztke H.E.S.S.Collaboration,
2013) which includes radio galaxies Centaurus A (Cen A) aedder 87 (M87), 20 BL Lac
type blazars, flat-spectrum radio quasar PKS 1510089, arolsst galaxy NGC 253.

The gamma ray observations of these objects are very impgddanderstand the com-
position of cosmic rays. The production of gamma rays ingh@gects can occur in the
hadronic (p-p and p9 pion decay models, the photo-disintegration processpitbin cur-
vature radiation, and in the leptonic models.

e Radio Galaxy M 87:

In radio galaxy Messier 87 (M 87), where the relativisticrjekes an angle to the line
of sight of the observer has been observed in multi-wavéhesmission (Charlesworth
& Spencer, 1982; Walker et al., 2012). The observation of gavhma rays from
the very near region of the central black hole in M 87 repotigddharonian et al.
(2006). They found the emission region using the TeV valitgdime scale which
was approximately two days, also shown in Figure 1.11. KEdufdOa and Figure
1.10b shows the HESS detected gamma ray region of the M 87hangaimma ray
flux values respectively.

The luminosity of TeV gamma rays in M 87 x 10 erg/sec and the emission
region was very compach (x 0R;), whereR; is Swarchzchild radius of M 87. The
sources of these TeV gamma rays may be the proton curvatliegioa very near to

rotating super massive black hole (SMBH) in M 87 (Aharoniarale 2006). This

physical mechanism of TeV gamma ray emission from rotatinti8 is discussed

by Levinson (2000). The variability study in the TeV gammgsrdrom M 87 are

important to test their production models (Aharonian et2006).

We will discuss about GeV to TeV gamma ray emission from Cem Aur second
chapter.
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(a) The central region of M 87 in Gamma rays
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Figure 1.10: GeV to TeV gamma ray observations of M 87 (figure taken fromardimian et al. (2006))
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e Gamma ray bursts:

Gamma ray bursts (GRBs) were first discovered in 1967 by \aillge which was

kept into space to check the nuclear test treaty betweereSorion and US, and
the results of this discovery were later published by Klebles et al. (1973), where
the emission was observed mainly in gamma rays. After tlasadery, they were
observed in X-ray emission by the Burst and Transient Sobxgeriment (BATSE)

experiment on-board Compton Gamma Ray Observatory (CGROpw the gamma
ray burst monitor (GRBM) on board the BeppoSAX satelliteoffera et al., 2009). In
these detections it has been found that the angular distotbaf GRBs was isotropic
in the sky and cosmological origin (Meegan et al., 1992; ietzt al., 1997).

To understand these objects in multi-wavelength later D428wift gamma ray burst
mission satellite with three instruments: the Burst AlezteEcope (BAT), the X-Ray
Telescope (XRT) and the UV Optical Telescope (UVOT) statteddetection of GRBs
in the energy range of optical to MeV (Gehrels, 2004). Sinyilausing EGRET in-
strument on CGRO, Hurley et al. (1994) reported one of thg ldaration GRB of
lifetime of 90 minutes where they detected photons of en&égy%eV. Later in 2008
the gamma burst monitor (GBM) in the Fermi-LAT satellitei@bhed into space to de-
tect transient sources mainly gamma ray bursts (McEneryr&HeAT Collaboration,
2010; Chiang & Racusin, 2011).

Gamma ray bursts (GRBs) are relativistically expandindéts (Rees & Meszaros,
1992, 1994) which can accelerate cosmic rays to energies 108t eV and these
are sources of gamma rays (Vietri, 1995; Bottcher & Derrh®88; Bhattacharjee &
Gupta, 2004; Dermer & Atoyan, 2006). The GRBs have lifetimoef millisecond to
10’s of minutes and their number distribution w.r.t. lifexe has a bimodal distribu-
tion. This distribution indicates that GRBs either emitserslioursts of gamma rays of
duration 30 millisecond or long bursts of duration 30 sesofteehrels et al., 2004a).
The fast variability of these objects constrains the emirssegion within 100’s of km.
A pedagogical review on this subject discussed by Zhang &2déos (2004). These
objects are most luminous in MeV gamma rays and the lumipnweatties in the range
of 1050 — 10° erg/sec (Mészaros, 2006).

Mészaros & Rees (1997) studied the GRB afterglow in op#od radio wavelengths
after their expansion into ISM. The detection of GRB 090423kwift and then the
delayed infrared observation (2.1&r) after 20 minutes by the United Kingdom In-
frared Telescope (UKIRT), Hawaii established the red sifithis source at ~ 8.2
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(Tanvir et al., 2009). The redshift of GRB 090429B was foumti¢ 9.2 by photomet-

ric redshift calculations (Cucchiara et al., 2011). Theskghifts of GRBs means that
they are cosmological in origin and they are important toeusthnd the conditions of
early universe.

GRB physicsis very promising; some of the open questiondB§like their classifi-
cation, massive star collapse or neutron star-neutromsgeger progenitor, central en-
gine activity, ejecta composition and the particle ac@ien and radiation processes
etc are challenging (Zhang, 2011). The future Chinesedfir&RB mission, SVOM
(Space-based multi-band astronomical Variable Objectitddgnand its approach to
solve these issues has been discussed by Zhang (2011).

1.2 Neutrino Astronomy

The idea of neutrino was put forward by Pauli in 1930 to coveseinergy in the radioactive
decay process where a proton converts into a neutron insgl@ucleus. Neutrino was
detected 25 years later by Cowan et al. (1956) in nucleataeagperiments where they
detected outer product (neutron and positron) of neutnteraction with protony, + p —

n + e’.

The neutrino astronomy started with the understanding sibfuprocess inside sun’s
core. The thermonuclear reactiotp(—*He + 2e™ + 21,) inside the core of sun produces
the solar energy and emits neutrino known as solar neutrBahcall (1964) and Davis
(1964) considered the possibility of the detection of tHarsweutrino.

The detection of neutrinos from astrophysical sources @bala clear signature of either
nuclear deexcitation or cosmic ray interactions. The comdd astrophysical sources of
neutrinos are the sun and the supernova SN 1987A.

In the cosmic ray interactions with the radiation field anel glas medium the secondary
neutrinos are produced.

Per + (’Y or patmosphere> — 7T:l: (11)
™ = uF + v/, (1.2)
pE = e+, v+ vv (1.3)

In these interactions neutrinos which are produced in thesphere are known as at-
mospheric neutrinos while the Galatic and extragalactigneos are called astrophysical
neutrinos. The ratio of the neutrino fluxes of different flesvproduced at the source is
Ve + Vet v, + 1, : v, + 0, =1:2:0. Due to the flavor mixing the fluxes of neutrinos of
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each flavor are expected to be roughly equal on Barthv, : v, + v, : v, + 0, ~1:1:1
(Gaisser, 1991a; Choubey & Rodejohann, 2009). In thesgaktiens two kind of neutrinos
(electron type and muon type) are produced at the source. téctilen of 7 type of neu-
trino have a link with the oscillation behavior of neutrin@$he evidence for muon neutrino
flavor oscillation to tau neutrino, < v, were reported by Fukuda et al. (1998) (Super-
Kamiokande Collaboration) after the analysis of 535 daydai&, with a90% confidence
level.

Waxman & Bahcall (1998); Bahcall & Waxman (2001) calculasedupper bound on
the neutrino flux from the astrophysical sources in whicmdogay of energy greater than
1 EeV were produced. This upper limit 8fx 107 GeV/(cm? sec sr) on neutrino flux
was model independent and these authors explored it for A&dNgnd GRBs where the
source size was estimated larger than the p-p interacti@mrinee path. The connection of
neutrinos to the cosmic rays have been discussed by (Bek&zat al., 1990a; Mannheim,
1995; Engel et al., 2001; Halzen & Hooper, 2002; Waxman, 28@&zaque et al., 2005).
This theoretical connection basically explores the astysjzal sources of neutrinos.

The atmospheric neutrino flux follows a power law beha¥ig#7, which is much steeper
than the cosmic or astrophysical neutrino fitgg® (Braun et al., 2008). Atmospheric neutri-
nos have the mean energy approximatelleV (IceCube-Gen2 Collaboration et al., 2014).
The best window to look for astrophysical neutrinos is ab@f0 TeV of neutrino energy
where the atmospheric background is negligible, as showigire 1.12.
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Figure 1.12: Atmospheric and astrophysical neutrino spectral enerslyildution. (figure taken from: Braun
et al. (2008))

The production of atmospheric neutrino resulted from theraction of cosmic rays
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with the atmosphere. In this interaction the ratit) & % is approximately 2 in ideal
conditions. At higher energy, the muon life time increased #ney don’t decay. In those
cases this ratio may not be exactly equal to 2. In the neuttatectors the detection of
a neutrino occurs via the interaction of neutrino with tangecleus. The interaction of
electron neutrino with target nucleus+ N — e~ + N’ produces secondary electrons and
the hadronic showers (Aartsen et al., 2014a). Similarly m§:) and tau t) leptons and
associated hadronic showers are produced from their pamgoh and tau neutrino in their
interaction with target nucleus.

The neutrino interaction cross section, has a very lowenev@Formaggio & Zeller,
2012). This low cross section demands for huge target masthéar detection and due
to this reason neutrino detectors are mainly establisheeé@p underground regions, either
in deep mines or in polar regions where clear ice selecteargsttmass.

Now we will discuss some of the neutrino experiments andr tbentribution to our
understanding about neutrinos.

e Homestake experiment (1968-94)

Homestake neutrino experiment was the first undergrourettetbuilt in 1960’'s at
the Homestake Gold Mine in Lead (US), South Dakota by thesffuf Bahcall (1964)
and Davis (1964). This experiment detected the neutriraa the solar core and led
to the base for neutrino physics and astronomy. In this éxygert the interaction of
neutrinos with the chlorine atoms (which were available ark of liquid chlorine
CyCly), i.e. v, +37 Cl — e~ +37 Ar. So the number of neutrinos detected were based
on the production of Argon atoms. In this experiment, Dati864) found that the
observed neutrinos were 0.33 times of the theoretical tlons of Bahcall (1964).
This mismatch between the theory and observation was kneswolar neutrino prob-
lem This problem was the great contribution of this experinterthe future research
in neutrino astronomy, and later solved by the combinededfibtheoretical and ob-
servational results.

e DUMAND (Deep Underwater Muon And Neutrino Detector Project

The construction of this detector started in 1972, to deBadactic and extragalactic
point sources of neutrinos of energy greater than 50 Ge\k@¢#dr et al., 1990). Deep
ocean water DUMAND optical sensors were at a separationsofif). at a depth of 2

to 4 km for the detection of Cherenkov light produced by reistic charged particles,

mainly muons produced by neutrino interaction with watezleuat DUMAND. This
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detector detected some of the cosmic ray muons (Babson &£980D) and established
the stable underwater neutrino detector techniques (RQld€92).

e Kamiokande and Super-Kamiokande (Kamioka Nucleon Decpgritrent)

The Kamioka detector was a water tank detector in Japanhwisied 1000’s of tons of
water for the interaction of neutrinos. This detector waidt bu1982 and later it was
upgraded to Kamiokande-Il and successively to Super Kaamad& detector, which is
currently active and uses 50000 ton’s of water.

Kamiokande detected neutrinos from the solar core (Suz9li5; Totsuka, 1991) and
solar flares (Hirata et al., 1988b). Hirata et al. (1990) ubedKamiokande-Il solar-

neutrino data to understand the oscillation parameterseohéutrinos. This detector
also detected the neutrinos from the supernova 1987 and ithedirst neutrino source
detected outside our solar system (Tozuka, 1988; Hirath,et988a; Koshiba et al.,

1988). The study of atmospheric neutrinos and their detetly Kamiokande detector
was very important to understand the neutrino oscillat{®nsuda et al., 1998, 1999)

e ANTARES (Astronomy with a Neutrino Telescope and Abys®emental RESearch
project)

The ANTARES is located inside Mediterranean sea at a dep#b@® m, which has

a detector area @f 1 km? (ANTARES collaboration, 1997). This detector has a good
view towards the galactic centre for the detection of naosiin the energy range
10 GeV to PeV from the direction of the southern sky (Aguilarak, 2006; The
ANTARES Collaboration et al., 2013).

The ANTARES data provides the upper limit on the neutrino fitom the cosmic
point sources of neutrinos (Adrian-Martinez et al., 28)12The ANTARES data has
been used to explore the neutrinos from GRBs (ANTARES Colaitiion, 2013), mi-
croquasars (Adrian-Martinez et al., 2014), gamma rainfidvlazars (Sanchez Losa &
ANTARES Collaboration, 2013; Adrian-Martinez et al.,12b), and from the Fermi
bubble (ANTARES Collaboration et al., 2013).

e AMANDA (Antarctic Muon And Neutrino Detector Array)

The Antarctic Muon And Neutrino Detector Array (AMANDA) dsttor, operated in
between 1996-2005 at the south pole, into the depth of 1.®kKir0tkm (Andres et al.,
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2000). It has detected atmospheric muon neutrinos in the B@&¥V energy range
(Andrés et al., 2001; Wang, 2005). In the detection of neatilux it was very hard to
surpass the atmospheric muon flux. AMANDA collaboration wid find any excess
in the extraterrestrial diffuse neutrino flux (Ahrens ef 2003) and no excess reported
in the point sources of neutrinos (Ackermann et al., 200%asb et al., 2009). This
detector later in 2005 was upgraded to the IceCube detedtarh we have discussed
below.

The IceCube detector

The IceCube neutrino observatory is currently the moswaateutrino detector at
the South pole. This detector has built on a cubic kilometerat a depth of 1.45
km to 2.45 km, which reflects in its name (Halzen, 2006a; IdeCCollaboration
et al., 2006). The IceCube detector at the south pole afdulit operation in 2010
started detecting neutrino events. IceCube has detecgefirsh set of 28 neutrino
events in the energy range of TeV to PeV (IceCube Collabmra2013). The total
number of neutrino events after the analysis of 3-years td das been reached to
37 (Aartsen et al., 2014b). In these observations the maxienergy of the neutrino
events were found to be 2 PeV. These observations are therfiestietection of TeV
to PeV neutrinos from any kind of terrestrial and extratamal sources.

After the successfull detection of astrophysical neusibg the current IceCube de-
tector, IceCube-Gen2 Collaboration et al. (2014) has me@do extend the volume of
the detector from km? to 10 km?. In future, it will be interesting to look if neutrino
astronomy can be used to explore the presence of anti-nesitak 6.3 PeV in cosmic
sources by resonance effects like Glashow effect (Glash®@0; Barger et al., 2014),
to reveal the relic particles like magnetic monopoles arnlda& for indirect dark mat-
ter search (Chiarusi & Spurio, 2010). The GZK neutrino asuBsed in section above
is also one of the main goals for the IceCube Gen-2 neutrisematory. There are
high energy gamma ray sources detected by High Energy Stapic System (HESS)
observations, for example HESS J1841055 (Bartoli et all320but not detected in
other wavelengths. If these sources can be detected byineotrservations then it
will reveal purely hadronic sources of cosmic rays.

These all neutrino detectors have helped the scientific aamitgnin understanding the

bizzare properties of neutrinos like the flavor oscillatfonthe mass of neutrinos) etc. The
future neutrino observations have more opportunitiesweakthe cosmic ray sources.
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1.3 Antimatter from the astrophysical sources

Antimatter particles like antiproton, positron and anttfzdes of heavy nuclei were detected
in laboratory experiments (Anderson, 1933; Chamberlaal.e1955; Antipov et al., 1971).
These detections lead to look for the presence of antimattke universe. Antimatter in the
form of antiprotons and positrons have been detected byatedite experiments (Adriani
et al., 2010a, 2013a) but there has been no success in thatiaetef the antiparticles of
heavy nuclei like antihelium etc (Mayorov et al., 2011) frastrophysical sources.

Stephens & Golden (1987) has discussed the following meéstmanfor the production
of antiprotons in the astrophysical sources.

e Cosmic ray interaction and antiproton production

Neutron oscillation process (antineutron production dir tdecay)

Evaporation of mini black-holes and emission of nucleotwacleon pairs

Decay of supersymmetric particles which are present in alaogic halo as a remnant
of the big bang

Antimatter galaxies in a symmetric universe

The first cosmic ray antiproton evidence in 1979 were repdsieGolden et al. (1979).
They used balloon-borne superconducting-magnet speeteurfor this detection. In their
detection period o8 x 10* sec they recorded total 46 antiprotons in rigidity rangetb.6
12.5 GV/c. In these 46 events, 18 were from atmospheric astduimental background. In
similar balloon borne experiments with imaging calorinnetad a time-of-flight scintilla-
tor system more precise detection of antimatter partickesdntiproton and positron have
become possible. The balloon borne experiments have beectek® antiproton flux in the
kinetic energy range of 0.1 GeV to 50 GeV (Hof et al., 1996®et al., 2000; Abe et al.,
2012).

In the last decade, satellite experiments have been sfartéite detection of antimatter
from cosmos. Alpha magneto spectrometer (AMS) satellifgegrment at an altitude of
320 to 390 km has been mounted on the International Spacerbtadin this series, the
prototype AMS-01 launched in 1998 and later in 2011 a fulledeped AMS-02 has been
established into International Space Station. AMS-01 éablor the presence of antihelium
and secondary antimatter particles from cosmos. In thiscke#or antihelium, no events
were recorded, and an upper limit on antihelium to helium @tixalue< 1.1 x 10~% was
reported by Alcaraz et al. (1999). The main aim of AMS-02 isaeeal antimatter and dark
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matter in our universe. After its launch AMS-02 has beendetkthe positron flux in the
energy range of 0.5 to 350 GeV (Aguilar et al., 2013).

The another satellite mission PAMELA (Payload for Antineattlatter Exploration and
Light-nuclei Astrophysics) has been launched into spa@®06 (Adriani et al., 2010b) and
it orbits at an altitude of 350 to 610 km. PAMELA can detectrgea particles mainly
antiparticles (positron, antiproton) and some low chamgeciei in the energy range of 10’s
of MeV to 100’s of GeV. PAMELA detector design and its perf@amee efficiency has been
discussed by Picozza et al. (2007). This detector can dateigirotons from astrophysical
sources and also from the geomagnetic field of the earth. EimeAlen radiation belt in
the South Atlantic region penetrates towards earth’s sarfand keeps a separation of 200
km w.r.t. surface of earth. This is called South Atlantic mxady (SAA), where the flux
of charged particles is higher compared to other positieriekeasame altitude. PAMELA
satellite, when it crosses SAA region can detect antipt@apped in the geomagnetic field
of the earth. Adriani et al. (2011b) reported the discovdrgirdiprotons from SAA region
in the energy range of 60 to 750 MeV. They found that the aotgpr flux from SAA region
was three orders of magnitude higher than the antiprotonfftux cosmic background at
the time of solar minimum.

In the PAMELA observation of antiproton and positron froml&ic and extragalactic
sources an excess of positron flux was seen but there was assegeen in the antiproton
flux. This positron excess may be due to dark matter annitilaSupersymmetric dark mat-
ter decay origin had been discussed by Bergstrom et al8j20Gxplain the PAMELA data
but still this can not be confirmed as pulsars are the maincesusf positron flux (Hooper
et al., 2009).

Antiproton flux from exotic physical processes like darktergtarticle decay and from
black hole evaporation process has cosmological implaatiwhich can help us in better
understanding of dark matter presence around our Galadailo (Stephens & Golden, 1987;
MacGibbon & Webber, 1990; MacGibbon, 1991). These exotysal processes produce
maximum antiproton flux around 0.2 GeV (MacGibbon & Webb&8@; MacGibbon, 1991)
while the threshold energy for antiproton production vip mteraction f +p — 3p + p)
has a value of approximately 7 GeV. After the detection ofpmaton flux at kinetic energy
less than 0.5 GeV by BESS experiments in 1993, Maki et al. @3Qiraly et al. (1981)
calculated the spectrum of antiprotons from local intélest@rimordial black holes.

Antiprotons can also come from dark matter annihilationqasses Silk & Srednicki
(1984) hypothesized this possibility on first time, whereytinave taken a photino, super-
symmetry partner of the photon, as a dark matter candidatelpa In mixture models of
antiproton productioncosmic ray spallation (nuclear reactions of cosmic-ragleiwon in-
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terstellar matter) and dark matter annihilation were adergd by Chardonnet et al. (1996).

Similarly, Chardonnet et al. (1996) used spherically sytnimeeutralino density in our
Galactic halo for the calculation of antiproton flux. Thewbaised two zone diffusion
model of antiproton propagation (since leaky box model heehbruled out due to cosmic
ray gradient throughout the galactic disc). In the two zormeleh of diffusion, our Galaxy
can be modelled by inner region of diffusioh € r < R = 20kpc, |z| < h = 100 pc) and
an extended region of diffusio (< r < R = 20kpc, |z| < L = 3 kpc). They found that
this two zone diffusion model was in good agreement with olea@nal results below 300
MeV of antiproton energy.

Antiproton production solely from neutralino annihilatilhas been also discussed by
Jungman & Kamionkowski (1994) and by Ellis et al. (1988). &wty, Fornengo et al. (2014)
used the antiproton data detected by PAMELA for the caleutadf dark matter annihilation
cross section. Motivated from the cosmic ray observaticgsllts at earth, Blasi & Serpico
(2009) calculated the contribution of Galactic ol 10* years) supernova remnants to the
fluxes of antiprotons at earth. In their calculation of artdtpn to proton ratid!; it has been
considered that propagation effects for protons and artops are similar.

The production of antiprotons via cosmic ray spallation Hredr propagation have been

considered using two zone diffusion model by Donato et &00). Recently, Kachelriess
et al. (2015) have used the large hadron collider data talzdkthe accurate value of cross
section of antiproton production in p-p interactions whaoem be used to model the precise
value of antiproton flux observed by PAMELA and AMS-02.

In our chapter 4 we have calculated antiproton flux from ngatlpernova remnants and
associated molecular clouds based on Fermi-LAT gamma regreations.
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2.1 Introduction

Centaurus A (Cen A) is the closest extragalactic activeajalaucleus (AGN) (Marconi
et al., 2000; Burns & Price, 1983). Based on radio classifinait is a FR-I type of radio
galaxy. The classification of radio galaxies into FR-1 andIFBased on their surface bright-
ness and radio luminosity studied by Fanaroff & Riley (197/anaroff and Riley selected
199 extragalactic radio galaxies from 3C catalogue of Mag¢k&71). In this study at 178
MHz, the galaxies with radio luminosity x 10%W /(Hz — sr) named as FR-l and above
this luminosity the galaxies were named as FR-II.

The distance of Cen A from earth is 3.4 Mpc (Rejkuba, 2004)s §halaxy has two giant
radio lobes with10° extension on the north-south direction in the sky (Feain.e2811).
The substructures in Cen A, like inner lobes and jets hava beglied in radio wavelength
and X-ray band (Kraft et al., 2004) while the knot structune=e revealed using optical
observations (Brodie et al., 1983). The activity of blackehia Cen A has been studied by
the dynamics of surrounding stars and gas medium (Neum29#0).

Around 1970, the detection of gamma rays from this objedtated signatures of high
energy radiative processes in Cen A (Grindlay et al., 197&) &t al., 1976; Sreekumar
et al., 1999; Hartman et al., 1999). With the successful atper of Fermi-LAT (MeV to
GeV gamma ray detector) and HESS (GeV to TeV gamma ray detethis object has
been detected extensively in the MeV to TeV gamma rays (Ahanoet al., 2009; Abdo
et al., 2010b; Sahakyan et al., 2013). Fermi large areactgbes(Fermi-LAT) is a gamma-
ray satellite with 20 percent field of view of the sky, in theeggy range of 20 MeV to
300 GeV (Atwood et al., 2009), similarly ground based higlergg stereoscopic system
(HESS) detects cosmic gamma rays in the energy range of 190Qd=E) TeV (Hofverberg
& H.E.S.S. Collaboration, 2011).

The gamma rays from Cen A have been detected from its certwekihc regions which
is defined as the core, kpc-scale inner jets and radio lobledq At al., 2010b). The HESS
gamma ray observations or the excess of GeV to TeV gamman@ysGen A coincide with
the core. In a multi-wavelength campaign 2008-09, Cen A e laetected in the radio
wavelength to TeV energy (Abdo et al., 2010b). Earlier te tlien A has been detected
in radio wavelength (Ojha et al., 2010b,a) and the jets weteated in the X-rays (Gehrels
et al., 2004b). During the multi-wavelength campaign 2008this object emitted in MeV
to GeV gamma rays (Abdo et al., 2010b) and a non-simultan€ay¥sto TeV component
(Aharonian et al., 2009).

The multi-wavelength data of Cen A can be explained by a singhe synchrotron self
Compton (SSC) model (Abdo et al., 2010b) upto MeV energythiatmodel cannot explain
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the GeV to TeV component (Aharonian et al., 2009). In this el@drelativistic population
of electrons undergo synchrotron process in the magneliicdfeéhe source and can explain
the radio peak of the emission. The another peak of the emnissound keV energy can be
explained by the inverse Compton process for which the sketbps are the synchrotron
photons produced by the same population of relativistictedas, and due to this reason this
model is known as SSC model (Jones et al., 1974).

The observation of very high energy gamma rays from Cen A nedyezcause of negligi-
ble attenuation of these particles within the turbulentseunedium which also refers to the
relativistic outflows as found by Dondi & Ghisellini (199%) gamma ray loud blazars. The
features of active galactic nuclei (AGNs) have been dismlisyy Krawczynski & Treister
(2013), which included the AGN jets, cores etc. In FiguretBelmorphology of Cen A has
been shown.

Centaurug A Radio Source
¢ Australian VLBI Network
D= 34 Mpc; 1 mis=0072pc

VLBL 66 GHz
i a
20 mias

LAT (95%)

-43.000

201.450 , 201.400 201.350 +201.300 , 201.250 , 201.24

Figure 2.1: In left panel the radio imaging of Cen A,(figure taken from wag@e of ATNF/CSIRO). In the right
panel, Fermi Gamma ray observation of Cen A , with simultase@adio, optical , X-ray observations. The
LAT emission region is coincide with core, jets and radiodebWe are interested in the core region (central
few kpc region), (figure taken from Abdo et al. (2010b).

Other than gamma ray observations of Cen A, this object has seidied extensively in
theoretical calculations as a potential source of UHECRwxrdoqui et al., 2001, 2011;
Gopal-Krishna et al., 2010; Biermann & de Souza, 2012; Kigfeet al., 2009b). The di-
rectional correlation of ultrahigh energy cosmic rays (UHES) to the astrophysical sources
studied with the cosmic ray observations from SUGAR (Winalgt1986), Fly’s Eye (Bird
et al., 1995), HiRes (Abu-Zayyad et al., 2001), AGASA (Taked al., 1998, 1999, 2003b),
Haverah Park (Ave et al., 2003) and Pierre Auger observdRigrre Auger Collaboration
et al., 2007, 2008). The results of correlation studies aylelyrdependent on the samples of
data used from different experiments. The successful tparaf Pierre Auger experiment
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Table 2.1: SSC model parameters for the core emission of Cen A

Cen A parameter Based on SSC model (Abdo et al., 2010b)
Bulk Lorentz factor [) 7.0

Doppler factor §) 1.0

Jet angled) 30

Magnetic field (B) 6.2G

Comoving blob size (R) | 3.0x10* cm

Variability time scale£,) | 1.0 x10° sec

and correlation of ultra high energy cosmic ray (UHECR) ¢s@tove 55 EeV to the nearby
sources may reveal cosmic accelerators (Pierre Augerlezoliéion et al., 2007; Abreu et al.,
2010). Due to the indirect detection of cosmic rays above Ee&fgy the composition re-
mained uncertain. The photo-disintegration of cosmic @@y nuclei in the astrophysical
sources can produce gamma rays and daughter nuclei (Sté86&; Stecker & Salamon,
1999; Murase & Beacom, 2010; Anchordoqui et al., 2007b).

The observed diffuse UHECRS spectrum at earth may be a raigfyrotons and heavy
nuclei (Pierre Auger Collaboration et al., 2011). At higlkeergies greater than 5 EeV the
cosmic ray composition detected by Abraham et al. (2010) favour of iron composition.

We have assumed that the two cosmic ray events observed frerditection of the
core of Cen A are either protons or neutrons. Similar lineghought were discussed
by Sahu et al. (2012). In our case these UHECR protons andomsuare produced after
the photo-disintegration interaction. Cen A TeV gamma ragesvation (Aharonian et al.,
2009) has been related to the two extremely energetic casyievents observed by Pierre
Auger observatory from the direction of the core of Cen A witthe hadronic model of
p — v interactions by Sahu et al. (2012). In this scenario the hasity of the cosmic ray
protons of energy 13 TeV has to be close to the Eddington lasitiy of the black hole
(Lgaq = 1.3 x 10%5(M/108Mjy, Jerg/sec). The two cosmic ray events correlated by Pierre
Auger observatory towards Cen A in between 55 to 150 EeV caxpkained with a lower
luminosity budget of) x 10*erg/sec (Anchordoqui et al., 2011).

In this chapter we will discuss the interaction of cosmicsrawth the gas medium and
the radiation field in the Cen A core. In our calculation wed#e Cen source parameters
(", 0p, 0, B, R) which are listed in Table 2.1 for the green fitted curve inufegy2.2. drived
by Abdo et al. (2010b) using the SSC model.
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Figure 2.2: Centaurus A multi-wavelength observations and the SSC hfitsle The green curve and the
dashed green curves are the SSC model fit with and witheuty attenuation. A SSC model fit with different
parameters, as shown by violet curve can’t explain the Xeata and TeV emission while the brown curve
can explain the TeV emission but in can’t produce the othetspaf SED. The decelerating jet model by
Georganopoulos & Kazanas (2003), as shown by blue curveialibve figure, can’t explain the TeV emission.
The SSC model parameters for different curves can be fouAlddio et al. (2010b). The SSC model parameters
for green curve are shown in Table 2.1 and are used in ourlatitmo. Image Credit: Abdo et al. (2010b)

2.2 Hadronic models of gamma ray production

As we have discussed in the section above that the GeV to Tassem from the central
region of Cen A cannot be explained by a relativistic popafradf electrons in the core of
Cen A. We have taken the case when cosmic rays are interantthg core of Cen A and
producing secondary particles. We have discussed theniolphadronic processes in this
chapter.

e The interaction of cosmic rays with the gas medium.

The interaction of cosmic ray proton with the gas densityhatdource leads to pro-
duction of secondary particles. These kind of interactian be generalized to any
composition of cosmic rays, for example any A-p kind of iatgirons, where A is the
mass number of the atomic nuclei.

e The interaction of cosmic rays with the radiation field.

In this scenario, the interaction of cosmic ray proton wité tadiation field produces
secondary particles.

e The photo-disintegration of primary cosmic rays in the edatin field.
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The photo-disintegration of cosmic ray heavy nuclei fokolvby de-excitation of
daughter nuclei, produces secondary particles.

To calculate the flux of secondary particles in the hadronractions, we need the spec-
trum of primary cosmic rays, seed photon spectrum and tleenrdtion about the density of
the gas medium at the source. We have choosen a power lawacmgnrgpectrum with no
breaks for the Cen A source from TeV to 100’s of EeV energy efdbsmic rays. The nor-
malization of the cosmic ray spectrum is constrained by tke® Auger observation while
the index of the spectrum follows the GeV to TeV gamma ray spkiadex.

The observed high energy gamma ray flux from Cen A can be ugegédal the hadronic
processes inside this source (Gupta, 2012; Kachelriel3 089a). The GeV to TeV gamma
rays observed from Cen A could be more useful to study thisceoas an UHECR accel-
erator (Aharonian et al., 2009). HESS experiment has dstegamma ray emission from
the kpc scale central region whose morphology is basica#ycentral black hole, the inner
kpc jets and lobes (Aharonian et al., 2009). The gamma rayahove energy 250 GeV
is a single power law with indeX.73 £ 0.454,; + 0.2, denoted aﬁ% in observer’'s
frame on earth. ’

dge (E2) L Eo 27
) 45 w10 3(—”> 2001 TeV ! 21
dEedieds N0 (fey) om e eV (2.1)

The very high energy gamma ray emission observed by HES8®nstine core (central
region with inner jets and lobes) of Cen A.

The production of gamma rays at the core of Cen A depends oefficeency of the
hadronic interaction. We have first calculated the efficyemicthe hadronic interactions at
the core of Cen A. To calculate the rate of the hadronic icteya we need to convert the
observed photon density at earth to a wind frame associatbdive source. To do this we
have defined two frame of references-

The first one is the wind rest frame, associated with the Cenukcs jet and second
frame of reference is the observer frame on earth. The wistframe is moving w.r.t. the
observer frame on Earth.

We have calculated the very high energy gamma ray flux in teemier’s frame on Earth
to compare with HESS observations.

2.2.1 Pure Hadronic Interactions

In the pure hadronic interactions the cosmic rays which acelarated to higher energies
at the core of Cen A, interacts with the ambient neutral hgdrodensity. These interaction
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leads to the production of charged, 7~ and neutral pions® with almost equal probabili-
ties. The decay of neutral pions produces gamma rays andgezhprons decay to neutrinos
and antineutrinos.

In the first case as mentioned earlier we have assumed thatitmary cosmic rays are
only protons at the core of Cen A

Based on SSC model parameters, (please see Table 2.1)dfractidn region of cosmic
rays at the Cen A source, in the wind rest frameiis; 3 x 10'° cm. In the wind rest frame
the optical depth for the pion production, in the pure hadramteraction is decided by the
density of gas medium. Each pion producegin p interactions is assumed to ca§%
of the initial proton’s energy. The optical depth for pioroguction in interactions with
hydrogen densityi; /cm? in a blob of size ofR = 3 x 10! ¢cm in the wind rest frame is
Top = R/1,p, Where the mean free pathljs = 3/ng x 10%cm for the p-p interaction cross-
section of value approximateby, = 34.6mb (Anchordoqui et al., 2007a).

In the wind rest frame the cosmic rays and gamma rays areezhigtbtropically. These
particles should undergo relativistic beaming effectshia observer’'s frame. Only those
photons from Cen A are observed which are travelling aloerditie of sight of the observer.
The observed emission at earth should be modified by the Bofgator, which is defined as
dp = I'"1(1 — Bcosby,) L. Whereg is the dimensionless speed of the wind rest frame with
respect to the observer on Earth and the angle between tbevedgphoton and the wind’s
velocity isd,;, as measured in observer’s frame dhig the Lorentz boost factor of the wind
rest frame.

The deflection of the cosmic ray protons of energy more tha&®® is negligible in
extragalactic magnetic field (Pierre Auger Collaboratibale 2007). The cosmic ray pro-
ton/neutron events detected above 55 EeV energy with @resdity within 3° of the core of
Cen A are travelling from the source to the observer with #raes Doppler shift in energy
as the gamma rays observed by HESS if they all have a commgim.ofihe energies and
times in the observer’'s frame and wind rest frame are remm = opE, andt® = t/op,
we have neglected the redshift correction as redshift (8esf A is much less than 1.

The gamma ray flux expected from decaying energetic piordusexd in interactions of

dN,

cosmic ray protons (expressed in number of protons per neigg per unit timgm(Ep)

in wind rest frame) with matter (Anchordoqui et al., 2007&th& core region of Cen A is

dgS(E9)  2Y, R [Promex AN (Ep) dEo

_ - _ 2.2
dEodtedA ~ 47D? dBrodt (B2, — m2,)1/? (2.2)

pp Eﬂ'o,min
In the above equation the number of cosmic ray protons péeuaergy at the core of Cen A

dﬁg(fgjj) = A, E_", A, is the normalisation constant ands the spectral index. The distance
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to the source i®) = 3.4 Mpc. The minimum energy of pions 8,0 i, = E,, + m?,/(4E,)
and the maximum energy 15,0 ;.. = 0.2E2** whereE** is the maximum energy of cos-
mic ray proton/nucleonn . is pion’s rest mass anfl, is the energy of gamma rays. The
spectrum weighted momefit, has been calculated from Anchordoqui et al. (2007a).

1
Ya:/ X2 0 (x)dx (2.3)
0

The functionf .o (x) ~ 8.18x1/2<1+1.33;721(/12X1/2)>4<1)1(1/2 + 1+};§’§§}72i’;ﬁ3/2)). Fora =
2.73 we getY, = 0.03. With eqn.(2.1), egn.(2.2) and eqgn.(2.3) we can find the adisa-
tion constant of the UHECR proton spectrutp. UHECR neutrons produced in p-p inter-
actions subsequently decay to protons, electrons andeartinos. We have also included
the UHECR neutrons decaying to protons in calculating thpeeted UHECR event rate in
Pierre Auger. The integrated exposure of the Pierre Augtsctte is(9000/7) km? and
relative exposure for declination angle= 47°) is w(d) ~ 0.64. The number of UHECR
events expected in Pierre Auger detector can be calculatad the UHECR spectrum. The

cosmic ray spectra in observer’s frame and wind rest frameeated as,

dN(I;n(Egvn) _ 1 de7n(Ep7n)

= 2.4
dEg dt°dA ~ 47D?  dE,,dt (2.4)

Using the cosmic ray spectrum we can calculate the numbespefoted events in the Pierre
Auger detector in the 15/4-years of duration,

15 9000 B2 qNe, (E9,)
Ne ==« (km®)w(s B LA e | D 2.5
p,n 1 X - ( m )w( >/Ef dE%ndtodA p.n ( )

We have use@;n = opE, » as we have calculated the expected number of events in Pierre
Auger which travelled in the directiof,,. Also, we have assumef}, = 1 which corre-
sponds tal’ = 7 andéd,;, = 30°. In the above equation the lower and upper limits of the
energy bin arély = 55 EeV andE? = 150 EeV respectively. If we assume that the proton
spectral index remains 2.73 upto the highest energy andatesyot deflected by the in-
tervening magnetic field then in 15/4 years 450 events areatag forr,, = 10, which
corresponds tay; = 10* cm 3. For lower densities;,, will be smaller. In this case many
more protons may escape from the source before interaciithgtine matter near the core
region. The intervening magnetic field may deflect them awasnfus and some of them
travelling towards us would trigger the detectors at therBiAuger observatory. As we are
predicting a very large number of UHECR events in this case,stenario of p-p interac-
tions at the core is not favoured by the observational data fPierre Auger. In the p-p
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interaction scenario the luminosity of UHECRS in the endrgyof 55 EeV and 150 EeV
is estimated a&ypgcr ~ 3 ¥ 1043(%) erg/sec which is much less than the Eddington
luminosity Lgqq = 10%%erg /sec for Centaurus A.

In the second case we have calculated the interaction betivegrimary cosmic ray Fe
nuclei and the ambient hydrogen density at the core regid@eof A. In this case the rate
for Fe-p interactions iRy._, = ngor.c, Where the cross-section for interaction of nuclei
of mass number 56 isr, = 34.6 x 56°/* mb. If UHECRSs are Fe nuclei then pure hadron
interactions may lead to the production of gamma rays. Togsesection of interactions are
A3/ times higher in comparision to p-p interaction and hencedbe of A-p interactions is
also higher by the same factor. If we consider there are oolynuclei near the core region
of Cen A, then the gamma ray flux expected on earth in pure hadteractions Fe-p is

dg9(ES)  2Y, R /Em dNge(Eqo) dE, o

= . 2.6
dE3dt°dA ~ 47D? I, dEodt (EZ, — m2,)1/2 (2.6)

Eﬂ'o,min
The number of UHECR Fe nuclei per nucleon energy per unit ttniéhe core region of

Cen A is,(ﬂflgeiﬁf) = 56%, with Ep, = 56E,. We have expressed the number of Fe

nuclei per unit energy of neutral pions per unit timé%%‘%. The mean free path of Fe-p
interactions has been denotedlhy,, wherelg,, = 0.048l,,. Eqn.(2.6) can be expressed as

deS(ES)  2Y, R /EO AN, (E0) dEo 27

— —a+1_ —~
dEgdtedA  47D2 lpep dErodt (E2, —m2,)1/2’

Eﬂo,min

In pure hadron interactions protons or neutrons will be poed with neutral or charged
pions respectively. We calculate the flux of nucleons (prstand neutrons) produced in
pure hadron interactions.

AN, o (Epn) R . dNg(Er)

n dE n — 08 E e
PRUAE, pdt F

E R e
Irep ¢ dEpedt

dEr. (2.8)

where,E, ,, = 0.8Eg. /56, assuming the secondary nucleon takes as¢&y of the primary
nucleon’s energy. In this case the secondary nucleon fluduymexd in A-p interactions is
very low and we expect no event in Pierre Auger detectdbifil years.

Hence, we conclude that neither p-p nor Fe-p interactionasae is consistent with the
observational results from the core of Cen A.
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2.2.2 Photo-hadronic Interactions

The dominant p-gamma interaction process is the delta ae®enprocess which produces
secondary gamma rays and neutrinos.

p+70 — p+ 2y, fraction 2/3

, 29
n+rt —=n+e"+v.+v,+1, fractionl/3 (29)

p+7—>A+—>{

We have used the p4interaction scenario as discussed by Waxman & Bahcall (1 98¥ere
the p-y interaction rate is defined as,

c [~ *  dn(x) dx
R, = —/ Eo(e ede/ — (2.10)
B e o /) dx X

In our calculations we have taken the peak value of thargeraction cross section. Due
to this approximation the above integration (2.10) reduces

Rp—y = %fapeakepeakAe /6/(2%) dI;—EE()g (2.11)
whereo (e,c.) = 0.5 mb is the cross section at the resonance eneggy = 0.3 GeV in

the proton rest frame. The full width of the resonance at makima isAe = 0.2 GeV and

¢ = 0.2 is the fractional energy going to a pion from a proton.

The threshold energy of pion production in proton rest frasng = 0.15 GeV. p — v
process has been discussed in detail by Sahu et al. (20128y Adve shown that it can
explain the observational results. In this model the lursityoof the cosmic ray protons
at 13 TeV has to be x 10% erg/sec for production of 190 GeV gamma rays. The optical
depth forp — ~ interactions for 13 TeV protons with 170 KeV photons is estied to be
107% in Sahu et al. (2012). We get similar optical depth for ~ interactions at 13 TeV
proton energy using our calculated ratepof ~ interactions given in Figure 2.3.

2.2.3 Photo-Disintegration of Heavy Nuclei

If the primary cosmic rays are only Fe nuclei inside the cdr€en A then they may be
photo-disintegrated by the low energy photons in that megio the photo-disintegration of
the primary nuclei, daughter nuclei and secondary nuclgmasons/neutrons) are produced.

A+y— A" (A-1)+9 +norp (2.12)
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The daughter nuclei de-excite by emitting gamma rays. Imtieear giant dipole res-
onance process (GDR) of photo-disintegration statisgoailssion of single nucleon domi-
nates (Anchordoqui et al., 2007a). The particles escape@en A are basically high energy
photons (after nuclear de-excitation) and nucleon (thesénigh energy cosmic rays parti-
cles) after the photo-disintegration. If the observed legkrgy gamma ray emission from
Cen A is due to photo-disintegration process then we caruleatcthe expected nucleon
(proton/neutron) flux from Cen A using the observed gammdluxy The ralation between
these fluxes is discussed by Anchordoqui et al. (2007a). @teeaf photo-disintegration
process is calculated with eqn.(6) of Anchordoqui et al0O720

cmopen A /°° dn(x) dx
1%phot—dis = 5

— 2.13
e (2.13)

3"
6/2% dx x

The value of the cross-sectionds = 1.45A mb, the central value of GDR = 42.65A%#
MeV for A > 4 and width of the GDR ig\ = 8 MeV. The Lorentz factor of each nucleon is

7 = Ere/(56m,). We have used the photon spectral energy distribution sedesn earth

egzdfjjt(fjl (MeVem2sec™!) from the fit given in Abdo et al. (2010b), which is also shown
Y

with red solid curve in the Figure 2.4. The photon densityyret energy in the core region

dn(x) is

dx

dn(x) . AN (e)
47R? = 4rD*0pr —1
T T deodredA

(2.14)

where,a =b + o+ 1 andb = 2,3 for continuous and discrete jet respectively (Ghisellini
et al., 1993). « is the spectral index of the SED taken from the SSC green fiirde,
egzdigjt(fjl oc 5~ « takes different values in different energy regimes as dised in the
Appendix at the last section of this chapter.

We have denoted the energy of the low energy photons in thenedrss frame by and
€2 = dpx. From the above equation it is noted that the photon densttyeasource depends
ondp. In Abdo et al. (2010b) they have taken various valuels ahdJjp, the SED fit of SSC
model to Fermi data is given fdf = 7 anddp = 1 which corresponds té,, = 30°. For
smaller values of, the photon density at the source would be much higher.

In photo-disintegration process protons and neutrons egrdduced with equal proba-
bilities. TeV gamma rays may be produced in this process ff@vi UHECRs. Similar to
eqgn.(28) given in Anchordoqui et al. (2007a) we can relagentbutron, proton and gamma
ray fluxes from photo-disintegration of nuclei of mass A.

dN?l,p(E?l,p) _ E;A dgb?y(E?y)
dEg dt°dA — my,n, dEgdtedA

(2.15)
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where in the wind rest frame, = E,E/ , /m,,.

We are interested to calculate the number of proton or newvents in Pierre Auger
above 55 EeV which maintain their directionality while tedling from the core of Cen A to
the observer. They have the same Doppler shift in energyeagdimma rays observed by
Aharonian et al. (2009) as they are produced in the same wamdef and travelling in the
same direction from the source to the observer. If the ganapnamission is monochromatic
in the rest frame of the nucleus then its average has beemadieby)E;A. ny Is the average
multiplicity of gamma rays andh,, is rest mass of each nucleon. For Fe nuklgf, = 2 — 4
MeV and gamma ray multiplicity ifis = 1 — 3.

In the photo-disintegration theray flux produced from parent Fe-nuclei are connected
by equation (2.16). If the rate of photo-disintegrationaastant then parent nuclei spectrum
will follow the spectrum ofy-ray flux. This approximation helps us to use GeV-TeV HESS
observations to restrict spectral shape of the parent n#gdsuming the same spectral index
of the neutron and proton spectrum from TeV to the highesiggnee calculate the expected
number of events in Pierre Auger detector in 15/4 years irettexgy bin of 55 EeV to 150
EeV. We get two events for spectral index 2.45 with,, = 4 MeV andiis; = 2 which
agrees with the detection by Pierre Auger experiment frogrdihection of the core of Cen
A. The power law spectrum which fits HESS data has spectrakind3 + 0.45;,; £ 024y
(Aharonian et al., 2009). The spectral index5 used in our calculations is within the range
of error in the spectral index obtained by Aharonian et &0Q).

In this scenario variability of the source increasing théssion may yield more UHECR
events from the direction of Cen A. Due to the low gamma ray fitoxn Cen A it was not
possible by HESS experiment to detect variability in timales shorter than days and with
increments below a factor of 15-20 (Aharonian et al., 200B}he size of the interaction
region isR = 3 x 10'® cm (Abdo et al., 2010b), and the rate of the photo-disintagra
process iR, not,ais then the high energy gamma ray emission can be related tautheer

of UHECR Fe nuclei per nucleon energy per unit time at the cdi€en A d%“;gt(EN) as

follows

dgb?Y(Eg) - 1 Rn56mN/ dHFe(EN) dEN (216)
f’“l\}_

= oS — . \photdis/= —
dESdtedA — 4nD? fo 28! 5 Jmyes dEndt Y B
v
wheref = v/c ~ 1 for UHECR nuclei.
We calculate the normalization constant of the UHECR Feaidltix from eqgn.(2.16).
We havedngeT(fN) = Nr.Ex®. We use eqgn.(2.16) to calcularg,, = 2.65 x 10~7. The nor-
malization constant of the UHECR Fe nuclei can be calculated the following relation,

ArErd = % Np.Ey" (follow eqn (22) of Anchordoqui et al. (2007a)), and it conues to
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beAr. = 9.08 x 107°TeV 'sec™.

The HESS spectrum is measured abiye= 250 GeV. Gamma rays of energy 250 GeV
are produced by Fe nuclei of per nucleon enefgy= E,my/(2E. ;5) = 29 TeV. In the
Figure 2.3 we have plotted the rate of photo-disintegratilRe nuclei with the energy per
nucleon in the wind rest frame along x-axis. Between 1 TeVa0 TeV nucleon energy in
the wind rest frame the rate is almost constant anditis10®sec~!, forI' = 7 anddp = 1.

At higher energy the rate increases but the cosmic ray nflaledecreases more rapidly as
it follows a power law with spectral index2.45. The luminosity of cosmic rays with known
spectrum is defines dsg = 47D? fliﬂ ArEplEpedEp. 2. The luminosity of the UHECR
Fe nuclei flux in the energy bin 66 x 56 EeV and150 x 56 EeV is~ 10*2 erg/sec which

is much below the Eddington’s luminosity.

The 170 KeV photons at the second peak of SED in the FigurgBatp-disintegrate Fe
nuclei of energyEr, = 2.8 TeV. This result is obtained using the threshold energy coomliti
€0/27, = 170 keV, wherey, is the Lorentz factor of each nucleon in wind rest frame and we

have used = 1 for the Doppler shift of the low energy photons. The gammaemagrgy
produced from photo-disintegration of 2.8 TeV Fe nucleiakualated using the expression
E, = 2E/ ;sEx/my, whereE! ., = 4 MeV and energy of each nuclediy = 50 GeV. We
find the peak energy in the gamma ray spectrum from phototdipiation of Fe nuclei by
170 keV photons is at 400 MeV. The spectrum of cosmic ray Féenbes a break at 2.8
TeV due to the second peak in the SED at 170 KeV.

Above 2.8 TeV the spectral index -2.45 gives a good fit to treeokational results. The
total luminosity of the Fe cosmic rays in the energy range®2V-150 EeV has to be of the
order of 10*7erg /sec, which is higher than the Eddington luminositypf® erg/sec), of Cen
A. We note that the luminosity required to accelerate cogmys abovel0?° eV is higher
than10® erg/sec (Dermer et al., 2009; Abdo et al., 2010b). In the scenarioesf &, Dermer
et al. (2009) has found that during high flaring emission thgagent isotropic luminosity
of Cen A can easily exceed the Eddington limit. In the SED of @ethere are error bars
on the observed photon flux and also there are no observhtiataapoints between the two
peaks as shown in the Figure 2.4. The lower energy photone{hsintegrate the higher
energy Fe nuclei. The rate of photo-disintegration is diygaroportional to the density of
low energy target photons at the source. Higher densitywgloergy photons would lead to
higher rate of photo-disintegration process. If the ratghafto-disintegration is higher then a
lower luminosity of cosmic rays would be required to expldia observational results. The
x-ray photon density is higher along the x-ray jet of Cen As thould lead to more efficient
production of high energy gamma rays and require lower UHE®@RNOSIty.
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Figure 2.3: p — p (solid line), Fe — p (dash-dotted line) forny = 1.7cm~3 KachelrieR et al. (2009ap, — ~
(dashed line), photo-disintegration rates of Fe nucleitédbline) calculated with the fit of SED Abdo et al.
(2010Db). X-axis represents energy per nucleon in the wistframe.

2.3 Discussion and Conclusion

Our calculated rates of the various processes of high emggngyna ray production are shown
in Figure 2.3. We have used hydrogen density at the core ofACep = 1.7 cm 3 taken
from Kachelriel3 et al. (2009a) and the photon spectral grdiggribution (SED) as given in
Abdo et al. (2010b). The rate of photo-disintegration of kelei is the highest among all
processes of high energy gamma ray production in Cen A cdre.ificrease in the rates of
photo-disintegration anghy interactions near0'? eV shown in Figure 2.3, is due to the first
peak or the synchrotron peak in the photon SED as shown iné&@2. The high energy
gamma ray flux from photo-disintegration of Fe nuclei is shavith a black dashed line in
Figure 2.4.

The v ray spectrum 400 MeV-10 TeV (black dashed line), in Figuekig.due to the
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Figure 2.4: Spectral energy distribution (SEIBE}2 AN () (MeVem~2sec™1!) from Cen A core, the solid red

curve is the fit with synchrotron and SSC from Abdo et al. (Ehi)lolgh energy gamma ray spectrum from
photo-disintegration of Fe nuclei shown with black daslieel|

photo-disintegration of cosmic rays is a power law. Thiscspen is consistent with two
UHECR events from Cen A.

do° (E° Eo° —2.45
quzd(tOd)A 2.45 x 10~ 13(1T(ZV> cm Zsec ' TeV ™! (2.17)

Photo-disintegration of Fe nuclei followed by de-exciatof daughter nuclei is found to
be consistent with the UHECR proton/neutron event raterobdedy Pierre Auger between
55 EeV, 150 EeV and the high energy gamma ray flux measured BSHE

In summary, we have found that the scenario of p-p interastgives excess UHECR
events from the core region of Cen A in the energy bin of 55 EeW 450 EeV. If we
consider there are only Fe nuclei as primary cosmic rays ithéime case of pure hadronic
interactions Fe-p the estimated UHECR event rate is very 18®ahu et al. (2012) have
considered the production of 190 GeV gamma rays in inteyactf 13 TeV protons with the
170 KeV photons in the second peak of the SED. In their mo@dLiminosity of the 13 TeV
protons has to bé x 10% erg/sec.
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In our case 29 TeV per nucleon energy of Fe nuclei is requo@idduce gamma rays of
energy 250 GeV in photo-disintegration of Fe nuclei. In owdel of photo-disintegration
of Fe nuclei the total cosmic ray power has to be of the ordéd6ferg/sec. The required
luminosity of the Fe cosmic ray nuclei is higher than the Bdtbn’s luminosity of Cen A.
However, we note that the requirement of luminosity dependthe photon density inside
the source and size of the emitting region. The cosmic rayraity required in the photo-
disintegration model would be lower if the density of the lemergy photons is higher at the
source or the size of the emitting region is smaller. Moreovéas been discussed earlier
that the isotropic luminosity in Cen A can easily exceed dgliEgton’s luminosity which is
10% erg/sec during flaring states (Dermer et al., 2009). Dermer et al08@lso discussed
that if the cosmic rays in Cen A are accelerated to approxitpdi00EeV, then the apparent
isotropic cosmic ray luminosity in Cen A need to be more thenEddington luminosity of
the source.

After the publication of our work, the observations of Cenrd made by Fermi-LAT col-
laboration (Sahakyan et al., 2013). In their 4 years (200822 of observations they found
a new hard component in the gamma ray spectrum above 4 Gethwan be explained by
p-gamma interactions at the core of Cen A (Sahakyan et d3)2@imilarly, Fraija (2014)
explained the gamma ray emission of Cen A, above 4 GeV by ghadoonic models. In
their work they found that the emission upto 4 GeV can be éxpthby the SSC model and
beyond 4 GeV the emission is due to the pion decay channdiidipion decay channel they
have considered the charged muon synchrotron cooling égpithduction of GeV emission.

Later, Kundu & Gupta (2014) explaind this new hard compomr@dtHESS observations
using the photo-disintegration of cosmic ray nuclei. Theyrfd that the total luminosity
in cosmic ray Fe-nuclei is 1.510% erg/sec to explain the gamma ray flux above 1 GeV.
In their calculations the total luminosity in cosmic ray feiés much lower than what we
found in our work (Joshi & Gupta, 2013) to explain the HESSearbations (Aharonian
et al., 2009). The main difference in these two models (Ku&d@upta, 2014; Joshi &
Gupta, 2013) is due to two different set of SSC parameteregdll), ip, 6, B, R) used in
their calculations.

2.4 Appendix

The spectral energy distribution from Abdo et al. Abdo et(2010b) shown by red solid
curve in Figure 2.4, has been fitted in fourteen energy iatenwith average error less than
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10%. The parametrization used in our calculations are giveovioel

f(z) = —6.15 x 1072 4+ 2.21 x 10°x 4 2.01 x 10"2%;1.00 x 107° < % <7.7%x107°
f(z) =1x107%—2.06 x 10*z + 1.502 x 10"2?;7.7 x 107° < % <1.17x10°*
f(z) = =149 x 1077 +5.23 x 10°z + 1.49 x 10"%2%1.17 x 107* < % <4.32x 107"
f(z) = —1.55x 107° + 1.34 x 10"z — 4.63 x 10"2*4.32 x 107* < % < 1.36 x 1072

f(x) =5.17 x 1072 + 3.77 x 10%z — 3.99 x 10'°2* + 1.39 x 10"72%;
136 x 1072 < — < 1.34 x 107!
eV

f(z) =196 x 107* — 1.07 x 10°x 4+ 2.63 x 1072* — 2.33 x 10"%2%;1.34 x 107" < % < 4.54
F(z) = 5.30 x 107° — 5772 + 2.65 x 10°2? — 4.14 x 10°2%;4.54 < % < 928.3
F(a) = 3.57 x 1070 +2.21 x 1072z + 2.182% 2.83 x 1072 < % < 3.48
F(z) = 1.99 x 107° +2.62 x 1072z — 5.74 x 10122, 3.48 < % <17.8

f(2) =214 x 107* +6.44 x 102 — 5.75 x 107 22? + 1.64 x 10~ '2*;17.8 < % < 185
fz) =477 x 107* — 6.54 x 10~z + 4.21 x 107%2%;0.185 < sz <7.16
f(z) =333 x107* —1.95 x 10™°2 +5.55 x 10~ "2® — 5.31 x 107 %2%;7.16 < sz <49
f(z) =126 x 107* — 1.16 x 107%2 + 4.35 x 107 %27 — 5.49 x 10~ 22?49 < Mxev < 352
Fz) =254 x 107 — 3.3 x 10782 + 1.20 x 10~112%;0.352 < GiV <144
f(z) =273 x107% —2.39 x 1072 + 5.25 x 10" 2? — 3.26 x 10"2°2*;1.44 < Giv < 90.94
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3.1 Introduction

IceCube is a neutrino observatory at the south pole to dadtinos in the energy range
of TeV to PeV (Halzen, 2006b; Halzen & Klein, 2010; IceCubdl&moration Hill, 2011,
Kappes & IceCube Collaboration, 2013). In 2013, IceCubdabofation (2013) reported
the first results on the detection of neutrino events. It Waditst detection of neutrinos in
the energy range of TeV to PeV from any terrestrial and estrastrial sources. The origin
of these neutrinos analyzed by Aartsen et al. (2013) anddbegluded that these neutrino
events are unlikely to be of atmospheric origin. IceCubddbalration (2013) also indicated
an evidence of extraterrestrial neutrino detection att¢e€ube detector.

The astrophysical sources inject cosmic rays in the asypapal medium. This medium
is filled with radiation and gas density. The propagation @smic rays in our Galactic
medium has been studied in the past several decades usirygnnoaiels and with increas-
ing complexities to explain the observational results eastully (Gupta & Webber, 1989a,;
Berezinskii et al., 1990b; Letaw et al., 1993a; Dorman, 20@e et al., 2007; Strong et al.,
2007; Farahat et al., 2008; Blasi & Amato, 2012a,b). Thesjpan equation written by
Ginzburg & Syrovatskii (1964) contains various terms tolude the possible gains and
losses in the flux of cosmic rays.

In the Galactic and extragalactic magnetic field cosmic raydergo random motions
and interact with matter and background radiations. Thisraction leads to many inter-
esting physical phenomena like spallation of heavier nuoléghter nuclei, (Silberberg &
Tsao, 1990; Ramaty & Lingenfelter, 1999a,b; Combet et 8052, secondary gamma rays
and neutrinos will be produced by their interactions witlckgaround radiation and matter
(Evoli et al., 2007; Gupta, 2012; Stecker, 2013) and thdiusion in momentum space lead
to reacceleration (Heinbach & Simon, 1995; Simon & Heinhd®96). The cosmic ray
propagation models with energy dependent diffusion caefftcD(E) and re-acceleration
were subsequently introduced to explain the observati@sallts (Gupta & Webber, 1989b;
Berezinskii et al., 1990c; Gaisser, 1991b; Letaw et al. 3099

The observations of cosmic ray induced air shower have anmeng impact on our
understanding of the high energy phenomena in the univéiseu et al., 2005; Risse et al.,
2005; Abbasi et al., 2010; Apel et al., 2013; Knurenko & Sabwp2013; The Pierre Auger
Collaboration et al., 2013). The compilation of cosmic ratadfrom various air-shower
experiments show a knee region near 3 PeV and ankle regior@feBeV in the all particle
cosmic ray spectrum (Gaisser et al., 2013).

Anchordoqui et al. (2013) used IceCube neutrino obsemat{tceCube Collaboration,
2013) to understand the knee and ankle features of the coagngpectrum assuming that
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these neutrino events could be of Galactic origin. Cosnyianteractions in the inner Galaxy
have been considered as the possible origin of some of tiaubme detected events and
Fermi/LAT observed gamma rays (Neronov et al., 2013). The $ikower-like neutrino
events correlated with the Galactic centre region by Rarz#8013) could have originated
from cosmic ray acceleration in SNRs (supernova remnants).

The correlation of the gamma ray and the neutrino fluxes amdSactic origin of the
IceCube events have been studied by Ahlers & Murase (201 pointed out that within
wide angular uncertainties off the Galactic plane, it isuplale that about 10 events are
of Galactic origin. Recently the sub-PeV and PeV neutriregetbeen correlated with the
cosmic rays above the second knee in the very high energyicoagnspectrum. In this
connection Murase et al. (2013) considered the hadrongcantion in cosmic ray sources
and Liu et al. (2013) considered hypernova remnants aslgessindidate sources.

The neutrino events detected by the IceCube detector cégddhave originated from
magnetic energy dominated gamma-ray bursts (Winter, 20d8) low power gamma ray
bursts (Murase & loka, 2013), and from cores of active galauiclei (Stecker, 2013).
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Figure 3.1: Cosmic ray spectrum observed at earth. All compositionshosvn. (figure taken from Gaisser
etal. (2013))

In the present work we consider the observed steady stateflcasmic rays (Gaisser
et al., 2013) for the calculation of the diffuse neutrino flpnoduced in cosmic ray interac-
tions. Thus our results neither depend on the unknown ing@spectrum, nor on the escape
time of very high energy cosmic rays. In the neutrino flux aldtion we have used recent
cosmic ray observational data, also shown in Figure 3.1.
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3.2 Proton Interactions and Target Geometry

Very High Energy Cosmic Rays (VHECRS) interaction with G#lamatter produces charged
and neutral pions. The charged pions decay to muons and mypenneutrinos £+ —
p* +v,(v,). The muons subsequently decay to electrons, electron syseimos and muon
type neutrinogu* — e* + v () + v,(v,). The ratio of the neutrino fluxes of different
flavors produced in thisway i + v, : v, + v, : v + 1, =1:2: 0.

The fluxes of neutrinos of each flavor are expected to be rgugdpial on Earth after
flavor mixingv, + v, : v, + v, : v, + v, ~ 1 :1:1(Gaisser, 1991a). For the numerical cal-
culations, however, we compute the flavor mixing precissing the current best-fit values
Gonzalez-Garcia et al. (2012) (first octant solution).

For the description of the p-p interactions, we follow thenfalism discussed by Kel-
ner et al. (2006a). The p-p interaction time is giventpy(E,) = 1/(nn o,y (Ep) ¢), Where
ny IS the mean hydrogen number density of Galactic matter aadithss section of the
interaction iso,,, (E,) = 34.3 4+ 1.88In(E,/1TeV) + 0.25(In(E, /1TeV))? mb. The average
(over different experiments) cosmic ray spectrum above T (Gaisser et al., 2013) has
been approximated with power laws with several breaks forcaiculation; the spectrum
has been linearly interpolated amofig0), (6.5,0), (8.5, —0.85), (9.7, —1.7), (10.5, —1.7),
(11, —2.3) on a double log scale g E[GeV], logcE*¢J[GeV!Cem 25 1sr1].

The neutrino injection spect@, [cm3s~'GeV '] are given by

Qu(E,) = cng / Gon (2N (205, By X (3.1)

X X X X

for the appropriate flavor-dependent parametrizations@fdistribution functions given in
Egs. (62) and (66) of Kelner et al. (2006a), which include pheper pion multiplicities.
The integration ovex = E, /E, is carried out to include the contributions from all protons
having energy equal to or higher thBp. However, on the averadgés of a proton’s energy
goes to a secondary neutrino, which means that the maximuaintmation to the neutrino
flux at energyE, comes from the protons of energy twenty tiniés Note that the neu-
trino injection is computed from the proper densitylcm 3] and the steady state density
N,[cm™® GeV~!] obtained from solving the cosmic ray transport equatidinve assume
that the cosmic ray density is the same everywhere in thexgdta hydrogen halo), we
can directly use the observed cosmic ray flux to compite= 47J,/c, where the fluxes are
given in unitsjcm—?s~!'sr~'GeV~!]. That is, the neutrino production neither relies on the
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cosmic ray injection, nor on the cosmic ray escape time. Tsewed neutrino flux can be

computed by

1 v
dv Q

- 47 4rr?

Jy

(3.2)

where r is the distance between Earth and production regiona (hypothetical) spherical
hydrogen halo with radius R centred at Earth and a homogentoget density, we have
J, = Q,R/(4m). For an arbitrary halo shape, we can re-write Eq. (3.1) as

e 33)

X X X

Here the effective radiuB.s = [ dV/(4mr?) for a homogeneous halo, integrated over
the appropriate production region; for a halo centered athEEane recover® = Reg. If
the hydrogen density or cosmic ray density depends on tlaidoy this effect can be also
expressed in terms of the effective radRig in a more complicated scheme; for a detailed
study of the spatial distribution of hydrogen and cosmicsrage Evoli et al. (2007) .

In some models, (Evoli et al., 2007) the average atomic lyelalensity in the Galaxy
modelled with radii 10’s of kpc and height 100’s of pc calt¢athto be~ 0.5cm™3. The
density of ionized, neutral and molecular hydrogen as ationof the height from the
Galactic plane relative to the Earth’s location and theakdiistance from the Galactic cen-
tre have been calculated by Feldmann et al. (2013) usingaher ray data observed by
Fermi gamma ray space telescope. Relative to the Earthegidocthe density of atomic
and molecular hydrogen gas drops frdem— to 0.1cm 2 within a distance of 1-1.5 kpc
above the Galactic plane. The density of ionized hydrogenstgeply falls fron).3cm =3
to 0.001cm ™3 within the same distance. The hydrogen densitiescaf — are unlikely for
the10's kpc of spherical halo as discussed by Dickey & Lockman (19R@)berla & Kerp
(2009), and Blitz & Robishaw (2000).

We completely independently derive the average hydrogasigefrom the neutrino
observations, assuming that the observed events come frimractions between cosmic
rays and hydrogen within the halo. We consider differenpskaof the hydrogen halo. The
effective radii from Eq. (3.3) for the different geometriasd the Earth 8.33 kpc off the
Galactic centre are listed in Table 3.1, where we denoteatmrs of the spherical region
around the Galactic centre B;c.

In the following, we us&k.s = 10kpc or Ry = 1kpc for different extreme models, but
our results can be easily re-scaled with Table 3.1. WhilgHerspherical halo around the
Galactic center and extending beyond Eatth ~ 7 — 13kpc seems plausible, smaller val-
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Shape 1:{GC,kpc hkpc Reﬁ,kpc

Spherical 10. 7.2
Spherical 15. 13.3
Cylindrical 10. 0.5 1.7
Cylindrical 10. 0.25 1.0
Cylindrical 15. 05 2.1
Cylindrical 15. 0.1 0.58

Table 3.1: The effective halo radiuB., calculated for different halo shapes and parameters. Rigeerefers
to the radius around the Galactic centre, dfid,. to the extension of the cylinder beyond the Galactic plane
for the cylindrical shape.

ues are obtained for the cylindrical halos: For realistalsbteightd: < 250pc, Reg =~ 1kpc.

3.3 Effect of Cosmic Ray Composition

The observed cosmic ray flux contains protons, helium, carbaygen, iron and heavier
nuclei. In Gaisser et al. (2013), the helium nuclei flux exisste proton flux above 10 TeV
and at 1 PeV helium and iron nuclei fluxes are comparable (shvaith curves of different
colors in Figure 4 of Gaisser et al. (2013)). At 100 PeV thendogay flux contains mostly
iron nuclei and at 1 EeV protons dominate over iron nucleichlEaucleon in the nucleus
interact with a Galactic hydrogen atom and pions are pradiudech subsequently decay to
neutrinos and gamma rays. In the case of composite nucleuglbserved) cosmic ray flux
of nuclei with mass number A iy (Ex) = dANA(E4)/dE4.

We tested two different approaches to compute the neutninxofdir heavier composi-
tions. One is essentially the superposition model: we assiinat the nucleus with mass
number A and energ¥, behaves as A nucleons with energy /A. As a consequence,
we can use Eq. (3.3) to compute the neutrino flux by replagjig,,) = dN,(E,)/dE, —
A?JA(AE,) = A%dNA(AE,)/dEA. For a simple power law with spectral index one has
Jp(Ep) = A>7*E;“, and as a consequence, the result is identical to protons fer2. As
another approach, we rather follow Anchordoqui et al. (2)Ghd take into account that
the cross section, , is higher by a factor oA®* thano, . In this case, we can re-write
Eq. (3.3) as

(3.4)
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wherex, = x/A is the fraction of the nucleus energy going into the neutrifar a simple
power law, this yields a neutrino flux A"~<, which is about a factor o£%-2° smaller than
the one of the superposition model, with some compensatyatid slightly higher cross
section. The reason is, roughly speaking, that the croseseauf the nucleus is somewhat
smaller than that of A nucleons, because of the surfacevaleate ratio~ A%, Note that
these differences are very small (at the level of 20%), andsesthe (more realistic) model
in EqQ. (3.4) in the following, which allows us to implementiable compositions easily.

108

ST~ _A-1

107° ~
1010
1011

1012

E?J [GeVem™?stsrY

> 1013
1014 Dashed-dotted: Hypothetice \\ A=4
Solid thick: Gaisser et al 20: .
1015 \
104 10° 10° 10 10° 1°

E[GeV]

Figure 3.2: Predicted neutrino flux for different cosmic ray compositipng = lem ™2, andR.g = 1kpc,
corresponding to emission from a cylindrical halo with tedilO kpc and half height 250 pe,(+ 7, flux
including flavor mixing) The solid and dotted-dashed yellmuvve follows the total neutrino spectrum due to
the variation of cosmic ray abundance with energy

The neutrino flux roughly scales &7~ it is clear that the pure proton composition
gives the highest flux and the pure iron composition the lb&scosmic ray index, takes
vales greater than 1.75). We have used the cosmic ray cotigposiodel by Gaisser et al.
(2013) to calculate the neutrino spectrum. The neutrinatspe from this model is shown
in Figure 3.2 by solid thick lines. This neutrino spectruns laadip at PeV energies which
disfavours the IceCube neutrino observations, where atdPeYgies an abundance of neutri-
nos has been seen (IceCube Collaboration, 2013). We haddadrmodel this abundance by
tuning the composition of comic ray spectrum (Hypothetioaldel). For the “hypothetical
model”, a helium composition betweénx 10* GeV and4 x 10° GeV has been chosen,
then proton betweeh)” and10® GeV, and then iron at0? GeV (and higher), linearly in-
terpolated among these values. This hypothetical modapis@ted by a better statistics, as
shown in Figure 3.3. In the Figure 3.3 the left panel shows#grino prediction based on
Gaisser et al. (2013) model and the right panel is our hypictdenodel. In this modelling
the neutrino events detected by the IceCube detector anedbin four energy intervals 30-
200 TeV, 0.2-1 PeV, 1-2 PeV and 2-100 PeV. The validity of oypdthetical model can be
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Figure 3.3: Observed (dots) and fitted (bars) event rates in the diffeneergy bins for the Gaisser et al. (2013)
and hypothetical models in the left and right panels, retbgeyg. Here the model with directional information
has been used. The required hydrogen densities are tabiriaiable 2.

checked by the future observation of cosmic rays and thearsgary particles. Note that all
cases with a composition heavier than hydrogen at 100 TeVttea predicted neutrino flux
about one order of magnitude below the flux required to desdhe IceCube observation
(IceCube Collaboration, 2013).

3.4 Results for the target density

The fluxes in Figure 3.2 depend on the prodiigt x ny. Here we fit the computed neutrino
spectra to the data in order to see what values can reproda@hd what can be said about
the fraction of neutrinos from cosmic ray interactions. Vg#oiwv the method described
by Winter (2013) updated by IceCube Collaboration (2013)e Tieutrino events detected
by the IceCube detector are binned in four energy interv@l2@® TeV, 0.2-1 PeV, 1-2
PeV and 2-100 PeV. We use two different approaches: (1) iggatirection, we assume
that all non-atmospheric events needs to be described bintdctions with hydrogen,
computing the atmospheric background with the method dssdiby Winter (2013); model
“All sky”. (2) We choose the events from the skymap IceCube Collaiooré2013) which
may potentially come from the cosmic ray interactions with hydrogen halo within the
directional uncertainties, and we correct for fractionsaitropically distributed events which
may fall into the Galactic plane; moddDfrectional inf.”.* The rest of the events is treated
as (extragalactic and atmospheric) isotropic backgroundaddition, we assume that the
neutrino directions are correlated with the diffuse gammaemission from the Galactic

*We remove the events at the lowest energies, as expectdfatrhospheric background, in the ratio 2:1
showers to tracks. The selected events are 2, 3, 4, 13, 122185, 27 (IceCube Collaboration, 2013).
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All sky Directional inf.
Reg = 10kpe Reg = 1kpe
Composition Ny e NH X2

[em™®] /d.o.f. [em™®] /d.o.f.
Hydrogen@ =1) 1.670; 1.9 62732 08

Helium (A = 4) 5907 21 2477 08
Iron (A = 56) 130735 2.5 530730 0.9
Gaisser etal. (2013)9.3732 51 32732 1.3
Hypothetical 457 14 208 07

Table 3.2: Best-fit hydrogen density for different cosmic ray composi (first column) and two different
composition and halo models. Here also thaeerrors from the fit to neutrino data are given, as well asithe
per degree of freedom for the fit. The errors are non-Gaus&eause of Poissonian statistics.

plane, which is limited to a Galactic latitude bel@® see the paper by Ackermann et al.
(2012). This reduces the IceCube exposure to that flux bytabéactor of ten because of
the reduced solid angle.

We present our main results in Table 3.2, where the bestriietalensities and the
x?/d.o.f. are shown for different composition models (roned two different extreme
models for the directional information and halo sizes (ouig). Note thaR.; = 10kpc has
been chosen for the “all sky” model, aRdgy = 1kpc for the directional model; for different
values, the results can be easily re-scaled using Tabld=Boin the all sky model, only the
pure hydrogen composition produces realistic values:fgrat the expense of a huge halo
size.

For the model “directional information”, the flux per solidgle in Eq. (2) has to be di-
vided by the solid angle assumed for the Galax9&7 x 4r) instead ofiw. Consequently,
Figure 3.2 represents the solid angle-averaged flux. Fatitbetional model, it is to be in-
creased by the factdr/0.087 within the Galactic plane, and zero otherwise (c.f., Figdife
where the gamma-ray flux in the directional model is highantim the all sky case). As a
consequenceyy in Table 3.2 has to be lowered by this factor in the directicase.

Note that the statistics are good enough to derive lower é®tor the hydrogen density
in the all sky case. In the directional model, the statistics much poorer and the error
bars therefore much larger. Because of the small solid acmlerage of the signal, the
required target densities are extremely large, which igkelyl However, the event rates in
IceCube from the direction of the Galactic plane can be wegroduced, see Figure 3.3.
For the Gaisser et al. (2013) cosmic ray composition (lefighawe obtain a relatively poor
fit because of the dip at PeV (middle bins), exactly where #ég@nno data require a peak
(compare to Figure 3.2). A better fit of the shape is, as explecbtained for our hypothetical
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cosmic ray composition model, see right panel. Althoughk thodel is incompatible with
cosmic ray composition data, it may serve as a proof of guledhat one can produce a
peak at PeV with composition changes only. Note again theaktls no direct dependence
on the cosmic ray injection and escape time in our calculafithe propagation of ultra high

energy gamma rays from source to us influenced by the radigbaend as calculated by
Protheroe & Biermann (1996). This is also shown in Figure 3.4

log(zw/Mpc)

1 1 1 1 1
0 3 6 9 12 15 18
log(£/GeV)

Figure 3.4: Mean free path variation with gamma ray energy, (figure tdf@n Protheroe & Biermann (1996))

In the total 28 set of neutrino events only 9, events are @ige to the Galactic plane.
The width of this plane is limited in the range ef5° to 5°. The physical mechanism
of neutrino production also produces gamma rays, whose $lwetly much similar to the
neutrino flux. We calculate the flux of gamma rays from the Gadgplane by this multi-
messenger connection. In the energy range of 100 GaVtGeV this flux comes out to be
100 times higher than the corresponding observed flux frenGalactic plane (Ackermann
et al., 2012). The gamma-ray observation also concludégshibareutrino events from the
Galactic plane are can not be greater than 0.09. For illistrave have shown shown this
multi-messenger connection in our Figure 3.5. The curvethingamma ray fluxes are also
corrected for absorption due to the background radiatidh the mean free paths calculated
in Protheroe & Biermann (1996) fer = 10kpc. The upper limits on the diffuse gamma ray
flux from various experiments are compared with our resise strong constraint comes
from the KASCADE and CASAMIA limits at a few hundred TeV. Oretlother hand, the
Fermi-LAT observation at 100 GeV Ackermann et al. (2012)sdoet impose a problem for
the A=1 “All sky” model, whereas the directional model clgaxceeds the bound. The data

above a few hundred TeV can be circumvented away by the aitienwf the gamma rays
over long distances.
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Figure 3.5: Unattenuated gamma ray flux for two different models (A=1,skly versus Gaisser et al. (2013)
composition, directional information) compared with thmits from CASA-MIA-I Chantell et al. (1997),
KASCADE Schatz et al. (2003), HEGRA Karle et al. (1995), GR&R?3 GRAPES-3 Collaboration (2009)
and UMC Matthews et al. (1991). In addition, bounds from tleenfi-LAT Galactic plane diffuse emission
Ackermann et al. (2012) (Figure 17) and CASA-MIA Borione et(24998) are shown (CASA-MIA-II). The
“10 kpc” curves show the effect of absorption due to the baolgd radiation for a distance of 10 kpc Protheroe
& Biermann (1996). The required hydrogen densities areléabd in Table 2.

3.5 Discussion and Conclusion

Taking into account the spectral shape of the observedinewgpectrum, we have tested if
it is plausible to describe the observed neutrino flux in te¥ 10 PeV range by interactions
between cosmic rays and matter in the interstellar mediusnh&Ve discussed several com-
position models for the cosmic rays and several geometiethé target matter halo. For
the directional information on the neutrino events, we hawvesen two possibilities: either
all events above the atmospheric backgrounds are to beledty the matter interactions,
or only the events compatible with the directions from thdaGéc plane whereas the rest
forms an isotropic (atmospheric and extragalactic) bamkgd. In the latter case, we have
also taken into account a probable correlation with thaidéfgamma ray emission from the
Galactic plane.

We have demonstrated that strong constraints arise froheagxpected target densities
obtained from cosmic ray propagation models, b) boundsediffuse gamma ray emission
from the Galactic plane, c) the measured cosmic ray compnsiontradicting the flux shape
observed in IceCube, and d) the directional correlatioh wie diffuse gamma ray emission
from the Galactic plane, limiting the expected solid angiehe signal flux. In the most
plausible scenario (directional information used, cosrajccomposition model by Gaisser
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et al. (2013)), the required target density is about a faatd00 above current expectations
to describe the neutrino events from the direction of theaGad plane. In the Gaisser et al.
(2013) composition model nine signal events are obtainethfobest-fitny = 32 cm 3. In
the directional case the averagg is ~ 1 cm—2, about9/32 ~ 0.3 events may come from
cosmic ray interactions in the Milky Way. Ignoring the ditieoal information, a larger
contribution~ 1 event is possible, taking into account the cosmic ray coitiposdata,
plausible halo sizes, and the gamma ray constraints. Howéngscenario requires unreal-
istically large target densities. In conclusion, we havadestrated that, taking into account
the known constraints, only a small fraction of the obsenvedtrino events may originate
from the Galactic plane or from the Galactic halo.
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4.1 Introduction

The observations of gamma rays from the SNRs which are agsdowith dense molecu-
lar clouds can be very useful to understand their contrlouto antimatter particles. The
Fermi-LAT gamma ray observations of the SNRs has been veppitant to understand
their contribution to secondary positron fluxes (Ahlerslet2909). Similarly, the PAMELA
(Payload for Antimatter Matter Exploration and Light-neicAstrophysics) observations of
positrons and antiprotons can be used to understand thagatpn of cosmic rays from the
Galactic sources towards the detector on Earth (Shibatat& 2G08; Ahlers et al., 2009).

The cross section for antiproton production in p-p colliisidased on accelerator data in
the laboratory system with the projectile proton energygeaaf 10 to 1000 GeV has been
discussed by (Shibata & Futo, 2008). The expermental datzosmic antiprotons can be
used to calculate the neutral hydrogen gas density ¢6f the ISM, source density (Q) of
cosmic rays and the diffusion coefficient (D) of the cosmigsréShibata et al., 2008). All
these parameters provides us the better insight to unddriia propagation of cosmic rays
in our Galaxy.

The secondary antiproton flux produces mainly in the cosaydmteractions with the
background radiation and matterif — pppp). Similarly, gamma rays are also produced
in the same interactionp o — 7° — ~v+). The main different in these two processes is
their production cross section and threshold energy ofymtoin (Shibata et al., 2008). The
Fermi-LAT observation of gamma rays and PAMELA observatiohantiprotons are very
important to investigate the secondary origin of antipnsto

The production of antiprotons in supernova remnants andakailation of antiproton
to proton ratio E) due to secondary interaction processes have been modwliBthsi &
Serpico (2009), Fujita et al. (2009) and by Berezhko & Ksenadv (2014). Antiprotons
are also produced by the interaction of diffused cosmic mayke ISM with the hydrogen
density. The antiproton flux from the ISM during the propagabf cosmic rays have been
modelled by Donato et al. (2001), Shibata et al. (2008) an8tipata & Futo (2008).

In this paper we discuss that the gamma ray emission fromohadaccelerators close to
us (SNRs plus associated molecular clouds) can be used touinlde contributions of these
sources to the diffuse cosmic ray antiproton flux measured the earth. The observations
of antiprotons by PAMELA satellite in the energy range of 6@\Wito 180 GeV has been
reported by Adriani et al. (2010a).

We have considered some nearby SNRs observed in gamma rd&esry LAT, many
of them are associated with molecular clouds. The gammauagdlobserved from these
sources are most likely produced in hadronic interactidessmic ray protons. The hadronic
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models of gamma ray production from SNRs were reported bpKaet al. (2011) in Vela
Jr., by Abdo et al. (2010e,a,d) and Ackermann et al. (2013443, W44 and W28, by
Castro & Slane (2010) in W30 and by Giordano et al. (2012) ichbysupernova remnant.

The antiprotons may annihilate and interact with the cotitqurs inside the sources and
some of them will escape to the interstellar medium. Due ¢oldhv density of hydrogen
or cold protons in the interstellar medium diffusion losscomic ray antiprotons is more
important than the loss due to interactions. We have usedrtss-sections of production
of antiprotons from Shibata et al. (2008). The simple foiamldiscussed in this paper
can be applied to any hadronic cosmic ray source from whielgmma ray flux has been
measured. Ahlers & Murase (2013) considered the produdfi@hectrons and positrons in
SNRs in hadronic interactions. In case of hadronic intévastthe observed gamma ray flux
produced in neutral pion decay can be used to normalize thepr cosmic ray flux and to
obtain the fluxes of other secondary patrticles.

4.2 Antiprotons and Gamma Rays from Nearby SNRs

The cosmic ray density of the protons inside the sourcespgessed by a power law with

spectral index, jglf’égg)t = C,E,®. These cosmic rays interact with the ambient cold

protons in the molecular clouds producing charged and akepions. The charged pions

decay to neutrinos/antineutrinos and electrons/postrohe neutral pions decay to gamma
rays. Antiprotons are also produced in the interactionsosfrdac ray protons with the cold
protons but with a different cross-section of interactidiime antiproton flux injected from
cosmic ray interactions is

dQ%nJ (E) _ 2tinner de(Ep) dEP

= ) ox(B, By)——2ip) T 4.1
dEdVdy e € /E 7ro-ox (B Bo) g5 Ve (4-1)

The factor of 2 accounts for the contribution from antinens equally produced in p-p
interactions. The speed of the relativistic cosmic raydaseto the speed of light c. The
average time of escape for the cosmic rays from the SNR-milalecloud region ignner
sec, average number density of cold protons in the inetrgatiedium isp, cm 3.
We used the cross section of antiproton production disdusg&hibata et al. (2008) for
high energy antiprotons. The Eqn.(4.1) reduces to
dQp"(E)

m = Qtesc Ps CUa(E) Cp E (42)

The values o, (E) are given in Fig.4. of Shibata et al. (2008) for a power lawcpen
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of cosmic rays with spectral index = 2.6 to 2.8. We have used the cross-sections corre-
sponding to spectral index 2.6 in our calculations. Theuditin of cosmic rays (Ginzburg &
Syrovatskii, 1964) for a spherically symmetric geometny ba used to obtain the propagated
or observed cosmic ray antiproton flux.

The diffusion coefficienD(E) = Dy (E/E())é is assumed to be only energy dependent
with § = 0.33 above the break dt; = 4 GeV andD(E) = Dy ~ 10?® cm?/sec below
Eq = 4 GeV. The cosmic ray antiprotons interact with the cold protarsde the source
and in the interstellar medium. The annihilation crosgisacof antiprotons with protons
steeply falls off above 1 GeV while the— p inelastic cross-section rises at the same energy.
The totalp — p interaction cross-section is nearly constant at high snerg

SN blast wave interaction
with ambient medium

Interstellar medium ny<1 cm-3

ob v
3 (E)

JOb(E)
Molecular cloud: ny (10-1000) cm-3

Figure 4.1: Schematic view of the charged and neutral particle propay&bm nearby astrphysical sources.
ny denotes the density of hydrogen gdg?(E) and J?Yb(E) are the fluxes of antiprotons and gamma rays
from the individual supernova remnant which are associafigl the molecular clouds and detected by the
Fermi-LAT ~-ray observations.

The formalism discussed in this work uses spherical symyaetrund the source. If the
source is located close to us and it is well inside the galdetio the effect of the boundaries
of galactic halo may be neglected. Near the Earth the obd@msmic ray flux is in steady
state. The source is emitting continuously. The spherickinae containing the cosmic rays
is expanding as a result cosmic ray density is falling inside volume. At the same time
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new cosmic rays are arriving from the source. If the loss aid gre compensated then a
steady state cosmic ray flux is maintained at a distance Rtinersource.

The propagation of antiprotons and protons in the ISM unaesgliffusive motion. The
solution of cosmic ray propagation in the diffusive approation, in a spherically symmetric
case, can be followed from Aharonian & Atoyan (1996) or fréwa $standard text of Ginzburg
& Syrovatskii (1964). In general the cosmic rays undergdzation and nuclear energy
losses in the ISM. If the kinetic energy of cosmic rays is tgethan 1 GeV then, the nuclear
losses are more important Aharonian & Atoyan (1996). We haresidered the nuclear
losses in out calculations, which are justified as the easrgnder calculation are greater
than 1 GeV.

The propagation of antiprotons and protons in the intdestetagnetic field can be cal-
culated under the diffusive approximation. Egn.(9) of Adraan & Atoyan (1996), provides
the maximum antiproton flux at a distance R is

dQM(E
J9b<E> —c Qp ( ) Vsource
p dEdVdt (47)2D(E)R

(4.3)

This flux is isotropic with dimensiofiieV~tcm2sec!'sr~t. WhereVu... is the volume of
the source and D(E) is the energy dependent diffusion caeffiand R is the distance to the
source. The gamma ray flux density produced inside a sou@smic ray interactions is

dQ™(E) imer P € [ E.\dQp(m, + E,/K;) dE,
var 2 /E o (9 + 1) = R =5 44
min p s - s

Kr

dEAVdt T K,

from eqn.(78) of Kelner et al. (2006b, 2009), whéig = m, + E./K,. The minimum
energy of the pion&,,;, = E + m?/4E andK, = 0.17 gives the fraction of the proton’s
energy going to the pion. The gamma ray flux received on esWitt(E) GeV~'cm ™ 2sec ™.

JOb( ) . dQ%ynj (E) Vsource
K ~ dEdVdt 47R?2

(4.5)

The cross-section of p-p interactions for the productioneaftral pions is

Een

Gopsr(Ep) = 34.3 + 1.88 In(E, /1TeV) + 0.25 In(E, /1 TeV)? [1 - ( =

)4] “mb. (4.6)

p

whereEy, = m, + 2m, + m2/2m, = 1.22GeV. In our calculation this cross section is
constant~30 mb in the energy range of 10 GeV-1000 GeV. Using eqn.(48)emn.(4.5)
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the ratio of the observed fluxes of antiprotons and gammaisays

JPE)  cRIED

Ratio(BE) = £——= = dEdVdt___ (4.7)
(] d ) E
5 (E) A D(E) d%?jv(dt)

With eqn.(4.2) to eqn.(4.6) we simplify eqn.(4.7) to

JP(E)  cRK,a  54(E)
tio(E) = -2 = T = 4.8
RatiolE) = JooB) = 1xD(E) * oppors “9

v

The observed gamma ray fluxes from the individual sourcesidered in this work are
multiplied with the ratio given in egn.(4.8) to obtain thesouic ray antiproton fluxes from
each of them. Our calculated antiproton fluxes are showngrilFiand compared with the
antiproton flux observed by PAMELA (Adriani et al., 2010a).dur casex is varying in the
range of 1.85 to 3.02 as shown in Table-I.
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Figure 4.2: Antiproton fluxes from hadronic cosmic accelerators claseis compared with the total flux
observed by PAMELA (Adriani et al., 2010a)

The proton fluxes calculated for the SNRs associated witlecutdr clouds are shown
in Fig.2. assuming their escape time from the moleculardgaii’" = 1000 years. The
density of the molecular clouds is assumed tgpbe- 100 cm~3 which corresponds to p-p
interaction time,, = 6 x 10° years (Gabici et al., 2009). In this case the escape timedhmu
smaller than the p-p interaction time so the proton spece&aat attenuated significantly.
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TABLE-I

Nearby SNRs considered in the present work

SNR Rkpc Energyrange GeV Gamma ray fltixV—tcm2sec™! Ref
VelaJr 0.75 1-300 8.6510E 1% Tanaka et al. (2011)
IC443 15 0.2-3.25 6.1210 35193 Abdo et al. (2010¢e)
Above 3.25 1.29% 10" "E~256 Ackermann et al. (2013
w28 2 0.4-1 4.66¢ 108 20 Abdo et al. (2010a)
Above 1 4.66x10 8 p—2™
W44 3 0.1-1.9 1.15¢10~ 7 F~200 Abdo et al. (2010d)
Above 1.9 2.13x10"E302 Ackermann et al. (2013
W30 45 0.1-100 21610 8p—24 Castro & Slane (2010)
Tycho 1.7-5 0.4-100 1.3810°°E23 Giordano et al. (2012)
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Figure 4.3: Proton fluxes from the molecular clouds associated with StiiRspared with the total flux ob-
served by PAMELA (Adriani et al., 2011a, 2013b) for the faliag values of parametet§ie* = 1000 years,
ps = 100 cm 3.
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4.3 Summary and Conclusion

A large number of gamma ray point sources have been detegtéeérmi LAT and other
gamma ray detectors. In some of these sources hadroniactiter of cosmic rays is the
underlying mechanism of gamma ray production. We have dgsmlia simple formalism to
find the antiproton fluxes produced inside SNRs and molecigads in cosmic ray interac-
tions p-p using the gamma ray fluxes from these sources peddauchadronic interactions
p-p through the decay of neutral pions. The cosmic ray astiyr fluxes originating in p-p
interactions from nearby cosmic accelerators are foune tmbch less compared to the flux
observed by PAMELA (Adriani et al., 2010a). We have assunmenigy independent escape
of the cosmic ray antiprotons from the sources. Our caledlapectra have energy depen-
dence qualitatively similar to the observed antiprotonjaradon spectra shown in Fig.1. and
Fig.2.. Thus this assumption does not contradict the obsenal results. We have shown
the spectra above 2 GeV as above which the effect of solar latboluare not important.
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Gamma rays, neutrinos and antiprotons are secondary geodiithe cosmic ray interac-
tions. In this thesis, we have used the observational data the Fermi-LAT, HESS, Ice-
Cube and PAMELA experiments to understand some of the thiear@aspects of cosmic
ray interactions. We have mainly discussed the hadroneractions for the production of
gamma rays, neutrinos and antiprotons.

Hadronic models of gamma ray production at the core of
Centaurus A

Centaurus A (Cen A) has been observed in the energy range d&V to TeV. The SED of
Cen A has two peaks dtx 1072 eV and 170 keV respectively (Abdo et al., 2010b). Abdo
et al. (2010b) found that the multi-wavelength emission@h @ in the energy range af)—°
eV to 10 times GeV can be explained by the Synchrotron Self 2om(SSC) model. In
this model, the SED peak dtx 1072 eV can be explained by the synchrotron emission of
the relativistic electrons and the peak at 170 keV can beagxgdl by the inverse Compton
of synchrotron photons with the relativistic electrons.

In the SSC model, the combined variation of bulk Lorentzdagt’), Doppler factor
(6p), the angle between the jet axis and the observer’s lineghit §/), the magnetic field
in the source region (B) and the size of the emission regioncé® explain the multi-
wavelength data. Abdo et al. (2010b) tried different setS8€C parameters to explain the
multi-wavelength data of Cen A. They found that the HESSaetkGeV to TeV component
(which we refer to as TeV component) was a new component aaait be explained within
the SSC framework.

The HESS gamma-ray excess of TeV component from Cen A ca@seidth the core of

64
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Cen A (core of Cen A is the central kpc-scale region whichudek the black hole, inner jets
and the inner radio lobes). Sahu et al. (2012) suggesteg that interaction in the core of
Cen A can explain this TeV component. So the combined specteagy distribution (SED)
of Cen A can be explained by the SSC emission upto 10 times @Ge\le GeV to TeV
component can be explained by the photo-hadronig)(jpteractions.

In our work, we have considered some other possibilitiesaofrbnic interactions at the
core of Cen A. We have used the results of HESS GeV to TeV gamayetection from Cen
A (Aharonian et al., 2009) and the Pierre Auger correlatibdHECRs to Cen A (Pierre
Auger Collaboration et al., 2007) to reach a conclusion. \Aketconsidered the following
scenarios,

e The primary cosmic rays at the core of Cen A are protons anbigieenergy gamma
rays are produced in p-p interactions.

e The primary cosmic rays are Fe nuclei and the high energy garags are produced
in Fe-p interactions.

e The primary cosmic rays are Fe nuclei and they are phototdpiated at the core.
In this interaction the unstable daughter nuclei are pred@nd gamma rays are pro-
duced after their de-excitation.

The gamma ray flux from these processes are compared witlhutheldserved by HESS
experiment to calculate the normalization factor of thenay cosmic rays at the core of Cen
A. We calculated the expected number of cosmic ray nucleentswetween 55 EeV and 150
EeV in each of these cases to ensure that the scenarios aisteahwith the observations
by Pierre Auger experiment.

We have taken the cosmic ray proton spectral index to be appately 2.73, based on
the HESS gamma ray observations. The p-p interaction in #re Acore produces 450
cosmic ray events in the energy range of 55 EeV to 150 EeV,wikigery large compared
to the Pierre Auger correlated cosmic ray events towardsAC&o p-p interaction gamma
ray production mechanism is not consistent to explain th&&lEeV component from Cen
A core. Similarly in the Fe-p interaction at the core of Ceril#g flux of cosmic ray events is
100 times lower than the correlated events towards Cen A.esmowclude that pure hadronic
interaction scenario for the production of gamma rays attre of Cen A is not consistent
with the Pierre Auger UHECR observations.

Further in our calculations of interaction at the core of @enve found that the photo-
disintegration of iron nuclei is most efficient. The intdran rate for this process was 100
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times higher compared to the~pinteraction rate. We know that p{process is already a
plausible mechanism for the production of gamma rays at ¢ine of Cen A (Sahu et al.,
2012).

Motivated from these results, we calculated the gamma raguation at the core of Cen
A due to iron photo-disintegration. The photo-disintegmaiprocess is known as the giant
dipole resonance (GDR) by which the disintegration of a eiuelkes place. The statistical
emission of a single nucleon is dominant in the nuclear gigmile resonance process (An-
chordoqui et al., 2007a). This interaction takes place asamance energy = 42.65A41
MeV for A > 4, where A is the mass number for the heavy nuclei (Anchordedail.,
2007a).

We have explained the TeV component from Cen A using the ptiisiategration pro-
cess in the Cen A source. The SSC set of parameters used ialoutations arel( = 7,
dp =1.0,0 =30°,B=6.2G, R=3.0x 10%cm). In this process, the low energy photons
trigger the photo-disintegration of iron nuclei above #iveld energy of 10 to 30 MeV in
their rest frame. In the photo-disintegration process, Mddtons are produced after the
de-excitation of the unstable nuclei in their rest frame. d&keulated the normalization of
cosmic ray flux by comparing the HESS gamma ray flux to the pdaimtegrated gamma
ray flux. We have done this calculation in the energy rangeT@\ito 100 TeV per nucleon,
when the interaction rate is approximately constari 010 8sec ™.

These de-excited MeV gamma rays are observed in the GeV temekgy range in the
observer’s frame due to the Lorentz factor of the boostetkensc We first consider the two
peak interactions with the cosmic ray nuclei. The peak pio#i4 x 10~2 eV will interact
with the cosmic ray nuclei with Lorentz boost factor of ordé? and the observed gamma
rays will be of energy approximately)® x 107 or 10! eV. Hence, these kind of interactions
can not be compared with the observations.

In the current picture of Cen A, the interaction of seconk@d 70 keV with the cosmic
ray Fe nuclei is very important. These photons will interaith the cosmic ray iron nuclei
at energy 2.8 TeV and the energy of the observed photons avi# b corresponding peak at
400 MeV. To explain the TeV component, the total cosmic raygrohas to be of the order
of 10*7erg/sec. The luminosity of the cosmic ray Fe nuclei required to eixpthe HESS
and Pierre Auger observations depends on the density of h@ngg photons at the source
along with the size of the emitting region. This means thatltminosity of cosmic rays
needed in photo-disintegration process is a function cdpaters used in the SSC models.
We did not explore a new set of SSC parameters to lower thenlsity as it was known that
the isotropic luminosity of Cen A source can exceed its Eglain luminosity ofl 0*6erg /sec
during flaring states (Dermer et al., 2009).
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Cen A is continuously monitored in gamma rays by current gamay instruments.
After publication of our work, Fermi-LAT published 4 yeard008-2012) of gamma ray
observation data of Cen A in the energy range of 100 MeV to 50U(Gahakyan et al.,
2013), where they detected an unusual hardening in the gamynsgpectrum above 4 GeV.
In their analysis of this data, they expected this hardergmpssible due to the presence of
a hard component in the parent cosmic ray spectrum and tleevaasgamma ray spectrum
can be explained by — ~ interaction. Similarly, Fraija (2014) explained the gamrag
emission of Cen A, above 4 GeV by photo-hadronic models. @ir thork they found that
the emission upto 4 GeV can be explained by the SSC model yothtd GeV the emission
is due to the pion decay channel. In this pion decay chanaglithve considered the charged
muon synchrotron cooling for the production of GeV emission

Later, Kundu & Gupta (2014) explained this hard componentld&SS data using the
photo-disintegration model. They used a different set of $%del parameterd’(= 7,
dp = 0.25,0 = 65°, B = 33.0 G,R = 5.8 x 10'%cm). They found that the total luminosity
in cosmic ray Fe-nuclei is 1.510%erg/sec to explain the gamma ray flux above 1 GeV, and
it is due to a different SED of SSC model parameters used in¢hkulation. The charged
muons are produced in the photo-hadronie/fpateractions, which emit synchrotron radia-
tion. All these results indicate that the high energy gamayaemission in the energy range
of GeV to TeV from the core of Cen A has a hadronic origin.

TeV to PeV neutrinos from the cosmic ray interactions in the
Milky Way Galaxy

In the cosmic ray induced origin, neutrinos are mainly pastlin hadronic interactions.
The Ice cube neutrino detector at the South Pole has deteeté¢dno events in the energy
range of TeV to PeV. In the 2 years (2011-13) of observati@dsTeV to PeV neutrino
events of extraterrestrial origin have been detected (lbeCCollaboration, 2013) and has
accumulated to 37 neutrino events after 3 years (2011-18psérvations (Aartsen et al.,
2014b).

In the Galactic infrared background the photo-hadronic-gripteractions are not dom-
inant (Gupta, 2012) compared to p-p interactions. Chargeldnhautral pions are produced
in the interaction of cosmic rays with the hydrogen nucleihia interstellar medium. The
charged pions decay to muons and muon type neutrinios€ u* + v,(7,)). The muons
subsequently decay to electrons, electron type neutrindsraion type neutrinosu —
e* + v.(v.) + v,(v,)). The ratio of the neutrino fluxes of different flavors prodddn this
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way isv, + v, : v, + 7, : v- + 7, = 1 :2: 0. The fluxes of neutrinos of each flavor are ex-
pected to be roughly equal on Earth after flavor mixipg-v. : v, +v, 1 v, +v, ~1:1:1
(Gaisser, 1991a).

The neutrino flux varies with atomic mass number A4ds®, herea > 2 is the spectral
index of the cosmic ray spectrum. As a result the pure protonposition will produce
the maximum neutrino flux while the pure iron composition lingest. We have used the
observed cosmic ray spectrum from the cosmic ray model bgs@aket al. (2013). In their
model, the iron composition dominateslaf GeV, and this gives a dip in the neutrino flux
at PeV energies, if we calculate the neutrino flux from therittion of cosmic rays with
the density of neutral hydrogen in the Galactic plane.

In our calculations, the aim is to understand the origin efldeCube detected neutrino
events. These neutrino events can have an atmospherictiGaeaextragalactic origin. In
this work we have tested if it is plausible to describe theeolrsd neutrino flux in the TeV
to PeV range by interactions between cosmic rays and matteeiinterstellar medium of
our Galaxy. We have calculated the atmospheric neutrinatswend the Galactic diffuse
neutrino signal in the energy range of the IceCube obsemnsiti

In the atmospheric scenario, we know that the neutrino fluxasnly distributed into
the electron-type and muon-type neutrinos. The atmospietle height is not sufficient
for the production of tau-type neutrinos due to flavor oatitins. We have computed the
atmospheric neutrino background with the method discubged/inter (2013) and found
that 9 events are coming from the atmospheric contributioickvis very near to the IceCube
estimationl 035,

In our discussion of the Galactic contribution, we have makeo type of cases: (1)
Ignoring direction; when the neutrinos are coming from ladl possible directionsAll sky
model’ where we take 19 neutrino events into our sample, as weattett the atmospheric
events from the total events.

(2) When the neutrino events are selected from the Galdethepwe call it Directional
inf.”, where we take the neutrino sample 9, which is the contidiourom the Galactic disc
after we subtract the low energy atmospheric events. Irtiad¢gdive assume that the neutrino
directions are correlated with the diffuse gamma ray emsgbom the Galactic plane, which
is limited to a Galactic latitude belo@’ (Ackermann et al., 2012).

The neutrino events detected by the IceCube detector anedbinto four energy inter-
vals 30-200 TeV, 0.2-1 PeV, 1-2 PeV and 2-100 PeV. We have tgediffuse gamma ray
bound by Fermi-LAT (Ackermann et al., 2012), the currentnemsray model by Gaisser
et al. (2013), and the known density of neutral hydrogen inGalactic plane to restrict the
number of neutrino events from our Galaxy. We have foundithbbth scenariosAll sky
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modefl’, “ Directional inf.” approximately none of the neutrino events are producedtdue
the interaction of cosmic rays with the neutral hydrogerhmGalactic medium.

In theoretical studies, these neutrino origin have beeretaied to Fermi bubble by Lu-
nardini et al. (2014) where they showed that 6 - 7 of the 37 tsvaay come from the Fermi
bubble. Similar theoretical calculations of the IceCubatriro events can be correlated to
the extragalactic objects (Ahlers & Halzen, 2014) and todiuster of galaxies Zandanel
et al. (2015). In future more neutrino data from the IceCubtector and other neutrino
detectors may resolve the astrophysical sources of nestrin

Cosmic ray proton and antiproton fluxes from the nearby
cosmic ray sources in the energy range of 2 to 100 GeV

PAMELA (Payload for Antimatter Matter Exploration and Lighuclei Astrophysics) col-
laboration has detected cosmic ray proton and antiprot@adlin the energy range of 1 GeV
to 100’s of GeV (Adriani et al., 2011a, 2010a). Supernovathlave can accelerate cosmic
rays easily upto PeV energies (Drury, 1983; Blandford & Ech1987; Jones & Ellison,
1991). If the cosmic ray protons escaping from these acelex enter into a molecular
cloud target of hydrogen density 10 to 10Q07 then secondary particles are produced ef-
fectively.

We have calculated the diffuse antiproton and proton flukas fthe nearby supernova
remnants Vela jr, W28, W44, W30, Tycho and 1C443 whose aasioai with molecular
clouds are known and are detected by Fermi-LAT in gamma ray& secondary gamma
rays pp — 7 — 7 ~) and secondary antiprotonsjt — pppp) are produced in these in-
teractions.

In the p-p interactions the cross section of interactionaies approximately constant
and due to this the proton flux at the source follows the spkstdex very much similar
to the observed Fermi-LAT gamma ray observations. Thisshalfot in our calculations
because the unknown parameters like the escape time of coays inside the molecular
cloudtzr, the cloud density, etc gets cancelled out.

We have found that the cosmic ray antiproton fluxes expected the individual nearby
cosmic accelerators are 1000 times less than the totalatatipflux observed by the PAMELA
experiment. We have also calculated the diffuse cosmic ragop flux from these SNRs
which is 100 times lower than the PAMELA flux.
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