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ABSTRACT

The present thesis reports research works by the author (in collaboration with
Jew others) on various aspects of cosmic rays in the PeV region. The main objectives
of the thesis are [i] to study the detail characteristics of few extensive air shower (EAS)
parameters/observables from a detailed Monte Carlo (MC) simulation and to examine
their primary mass sensitivity for the purpose of exploiting them in understanding the
nature of shower initiating particles in the PeV energy regime through multi-
parameter approach of studying EAS, lii] to study the role of air shower fluctuations in
estimating  hadron-air interaction cross section through EAS technique, and [iii} to
quantify the wneutrino and gamma-ray signatures of Pel’ cosmic rays if they are

accelerated by polar caps of pulsars.

For a precise estimation of primary mass, modern EAS experiments are more and more
relying on the multi-parameter approach of studving EAS. Under the context one of the main
objectives of the present thesis work was to examine whether the shower age parameter that
essentially describes the slope of the lateral distribution of electrons in EAS can effectively be
utilized for extracting information about the nature of shower initiating particles. We proposed
a way for the unambiguous estimation of the lateral shower age parameter from electron
densities at different radial distances and then its correlation with other EAS observables has
been studied from o detailed MC simulation study. Subsequently we explore the possible role
that the parameter may play in a multi-parameter approach of studying EAS to understand the

nature of shower initiating particles.

Distinguishing gamma-ray and hadron initiated EASs based on lateral
distribution of electrons has been studied using MC simulations which in turn may
help to understand the sources of primary cosmic ravs in the concerned energy range.
The possibility of using the local lateral shower age parameter of EAS for the gamma-
hadron separation has been explored. The proposed observable might be particularly
useful for surface detector experiments those have no reliable muon measurement

Jacilities.

From an analysis of MC simulation data it is revealed that an asymmetry may
develop in positive and negative muon numbers about the shower axis depending on
the geomagnetic field at the location of the observation. Such an asymmetry is
particularly pronounced at certain zenith and azimuth angle range. From the present

investigation a new primary mass sensitive parameter, the so called muonic dipole



length is proposed and is estimated from the asymmetry in muon distributions. The

implications of such an effect on EAS observations have been discussed.

The p-air cross-section is estimated from EAS studies either by evaluating the
absorption of the proton initiated EAS flux penetrating the atmosphere or from the
distribution of the depth of shower maximum. The former approach is, however,
affected mainly by the intrinsic fluctuations associated with EASs those are generally
disentangled using Monte Carlo simulation technique. Here we have critically
examined this aspect and pointed out that the air shower fluctuations has limited effect

on Cross-section measurements.

From several experimental observations and theoretical considerations it is believed that
cosmic rays of PeV energies (in fact up to 100 or even 3000 PeV) are of galactic origin.
Supernova remnant and pulsars (including pulsar wind nebulae) are the most promising
candidates for the galactic cosmic ray sources. Because of the deflection of charged cosmic rays
by the interstellar magnetic fields, the cosmic ray flux loses all the information about the
direction of their sources. However, high energy samma-ravs and neutrinos are expected 1o be
produced in the inieractions of energetic cosmic rays with the ambient matter in the source
environment and thereby cosmic raqv sources can be identified by observing appropriate fluxes
of gamma rays and neutrinos. In a work of this thesis we derived expressions for flux of gamma
rays and neutrinos to be observed ai Earth if cosmic rays at PelV energies are accelerated by
polar caps of pulsars. We aiso estimated gaomma- rays and neutrino fluxes for some nearby

gamma ray pulsars and compared with the available observations.
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PREFACE

The origin of cosmic rays remains one of the greatest challenges in modern
physics. Cosmic rays span an enormous range of energy from about 10° eV to
beyond 102° eV. The energy spectrum of primary cosmic rays exhibits power law
behaviour with an energy spectrum that is essentially a continuous power law. At
about 3 X 10'° eV the primary cosmic ray spectrum steepens slightly. This feature
is commonly called the knee of the spectrum. Because of the presence of the knee
feature the PeV energy region is an area of intense study in cosmic ray research.
The proper explanation of the knee is supposed to be a corner stone in

understanding the origin of cosmic rays.

The knowledge about the composition of primary cosmic rays in the PeV
domain is of fundamental importance for understanding the knee. However, despite
several extensive experimental efforts no definite conclusion on change of
composition across the knee could be drawn. This is mainly because of the inverse
problem of deriving the mass composition of cosmic rays from EAS
measurements, which is an indirect but only feasible way of studying cosmic rays

at this energy range owing to low flux of primary cosmic rays, is quite difficult.

Under this context wvarious aspects related to PeV cosmic rays, which
include MC simulation study of detailed characteristics and primary mass
sensitivity of few EAS parameters/observables (shower age and muonic dipole
length) for the purpose of employing them to extract the nature of primary particle
reliably through a multi-parameter approach of studying EAS, a critical
examination of the proton-air and Fe-air interaction cross section measurements by
the EAS technique in order to gain physical insight for the deviation of EAS
absorption length from interaction mean free path of PeV cosmic ray particles in
the atmosphere, and quantifying the neutrino and gamma ray signatures of PeV
cosmic rays if they are accelerated by polar caps of pulsars, have been investigated

and reported in this thesis.

The important findings of works reported in the present studies are listed

below:

[i] The lateral distribution of electrons in EAS exhibits some sort of scaling

behaviour in terms of the local lateral shower age parameter. This feature is
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nearly independent of the primary energy, mass, observational level and

hadonic interaction model.

[ii] The local age parameter (LAP) offers a good solution towards an

unambiguous estimation of the lateral shower age.

[iii] The lateral shower age offers a good estimator of the longitudinal
development of an EAS cascade on a statistical basis, as also noted in some

earlier works.

[iv] The local/lateral shower age might be useful for extracting information
about the mass of primary cosmic rays. The fluctuation of the LAP has also

been found to be sensitive to the nature of the primary particle.

[v] It appears that the local age parameter, if measured with good precision
can be employed in discriminating y-ray initiated EAS from hadron induced
EAS.

[vi] The “muonic dipole length” in inclined EAS is found sensitive to primary mass;

it is larger for iron primary in compare to that for proton.

[vii]] From a detail MC simulation study it is found that the air shower
fluctuations has limited effect on hadron-air cross-section measurements
using EAS technique, rather the characteristics of high energy interactions
seem to play the major role for the deviation of EAS absorption length from

mean free path of the hadron in air.

fviii] Cosmic rays at PeV energies might be accelerated at polar caps of
pulsars. The presence of a hadronic component in the flux of pulsar
accelerated particles should result in the emission of high-energy neutrinos
and gamma-rays simultaneously as both charged and neutral pions are
produced in the interactions of energetic hadrons with the ambient photon
fields surrounding the acceleration region. We estimated gamma-rays and
neutrino’ fluxes for some nearby gamma-ray pulsars and compared with the
available observations. The present study suggests that pulsars are unlikely

to be strong sources of TeV neutrinos.
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CHAPTER 1

COSMIC RAYS AND EXTENSIVE AIR SHOWERS

The Earth is continuously bombarded by charged particles from the
cosmos, which are known as Cosmic rays. The discovery of cosmic rays (CRs) has
just passed its 100 years last year, in 2012. The study of this non-thermal radiation
gives impetus in our understanding of both large objects of the Universe at
cosmological distances and the basic building blocks of matter. However, the
origin of CRs still remains a subject of much speculation. Attaining a broad range
of energy, starting from about 1 GeV up to 10%° eV and higher—the highest
energies ever observed, the CRs have been, and still are, an important means to
look at the Universe and to reveal some its mysteries. An explanation of the origin,
propagation mechanisms and nature of the most energetic CRs are still a subject of
intense research in Astrophysics and Astroparticle Physics. The main interest of
CR studies remains to study them as possible messengers of very powerful

astrophysical processes.

The present thesis focuses various aspects of CRs in the PeV energy region.
The objectives of the present investigation and the organization of the thesis are

given at the end of the present chapter.

1.1  HISTORICAL OVERVIEW

V. F. Hess (Hess 1912) discovered this highly relativistic charged particle
radiation in 1912 during several free balloon ascents. He observed an increase of
the ionization rate of air with increasing elevation, and inferred that there must be a
hitherto unknown radiation penetrating into the Earth’s atmosphere from the outer
space. In subsequent years W. Kolhorster made further ascends with improved
electrometers, measuring the altitude variation of the ionization up to heights of 9
km (Kolhorster 1925).

In 1929 W. Bothe and W. Kolhorster measured coincident signals in two
Geiger-Muller counters (Bothe et al. 1929) and concluded that CRs consist of
charged particles. Similar conclusions were drawn from measurements by J. Clay,
who showed that the intensity of CRs depends on the (magnetic) latitude of the
observer (Clay 1930).
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In 1938, Kolhérster (Kolhorster et al. 1938) and Auger (Auger et al. 1938)
independently discovered that CRs are individual charged particles, which interact
with a nucleus in the Earth’s atmosphere, and consequently induce a shower of
secondary particles. These so-called extensive air showers (EAS) were detected
with a setup of Wilson cloud chambers and Geiger-Miiller tubes, separated by
some tens of meters, and operated in coincidence. This finding pioneered a new
approach to investigate CRs at the highest energies: the measurement of extensive

air showers by means of large ground based detector arrays.

In the 1940s, M. Schein showed with measurements through balloon
ascents that the positively charged primary particles were mostly protons (Schein et
al. 1941). Cloud chambers and photographic plates were carried into the
stratosphere and it was found that CRs are made up of fully ionized atomic nuclei
moving at speeds closely to that of light (Brandt & Peters 1948). Many nuclei of
the periodic table up to Z = 40were found and their relative abundances
determined. Hydrogen and helium occur most frequently, and the distribution in

mass of the heavier nuclei appeared to be similar to that in the solar system.

In the subsequent years, insights about the shape of the energy spectrum of
CRs have been attained. The flux of CRs follows a power law over many orders of
magnitude in energy. However, there are a few structure observables. In 1958,
Kulikov and Khristiansen (Kulikov & Khristiansen 1958) discovered a distinct
steepening in the measured electron shower size spectrum for particle numbers
larger than 8 x 10°, what corresponds roughly to a primary energy of the shower
inducing CR particle of E =~ 8 X 10> eV. This should be the first measurement of
the so called /imee of the CR spectrum. Three years later, Peters (Peters 1961)
concluded that the position of this inee will depend on the atomic numbers of the
CR particles, if their acceleration is correlated to magnetic fields. He interpreted
the knee “as a magnetic rigidity cut-off in the source which contributes the bulk of
primaries below 10'° eV,” and, more precisely, to be at “a magnetic rigidity
corresponding to that of protons with about 10'5 eV.” However, this would mean

that also the spectra of heavier CR primaries ought to exhibit such knee structures

successively.

The M.LT. group at Volcano Ranch, New Mexico was built the largest

cosmic-ray detector in the 1960s. Two years later the first event with energy of



about 102%V was recorded with the Volcano Ranch array (Linsley 1963). Bigger
air shower arrays were subsequently built (SUGAR (Bell et al. 1974), Haverah
Park (Edge et al. 1973), Yakutsk (Afanasiev et al. 2003), and AGASA (Chiba et al.
1992)) and, after some initial attempts, the first successful fluorescence light
detector, called Fly's Eye, was set up in Utah (Baltrusaitis et al. 1985). With these
detectors, another feature of the CR flux was firmly established and is known as
the “ankle” (Bird et al. 1993, Lawrence et al. 1991 & Nagano et al. 1992).

It is worthwhile to mention that the Particle Physics was practiced primarily
through the study of CRs during several decades of the 20" century. New
elementary particles like positron, muon and pion were discovered from 1930s to
1950s through series of investigations of the cosmic radiation. In the subsequent
years, new unstable hadrons were found in CR interactions in emulsion chambers,
were later identified as D mesons. Also, a number of exotic phenomena were

observed, none of which could be confirmed in accelerator experiments.
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Fig.1.1: All-patticle energy spectrum of CRs as measured directly with detectors
above the atmosphere and with air shower detectors. At low energies, the flux of

primary protons is shown (figure taken from (Blimer et al. 2009)).



1.2 ENERGY SPECTRUM

The solar system is completely bared to a flux of cosmic radiation. The CR
energy spectrum extends over 11 orders of magnitude ranging from 1 up to at least
10" GeV. The differential energy spectrum of all CR particles is depicted in
Fig.1.1. Tt falls steeply as a function of energy, decreasing by about a factor of 500
per decade in energy. The flux decreases from more than 1000 particles meter™
sec’ at GeV energies to about 1 particle meter” year' up to few hundred PeV, and

further to less than 1 particle km™ century above 100 EeV.

The energy spectrum follows a power law J(E) = %%’ « EY over a wide

range of energy, whch is the first indication for non-thermal acceleration processes.
The CR spectrum is almost featureless, as can be inferred from Fig.1.1. However,
small structures become clearly visible when the ordinate is multiplied with some
power of the particle energy, as shown in Fig.1.2. The spectral index is y = —2.7
at energies up to several PeV. At an energy E ~ 3 X 10*°eV, a steepening of the
power law is observed, the so-called kmee with y = —3.1 at higher energies. A
further steepening, the second knee, has been claimed recently around 4 x 10%7eV.

The spectrum gets flattened at about 4 X 1018¢V, called the ankle.

The tail of the CR spectrum above 102%V is scarcely populated. A cut-off
is predicted by Greisen, Zatsepin and Kuzmin at about 5 x 10V, due to the
interaction of the primary particles with the photons of the cosmic microwave
background radiation. An updated measurement of the energy spectrum using

hybrid events collected by the Auger experiment recently confirmed the CR flux
suppression at logy, (=) = 19.63 % 0.02 (Settimo et al. 2012).

1.3 COMPOSITION

The chemical composition of CRs is rather well known in the low energy

0 eV from direct observations. Due to the low flux above

regime up to about 1
this energy a direct measurement of the primary particles is practically not feasible
at present. The elemental distributions have been studied by balloon and satellite
experiments (Simpson 1983) up to energies of few TeV. About 98% of the
primary CR are hadrons, the remaining 2% is composed of electrons and photons.
About 87% of the hadronic component are protons, nearly 12% helium nuclei and

the rest corresponds to fully ionized nuclei of heavier nuclei.
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Fig.1.2: All-particle energy spectrum as obtained by direct measurements above
the atmosphere by the ATIC, PROTON (Ahn et al. 1971 & Grigorov et ai. 1970},
and RUNJOB (Derbina et al. 2005) as well as results from air shower experiments.
Shown are Tibet ASy results obtained with SIBYLL 2.1 (Amenomori et al. 2008"),
KASCADE data (interpreted with two  hadronic interaction models) (Antoni et al.
2005), preliminary KASCADE-Grande results (Arteaga-V et al. 2008). The
measurements at high energy are represented by HiRes-MIA (Abu-Zayyad et al.
2000 & 2001), HiRes | and 11 (Abbasi et al. 2008) and Auger (Abraham et al
2008).

The elementary abundances in the solar system when compared with the
one of CRs, important information on the origin as well propagation of the cosmic
radiation can be extracted out. The abundance analysis of refractory nuclides has
shown similarities between the derived abundances at the sources and the
abundances in the Solar System (Wiedenbeck et al. 2003), suggesting that CRs are
accelerated out of a sample of well mixed interstellar matter. In CRs, elements like
Li, Be and B are overabundant, as well as all the groups with atomic mass lower

than Fe. No significant difference is found, instead, in the CNO and Fe groups.



This implies that, on their way through the galaxy, the later nuclei further interact
with the interstellar matter, generating lighter nuclei like Li, Be and B through

spallation reactions.

The analysis results on the relative abundances of these elements including
their isotopes as well and on the basis of diffusion equations for the primary
particles, the CRs are found to cross on average a thickness of about 5 g/em?,
which corresponds to a path length of roughly about 1 Mpc. Given that the
thickness of the galactic disk is =1 kpc, it means that the CRs diffuse into the
galaxy before escaping. An average escape time can be estimated from the analysis
of the ratio of radioactive secondaries and their decay products, such as '’Be/’B,

giving a value of ~ 107years (Yanasak et al. 2001).

Above 10 eV, information on the chemical composition of CRs comes
from studies of the extensive air showers employing various techniques. In the
energy region around the knee, the composition however is inconclusive. A
composition change from iron domination at 10'7eV to proton domination at about
108 eV was reported from Fly’s Eye (Bird et al. and 1993 & Lawrence et al.
1991) Yakutsk (Knurenko et al. 2008) EAS experiments.

1.4 ACCELERATION AND PROPAGATION
1.4.1 ACCELERATION

The locally observed CR energy density amounts to aboutp, ~ 1eV/cm3.
The power required to maintain the CR density can be estimated as L, =
0oV [Tese = 10* erg/s, where 7T,, is residence time of CRs in a volume V (the
galaxy and galactic halo). In our galaxy about 3 supernovae explosions occur per
century, which yields a power of around 10%*lerg/s. So an efficiency of a few
percent (=~ 10%) would be enough for supernovae shock waves to energize the
galactic CRs. This had been discovered by Baade and Zwicky (Baade & Zwicky
1934) in 1934. The actual mechanism of acceleration remained mysterious until
Fermi (Fermi 1949 & Blandford et al. 1987) proposed a process that involved the
interaction of particles with large-scale magnetic fields in the galaxy. Eventually,
this lead to the currently accepted model of CR acceleration by the first-order
Fermi mechanism, which operates in strong shock fronts powered by supernovae
explosions and propagate from a supernova remnant (SNR) into the interstellar
medium (Fermi 1949 & Blandford et al. 1987). First hints for acceleration of



hadrons at SNRs were measured by CANGAROO (Enomoto et al. 2002) and
H.E.S.S. (Aharonian et al. 2004). These experiments measure TeV gamma-rays
created by collision of accelerated protons with atoms and molecules in an

interstellar cloud.

Different sites of acceleration could be neighbouring stars of pulsars that
are hit by the pulsar wind (Harding & Gaisser 1990), or accreting matter from
neighbouring stars or at the shock wave of the galactic wind (Jokipii & Morfill
1987). Further mechanisms of acceleration are direct acceleration in strong electric
or magnetic field, e.g. at polar caps, outer gaps or slot gaps of pulsars (Cheng et al.
1986).

For energies above 107 eV the origins of CRs are much speculative.
Possible candidates are e.g. jets of Active Galactic Nuclei (Rachen et al. 1993). For
energies above 109 eV there exist also various Top-down models in which the
CRs are produced as decay products of some super heavy particles X with mass
my = 10%? GeV (Guenter 2003).

1.4.2 PROPAGATION

Up to several hundred PeV energy CRs are generally believed to have a
galactic origin. The lifetimes of CR particles are longer than the time they need to
cross the thickness of the galactic plane (= 0.2kpc) rectilinearly. This and the
measured isotropy of the cosmic radiation suggest a diffusive propagation of the
charged particles from the sources to the earth. On their way they are deflected by
galactic magnetic fields and their original direction is lost when they arrive at the
earth. However, the high energy y-rays may play a vital role for predicting the
information about the origin of primary CRs as they point back at their source
engines. The particle energy changes during propagation due to spallation,
radioactive decay and ionization processes. Furthermore, particles escape with an
energy dependent probability from the galaxy. All this affects the energy spectrum
of cosmic rays and causes that the spectral index at the source of y = 2 increases
to y = 2.7 observe at earth. The composition of the cosmic-ray particles changes

due to decay and spallation.

1.5 EXTENSIVE AIR SHOWERS

A high-energy CR particle interacts with nuclei in the atmosphere and

subsequent collisions initialize cascades of secondary particles. This cascade



develops in the atmosphere and its footprint can be detected at Earth’s surface. The
cascade of secondary particles is commonly known as extensive air shower (EAS).
The first interaction typically occurs at the altitude between 10 to 40 km
depending on energy and a type of the primary particle. The total energy of the
primary CR particle is distributed to rapidly growing number of secondary
patticles. The pancake-like shower front with a thickness of ~ 2 m and a diameter
of up to several kilometres depending on primary particle’s energy blazes its tail

through the atmosphere until the Earth’s surface.

The EAS can be subdivided into three components: electromagnetic,
muonic and hadronic as shown in Fig.1.3. The most of the secondaries come from
the electromagnetic part of EAS which is constituted from photons, electrons and
positrons. There are also hadronic interactions, which produce short-lived mesons
(mainly pions and kaons) of which many decay into muons, electrons and photons.
In addition, there are particles not contributing much to the total energy balance,
ie. UV photons (fluorescence and Cherenkov) and radio emission or invisible
component (e.g. neutrinos and very energetic muons). The atmosphere itself serves

as large calorimeter in which the detected particle interacts and deposits its energy.

Detailed information about EAS is given e.g. in (Blimer et al. 2009,
Haungs et al. 2003 & Castellina 2012), and references therein. The main properties
of hadron and gamma-ray initiated showers, as far they are important for the

understanding of this work, will be discussed briefly in appropriate chapters.
1.5.1 HADRONIC COMPONENT

Hadrons (baryons and mesons) are strongly interacting particles and
therefore the largest part of the primary particle’s energy goes into the hadronic
part. The reactions of the high-energy particles are strongly focussed in forward
direction. Consequent upon, they lie in the immediate vicinity of the original
arrival direction. This suggests that the shower core is build up by high-energy
fragments of nuclei, baryons and mesons. In each hadronic interaction one third of
the energy is transferred to the electromagnetic component. The subsequent
process works via the decay of neutral pions. The decay of charged pions produces

the muonic component of an EAS.



Primary Cosmic Ray
k! V ih i
¥

.

¥,
Cherenkov &
fluorescence

) | |
whout | g!ﬁ o prrn KD et ”a’w W@*T g

fuckear fragments
MUONIE COMPOnan, hadronic electromagnetic
NeNnos component component

Fig.1.3: Scheme of an EAS with its different components.
1.5.2 ELECTROMAGNETIC COMPONENT

The electromagnetic component consists mainly of electrons, positrons and
photons. The decay of m° particles into two photons is the feeding source of this
EAS component. The produced photons can further produce electron-positron pairs
as long as their energy is high enough. The electrons/positrons produce new
photons via bremsstrahlung process. lonization losses start to dominate over the
production of new particles below the critical energy (E. = 84 MeV in air) and the
shower is absorbed by the atmosphere. Thus, the EAS shows a maximum number

of particles at some stage of shower development.

The lateral profile of the electromagnetic component in many EAS
experiments is very often described by the so-called NKG function (Greisen 1956,
Greisen 1960 & Snyder 1989). A comprehensive study of different structure
functions for EAS density profile used by various EAS groups will be discussed in
chapter 3 emphasizing the role of the shower age parameter for studying primary

composition.
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1.5.3 MUONIC COMPONENT

The muonic component of an EAS originates from the decay of pions and
kaons. With a mean lifetime of ~ 2.2 X 107 and a Lorentz factor y = 90 (for
E, =10 GeV), muons will penetrate 'the whole  atmosphere  practically
undisturbed. High energy muons (E > 100 GeV) originate in the early stage of the
shower development. They lose energy mainly through ionization processes, as the
bremsstrahlung emission is strongly suppressed compared to electrons. Low energy
muons, descending from a later stage of the development can decay into electrons
and neutrinos. The broadening of the spatial distribution of EAS muons due to
Earth’s geomagnetic field is another interesting area of investigation in context of

this thesis (see chapter 5).
1.6 OBSERVABLE PARAMETERS OF EXTENSIVE AIR SHOWERS

The primary reasons to study CRs are to discover their origin, composition
and spectral shape. Because the primary CRs are studied indirectly in the PeV
region, through their EAS particles, it is indispensable to connect the parameters
which can be observed with the nature of the primary particle. The EAS
parameters/observables which are most relevant to the present study are namely [a]

the muon content (N,), [b] the electron-positron content i.e. electron size/shower
size (N,), [e¢] the lateral shower age (s;), [d] the local lateral age (S;cq;), [€]l the
muonic dipole length (l,), and [f] the absorption length/k-parameter (Agps/k). The
detailed description of these EAS observables can be found in respective chapters
of the thesis.

1.7 AIR SHOWER SIMULATIONS

Air shower simulations are a crucial part of the design of air shower
experiments and analysis of their data. Numerical simulation of the shower
development in the atmosphere is a powerful approach to link the properties of the
measured shower to those of the primary particle. To arrive any specific
conclusions about CRs from their indirect investigation it is very important to
know how they interact with the atmosphere and how the EAS develops. This
knowledge is obtained by means of computer MC simulations. In this section a
short overview of the MC EAS simulations with CORSIKA (Heck D et al. 1998)
code is given. Comparing features obtained from the different adopted techniques

applied for data analysis of the simulated showers it is possible to estimate the
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mass composition and energy of the primary particle from the measured data.
Interaction of the primary CR particle with air and their secondaries are described
by high and low energy hadronic interaction models. The information about the
primary particle and its interaction history in the cascade is stored in various

average EAS observables/parameters.

1.7.1 CORSIKA CODE AND HADRONIC INTERACTIONS

A Monte Carlo technique offers one of the best suited approaches to
provide a convolution of all physical processes to form the complex model of an
EAS. The main annoying part of the MC technique since its inception lies in the
uncertainties arising from the hadronic interactions at high and low energies, is still
a major concern in this field in particular. Many code packages for simulating
EASs are available. The most frequently used MC programs are CORSIKA (Heck
D et al. 1998), AIRES (Sciutto 2001), CONEX (Bergmann et al. 2007), COSMOS
(Roh et al. 2013), MOCCA (Hillas 1997) and SENECA (Drescher & Farrar 2003).
The predictions obtained with all simulation packages are almost similar. Currently
CORSIKA is used by many air shower experiments all over the world. The EAS
simulations for the present work are performed with the CORSIKA versions 6.600
and 6.970. For the hadronic interactions at high energies a number of interaction
models have been implemented: QGSJet, DPMlet, EPOS, SIBYLL, VENUS,
NEXUS, HDPM while GHEISHA, FLUKA and UrQMD (references there in) are

used for hadronic interactions at low energies.

For electromagnetic interactions a modified version of the shower program
EGS4 (Nelson et al. 1985) (or the analytic NKG function) can be used. Options for
Cherenkov radiation and neutrinos also exist. The code can be used from 10° up to
10%* eV and beyond and it covers fifty different types of particles and nuclei up
to A =56. All these particles can be tracked until they reach the predefined
observation level and energy. The code also allows production of shower images

and movies of the shower development.

At the heart of a MC program is the generation of pseudo-random numbers
which are produced by a random number generator such as RMMARD (between
Oand1) from the CERN library (James 1988). The atmosphere is composed of |
78% nitrogen, 21.5% oxygen and 0.5% argon. All other elements in the air are
neglected because they contribute only 1% of the total. The atmospheric model in

CORSIKA uses various atmospheres with either planar or curved options that are



parameterised in 5 layers with piece-wise fitted exponential. Special versions for

different locations and seasons can be introduced.

Computing time and disk space needed for a shower simulation grow
approximately linear with primary energy. A single shower at 102%° eV, with about
10**  secondary particles, needs about 10° hours and ~30 TB disk space.
Therefore, statistical sub-sampling (or thinning) (Kobal 2001) is used to discard
most of the shower particles and follow only a representative subset of them, which
carry a weight to account for the discarded ones. For a good compromise of

thinning and weight limitation, typical speed-up factors of 10*- 10° are reached.

Particles information on the observation level from CORSIKA is a starting
point for detector simulation in the array. From the particle densities measured in
the detector array various EAS observables and their distributions are
reconstructed. Development of an EAS is sensitive to a number of parameters and
one can try to predict how they should be changed in EAS description to achieve
better agreement with observations. As the interaction models are more and more
refined now and hence discrepancies between simulations and the measurement are
becoming smaller. Using such a model as reference the deficiencies of other
models can be understood more clearly. Currently almost all models in the low
energy regime describe observed data very well. Differences are viewed in the high

energy regime but they are significantly lower at present than earlier.

Over the last 12 — 15 years the agreement of simulations with experimental
data has greatly improved. Today the simulations describe consistently, within
about 15 — 25%, EAS experiments from TeV to PeV (i.e. from y-ray regime to the
region of the knee). The method is further extended to EeV (where Haverah Park,
AGASA etc. experiments are performed) and up to the 102%eV range of the Pierre

Auger experiment.

In the near future the ongoing accelerator/collider experiment at the LHC
(14 TeV in cms) is expected to provide new experimental inputs to the cross
sections, diffraction and hadronic multi-particle production, additional constraint to
the interaction models and thereby improving the predictive power of EAS

simulations in the PeV energy range.
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1.8 OBJECTIVE OF THE THESIS

The objectives of the present investigation is mainly threefold: First from a
detailed MC simulation study of CR EASs initiated by primary CRs we would like
to study the characteristics of few air shower parameters/observables (other than
the widely used parameters for primary mass extraction such as the muon content
and the depth of shower maximum) and examine their primary mass sensitivity.
We will particularly focus on the characteristics of the shower age parameter,
which essentially describes the slope of the lateral distribution of electrons in EAS,
and the possible role that the parameter may play in a multi-parameter approach of
studying EAS in order to understand the nature of shower initiating particles in the
PeV energy regime. We would also explore whether geomagnetic spectroscopy can
be employed cleverly to extract information on primary mass. Secondly we would
like to examine the role of air shower fluctuations in estimating CRs-air interaction
cross section and finally from theoretical considerations the flux of gamma-rays
and neutrinos to be observed at Earth if cosmic-rays at PeV energies are

accelerated by polar caps of pulsars will be estimated.
1.9 ORGANIZATION OF THE THESIS
The content of the thesis is organized as follows:

e After a short introduction of CRs (chapter 1), the characteristics of CRs
in the PeV region is reviewed in chapter 2. The all-particle CR energy
spectrum in the PeV region is discussed. Various techniques of
estimating composition of CRs from EAS observations is also discussed
and the mass composition scenario of primary CRs in the PeV. region
obtained from experimental observations are summarized. The origin of
galactic CRs is also mentioned briefly. Finally a summary on our present
understanding has been stated.

e Chapter 3 discusses the lateral distribution of electrons in EAS from a
detailed Monte Carlo simulation study. The wuniversality property of the
lateral density distribution of electrons in terms of local age parameter
(LAP), as inferred from the simulation data, got support from different
experimental observations. The chapter describes the techniques for
estimating the LAP, the important characteristics and correlations of the
LAP with other EAS observables to understand the nature of shower
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initiating particles. The éhapter ends with a discussion and conclusions
of the present analysis. »

In chapter 4 the identification of the LAP of CR extensive air shower for
separating gamma-ray induced showers from hadronic background
without doing muon measurement is described. The chapter also
discusses about various optimal cuts applied to signal selection
parameters employing a selection algorithm for maximizing gamma-ray
selection efficiency and minimizing the background contamination. The
experimental realization of the adopted technique involving LAP is also
discussed here. The chapter concludes with a summary and outlook of
the present work.

Chapter 5 includes a detailed analysis of the asymmetry in muon
distributions due to the influence of the Earth’s geomagnetic field on the
development of EAS from a detailed Monte Carlo simulation study. This
muon asymmetry offers a new possibility for the determination of the
primary mass composition in the case of EAS events with large zenith
angles (> 50°%). In this chapter, a novel method is introduced that
determines a primary mass sensitive parameter in terms of the muonic
dipole length (l,). The scope of the present proposal for extracting the
nature of primary particles by ongoing experiments such as WILLI
detector or by future generation large muon detectors is discussed in the
last section of this chapter.

Chapter 6 is devoted to the attenuation phenomena of EAS in air
induced by primary CRs. The chapter is mainly focussed on a particular
analysis technique to derive the proton air cross section from CR data at
the relevant energies. This work is intended to examine critically the role
of air shower fluctuations on the cross section measurements from
detailed M C simulations.

Chapter 7 deals with the evaluation of the flux of the TeV gamma-rays
and neutrinos to be observed at Earth which are produced in pulsar
environments by interaction of polar cap accelerated hadrons with
ambient photon fields. In the present work we tried to improve earlier
estimation of neutrino flux from pulsar by emphasizing about the
constraint imposed by the observed gamma-ray fluxes from several
potential pulsars. The importance of consideration of proper polar cap

geometry while evaluating the neutrino flux has also been stressed.
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Finally the observational situation of neutrino detection from pulsars by

the present neutrino telescopes and the possibility of the upcoming

neutrino telescopes are discussed.
e Chapter 8 will contain a discussion on the findings.
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CHAPTER 2

COSMIC RAYS IN THE PeV REGION

2.1 INTRODUCTION

Cosmic rays in the PeV energy region have several distinguishing features,
some of those are the following: (i) they are detected (with reasonable statistics)
indirectly by means of CR EAS unlike the lower energy CRs those could be
detected directly by sending detectors above the atmosphere through balloons and
satellites, (ii) they are supposed to be originated in the galaxy unlike the highest
energy (EeV range) CRs which are believed to be of extra-galactic origin, (iii) the
energy spectrum of CRs in this energy range exhibits a knee feature at about 3
PeV. High energy gamma-rays and neutrinos are expected to be produced in the
interactions of energetic CRs with the ambient matter in the source environment
and thereby CR sources should be identified, at least in principle, by observing
appropriate fluxes of gamma-rays and neutrinos from a CR source. The possibility
of observing such high energy (~TeV or above) gamma-rays and neutrinos is high
for galactic sources those produce CRs up to PeV energies owing to their smaller
distances (relative to extra-galactic sources) and low background noise in

compare to CR sources of sub-PeV energies .

In the following we would discuss about the energy spectrum including the
knee feature and the mass composition of primary CRs. We would also discuss

briefly about the origin/sources of primary CRs in the PeV energies.
2.2 ENERGY SPECTRUM AND THE KNEE

Due to steeply falling flux of CRs, the measurements on the energy
spectrum were performed so far only by ground based EAS experiments those are
being operated in the PeV energy. These experiments improve their energy
resolution and the statistics for the all-particle spectrum measurement in the course
of time. On the other hand, several experiments extended the energy range and
therefore make it possible to connect their own spectrum with the one measured

from balloon-borne experiments at low energy and from UHECR experiments at
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the highest energy end.
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Fig.2,1: All-particle energy spectrum obtained from EAS experiments

{Gaisser et al. 2013).

The Fig.2.1 shows a compilation of currently available spectra for all
particles.  Interestingly all-particle spectra  estimated with various detector

techniques agree reasonably well with each other.

A steepening of the spectrum takes place at about 3 PeV as one may notice
from the above figure which is known as the knee of the spectrum. The differential
flux has been multiplied by E?® and plotted along y-axis to show clearly the
change in the slope. The CR spectrum does not have many features. Hence the
knee is considered as a very important feature that may provide clue regarding the

origin of the CRs, the central question of the astroparticle physics.

2.3 PRIMARY MASS COMPOSITION

The EAS measurement aiming at reconstructing the CR mass Mbsition
is a very difficult one. The reason lies in the fact that the mass of the primary
particle can only be inferred from detailed comparisons of experimental
observables with EAS simulations which require hadronic interactions as input. At
the air shower energies accelerator data are not yet completely available (though
the LHC covers these energies now) for the kinematic region of secondaries

271087



18

concerning to air showers and also for relevant target-projectile combinations. As
a result one has to rely on high energy interaction models leading to an uncertainty
of unknown order. The uncertainties of hadronic interactions at high energy in
simulations become a dominant source of systematic of estimates of the CR mass
composition. Hence, identification of various EAS observables with different
sensitivity to the primary mass is of extreme importance as these observables
should lead to consistent conclusions about the properties of the primary CRs. Any
inconsistent conclusions, on the contrary, would be indicative for incomplete

knowledge of the employed hadronic interaction models in simulations.

The EAS experimental data are the convolution of the primary CR
distributions with all the effects related to the atmospheric cascading, which is
governed by the hadronic and electromagnetic interactions. In order to extract
primary information from EAS experimental data, one has to de-convolute them
during adopted analysis. The electromagnetic cascading can be well described by
the subject quantum electrodynamics, while for different calculations involving
hadronic interaction in EAS could be made on the basis of phenomenological
models. Currently, quite a good number of hadronic interaction models are
available and their agreement with observations keeps improving. For the purpose
of CR studies these hadronic interaction models often use interaction cross-sections
resulting from the extrapolation of the cross-section versus energy plot. The

validation of this extrapolation needs to be tested and further improved.

Low energy hadronic interaction models have been tested recently (Bhadra
et al. 2009) with proton and antiproton fluxes measured by BESS and Mt. Norikura
experiments. While FLUKA (Fass’c et al, 2001) can describe befter the proton
spectrum than other two models, UrQMD (Bass et al. 1998 & Bleicher et al. 1999)
and GHEISHA (Fesefeldt 1985) on the contrary, show much better agreement with
antiproton spectrum. In an interesting study the NBU and the Bose Institute group
jointly have reported that even at relatively low energies the BESS antiproton flux

could not be accurately simulated by any of the combinations of the above models
(Bhadra et al. 2009).

It has also been found that CR experiments might contribute to the
betterment of the hadronic interaction models, New measurements of the cross-
section between proton and air are presented by the ARGO-YBJ and TienShan

experiments. These experiments measured a smaller cross-section than what had
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been adopted in the hadronic models. By comparing the model calculation and
KASCADE observation, both QGSJET (Kalmykov et al. 1997) and EPOS (Werner
et al. 2006 & Pierog et al. 2008") prefer a lower cross-section for the proton-air

interaction.

Having very good temporal and spatial resolutions, the ARGO-YBJ carpet
containing large number of RPCs has published results on the time structure of the
EAS front (Calabrese et al. 2009) distribution and multi-core event search. Their

data agree very well with model prediction.
2.3.1 AIR SHOWER OBSERVABLES SENSITIVE TO MASS COMPOSITION

The question of the mass composition of high energy CRs arose very early.
The determination of mass composition by EAS measurements requires the
identification of quantities at the observation level which can be measured and
depend on primary mass. There is a general agreement between different models of
high energy hadronic interactions in reference to the observables most sensitive to
primary mass. Note that in the context of mass composition at least two orthogonal
measurements are needed to estimate both, the mass and energy of the shower
initiating primary particle. This is feasible in EAS technique by observing say the
longitudinal development or by simultaneous determination of the electromagnetic
and muonic component of EAS at observational level. The study of the lateral
distribution of EAS charged particles at ground level which is related to the EAS
development stage, may also give some insights about the primary composition.

We shall elaborate these techniques belows:

The determination of the lateral density distribution (LDD) of particles in
EAS leads to estimate the total number of charged particles, electrons or muons by
fitting the measured densities to proper analytical functions. The mass and energy
of the primary particle can then be deduced from the electron and muon numbers.
The first method suggested by Linsely e a/ (Linsely et al. 1962) followed from the
observation that the number of muons (N,) and number of electrons (N,) in an
EAS are related byN,~N,*. Taking the simple superposition model one
obtains NM~A1"“N9“, where ‘A’ is the mass number of a nucleus that initiates an

EAS and ‘@’ acts merely as a factor.

The observation of the longitudinal development of the particle cascade in

the atmosphere is especially well suited for composition studies. The detection of
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produced particles in the shower is done via fluorescence or Cherenkov light
through which the signal is transferred to the detector. The mass sensitive estimator
that comes out from this measurement is the slant depth (X,,) at which the EAS
reaches its maximum in terms of the number of particles. A correlation exists
between X,, and the slope parameter of the lateral Cherenkov light distribution
which is independent of the type of the primary particle and the angle-of-incidence
of the shower. In observations of the Cherenkov light by the imaging technique, the
intensity pattern of Cherenkov light coming from the air shower is strongly
correlated with the shower size, from which the height of maximum X, can be

determined.

The position of the maximum development of electromagnetic component
of EAS in the atmosphere roughly goes as X, oo InE where E = Ey /A is the
energy per nucleon. Hence X,, depends on mass as I(nd. However, X, fluctuates
event by event basis (interestingly the shower-to-shower fluctuations in X, also
carry important information about the primary particle types). Usually thus average
depth of shower maximum is studied as a function of primary energy. The
longitudinal development also can be studied with fluorescence technique but it is

best suited at a little bit higher energies.

The second oldest method of searching for the mass of the primary CRs is
the measurement of fluctuations in EAS development. The widths of the N,

Ny
<Ng>’

fluctuations for fixed N,, measured as is the main example. The fluctuations

of the shower age parameter and of the height of shower origin are other examples
(De Beer et al. 1968).

The average transverse momentum of the secondary particles increases with
energy though very slowly. As the longitudinal momentum increases faster than in
proportion to the primary energy per nucleon, the emission angle of the secondary
particle is smaller in a proton induced shower. As a consequence the lateral
distributions of all types of shower particles, electrons, muons and hadrons are
expected to be wider in an EAS induced by a heavy nucleus than one initiated by a

proton. This feature can be extracted from the EAS initiated by CR particle.

The shape of the LDD of EAS also contains information about the
underlying particle physics in the EAS and, thereby also about the mass of the

primary particle. Generally, showers initiated by heavy primaries will exhibit a
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flatter LDD than those initiated by light primaries. This feature is observed both for
electrons and muons. It is worthwhile to mention that the sensitivity of the LDD to
the primary mass, however, is weaker as compared to the N, — N, method or

those techniques else.

The reconstruction of the mean heights of production of muons in EAS
brings interest to learn about the longitudinal shower development. The technique
was revived in the 90ies for tracking electrons and muons with the CR Tracking
(CRT) detectors at HEGRA (Bernlohr 1999), the Muon Tracking Detectors at
KASCADE (Doll et al. 2002) or at GRAPES (Hayashi et al. 2005) after 60ies of
the last century.

There are few other mass sensitive observables, such as muon charge ratio,
rise time of Cerenkov signal etc. which are not covered here. Interested readers
may see the proceedings of bi-annual conferences of International Cosmic Ray

Conferences for the detailed discussion of the mentioned and other techniques.

The KASCADE collaboration proposed a refined procedure few years back
in determining mass composition from EAS measurements. The main features of
their approach are: (i) to measure as many mass-dependent observables as possible
in order to average out at least part of the fluctuations and (ii) to derive
combinations of these measured quantities which give good estimates of energy

and mass of the primary for each individual shower.
2.3.2 MEASUREMENTS OF THE PRIMARY MASS COMPOSITION

The reliability of primary composition extracted from EAS experiments can
be checked at TeV energies where direct measurements are available. To reach
TeV energies, EAS experiments need to locate at high very altitudes such as the
ARGO-YBJ (Sciascio & Girolamo 2007) experiment that has a full coverage array
(80m x 80m) having resistive plate chambers (RPCs) with excellent resolutions
both in time and position. The array is competent enough to allow real time view of
a propagating EAS to be obtained including its structure near the core. In the
energy range from 10 to 300 TeV, the experiment measured mass composition of
light components, such as protons and hélium from the knowledge of particle
densities in inner and outer regions surrounding the core as shown in Fig.2.2. Their

spectra agree rather well with direct measurements from CREAM (Zei R et al



22

2007). The analysis of ARGO-YBJ data seems to indicate a composition similar to
JACEE (Asakimori et al. 1998) than CREAM as can be seen from the Fig.2.2.
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Fig.2.2: Light component (p + He) spectrum of primary CRs measured by ARGO-YBJ

compared with other experimental results (Bartoli et al. 2012).

Concerning mass composition at PeV energies muon content (or rather
electron content as muon size is used to estimate the primary energy) is widely
used to extract primary mass. In this approach, electron-muon discrimination
achieved by employing a combination of unshielded and shielded scintillation
detectors at ground level. There are number of recent experiments implemented the
approach (examples AGASA, CASA-MIA, EAS-TOP, GRAPES, KASCADE and
Grande, Maket-ANI,  Yakutsk etc.). The muon identification through water
Cherenkov detectors were employed in AUGER and Haverah Park detector.
IceTop at the South pole uses tanks of frozen ice for the purpose in combination
with IceCube at underground. Similar combinations of surface and underground

detectors have been used by EAS-TOP and MACRO at the Gran Sasso and

Baksan.
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One of the major uncertainties occurs in the result due to fluctuations. It is
important to realize that electron and muon numbers do not fluctuate independently
on event-by-event basis, but are mutually correlated. Such an effect can be properly
accounted for by a two-dimensional unfolding technique, first utilized by

KASCADE-collaboration (Fuhrmann et al. 2011).

The ICECUBE (Abbasi et al, 2009) collaboration extracts. primary
composition by using the N,-N,correlation. They had wused muon data with
ES¥ > 500 GeV and N, from ICETOP with ES“ > 1 MeV. However, due to low
statistics the composition could be probed only as a combination of protons and
iron nuclei. Within error ranges the all particle spectrum was consistent with earlier
measurements (Rawlins et al, 2011). Above 100 GeV the muon and muon-
neutrino spectra were simulated by using primary CR  spectra from KASCADE
(Apel et al. 2009) for five nuclei that were extrapolated with a rigidity dependent
knee for respective nuclei. The Auger spectra were used at UHEs and the
difference between Auger and extrapolated KASCADE specira in the overlap of
energy region was aftributed to an extragalactic proton component. The spectral
shape of muon and muon neutrino appeared to depend on the all-particle spectra
rather than the actual composition. This would lead te facilitate accurate

calculation of muon and muon-neutrino fluxes at high energies.

Most of the experiments such as the CASA-MIA (Glasmacher et al. 1999),
MSU (Fomin et al. 1996), HEGRA-CRT (Berniohr 1999), KASKADE (Weber et
al. 1999), EAS-TOP (Navarra et al. 1998), SPASE-AMANDA (Rawlins et al.
2003), on the basis of muon content relative to electron content in EAS, infer that

the composition becomes heavier with increasing energy in the region of knee.

Non-imaging observations by operating photo multiplier tube assembly
with large Winston Cones looking upwards into the night-sky are perhaps the
simplest and most straight forward technique of observations. This method = was
first successfully applied at energies around the knee by the HEGRA array (Karle
et al. 1995) and by CASA-BLANCA (Fowler et al. 2001). More recent
measurements have extended these measurements at Tunka (Budnev et al. 2009)
and Yakutsk (Knurenko et al. 2010) up to ultra-high energies. The slope of the
lateral distribution of Cherenkov light measured within nearly 100 m is found to
depend on the height of the shower maximum and hence on the mass of the

primary CRs. The results of Cerenkov measurements including the DICE (Boothby
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et al. 1997), CASA-DICE (Swordy et al. 2001), CASA-BLANKA (FoWler et al.
2001), TUNKA (Cherev et al. 2005), HEGRA (Karle et al. 1995), HEGRA-
AJIROBICC (Arqueros et al. 2000), SPACE-VULCAN (Dickinson et al., 1999),
Yakutsk (Efimov et al, 1991) and few others suggest for a mixed composition
below the knee with either no significant change in average mass above the knee at
least up to 10 PeV or a slowly decreasing/increasing average mass beyond the
knee. A different conclusion is reached by only few experiments such as the
CACTI (Paling et al. 1997).

Using muon multiplicity information, GRAPES-IIl (Gupta et al. 2005)
studied the primary composition up to PeV energies with SIBYLL and QGSJET
models. Significant differences are seen between the two model assumptions. They
found that SIBYLL model better describes data than QGSJET. Similar conclusion
was obtained when comparing the composition results of the Tibet ASy
(Amenomori et al. 2006") with the KASCADE experiment (Amenomori et al.
2006").

The Tibet ASy collaboration in association with a set of new detectors that
included Yangbaijing air core detectors (YAC-I and II), water Cherenkov muon
detectors and so on, reported several results on mass composition and the
uncertainties of hadronic interaction model. They have used an artificial neural
network (ANN) for data analysis exploiting extensive MC simulations for EAS
events. Preliminary results from data analysis using ANN showed that the data are
in good agreement with the QGSJET II and SIBYLL 2.1 models. This agreement
persists in the energy range from 30 to 1800 TeV. The Tibet ASy has also put
efforts to separate proton, proton+helium, and iron candidate events that were
trained for QGSJET II with a heavy dominated composition. Their technique has
been cross checked by the ability to extract known contributions of protons, helium
and iron nuclei from the Monte Carlo data. The fraction of proton, helium and iron
nuclei were obtained from an analysis using ANN to obtain the all particle

spectrum from the Tibet ASy data.

Fukui et al. (Fukui et al. 1960) and Khristiansen et al. (Khristiansen et al.
1963) were the first to study the muon number fluctuations in the knee region and
they were also the first concluding an enrichment by heavy nuclei above the knee
energy (Khristiansen et al., 1994). Similar conclusions were drawn in (Elbert et al.

1976) based on a larger data set.
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A noticeable result on the muon production height measurement with
KASCADE-Grande is compatible with a clear transition from light to heavy
primaries with increasing energy across the knee. The time profile of EAS particles
was used by Bassi et al. (Bassi et al. 1953) at Haverah Park (Watson et al. 1974) in

the context of primary composition in UHE region.

The analysis of Miyake et al (Miyaki et al. 1973) carried out with data
from Mt. Norikura (2770 m as.l) for the measurements of primary composition
using shower age and shower size as observables hinted a change in the
composition with heavier domination beyond a size of ~107 (Miyaki et al. 1979).
The shower size dependence of the age parameter from measurements with the
MAKET-ANI array located at Mt Aragats (3200 m asl) in Armenia when
compared with simulations showing the expected age dependence on shower size
that would result for a primary beam with heavier domination starts at 107onwards
(Chilingarian et al. 2007). The result from Akeno (Hara et al. 1981) taking the
variation of shower age as a function of muon size for fixed shower sizes
maintained the general trend showing a rising shower age with an increasing muon
number. They had correlated this feature with the primary mass and/or the

secondary particle multiplicity.

2.4 ORIGIN OF PeV COSMIC RAYS

It is generally believed that CRs with energy below 10 PeV are accelerated
at the shocks in supernova remnants (SNRs). There are also possibilities for their
acceleration by other extreme astrophysical environments in the galaxy which
include pulsars particularly. In SNR acceleration picture the kree could be regarded
as an indication of the attainment of maximum energy by the CRs through shock
acceleration in SNRs. From an alternative view the knee may come from the
relatively faster leakage of PeV CRs into the extragalactic space compared to lower
eriergy CRs. It may be due to threshold interactions where e-epairs are formed
due to interaction of PeV CRs with the ambient infrared photon background near
the source (Hong-Bo et al. 2009). Another speculation supports the view that CRs
above PeV energies may produce exotic or undetectable particles during their

advancement in the atmosphere (Horandel 2006).

Recently, with modermn Cherenkov telescopes, y-ray photons of TeV
energies coming from SNRs have been detected, which gives strong indications for

an efficient accelerations of charged particles to energies beyond 100 TeV, in
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consistency with the models of CR in young SNR shocks (Aharonian et al. 2004).
The origin of the y-ray photons of TeV energies is still uncertain. An experimental
validation of the hadonic origin of TeV y-ray photons over leptonic origin would

be eagerly awaited evidence for an acceleration of hadrons in SNRs.

It has recently been suggested that neutron stars inside the shells of young
SNRs are the sources of PeV CRs and that the interaction of the particles with the
radiation field in the SNR causes electron pair-production, which has relevance to
recent observations of high positron fluxes (Erlykin et al. 2011). Even, a pulsar
with period 100 ms should be able to reach several PeV if the magnetic field were
somewhat bigger than 10*2Gauss. In this context, the theoretical estimation of TeV
gamma-ray and neutrino fluxes can help to throw light on the question about the
origin of PeV CRs.

A test for the models of origin of galactic CRs can be studied through very
high energy gamma-ray astronomy. The results mainly from the last decade of the
last century made it obvious that new, better gamma-ray telescopes would lead a
breakthrough in the field of high-energy gamma-ray astronomy. Also, the stereo-
observation technique was generally accepted as the approach that would reach
sensitivities around 1% of the Crab nebula flux within 50h observation time for
achieving 5¢ excess signal. High energy gamma-rays have been detected from
several supernova remnants by the Cangaroo I (Enomoto et al. 2006), H.E.S.S.
{Aharonian et al. 2007 & Wissel et al. 2009), MAGIC (Baixeras et al. 2003 &
Magic Coll. 2008), VERITAS (Aliu et al. 2011), HAGAR (Acharya et al. 2009 &
Saha et al. 2013), MILAGRO (Sciascio et al. 2011), ARGO-YBJ (Zhang et al.
2009). At relatively higher energies GRAPES Il has a very good potential to
unearth PeV hadronic sources of CRs. In near future the CTA (Cherenkov
Telescope Array) (Actis et al. 2011), which will cover the energy range from 20
GeV to 100 TeV with 10 times higher sensitivity compared to H.E.S.S, is also

expected to provide valuable information in this regard.

Four other projects are currently under detailed evaluation or in a first
phase of construction. Advanced Gamma-ray Imaging System (AGIS)
(Vandenbroucke 2010) and Major Atmospheric Cherenkov Experiment (MACE)
(Xoul et al. 2005) are Cherenkov telescopes, while the High altitude Water
Cherenkov (HAWC) (Salazar 2009) is an extended air-shower array at high
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altitude for achieving a low threshold. LHAASO (Cao et al. 2011) is a facility that

combines various air shower detectors elements and Cherenkov telescopes.

2.5 SUMMARY

The origin of PeV CRs is still not clearly known. The SN shocks from
explosion and SNRs provide sites suitable for CR acceleration up to E~10%° —
1017 eV. On the other hand, acceleration in compact objects such as Pulsars, X-ray

binaries etc., the CR energy may reach even up to ~10%7¢V or so.

The proper explanation of the #knee feature is believed to provide key
insight on the origin of the knee. In order to understand the full story of the knee
the mass composition needs to be estimated accurately. As stated above the CR
mass composition beyond the knee is not definitively established yet, with some
observations (Horandel 2004, Kampert & Unger 2012) suggesting that it tumns
lighter and others instead suggesting that the heavier components become
dominant. What will the conclusion on primary mass composition be in the PeV
regime: KASCADE, GRAPES or Tibet or else? To improve the situation

concerning mass composition multi-parameter study is vital.

A precise estimation of the mass composition of CRs at PeV energies
heavily relies on the progress in understanding the hadronic interaction models.
The LHCf experiment is studying the very forward region with proton-proton
beams at the centre of mass energy of about 107 eV, which is directly relevant to
the EAS development in the atmosphere. With the results of this experiment the
uncertainties due to our incomplete knowledge of hadronic interactions will be
reduced significantly. The information of hadronic interactions extracted from EAS
observations also should be important in this regard and may lead to find out new

hadronic interaction models.

The ongoing and wupcoming high energy gamma-ray and neutrino
experiments are expected to provide concrete evidences of the sources of CRs,
particularly those are within the galaxy. Meanwhile effort should be made to make
the theoretical predictions for the high energy gamma-rays/neutrinos from the
potential sources so that they can be effectively compared with observations in

searching CR sources.



CHAPTER 3

LATERAL SHOWER AGE PARAMETER

3.1 INTRODUCTION

The primary CR energy spectrum is known to exhibit a power law
behaviour with three breaks, a ‘kmee’ around 3 PeV where the spectral index
changes abruptly from —2.7 to about —3, an ‘ankle’ at few EeV beyond which the
spectrum flattens again to its original slope and a Greisen-Zatsepin-Kuzmin (GZK)
suppression around 10%2° eV (Amsler et al. 2008). Among these interesting spectral
features only the knee is believed to be associated with solely galactic CRs. Hence
measurements of the characteristics of primary CRs including its chemical
composition around the knee are very important for proper understanding of the
origin of this spectral feature as well as to get the idea about the mechanism that
pushes CRs to very high energies in the galaxy. However, because of very low and
steeply falling (with energy) flux, direct measurements of primary CRs on board
satellites or balloons are still limited in the energy region to below a few hundred
TeV. Currently the only feasible way to get information about such energetic
particles on statistical basis is through the study of CR EASs, which are essentially
cascades of secondary particles produced by interactions of CR particles with

atmospheric nuclei.

The EAS experiments chiefly measure densities and arrival times of EAS
particles in a particle detector array, mostly electrons (positrons and negatrons) and
photons, at different lateral distances from which (electron) shower size and the
arrival direction of EAS events are obtained. Besides, some of the other EAS
components such as muons, hadrons and air shower associated Cherenkov photons
are measured in conjunction with electrons. The measurements are usually
interpreted in terms of shower initiating particles using detailed MC simulations,
which consider interaction mechanisms of energetic particles as input. But due to
the limited knowledge of particle interactions at high energies and the large
fluctuations, which are intrinsic to any EAS, the conclusions on primary CRs
deduced from FEAS measurements remain somewhat uncertain; sometimes even
there are divergences of conclusions from experiment to experiment. Recent

strategies include consideration of several EAS observables simultaneously in
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extracting information on primary CRs from EAS observations with lesser

uncertainties.

The main parameters associated with the EAS electron component at the
given observation level are the shower/electron size (N,) which is the total number
of electrons in an EAS and the lateral (or transverse) shower age (s;) which
describes the slope of the radial distribution of electrons in EAS. While shower
size is often related with the energy of the EAS initiating particle but the lateral
shower age has not received sufficient importance so far in deducing information
on primaries from EAS observations. In the framework of the cascade theory the
parameter is supposed to relate with the stage of development of EAS in the

atmosphere (Kamata & Nishimura 1958).

A number of recent studies indicate that the average shape of several
distributions of electrons in verv high energy EAS, such as the energy distribution
or angular distribution, primarily exhibits the so called wunmiversality (Giller et al.
2005, Nerling et al. 2006, Lipari 2009, Lafebre et al. 2009, Schmidt et al. 2008 &
Gora et al. 2006): it depends only on the stage of the longitudinal shower
developinent in the atmosphere or equivalently on the longitudinal shower age
parameter (S; or s;) that represents the variation of the total number of EAS
electrons with the atmospheric depth and hence describes the longitudinal shower
development irrespective of the nature of the primary particle and energy. Such a
feature was first divulged from the early work by Kamata and Nishimura (Kamata
& Nishimura 1958) in the context of the development of CR cascades in the
atmosphere and was also described in (Hayakawa 1969). The experimental data
also appear to substantiate this wniversality behaviour on an average basis
(Yushkov et al. 2008). The universality property is quite advantageous for the
analysis of high energy CR data as it helps to parameterize the -electron-positron
distributions, it seems useful for an accurate estimation of the muon and
electromagnetic contents in an EAS (Apel et al. 2008) and also it assists to infer the
primary mass composition and the nature of the first few interactions from the
observed EAS data (Yushkov et al. 2008).

The observed lateral density distribution (LDD) of EAS electrons is,
however, usually described in terms of the lateral shower age (s,), which
essentially describes its slope or more precisely it gives the slope of the energy

spectrum of the electron and photon populations in an EAS. Theoretically, the
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relation s; = s; holds for both electromagnetic showers and hadron initiated EAS
(Lipari 2009 & Hayakawa 1969). In most experiments, however, the estimated s,
differs from s; for an EAS with hadrons as primary. Here note that s; can be
estimated observationally only if the EAS experiment is equipped with Cherenkov
or fluorescence detectors, whereas s, follows immediately from the lateral
distributions of electrons, which is a basic measurement of any conventional EAS
array consisting of particlé detectors. Hence it is imperative to explore the
universality of LDD of EAS electrons in terms of the lateral shower age. In
KASCADE experiments, the reconstruction procedure to lateral electron density
distribution has been employed to obtain the final value of the shape parameter in

place of the lateral shower age (Apel et al. 2006).

A major challenge, however, is the reliable and unambiguous estimation of
s, from experimentally measured electron densities. Usually the LDD of electrons
in an EAS is approximated by the well known Nishimura-Kamata-Greisen (NKG)
structure function (Greisen 1956, Greisen 1960 & Snyder 1989) and the shower
parameters, namely the shower size (N,) (the total number of electrons in an EAS
at an observational level) and s, are evaluated by fitting the measured densities
with the NKG function. However, experimentally it is observed that the NKG
function with a single s, is insufficient to describe the LDD of EAS electrons
properly at all distances, which implies that the lateral age changes with the radial
distance. Subsequently some modifications of the NKG structure function (Lagutin
et al. 1979 & Uchaikin 1979) were proposed but the radial dependency on the
shower age could not be removed totally. Under the circumstances, the notion of
local shower age parameters (LAP) was introduced (Capdevielle & Gawin 1982,
Bourdeau et al. 1980 & Capdevielle et al. 1990) which is in essence the lateral age
at a point. Presently, different EAS groups use different structure functions and as a
result, in most of the studies lateral shower age parameter is just treated as a mere

parameter without assigning any physical meaning to it.

The present research work basically aims to explore for a reliable estimate
of shower age parameters (lateral shower age and local age i.e. LAP) and to
investigate their important characteristics and correlations with other EAS
observables from a detailed MC simulation study and thereby the possible role that
the parameters may play in a multi-parameter approach to studying EAS, in order
to understand the nature of shower initiating particles. From this study, we have
found that the shape of the radial variation of the LAP (and hence the LDD of the
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electrons in an EAS) exhibits some sort of scaling (energy, mass and altitude
independent) behaviour. It is noticed here that the shape of the radial variation of
the LAP is, however, found to depend on the choice of the effective Moliére radius
in the NKG function. Such a scaling feature provides a better description of the
radial electron distributions in EAS and should help to estimate the electron

content in an EAS accurately.
3.2 SHOWER AGE PARAMETERS

The most simple and earliest description of the -electromagnetic cascade
was starting with the longitudinal development. The average longitudinal profile of
an electromagnetic cascade, which is developed in a medium through a
multiplicative process involving the interactions of electrons and photons when
passing through 1it, was provided by Greisen (Greisen 1956, Greisen 1960 &
Snyder 1989) on the basis of the calculations of Snyder carried in the so called
Approximation B (taking into account only three processes of pair-production by
the photons, bremsstrahlung by the electrons and the ionization loss suffered by the

electrons while neglecting the Compton scattering)

0.31
N, = —————exp[t(1 — 1.5Inls (3.1)
. (1 - 15t(5,)]

Here E; is the energy of the primary photon generating the cascade, €, is the
critical energy (below which ionization losses predofhinate over that due to pair'
production) with a value of ~82 MeV. Note that t is expressed here in cascade
units (the atmospheric depth has been divided by the electron radiation length in
air, taken as 37.1 gm-em™). In this useful synthesis a very simple parameterisation

of the longitudinal age sy is defined by the relation

3t
S = ———p— . (3.2)
t+ 2[n(—€—;

As mentioned already the development stage of a pure electromagnetic
cascade is characterized by the single age parameters;, known as longitudinal
shower age. Mathematically, it was determined earlier as the saddle point in the

inverse Mellin transformation of cascade transport equation as indicated by the
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previous works in the more simple Approximation A (taking into account only the
radiation process and the pair creation in their asymptotic forms at high energy).
The lateral development was described by Nishimura and Kamata solving by the
three dimensional diffusion equations (see Appendix A) after the preliminary work
of Moliére and Bethe focused on the lateral electron distribution near the cascade
maximum. Fitting their numerical results on the electron densities at a distance r
from the shower axis, Nishimura and Kamata were able to propose a first semi-
analytic lateral distribution in a shower agesy. Under Approximation B and taking
into account the hegemony of the multiple Coulomb scattering for the lateral
deflections electrons, an expression of radial distance dependence of s, was

inferred in the simple form (Kamata & Nishimura 1958),

3t
= t+2n (-];f%) + 2in () G

Tm

where v is the radial distance from the shower core and 1, is the Moliére radius
(near 80 m at sea level) which is a characteristic cgnstant of a medium defined as
the radius of a cylinder containing on average 90% of the electromagnetic showers
energy deposition (it is the natural lateral displacement unit in air corresponding to
a thickness of 9.4 gm-cm™: the last value comes from the calculation of the mean
scattering angle in the case of multiple Coulomb scattering with a scattering energy
Es = 21 MeV). With the identification s; = s(r) when v = r,, s; = 0 at the origin

of the cascade and s ~ 1 at the shower maximum.

In the same theoretical context the lateral density distribution of cascade
particles given by Nishimura and Kamata can be approximated by the well known
Nishimura-Kamata-Greisen  (NKG)  structure  function proposed by  Greisen
(Greisen 1956 & Greisen 1960), given by

T T
fr,sy) = Cs)(C) 72 (1 + )53, (3.4)
Tm Tm
where the normalization factor C(s, ) is given by

_ r(4.5 - S_L)
CGL) = S s T (45 = 251

(3.5)

The NKG formula has the advantage of normalization as it is integrable in

Euler Beta function provided s; is independent ofr. The normalisation of f(r)
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implies thatp(r) = N.f(r), p(r) being the electron density at 7 (thanks to the

properties of the Eulerian function as shown in Appendix 4).

The relation s;= s, was considered to hold for pure electromagnetic
showers (Kamata & Nishimura 1958). Such equivalence implies the correlation
between steeper lateral distributions (s; < 1) or flatter lateral distributions (s; >
1) in proportion to the distance to shower maximum; it suggests also the
employment of the observable s, as a hint of the global shower cascading expected
to depend on primary mass and interaction features (cross-section, multiplicity and
inelasticity). Hence, the equations (3.1), (3.2) and (3.4) together provide an
attractive and a complete procedure of calculating the 3D development of the

electromagnetic cascade (as first pointed out by Cocconi (Cocconi 1961)).

The superposition of many such pure electromagnetic cascades build the
electron component of a hadron initiated EAS. It was also suggested (Kamata &
Nishimura 1958, Lipari 2009) that for hadron initiated EAS, both the longitudinal
structure and lateral structure of soft components can be described by that of a
resulting single cascade, assigning a suitable value to the age parameter. Recent
MC simulation studies (Giller et al. 2005, Nerling et al. 2006 & Lafebre et al.
2009) exhibited a possible universality for large EAS with primaries in the EeV

energy range in terms of longitudinal age defined through the relation (3.2).

However Nishimura, Kamata and Greisen noted some difficulties when
comparing the prediction of the cascade theory with the measured lateral electron
distributions in EAS and we have listed hereunder some limitation on the validity
of the analytical expressions caused by the various approximations in obtaining the
solutions as well as due to over-simplification of the adopted 3D transport

equations. The conditions of validity of relation (3.4) are
. F /¢ o > 1 due to the asymptotic value of the cross-sections.

-t > 1(more than one radiation unit is necessary to consider the continuity in

the cascade).

- Jlog (Bo/e ) » llog (/i 1.

The last condition may be not fulfilled near the shower axis as underlined

by Nishimura considering not appropriate to use the data near the shower core.
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Nishimura and Kamata have also ascertained that corrections where necessary to
their calculations performed for the homogeneous medium. In consequence, taking
into account the variation of the air density, they have inferred that in order to
compare the theoretical curves with the experimental data, the distribution obtained
at about 2 radiation length (in the case of Approximation B) above the

measurement area has to be employed.

Furthermore, Nishimura ascertained again that near the shower axis the
densities were quite lower with NKG than with the original NK formula
(Nishimura 1967) for s > 1.2. Greisen also noticed larger densities in
experimental measurements than that given by NKG far from the axis (Greisen
1956, Greisen 1960 & Snyder 1989) which was inferred as a possible contribution
of the muon decay. A shorter value of the second momentum of the distribution
than in the NKG was observed by Allan for the lateral structure (Allan et al. 1975)
and a couple of years later a steeper profile was exhibited by Hillas and Lapikens
from MC calculation near 100 GeV (Hillas & Lapikens 1977).

Simultaneously, the 3D diffusion equations were solved using adjoint
equations, the Bessel Fourier transformation being applied tor and the numerical
integration on t and on the energy E being performed by partial polynomial
functions (Lagutin et al. 1979 & Uchaikin 1979). This method, which involves
several approximate steps and numerical inverse transformations, leads to a
limiting (as E, —— oo) radial distribution. An improvement of the NKG function
was proposed by adopting a modulated, longitudinal age parameter s; dependent

effective Moliére radius so that

Per = (M13) e (T/m) (3.6)
where m = 0.78 - 0.21s.

We underline here that it is p, and not only pyge which has been
implemented in the so called subroutine NKG of CORSIKA. The procedure of
calculation is the following: N, is calculated together with s; (via Greisen formula)
for each sub-cascade generated by one photon after one pair creation by one
secondary of one hadron interaction in the EAS. The electron component is
subsequently obtained from the sum of the densities at one given distance of the

individual axis of each sub cascade (Capdevielle & Gawin 1982, Bourdeau et al.
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1980 & Capdevielle et al. 1990). Of course the procedure doesn’t distinguish e

and e~ and the annihilation of the positron is not considered.

On the other hand, observing that the experimental LDD of electrons in
EAS was steeper than that given by the pyxs and was in better agreement with the
MC calculations of Hillas (Hillas & Lapikens 1977) at lower energies. Capdevielle
et al (Capdevielle & Gawin 1982, Bourdeau et al. 1980 & Capdevielle et al. 1990)
introduced the notion of local age. After testifying the behaviour of the LAP on
experimental lateral distributions and reaffirming it with the Akeno observations
(Nagano et al. 1984"), this approach was validated by the rapporteurs of the
International Cosmic Ray Conferences during the period 1981 to 1985 (Tonwar
1981, Rao 1983 & Clay 1985). The whole procedure was also employed in the
calculation of the radio effects of EAS (Suprun et al. 2003).

From two neighbouring points, i andj, we can give the (local) lateral age

parameter (sl"c‘”) for any NKG like distribution f(x) (wherex = 7v/1,) which

characterises the best possible description for the electron LDD in {x;, x;}:

2 yv4.5
local .. In (K 'XiJ'YiJ'
i In (X;;Y;;)

S; (3.7)

where Fj; = f(r)/f(r7), Xij = 1;/17 and Vi = (6 +1)/(x + 1). More

generally, 1; — 17, this suggests the definition of the LAP stocal(x) at each point:

((x + 1) ~—l + 2+ By)x + 2) (3.8)

stocal(x) =

2x 4+ 1

If B = 4.5, fyke(r) with s, = si9°%(r) can be used to fit f in the neighbourhood

of .

Typical behaviour was predicted with a characterized minimum value of
stocal(r) near about 50 m from the axis, followed by a general increase at a large
distance (Capdevielle & Gawin 1982, Bourdeau et al. 1980 & Capdevielle et al.
1990). The relation si°®(r) = s{f°® for r = (r;+71;)/2 was found to be valid
for the experimental distributions (taking F;; = p(r;)/p(1;) as far as they were

approximated by monotonic decreasing functions versus distance).

Such a prediction was substantiated by Akeno (Nagano et al. 1984%), North
Bengal University (NBU) EAS experiments (Sanyal et al. 1993) and other
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experiments (Capdevielle & Gawin 1982, Bourdeau et al. 1980 & Capdevielle et
al. 1990). The LAP depends mainly on the logarithmic derivative of the density
versus the distance as it appears in the relation (3.8); however, this pure
mathematical approach may not be attained in practice at any radial distance, due
to the experimental uncertainties arising mainly from the use of a finite number of
detectors for the density measurements, triggering conditions and errors in the
determination of the shower core position. Therefore, si°°*(r) is estimated via the

relation (3.7) using physical bands of distance {r;,7;}; for experiments with very

dense grids of detectors, such distance bands may be reduced to 5 - 10 m, but they
may have to enlarge up to about 20 m for arrays with a lower resolution, as well as
in the case of individual showers with large fluctuations. For very large and giant
EAS, the interval {r;,7;} may be required to exceed 100 m or so. We preferred to
conserve the characteristic parameters of electro-magnetic cascade in relation (3.7)
including the wvalue of the Moliére radius to facilitate the comparison with the

experimental data, which is most frequently expressed in NKG formalism.

The dependence of s*(r) on r rules out a consistent integration via
relation (3.4) casting some doubt on the accurate relation between density and
size; it was shown that such a dependence on sY°*(r) on r is mainly a basic
feature of pure electromagnetic cascades (Capdevielle & Gawin 1982, Bourdeau et
al. 1980, Capdevielle et al. 1990 & Bhadra 1999).

Furthermore, the observed lateral density distribution of air shower
electrons is usually described in terms of lateral structure function and hence in
terms of lateral shower age and in most experiments the estimated transverse
shower age (s;) differs from the longitudinal age (sy) for EAS with hadrons as
primary. It was suggested from the experimental results (Dedenko et al. 1975 &
Stamenov 1987) that these two age parameters are connected through the
(approximate) relations ;= s, + &, withd ~ 0.2. Some early MC simulation
results obtained a relation of the natures  ~ 1.3s; (Capdevielle & Gawin 1982,
Bourdeau et al. 1980 & Capdevielle et al. 1990), s, being derived from density
measurements around 50 m from axis. Here note that the longitudinal age can be
estimated observationally only if EAS experiment is equipped with Cherenkov or
fluorescence  detectors, whereas the lateral shower age parameter follows
straightway from the LDD of electrons which is the basic measurement of any

conventional EAS array consisting of particle detectors.



3.3 METHOD OF SIMULATION

For generating EAS events, the air shower simulation program CORSIKA
(Heck et al. 1998 & Capdevielle 1992) is exploited here. Here our discussions are
mainly restricted to CRs in the knee region of the primary spectrum. In the present
work, the high energy (above 80 GeV/n) hadronic interaction model QGSJET 01
version le (Kalmykov et al. 1997) was used in combination with the low energy
(below - 80 GeV/n) hadronic interaction model GHEISHA (version 2002d)
(Fesefeldt 1985) or FLUKA (Fass'o 2001), depending on the primary energy in the
framework of the CORSIKA MC program version 6.600/6.970 \(Heck et al. 1998 &
Capdevielle 1992) to generate EAS events. Note that the low energy interaction
model GHEISHA exhibits a few shortcomings (Drescher et al. 2004, Bhadra et al.
2009, Heck 2006 & Ferrari et al. 1996) but the LDD of EAS electrons does not
depend much on the low energy hadronic models, except at large distances
(Drescher et al. 2004). Hence for very high energy events involving large radial
distances we employed FLUKA (Fass'o 2001). A relatively smaller sample was
also generated using the high-energy interaction model SIBYLL v2.1 (Fletcher et

al. 1994) to judge the influence of the hadronic interaction models on the results.

The CORSIKA program allows one to choose either of the two options, the
EGS4 (electron gamma shower system version 4) (Nelson et al. 1985) and the
NKG for obtaining a lateral distribution of the charge particles. The former option
facilitates a detailed MC simulation of the electro-magnetic component of a shower
that incorporates all the major interactions of electrons and photons (Rossi &
Greisen 1941), whereas the NKG option relies on an analytical approach rather
than a full MC simulation. In the NKG option, the electron density of an electro-
magnetic sub-shower is calculated straightway using the NKG function with a
reduced Moliére radius (Lagutin et al 1979, Capdevielle & Gawin 1982, Bourdeau
et al. 1980 & Capdevielle et al. 1990). One gets better accuracy and more detailed
information about the electro-magnetic component with the EGS4 option, at the
expense of long computing time. We underline here that the NKG option
(subroutine NKG inside CORSIKA) is dealing mainly with the relations (3.6) and
(3.7) and not directly with equation (3.4). Furthermore the reference (Capdevielle
et al. 1977) in CORSIKA original documentation was mismatched with the
appropriate references (Capdevielle & Gawin 1982, Bourdeau et al. 1980 &
Capdevielle et al, 1990). It was unfortunately reproduced in the user’s guide and in
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several papers, for instance (Antoni et al. 2001) generating a confuse interpretation
of the NKG option.

We have considered the US-standard atmospheric model (NASA report
1976) with a planar approximation. The maximum primary zenith angle was
restricted to 509 for the present study. The EAS events were generated mainly for
proton and iron nuclei as primaries. A few events were also generated for gamma-
ray as primary. Irrespective of the nature of the primaries, the slope of primary
power law spectra was taken as —2.7 below the knee ie. 3 x 10*® ¢V and as —3.0
above. The EAS events were simulated at different geographical positions
corresponding to the experimental sites of Akeno (Nagano et al 1984,
KASCADE (Antoni et al. 2001) and NBU (Bhadra et al. 1998). The magnetic
fields are provided accordingly. On the observation level, the Kkinetic energy
thresholds were chosen as 3 MeV for electrons (et ande™) irrespective of the

primary species and energies.
3.3.1 GENERATION OF THE EAS MONTE CARLO LIBRARY

The simulated shower library consists of more than 30000 EAS events
with the EGS4 option and more than 180 000 events with the NKG option in the
primary energy interval of 10 eV to 3 x 10%%eV. In order to appreciate the
asymptotic tendencies at ultra high energies, our library has also been enriched by
about 1000 events simulated at E; = 5 x 10%7 and 10'® eV for proton and iron
primaries: apart from the thinning factor which is taken as 107° with optimum
weight limitation (Kobal 2001) (i.e., all particles are followed up to an energy Ey,
where E.,/E, = 107°, after which only one of those particles is tracked giving
appropriate weight to it) the simulation conditions are here identical concerning the
hadronic interaction models, the zenith angle range, both the EGS4 and the NKG
options. Here we would like to specify that the optimized thinning factor 107° with
the optimum weight limitation for the CORSIKA version used here is considered
as the best compromise between the computing time and the accuracy at high
energies (Knapp et al. 2003). |

In all cases involving the EGS4 option, the longitudinal development is
restored numerically and that the longitudinal age parameter is computed
(Capdevielle & Cohen 2006, 2006"), instead of relation (3.2) by
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2 a . tmax Nmax
s =exp[—>< 1+-———T] witht = ,ya=In (3.9)

I 3 { t } t N,
where t,,4, and Np,, are respectively depth and size read at the cascade
maximum. In relation (3.9), N, represents the electron size at the atmospheric

depth t which is usually expressed in cascade units.
3.3.2 THE NKG AND THE EGS4 OPTIONS

Taking the opportunity of CORSIKA to calculate the electromagnetic
component of EAS via the EGS4 and the NKG procedure, we have used both the
options simultaneously for about 30000 events. In Fig.3.1 we compare the LDD
of EAS electrons obtained with the stated two options for proton, iron and gamma-
ray primaries. It is clear from the figure that the NKG option gives a higher density
with steeper radial distribution compared to the EGS4 option. A small density
excess appears for the pure electro-magnetic cascades near the axis for the NKG
options; such an excess presents also in the proton initiated air showers. However,
for the proton showers, a tolerable agreement between the output of the two
options was noted over a large band of densities between radial distances of
10 — 100 m from the shower axis; it reconfirms that for proton and photon
initiated showers the NKG option is quite useful to calculate a large number of

cascades in a short time.

- For iron primaries, both the options indicate an older density profile near
the axis. The NKG option was found to give an excess density between 2 —10 m
distances. The average energy of the positrons was quite a bit lower in the case of
iron initiated showers and the cross section of positron annihilation becomes more
important for the lower part of the cascade. This effect is probably enhanced by the
longer path of the electrons in the geomagnetic field and the larger energy loss by
ionization. The NKG option is, therefore, not so accurate for the simulation of
heavy nuclei initiated showers with large zenith angles after the shower maximum.
For vertical showers, the output of the NKG option is nevertheless acceptable. At
larger distances a slight deficit in the densities appears with the NKG option; this
probably comes from the different treatment of the multiple Coulomb scattering in
the NKG option than in the EGS4. Furthermore, Bhaba and Moller scattering are
treated in complement with the separated MC procedures. On the other hand, the
geomagnetic field of the earth enhances the path of the muons as well

Consequently their losses by ionization and their decay give more electrons, which
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were not incorporated in the NKG option. Besides, the NKG option does not

accommodate photo-production inside the electro-magnetic sub cascades as the

EGS4 code itself contained.
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Fig.3.1: Comparison of the EGS4 and the NKG generated lateral distribution of
electrons for different primary cosmic ray species. The statistical errors are within

the dimensions of the symbols used.

3.4 ESTIMATION OF SHOWER AGE

The simulated data have been analyzed using the reconstruction algorithms
developed to obtain shower size and shower age (called basic shower parameters).
We adopt two different methods. First following the ftraditional approach we
estimated basic shower parameters by fitting density data with the NKG structure
function. Secondly, exploiting equation (3.7) we directly estimate local age

parameter for each individual event.
3.4.1 LATERAL AGE THROUGH NKG FITTING

In this approach the simulated electron densities at radial distances have
been fitted by the method of chi-square minimization through an iterative
procedure based on the method of steepest decent to the NKG lateral distribution
function of electrons. Here it is to be noted that majority of the EAS groups

traditionally estimate basic shower parameters based on the NKG function. In
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order to check the goodness of the NKG function in describing the simulated radial
density distribution of electrons we first fitted the simulated density data at various
radial distances with the NKG function and compare radial density distribution for
simulated events with the fitted curve. In Figs. 3.2a — 3.2¢ the simulated particle
densities at different radial distances are plotted along with the fitted curves

obtained with the NKG function.

As mentioned already the NKG function with a single age cannot describe
the EAS particle densities properly over a reasonable radial distances from the
shower core. This is reflected in Fig.3.2a where the average eclectron densities over
a radial distance range up to about 5800 m from the shower core obtained with the
EGS4 option at primary energy 5x 10'7eV at the geographical site of KASCADE
is fitted with the NKG structure function with a single lateral ages,. The limits in
the employment of NKG at very high energy came from both asymptotic
representations by simple power laws when r — 0 and - oo. This difficulty in
Akeno was reduced by introducing the sum of a pair of NKG functions and in
KASCADE by an important reduction of Moliére radius as in earlier experiments
at high altitude. A more general function than the FEulerian approach was also
proposed in terms of Gaussian hyper-geometric function (Capdevielle & Cohen

2006" 2006°) to describe accurately the lateral electron distribution.
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Fig.3.2: (a) NKG fitting of the EGS4 output of electron density at KASCADE site

for p primary covering radial distance more than 5000 m, (b) the same as Fig.3.2a
but restricting radial distance between 50~ 350 m and (¢) NKG fitting with a
constant single age of the EGS4 output of electron density at NBU site restricting
radial distance only up to 100 m. The statistical errors are within the dimensions of

the symbols used.
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We also noted that the description of the data by the NKG function is
improved a lot when the Moliére radius is treated as a variable rather than a fixed
parameter which is also shown in the same figure. But this better description comes
at the expense of very high lateral shower age value which somewhat obscures the

physical meaning of the age parameter as assigned in the cascade theory.

In the Fig.3.2b we did the same fittings as in Fig.3.2a but restricting the
radial distance to the range 50 to 350 m. The reason for such a restriction on the
radial distance will be clear at the end of this section 3.4. Here again it is found that
the Moliére radius as a free variable improves the description of the simulated data
considerably. For small EAS arrays where the radial distance is limited to about
100 m or so, the NKG structure function is found to represent the simulated data
reasonably well except at very small distances as is shown in Fig.3.2¢ for two
shower size ranges. At very small distances the simulated densities are found

higher than those given by the NKG function. The simulated particle densities only
in the radial interval 7~ 100 m are thus finally considered for parameter

reconstruction and fitted showers with reduced chi square (x2,) less than 5 are

only accepted for results on characteristics of shower age parameter.

The error in estimating lateral shower age in the shower size interval 103 —
10° particles (corresponding to the primary energy range 10'% — 3 x10'% eV)
was found to be +0.03 for the QGSJET model and +0.05 for the SIBYLL. The
larger error for the SIBYLL model seems solely statistical, due to the generation of

a relatively fewer number of EAS events using the latter model.
3.4.2 LOCAL AGE PARAMETER

The local age for EAS charged particles was computed for each individual
event straightway, applying equation (3.7). When estimating the LAP, the main
sources of error are the fluctuations in particle density and the uncertainties in
radial distance estimation. In simulated data the radial distance of each particle is
known with a high accuracy. In this work the error in the LAP, due to uncertainties
in radial distance estimation was kept small by taking small radial bins. For
minimizing the statistical fluctuations in particle density at different radial bins, a
large number of events need to be considered. In this analysis, the error of the LAP
for EAS with the primary energy in the PeV range remains within
0.05for10m < r < 250m, whereas for r < 10 m or when r > 300 m the
error of the LAP is found to be higher, about 0.1. At higher primary energies
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(5% 107 - 108 eV) the error of the LAP is found at about 0.12 near the core,
which decreases to about the 0.07 level when 20m < r < 300 mbut increases
again - with the radial distance and reaches to about 0.15 when r

approaches 1000 m.
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Fig.3.3: Variation of the LAP (estimated from the simulated data) with radial
distance for different primary energies at Akenc site (920 gm-cm'z) for (a) proton
(by iron and {¢) for both p and Fe along with the local age obtained from the
experimental data. The lines are only a guide for the eve. The same studies are also

made for KASCADE and BAKSAN experimental data as shown in Figs. (d) and
(2).

The wvariation of the LAP with the radial distance from the shower core is
shown in Fig.3.3. It is known from previous studies (Capdevielle & Gawin 1982,
Bourdeau et al. 1980 & Capdevielle et al. 1990) that with an increase of the radial
distance, the AP initially decreases, reaching a minimum at around 50 m and then
increases, as was also noted from the experimental data (Nagano et al. 1984° &
Sanyal et al. 1993). Here we noticed two other interesting features (Figs.3.3a -
3.3e): the local age again starts to decrease at around 300~ 400 m. To examine
whether the experimental data also demonstrates a fall in the local age at large
radial distances, we compute the local age from the LDD data of total charged
particles, as measured by the AGASA experiment (Yoshida et al. 1994) for
primary energy 2 X 10%® eV and compared these values with our simulation results
in Fig.3.3¢ using EGS4 output. The experimental data clearly support the trend
predicted by the simulation results at larger radial distances. The characteristic

high-low-high kind of radial variation in the local age at relatively smaller
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distances (within 300 m or so) could not be substantiated by the AGASA data, due
to the large separation of the detectors of the array. Here due to limited statistics
the position of the minimum of the local age could not be located with good
precision but the overall nature of the radial dependence of local age is found the
same to that at lower energies. It is worthwhile mentioning that there was an
indication for such a decrease of sY¢%'(r) at around 300 m in the experimental
results obtained by Akeno (Sanyal et al. 1993) and KASCADE-Grande (Ulrich et
al. 2008 & 2009%). Such behaviour is also depicted in Fig.3.4 of the KASCADE
report (Antoni et al. 2001), where one may notice a maximal deficit at 50-80 m in
the ratio of the measured and the fitted electron densities and an excess at larger
distances when fitted with the NKG formula. Here we have compared the radial
variation of LAP obtained out of the simulated data for proton and iron primaries
with those obtained from the experimentally measured density data of KASCADE
and BAKSAN (Voevodsky et al. 1993) in Figs.3.3d — 3.3e respectively.

These findings are important for an analysis of very large air showers
observed/to be observed by the KASCADE-Grande, AGASA, AUGER, Yakutsk
and Telescope Array involving large radial distances. The large EAS experiments
often treat charged particle densities at large radial distances, such as 500, 600,
1000 m from the shower core as an estimator of the primary particle energy,
though such a technique involves several uncertainties (Capdevielle et al. 2009).
These findings of a rapid change in the slope of the radial distribution of electrons
at large radial distances, suggest that more controls should be adopted in the
estimation of the primary energy of large showers, for instance by taking particle

densities at more than one radial distance.

Another important observation is that in general the nature of the variation
of the local age with the radial distance appears nearly the same for all of the
primary energies, ie. the nature of the variation is practically independent of the
energy of the shower initiating particles, which implies that the local age (or the
lateral distribution of electrons in EAS) exhibits some sort of scaling behaviour in
respect to the radial dependence from the shower core. This feature of the local age

is maintained even for different primary species and observational levels.
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Fig.3.4: Variation of the LAP (estimated from the simulation data) with the radial
distance for different choices of the effective Moliére radius at the KASCADE site
(a) for proton; (b} for iron with a primary energy 5 x 107 eV and (¢) for y with a

primary energy 101° eV,

To examine systematically the influence of the effective Moliére radius on
the shape of the lateral distribution of charged particles in EAS, we study the radial
variation of the LAP for different effective Moliére radii, which are shown in Figs.

3.4a and 3.4b for proton and iron primaries with a primary energy of 5 x 107 eV.

A string-like feature emerged with two nodes, as seen from the figures, one
close to the shower core while the other at around r ~ 400 m that increases slowly
with the effective Moliére radius; the effective Moliére radius behaves somewhat
like the tension in a piece of string. Beyond the second node, however, the LAP is
found to decrease monotonically with an increase of the radial distance,

irrespective of the choice of the effective Moliére radius.

In order to explore the inherent cause of such a feature of the LDD of
electrons in hadron initiated EAS, we studied the radial variation of the local age
for y-ray initiated showers, and one such plot at the primary energy 10%° eV is
shown in Fig.3.4c. We found the similar nature of radial variation of the LAP as in

the hadron initiated showers. As ascertained in previous simulations (Capdevielle
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& Gawin 1982, Bourdeau et al. 1980 & Capdevielle et al. 1990), the behaviour of
stocel(r) comes mainly from the discrepancies between the EGS4 output and the
NKG function, i.e. between the rigoroﬁs descriptions of the electromagnetic
cascade adopting the basic electromagnetic processes as well as the Moller, Bhaba
scattering and positron annihilation, dependence of the crdss section on energy on
the one hand, Approximation B combined with Landau and small angle
approximations in a single description of the multiple Coulomb scattering on the
other hand. When the experimental data (Antoni et al. 2001, Capdevielle & Cohen
2006°, 2006") are superimposed on Fig.3.4, we understand that a reduced Moliére
radius (between 20- 50 m) is favoured for all primary energies, implying a
dramatic reduction in the mean scattering angle connected with the scattering
energy of 21 MeV. For primary energies lower than 1017 eV, it looks easy to fit
the lateral distributions in the range 20 - 100 m and determine the minimum value
of s¢(y) from the measured densities, as well as its average value over a
selected radial distance range. They are representative estimators and a
correspondence with s, can be tabulated via adjustments and simulation; at ultra
high energy, the detectors are saturated near the core and we suggest a fit of
stocal () around  the  distances selected for the  energy  estimator,
usually 50(5, 600, 800 or 1000 m.

3.5 CHARACTERISTICS OF THE SHOWER AGE PARAMETER

To explore the physical nature associated with the lateral shower age
parameter, if any, we studied the details of the characteristics of the shower age.
For the local age, we considered two different parameters: the minimum value
corresponds to the local age at the radial distance, about 50 m, and an average
value nearly between 50 to 300 m. Besides, we have taken the NKG lateral age

obtained from fitting the density data up to about 100 m.
3.5.1 DISTRIBUTION OF SHOWER AGE PARAMETER

The distributions of the LAP and the lateral shower age were studied for the
primary energy range 3 X 10'* to 3 x 10%® eV. Those distributions (for instance
Fig.3.5¢) differ from a Gaussian distribution when the observational level is deeper
than the depth of the shower maximum and is found to fit well by an Extreme
Value Distribution (EVD) defined through
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(3.10)

—exp (i s
, where the parameters p and o are related to the average size <s> and its

1
o

p(s)

1.64502 (in the case of the histogram

0.5770 and V;

e

V.by <s> =

variance
of

o = 0.07).

and

<s>=1.495
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Fig.3.5: Distribution of age parameter from simulated data: (a) average local age

(Sqv) at Akeno for p primary, (b) minimum local age (s;,;,) at Akeno for p

primary, (c)

average local age (Sg,) at Akeno for Fe primary, (d) minimum local

age (Smin) at Akeno for Fe primary; (e¢) NKG-fitted lateral age at sea level for p

primary, (f) NKG-fitted lateral age at sea level for Fe primary, (g) NKG-fitted

lateral age at sea level for p and Fe primaries within a small muon window. (h) The

variance (o) of the LAP as a function of shower size. The lines are only a guide for

the eye.
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The fluctuations in lateral shower age are much larger for proton imitiated
showers in compared to those initiated by heavier primary as revealed from the
Fig.3.5. This is clear on Fig.3.5¢ and Fig.3.5f where the frequencies reflect the
intensities of primaries around the knee. The long tail in the left wing of Fig.3.5f
corresponds to very penetrating proton showers of low primary energy and
conversely the steep right wing contains showers interacting at very high altitude
whereas the central part is populated by showers with an individual maximum

close from average maximum at each energy.

Similar features concern the case of the pure iron component (see Fig.3.5f)
with a general reduction of r.m.s. of the fluctuation. If we consider a small primary
energy bin instead of a wide one, for instance by selecting the showers inside a
small muon size band, we observed that both the distributions of p and Fe could be
separated, which in fact becomes very contrasted as shown in Fig.3.8g; this
approach, if adopted with the experimental data, may yield important information

on the primary composition around the knee region.
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3.5.2 THE FLUCTUATION OF SHOWER AGE PARAMETER

The fluctuations (o) i.e. variances in the LAP in different shower age bins
are estimated and as a function of the shower size are drawn in Fig.3.Sh for proton
and iron primaries for the interaction model QGSJET. In accordance with
experiments (Catz et al. 1973), the fluctuations in the LAP were found to be larger
for the proton initiated showers in comparison to those initiated by the primary
iron, except at lower energies. Similar trends have been found from simulated data

when the lateral age parameter and its fluctuation were in use (Dey et al. 2011).
3.5.3 LONGITUDINAL AGE VERSUS LATERAL AGE

For each simulated event the longitudinal shower age has also been
estimated exploiting the relation (3.9) (or directly obtained longitudinal age
delivered by the output of the NKG option of CORSIKA) and the difference

between the two age parameters, longitudinal age (s;) and average local age
st g1y or NKG fitted lateral age (s;) is obtained. A frequency distribution of a

number of differences between two age parameters at KASCADE site is given in
Fig.3.6.

The frequency distributions of the differences between two age parameters

(sy) and si?“®(av)) for proton and Fe primaries are given in Figs.3.6a - 3.6b.

The frequency distributions of the differences between two age parameters (s
and S,,;n) for proton and Fe primaries are given in Figs.3.6c - 3.6d. From Figs.
3.6a and 3.6b, it is clear that the frequency distribution for proton primary exhibits
peak, at around 0.2, is consistent with the early observations (Capdevielle & Gawin
1982, Bourdeau et al. 1980, Capdevielle et al. 1990, Dedenko et al. 1975 &
Stamenov 1987), whereas for Fe initiated showers the peak difference is much
lower, at about0.07. However, for a non-negligible fraction of events, the
differences between the two shower age parameters were found to be substantial.
The same study has been made using simulated data at Akeno site for proton and
iron primaries in the concerned energy range and the distributions are shown in
Figs.3.7a - 3.7d.

For the EGS4 data at 108 eV at Akeno site we estimated the average local
age between 50 m to the radius of shower disk as may be revealed to an EAS array
equipped with particle detectors of area ~ 1 m® and found that such an average age

is very close to the longitudinal age.



Frequency

Frequency

10000
8000 -

S000 =

ag

v 3 * 1 v
Akena

Primary - proton
E=23x10"-3x10" eV
Mean = 0.30, SO = .08

i

a2 0.4 05 0.6 a7

Difference ofs | and 5

(a)

pREslt

2000 -

BO0D -

4000

2000 -~

Q.0

]

Akeno

Primary - Fe
E=2x10"-8%x10" ey
Mean = 015, 50 = 08

0.2 a4 a8

Difference of s . and 5

(b)

W

1.0

W



60

T

)

Akeano

Primary - proton

]
-
-
1
.l
.'
]
N
-

= .10

os

044, 5D

2x 10" -ax 10" eV

0.6

E
Mean

0.4

ot I

20000

18000 -

00

1 HO00 ~
14000
12000 -~
10000
G000 -
GO0 -

Aouanbayy

min

(c)

Lifference of s | and s

1 ¥ ﬂ L 1 ‘ i —. ¥ ﬂ T ,_ ki
¢
« &
="
ot |
#® [
o
¥ e
R R S
L. 1U o
LI W.U
N.. v Al
v O
£ 8 m m
a .m g
xR .
< 02
- LA
Rt A e
B g s )
o e A %.\Mm,\»ma«mm
o 2 e o S e s
R g S A S A e
%M@%\%ﬁkﬁ%ﬁﬁ&\%‘\%&%ﬁi :
M 1111107 5
[ A R | T T T
8 2 g o o ] o o
5 5 & @& &8 & B8
-+ & & & B g i

0.8

0.8

04

Qaz

0.0

miry

Difference of 5 pands

(d)
Distribution of the difference between the longitudinal shower age and

ig.3.7:
average

(S

simulated data. Akeno:

age from

focal

age/minimum

focal
stocal(gp)) (a) p and (b) Fe; Akeno: (S — Spmun) (¢) p and (d) Fe.



61

3.6 THE CORRELATION OF SHOWER AGE PARAMETER WITH
OTHER EAS OBSERVABLES

3.6.1 VARIATION OF LATERAL SHOWER AGE WITH
ATMOSPHERIC DEPTH

With the increase of zenith angle a shower traverses an increased thickness
of atmosphere which immediately suggests that the EAS with higher zenith angle
should be older in shower age than the EAS of smaller zenith angle but of same
primary energy. Based on this idea we have studied variation of lateral shower age

with atmospheric depth from the simulated data.

The Fig.3.8a shows the lateral shower age as a function of sec (z) for two
primary energy intervals at NBU site. Separate samples of proton and Fe initiated
showers are considered to investigate the said aspect. The variation of local shower
age with atmospheric depth has also been studied for fixed primary energy range
which is shown in Fig.3.8b. In Fig.3.8¢, we plot the same variation but for muon
size intervals at KASCADE site.

It is seen from the Fig3.8 that for both proton and Fe initiated showers the
local/lateral shower age monotonically increases with atmospheric depth reflecting

a strong correlation of the parameter with longitudinal development.

In order to check the influence of the hadronic interaction models on the
results we compare NKG lateral shower age versus atmospheric depth variations
for two different models, the QGSJET and the SIBYLL, which is shown in
Fig.3.8a. The SIBYLL gives comparatively higher value of lateral shower age but
the nature of dependence of lateral shower age on atmospheric depth is found
similar in both the two hadronic interaction models. This discrepancy may come
from the cross section for p-air collisions rising more rapidly versus energy in
SYBILL than in QGSJET.

The present simulation study suggests that the lateral shower age/local age

can be expressed as a function of zenith angle by the empirical relation

S1L = Sg + A sec (z) (3.11)



The value of syand A for different shower size ranges can be obtained by fitfing
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Fig.3.8: Variation of shower age with atmospheric depth (a) lateral shower age at
NBU site for two fixed primary energy intervals and hadronic modeis, (b)
minimum local age at NBU site for a fixed primary energy range and (c) lateral
shower age at KASCADE site for a fixed muon size interval along with lateral

shower age from KASCADE observed muon lateral distribution data.

Equation (3.11) can be written as si =5, +A§~, where x and x, are the
v

atmospheric  thickness travelled by the EAS and vertical atmosphere depth

respectively. It thus immediately foﬂows.fl;i-s-;E = f—. The change of lateral shower

age over an atmospheric depth of 100 gm-cm’ for the simulated data generated
with QGSJET lies within (2 - 4)x 1072 corresponding to the shower size range
10° — 10%

3.6.2 VARIATION OF LATERAL SHOWER AGE WITH ELECTRON SIZE

The variation of the local shower age at a radial distance of about 50 m
(minimum value) or mean lateral shower age (NKG-fitted) with average shower
size, obtained from the simulated results for both proton and iron primaries at the
Akeno, KASCADE and NBU locations are presented in Figs. 3.9a - 3.9c. The
corresponding observational results extracted from the Akeno and KASCADE

experimental data are also shown in Fig.3.9a and Fig.3.9b. For Akeno
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experimental data, we extracted a minimum local age for the different shower sizes
from reference (Nagano et al. 1984°), whereas for KASCADE we estimated it from
their measured lateral distribution (Antoni et al. 2001, Apel et al. 2006, Ulrich et al.
2008 & 2009"). We note here that being a small EAS array, the radial density
measured by the NBU EAS array was restricted to much smaller core distances in
compared to the KASCADE or Akeno experiments. As a result shower size
estimated by the array, particularly at higher energies corresponding to large
electron sizes, may have considerable uncertainties and hence resolving power of
the array in respect to primary mass composition is expected to be limited. On the
other hand, in the KASCADE or Akeno measurements shower size is basically
estimated through NKG fitting considering particle densities up to a larger core
distance for EAS with higher primary energies. In view of the radial variation of
lateral age such a procedure of estimating shower size may involve some bias on
the estimated shower size though the magnitude of such systematic error is not

large.
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Fig.3.9: Variation of the lateral shower age with electron size for proton and Fe
primaries at (a) Akeno, (b) KASCADE and (¢) NBU locations. For KASCADE and
Akeno data the estimated minimum value of the local age is used while for NBU
data the lateral age is estimated through the traditional shower reconstruction

method.



66

It is noticed from the figures that the local or lateral shower age decreases
with shower size but the rate of decrease slows down at higher shower size. With
increasing primary energy i.e. with increasing shower size showers penetrate
deeper into the atmosphere resulting in steeper lateral distribution indicated by the
smaller lateral shower age parameter (Apel et al. 2006). The simulation results
show that showers induced by heavier primaries are older compared to those
generated by light primaries. The similarity found in the variation of shower age
with shower size for two hadronic interaction models QGSJET and SIBYLL
indicates that the longitudinal development of the electromagnetic component is
alike in both the models.

The comparison of the simulated results with the experimental observations
from both the Akeno and KASCADE EAS experiments (Figs. 3.9a and 3.9b)
indicate a need for a change in the primary composition towards a heavier primary,
as the energy increases across the #kmee of the primary energy spectrum. The
KASCADE group also reached a similar conclusion using the shape parameter
instead of the shower age (Apel et al. 2006), as well as from the study of the muon
content in EAS (Antoni et al. 2002). The present data of the LHC, especially the
pseudo-rapidity density distributions, suggest larger multiplicities and inelasticities
than in the models used in the CORSIKA simulations (Capdevielle 2010).
However, up to energy of 2.6 x 107 GeV, this could result in a very small

reduction of the reported enhancement of the primary mass with energy.

3.6.3 VARIATION OF THE LATERAL SHOWER AGE WITH MUON SIZE

The wvariation of local/lateral shower age with muon size has also been

studied for the zenith angle range 0° - 45° for both proton and iron primaries and
are plotted in Fig.3.10a and 3.10b at Akeno, and KASCADE levels. The variation
exhibits the same mnature as obtained in the KASCADE experiment using NKG
fitting for muons with slightly higher threshold energy (Antoni et al. 2001). With
increasing primary energy i.e. with increasing muon size showers penetrate deeper
into the atmosphere resulting in steeper lateral distribution indicated by the smaller
lateral shower age parameter (Apel et al. 2006). The simulation results show that
showers induced by heavier primaries are older compared to those generated by
light primaries. The similarity found in the variation of shower age with muon size
for two models QGSJET and SIBYLL revealing once again that the longitudinal
development of the electro-magnetic component is independent of the hadronic

interaction models.
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3.6.4 THREE DIMENSIONAL VARIATION OF N, N, and s

Muon content of EAS generally used to extract information on the
composition of cosmic ray primaries. However, as mentioned earlier due to
uncertainties in the interaction model and the difficulties associated with the
solutions to the EAS inverse problem, separating the primary energy spectra of
elemental groups remains ambiguous. Iron and proton initiated showers may be
better separated employing shower age and muon content simultaneously through
3-dimensional plot of shower size and shower age than in either of its 1-
dimensional projections. It is also found that accuracy of determining the nature of
primary species increases with the simultaneous use of shower age and muon

content.

In Fig.3.11 we plot the 3-dimensional curve between average local shower
age at a radial distance about 50 m (minimum value), average shower size and
muon size obtained from simulation results for both proton and iron primaries at
Akeno and KASCADE levels. The corresponding observational results of the
Akeno and KASCADE experiments are also given in the figures. For the Akeno
experimental data we extract the minimum local age for different shower sizes
from (Nagano et al. 1984”) whereas the mean muon content corresponding to those
shower sizes are obtained from reference (Dixon & Turver 1974). In the case of
KASCADE data, we estimated local age from their measured lateral distribution
(Antoni et al. 2001, Ulrich et al. 2008 & 2009") and corresponding muon size are
extracted from the N, — N, curve (Werner et al 2006, Pierog & Werner 2008™).

The comparison of simulated results with experimental observation from
both the Akeno and KASCADE EAS experiments indicate for a change in primary
composition towards heavier primary as energy increases across the knmee of the
primary energy spectrum. The KASCADE group also reached the same conclusion

using slope parameter instead of shower age.



@)

+06

69

+06

®)




70

3.7 CONCLUSIONS

From the present analysis we conclude the following:

1.

The lateral distribution of electrons in EAS exhibits some sort of scaling
(energy independent) behaviour in terms of the local age. The characteristic
feature of the local age versus the radial distance curve is that with an
increase of the radial distance, the local age decreases initially and reaches a
minimum at around 50 m then it starts increasing, attaining local maxima at
around 300 — 400 m, and then starts decreasing again. Such a feature
appears to be independent of the energy of the EAS initiating particle, at
least there is no strong dependence on the primary energy. Such a
characteristic radial variation in the local age is found as a generic feature of
electromagnetic cascades.

The local age offers a good solution towards an unambiguous estimation of
the shower age. Since the shower age varies with the radial distance, even
for the modified NKG functions, a comparison of the lateral shower age of
different EAS experiments is not meaningful, as the radii of the shower discs
naturally differ from experiment to experiment, depending on the
experimental set up. Even in a single EAS experiment different events have
different radial extensions and thus a lateral age obtained through fitting
with the NKG function seems ambiguous. The local age at a particular

distance (say at about 50 m where it takes the minimum value) is, however,

-not always practical owing to the large fluctuation in the electron density

data in a real measurement. A rational idea could be to take some sort of
average local age between the first minimum, at around a core distance of
50 m, and the subsequent local maximum, at around 300 meter.
Experimentally the radial variation of the LAP can be checked properly with
a full coverage detector array, like ARGO-YBJ (Pierog & Werner 2008").
Note that at smaller distances before the first minimum the detectors of EAS
experiments often exhibit saturation effect leading ambiguous electron
densities at that region.

Use of a modified NKG function or more specially employing a reduced
Moliére radius in NKG function leads to a constant shower age over a radial
distance up to about 350 m but the magnitude of shower age estimated in

such a manner is found to be quite higher in comparison with that of
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longitudinal age. But even with such reduced Moliére radius, local age is
found to decrease sharply after say about 400 m.

From the study of local age in gamma ray initiated showers, it is found that
the parameter varies with radial distance and the radial variation of the
parameter is alike to what we observe in the case of hadron initiated
showers. Which implies that the radial variation of local age in hadron
initiated showers is not due to superposition of several gamma ray induced
showers but it further reveals the generic feature of pure electromagnetic
cascades.

The lateral age offers a good estimator of the longitudinal development of an
EAS cascade, as already noted in some earlier works (Capdevielle & Gawin
1982, Bourdeau et al. 1980, Capdevielle et al. 1990, Stamenov 1987, Dixon
& Turver 1974). However, the parameter correlates with the stage of the
shower development on a statistical basis; the average of this parameter
increases as air showers traverse an increased thickness of atmosphere. The
experimental observations (Bhadra 1999) also substantiate such behaviour.
The slope of lateral shower age versus atmospheric depth curve is, however,
more or less the same for proton and iron initiated showers. The distribution
of the differences between the local age and the longitudinal age also
indicate the strong correlation between the two ages. Such a feature has been
noted for two different hadronic interaction models, the QGSJET and the
SIBYLL, and hence appears robust. It is imperative fo examine such
correlations using EPOS (Werner et al. 2006, Pierog & Werner 2008%), the
only model that seems to be providing quite a consistent description of the
longitudinal and lateral EAS profiles (Pierog & Werner 2008%), which
would need to be performed in future work.

The distribution of differences between local or lateral shower age and
longitudinal age also indicate the strong correlation between these two ages.

The fluctuation of the LAP was found to be sensitive to the nature of the
primary particle. However, the level of uncertainty in determining the lateral
shower age from the experimental data is comparable with the magnitude of
fluctuation and hence deriving any firm conclusion on the nature of the
primary only from the shower age fluctuation is difficult. If showers within
a small bin of the primary energy could be selected, for instance by
considering shower events in a small muon size interval, the distribution of

shower age was found to be quite sensitive on primary composition.
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6. The local/lateral shower age takes higher value for iron initiated showers in
compared to that of proton initiated which means that lateral distribution of
electrons for iron initiated EAS is flatter relative to that of proton initiated
EAS. This feature is reflected in the variations of shower age with both
electron size and muon content independently. The comparison of the
simulated results with the Akeno and the KASCADE observations in respect
to a variation of the shower age with shower size around the knee indicates a
change in the primary composition towards heavier primaries across the
knee. This finding supports the results obtained from the study of the muon
content in EAS.

7. For the study of primary composition the 3-dimensional plot of shower size
versus muon size and shower age seems to offer better accuracy in compare
to the more conventional approach of implementing it through the shower
size versus muon size curve. It would be an interesting task to apply such 3-
dimensional plot to obtain the composition of primary cosmic rays using
observed EAS data from a closely packed air shower array with the facility
of concurrent muon measurements such as the GRAPES experiment at Ooty
(Gupta et al. 2005).



APPENDIX A

ELEMENTS ON THE THEORY OF THE ELECTROMAGNETIC CASCADE

The one dimensional (1D) and the three dimensional theories (3D) are distinguished
based on whether the theory addresses just longitudinal or both lateral and longitudinal
shower development. In the analytic approach the time distribution can be derived from the
solution of the 3D model providing the densities of the particles and their energy
distributions. The 4D simulation is more generally reserved to the MC approach where
electrons and photons are followed simultaneously in space-time coordinates (Heck et al.
1998 & Capdevielle 1992).

A1 Approximations in the theoretical model of the cascade diffusions equations

The Approximation 4 neglects the ionization losses taking into account the
radiation process and the pair creation process. It allows establishing from the
elementary gains and losses in particles and energy. In the case of the 1D theory
the simplest system of {transport equations which are perfectly symmetric
(Nishimura J 1967) is given by

O pm+ B Al
Sy .
e =~gpy +0'm (42)

We use here the notations of Nishimura in (Nishimura 1967), n(E,t)dE
and y(E,t)dE representing respectively the average numbers of electrons and
photons with energy between E and F + dE at a depth t in radiation lengths. The
operators A’ and B’ correspond respectively to the losses in electron number by
bremsstrahlung and gains by pair productions, whereas the operators o, and
C' describe the gain in number of photons by C’. €' is calculated in the assumption

of complete screening.

The Approximation A is better adapted to the growing phase of the
cascade and to high energy photons and electrons. The Approximation B is more

realistic one. In addition to the approximations stated under Approximation A it
also incorporates the effect of the ionization loss E%, thus the equation (Al)

becomes,
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In parallel, the 3D diffusion equations can be inferred after introducing the
functions w(E,r,0) andy(E,r,8). For instance, in the case of the Approximation

B they take the simple form in the so called Landau approximation:

6n+96n__ A+ By 4 57‘[+ E? 52ﬂ+527l‘ (44)
5t T Cer AT EYTESET 4RI \502 © 662
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-5,-t*+9~57———0'0)/+bﬂ (A5)

The more general differential description in Approximation B without
Landau simplification is obtained by replacing in this last system equation (A5) by

the expression

o

6” 1 H ] 5n P ! 7 7
«-5-%-%—95;»:-«‘471-&-3)/—reﬁ+f[n(8*6)~1r(0)]0(9 )de

(46)

The multiple Coulomb scattering governs the lateral deflections submitted
by the electrons passing through the atmosphere. The small angle approximation
owing a simple expression of the mean scattering angle when the electron passes
through an elementary thickness dt is an important step to express the equilibrium
described by the equations (A4-5) and (A6), especially (A4-5) with the Landau

approximation.
A.2 Approximations in the Numerical treatment

The differential equations (A4) and (A5) were solved after application of
the Hankel transform tor, Mellin transform to E and Laplace transform to ¢
(Nishimura 1967, Kamata & Nishimura 1958). Retransformations from the
solutions expressed in terms of complex functions required further approximated

steps, the most important being the saddle point method. The final result expressed
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in numerical densities was again fitted with a tolerable agreement with the so

called NKG formula following an earliest Nishimura formula.

Another approach to solve the system of equations (A4-5) was performed
by the method of adjoint equations (Lagutin et al. 1979 & Uchaikin et al. 1979) and
the resulting structure functions were found steeper. Here also several numerical

approximations had to make to get the solution.

Surprisingly, pe;(r) which has not been checked above 107 eV was used
in extensor to calculate the radio synchrotron emission in giant extensive air
showers (Suprun et al. 2003): recalculating those densities with CORSIKA-EGSY,
we observed that the discrepancies remains small for axis distances lower than
37, containting fortunately the largest part of the source of radio emission or

fluorescence in EAS.
A.3 Analytic and Monte Carlo solutions

The calculation of the electrons and photons spectra in shower of the same
age obtained by Rossi and Greisen has the limitations that are intrinsic to the
realistic but simplified theoretical framework (dpproximation B) that has been
used. This framework introduces several simplifications: the cross-sections for
bremsstrahlung and pair-production have always the asymptotic form that is
strictly speaking only valid at very high energy, the electron collision losses are
treated as a simple energy independent constant, and Compton scattering is entirely
neglected. Also in Approximation B the electron mass is neglected and the electron
spectrtum extends down to zero energy. A MC calculation of the spectral shapes
can of course avoid all these limitations and is in principle more accurate, even if it

has its own limitations and difficulties.

A comparison of the Rossi-Greisen shapes with the numerical results, show
remarkable agreement but also some small differences, which could be interesting

to explore in more detail. As an illustration, normalizing the high energy spectra to

n(E,s)) - E~G*D, the quantity

sfooo dEm,(E,s) (A7)

is given by the function K;(s,—s) for the Rossi-Greisen calculation. The numerical

integration of the Nerling ef al parameterization (Giller et al. 2005 & Nerling et al.
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2006) gives results that differ by 5- 10 %. The parameterization for the electron

spectrum has the form:

1

me(ES) = Er aONE T HOT

(48)

that has manifestly the same asymptotic behaviour as the Rossi-Greisen shape at
both low and high energy: m,(E)— constant for E - 0, and m (E) «x E"C*Y for
E > & ( ¢ being the critical energy).

For the Nerling parameterization the first coefficient is ¢;(s) =
~la,(s) + sa,(s)]. which differs slightly from the coefficient as predicted from
Rossi-Greisen solution beyond s > 1. The origin of the (small) difference between
the analytic and MC solutions (i.e. numerical one) merits further studies. A
possible explanation is a more precise description of the physics of the

electromagnetic interactions in the MC calculation.

A.4 Age parameter in longitudinal and lateral developments

The shower age parameter (s) was first derived from the solution of
equations (A1-2) using Mellin transformation, s being the variable in the complex
plane. The total number of electrons (obtained by the inverse Mellin

transformation) is obtained for s = § following the relation,

[N

E
At + zog—EO-——-,—: 0 (A9)

tn

Taking into account the elementary solutions (where Ai(5) is a function
varying slowly), the relation between s and ¢ was derived from the approximation

at cascade maximum

5§

o E, 1 - .
= (Al(s)t +log =2~ -S—) +,E =0 (410)

and the general properties of s were established by the fact that the maximum of
the cascade is at s =1, the cascade is developing (growth) when s < 1, whereas it

is decaying (absorption) if s > 1.

Those considerations in Approximation B are brought through the relation

(3.2) forsy,, the so called Greisen formula for longitudinal development, along with
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the relations (3.1) and (3.4). One of the clearest presentations of the qualitative
relation between longitudinal shower age parameter and the lateral profile of the
cascade under Approximation B was demonstrated by Cocconi (Cocconi 1961)
showing that a lateral distribution is becoming flatter when s>=1 of course
fors) = s,. The case of relation (3.3) for s;; was also considered by Cocconi and
Nishimura to take into account some effects of density resulting of the atmospheric
inhomogeneity. Relation (3.4) has several advantages passing from an asymptotic
tendency pear axis when r — 0 following r°72 to a steeper power law when

¥ — 00,

The problem of calculating the electron lateral distribution has attracted
considerable in the past. Nishimura and Kamata solved numerically the 3-
dimensional equations in Approximation B to obtain the (energy integrated) lateral
distribution of electrons propagating in medium of constant density. Their results

were fitted by Greisen (Greisen 1956 & 1960) with the approximate form:
. . v ¥ s,—2 r 5, 4.5
pNKG(r: SJ.) = Nef(Mnge = NeC(S,L)(;,“) 1+ ‘7‘,“") (A11)
m m

After these  works several other authors have given  different

parameterization of the lateral distribution as a function of an age parameter.

The NKG function is based on the Eulerian Beta function, B(u,v), taken

here in the case of cylindrical symmetry, from:

Ne = f ZﬂTpNKG (T)dT (AlZ)
0
= 2nC(s,) f (;Z—)Srl(;:: +1)51-45( ({;) (413)
0

where appears the classical form:

xu+1

Blu,v) = m dx (A14)
0
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forx=r1,u=s—2andv=6,5—23i
0

This normalization via (A12) gives the opportunity to link one single density of

electrons to N,as

Ne
Pnke = =3 nke (r) (A15)
Tm

where s, must be a constant with respect to r corresponding to a fixed value of
tin relation (3.4), otherwise expressing the integration in terms of Euler Beta

function is not valid in general.

In reason of the difficulties observed with the experimental profile, the
topological test of the local age parameter (equation 3.7) was proposed to get an
experimental hint of the validity of the lateral structure function. s,(r) is given
automatically in the written output of CORSIKA option NKG for several axis
distance (User’s Guide of CORSIKA-6600/6970).

When the calculation of the electron component is carried out with relation
{3.6), the situation with the NKG inspired procedure implemented in CORSIKA is

more close to the experimental data and also of the calculation with EGS4.
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CHAPTER 4

GAMMA - HADRON DISCRIMINATION

4.1 INTRODUCTION

High-energy y-ray astronomy . provides a very valuable source of
information regarding non-thermal processes in the Universe. In recent years this
field has progressed significantily. The y-ray sky at energies over 10 TeV is also of
the astrophysical importance since it can give essential clues regarding the origin
of galactic CRs of very high energy. The ultra-high energy (UHE) CRs arriving at
the Earth are mainly charged particles and a small fraction of y-rays. In their travel
through the interstellar medium, charged particles have their paths affected by
electromagnetic fields and interstellar gas clouds, although y-rays arrive directly
from their sources, giving information about the physical processes which take
place at/mear their source engines. Also the heliosphere and interplanetary medium
interact with charged particles, while y-rays retain their original information about
sources. When CRs arrive at the top of the atmosphere they generate EASs that
develop through the atmosphere until they reach ground level. The EAS thus
formed can be detected by observing (a) the secondary particles arriving on the
ground; (b) Cherenkov light emitted by charged secondary particles and (c¢)
fluorescence light emitted by charged secondary particles. These particle signals

are observed by means of different experimental techniques.

The EGRET telescope aboard the Compton Gamma-ray Observatory
(Collmar 2000) has detected over two hundred point sources. A significant number
of these sources emit y-rays with energy up to a few GeV. This upper limit is due
to the restricted collection area of satellite-based observatories. Since for many of
these sources no spectral cuts have been observed, they are expected to emit y-rays
at higher energies. These promising results have promoted the design of advanced
ground based telescopes which detect the secondary particles of the shower. The
most successful ground based devices are the so-called imaging air-Cherenkov
telescopes (IACTs) (Aharonian 2006). The IACTs such as MAGIC (Baixeras et
al. 2003 & MAGIC Coll. 2008), H.E.S.S. (Hinton 2004), VERITAS (Weeks 2010
& Beillicke 2008) and the onboard Fermi Large area telescopes (FermiLAT)
(Atwood 2009 & Dermer 2012) produce results which agree remarkably well with
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the astrophysical model predictions. Observations by FermiLAT revealed more
than 1,873 high-energy gamma-ray sources, including several classes of active
galaxies, pulsars, pulsar wind nebulae, supernova remnants, binary sources, high-
energy gamma-ray bursts, a nova and the Sun (Michelson 2011). The imaging
technique provides a method of effectively discriminating between y-rays initiated
showers and the background CR showers, based on the mbrphology of their
Cherenkov images. Careful analysis of anomalies in the structure of EASs is the
only possible way to obtain experimental information about UHE y-rays in primary
cosmic radiation and provides the means to study CRs beyond the flux limits of
direct observations (energies larger than 10** eV). From the literature study it is
known that the EAS observables like shower size (N,), muon size (N,), hadron
size (Ny), air shower associated Cherenkov content (Ngy,), and morphology of the
Cherenkov images and the depth of shower maximum (Xp,) were generally used
for the purpose of gamma-hadron discrimination from time to time. To extract
information about primary CRs more accurately from the experimental
measurements, detailed MC simulations of the shower development is being used
as basis of the data analysis and interpretation. The MC simulations consider the
evolution of EAS in the atmosphere initiated by different energetic particles which

propagates down to observation level.

In the field of CR' air shower physics, the separation of y-rays from the
dominant nuclear component in the cosmic radiation is an important topic for
astroparticle physics that still needs more attention (Nestnhoff et al. 1995 & Badran
et al. 1997). The UHE y-rays are considered to be an hadronic origin of primary
CRs: a fraction of accelerated hadronic CRs are likely to produce y-rays through A-
resonances, bremsstrahlung, inverse Compton etc. non-thermal processes at or very
close to the source site by interacting With the ambient matter (Bbadra & Dey
2009). The y-ray detection suffers from the huge background constituted by
ordinary (nucleonic) CRs in the GeV-TeV energy region. The flux of primary y-
rays amongst the CRs has been estimated to be ~1075 of the proton flux at

100 TeV - (Wolfendale 1990). However, some early works predicted a galactic
plane excess higher than this:;};--vl()‘z, 3% 10 %and 107%at10% 103 and 10*
TeV (Wdowczyk et al. 1983). Even at energy of 107 TeV, this ratio has been
predicted to rise up to 107'(Wdowczyk et al. 1983). To observe astrophysical

sources (emitting undeflected y-rays and assumed as point-like objects) and to



study the anisotropy properties of primary CRs, one has to eliminate isotropically
distributed CRs.

Hadronic showers produce muons in the charged pions and kaons decays
that occur in the hadronic interactions, while showers initiated by y-raysle® are
purely electromagnetic except for hadrons photo-production, that is, a hadronic
interaction of a photon with an air nucleus. The photo-production cross section
increases with primary energy and consequent upon, y-ray initiated air showers
would have a significantly less muon content than those of hadronic cascades at
low energy (Gaisser 1990 & Gandhi et al. 1990). Usually poor muon content is
considered as the signature of y-ray initiated EAS. In order to select a y-ray shower
based on such a criterion, an EAS array needs to be equipped with muon detectors
covering very large area which is economically very challenging and such a facility
is rarely available. So one has to look for some other primary mass sensitive
observables based on which y-ray initiated EASs can be separated out without the
need of large area muon detector. In some early works, efforts were made to
distinguish y-ray showers on the basis of developmental stage of EAS in the
atmosphere with the idea that y-ray induced EAS will be younger than the hadron
initiated EAS (Samorski et al. 1983 & Protheroe et al. 1984). The lateral shower
age (s;) is essentially the slope of the lateral density distributions of electrons in
EAS that reflects the developmental stage of FAS and hence s;,was used as
distinguishing parameter (Greisen 1956, Greisen 1960 & Snyder 1989). However,
earlier MC simulation results regarding youthfulness of y-ray showers in terms of
shower age were inconclusive (Fenyves 1985 & Hillas 1987). In those simulation
works, authors used their own simulation codes and findings could not be cross
checked. Since, nowadays standard simulation code like CORSIKA (Cosmic Ray
Simulation for KAscade) (Heck et al. 1998 & Capdevielle 1992) is available and
our knowledge about the high energy particle interactions is much improved now,

it would be imperative to revisit the issue.
4.2 METHODS FOR SELECTING GAMMA-RAY INDUCED SHOWERS

In this chapter, we have presented a detailed study on discrimination of y-
ray induced EAS from the background contributed by hadrons in the multi-TeV
range. The lateral shower profiles generated by various primaries within a
particular primary energy range are being used here, and they provide some

discriminatory power for separating y-ray showers from the background. The
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selection of y-ray showers is attempted by employing two different approaches -
the Method I and the Method II. In the former approach (Method I), we have
taken single (r-independent) lateral age parameter ie. s, as the y-ray separation
parameter. Besides, it has been argued in the literature that the different masses of
primary CRs might also be separated out by the simultaneous use of N,, Nyand f
parameters (Sciascio et al. 2007 & Aloisio et al. 2001). The parameter f is giving
out the ratio of reconstructed average electron densities at two arbitrary distance
bands froni the shower core, measuring roughly the rate of absorption of electrons
in their lateral developments from the shower core. Experimentally it is observed
that the NKG function with a single lateral age is insufficient to describe the lateral
density distribution of EAS electrons properly at all distances, which implies that
the lateral age changes with the radial distance. Subsequently, the notion of local
lateral shower age parameter (LAP) was introduced (Capdevielle & Gawin 1982,
Bourdeau et al. 1980 & Capdevielle et al. 1990) which is in essence the lateral age
at a point. A detailed description of the LAP has already been outlined in the
chapter 3. Since experimental electron density data in EAS may fluctuate
considerably at a particular radial distance, instead of taking LAP at any particular
point we take an average LAP nearly between 50 m and 300 m. In Method II we
employed this average LAP (S;,cq1) to select y-ray showers. It is found that when
single constant age (s;)is used, the separation power becomes subdued. In
contrast, the average LAP appears as a suitable mass sensitive parameter for

classifying y-ray induced showers.
4.3 OBSERVATIONAL LEVELS OF INTEREST

The present study has been performed mainly at the geographical location
of ARGO-YBJ (latitude 30.11° N, longitude 90.53° E, 4300 m as.l.) (Sciascio
2007 & Aloisio 2001). This is because the experiment offers a full coverage array
and hence can measure radial density distribution of electrons in EAS with great
accuracy, which in turn provides an opportunity to estimate LAP accurately.
Moreover, since ARGO-YBJ does not have any muon detector, discrimination of
y-ray showers based on an alternative EAS observable, related to only
electromagnetic component should be very useful. The proposed observable may
be of interest for surface detectors (SD) experiments, that have no any (or reliable)
measurements of the muonic shower size. Since ARGO-YBJ experiment is located

at very high altitude, its energy threshold is sub TeV and hence for this location we
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simulated EAS events in the energy range from 1 TeV to 3 PeV. However, ARGO-
YBJ has not yet studied the radial variation of the lateral shower age while a few
other experiments, such as Akeno (Nagano et al. 1984* & Nagano et al. 1984 and
NBU (Sanyal et al. 1993), successfully tested the predicted radial variation of LAP.
We simulated a few events at the geographical location of Akeno and compared
with the observations to demonstrate again the importance of considering LAP
instead of single shower age. The correlations of s, with N, and/or N, have been

considered as a basis for extracting information on the nature of primary CRs. The
KASCADE (Antoni et al. 2001) and the NBU (Bhadra et al. 1998) experiments
provide a few results on these aspects. Accordingly we performed simulations at
the geographical locations of these experiments and compared with experimental
findings in order to examine primary mass sensitivity of lateral shower age

parameter.

4.4 SIMULATION CHARACTERISTICS

The MC simulation for generating EAS events considers interaction
mechanisms of energetic particles as input. But due to limited knowledge of
particle interactions at high energies (and the large fluctuations) the results of
simulation may become model dependent. To ensure that the conclusion of the
present work 1is robust, we consider two high energy hadronic interaction models,
QGSJet 01 v.le (Kalmykov et al. 1997) and EPOS 1.99 (Wermer et al. 2006 &
Pierog & Werner 2008%) and found that the present findings do not have any strong

dependence on the choice of interaction model.

The EAS events are simulated by coupling the high energy hadronic
interaction models mentioned in the previous sentence, and the low energy
hadronic interaction model GHEISHA (version 2002d) (Fesefeldt 1985) in the
framework of the CORSIKA MC program version 6.970 (Heck et al. 1998 &
Capdevielle 1992). For the electromagnetic part the EGS4 (Nelson et al. 1985)
program library has been used. The maximum zenith angle of primaries has been

restricted to 45 degree here.

The MC simulation data library consists of over 0.1 million EAS events
each for p, Fe and y-ray at the ARGO-YBJ location in the primary energy range 1
TeV to 3 PeV using both QGSJet 01 and EPOS 1.99 models. In addition, we have
generated 25,000 EAS events for each primary component p, Fe and y-ray and
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about 10,000 He events with the model QGSJet in the primary energy range from
100 TeV to 30 PeV following a power law with a spectral index of —2.7 below the
knee and —3.0 above the knee at the geographical locations of KASCADE (latitude
49.1° N, longitude 84° E, 110 m a.s.]l.) and NBU (latitude 26.8° N, longitude
88.4° E, ~130 m a.s.l.). Besides, a small size of EAS events for p and Fe primaries
are generated at the location of Akeno (latitude 35.78° N, longitude 138.5° E, 900

m a.s.l.). The magnetic fields are set for all four observational levels accordingly.

Two mixed compositions have been prepared from the generated showers
taking 50% p, 25% He, 25% Fe events forming mixture-I and 37% p, 37% Fe,
26% vy-ray events constituting mixture-II respectively for better understanding of

EAS observational results.
4.5 THEORETICAL BACKGROUND AND SIGNAL SELECTION TECHNIQUE
4.5.1 THE LATERAL AND LOCAL AGE PARAMETERS

Extensive air showers propagating in the same density profile of the
atmosphere essentially have equal lateral distributions around the shower axis. In
the cascade theory, the problem of deriving the electron lateral distribution through
an analytical method received an important recognition in the past. Nishimura and
Kamata (Lipari 2009) solved numerically the 3-dimensional shower equations in
Approximation B to obtain the lateral distribution of electrons propagating in a
medium of constant density. The results obtained on lateral density distribution of
cascade particles by Nishimura and Kamata can be approximated by the well
known Nishimura-Kamata-Greisen (NKG) structure function proposed by Greisen
(Greisen 1956, Greisen 1960 & Snyder 1989) that has been written through the
equation (3.4) in Chapter 3. Using that equation, the electron density can be given
by:

P51 = NeCls) ()™ 2L+ )%, (41)
The symbols have their usual meaning as discussed in the preceding chapter. But
such a widely used relation in (4.1) does not hold if s, varies withr, as noted in
Akeno (Nagano et al. 1984* & 1984%), NBU (Sanyal et al. 1993) and some other
observations (Capdevielle & Gawin 1982, Bourdeau et al. 1980 & Capdevielle et
al. 1990). An improvement of the NKG function was proposed by adopting a

modulated, longitudinal age parameters;/s, dependent effective Moliere radius
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(Lagutin et al. 1979 & Uchaikin 1979) by the relation (3.6) but the lateral shower
age is still found to vary with radial distance experimentally., To tackle the situation
a method was developed by Capdevielle ef o introducing the concept of local age
parameter (LAP) (Capdevielle & Gawin 1982, Bourdeau et al. 1980 & Capdevielle
et al. 1990). The formula for the LAP estimated in a small radial distance band

{xi, x;} from the shower core is given by the following relation.

In(F; X5YH°

In(Xy;Yy;) @

Siocat(L, ) =

The different notations used in the above equation (4.2) have been pointed

out previously in the equation (3.7). The identification S;5cq:1(7) = Sigeai(i,j) for

_ T‘i+7‘j

remains valid for the experimental distributions as far as they are
approximated by monotonic decreasing functions versus radial distance (note that,

o o — local
Stocat (1) Z Siocat (L, 1) = &iocal(?“) = Si;?m ).

In the present work, we have given emphasis on the estimation of the LAP
and on its average using Sp,cu(7) values, taken between first minimum and the
subsequent maximum from the radial variation of LAP. The estimation of s; would

also be made through the traditional shower reconstruction method.
4.5.2 BACKGROUND REJECTION: THE QUALITY FACTOR

In the present work the LAP has been proposed to separate y-ray showers
from hadronic ones. In order to understand how LAP and N,work together to
optimise their functioning, the general expression for the y-ray-to-background
(likewise signal-to-noise ratio is used for detectors performance) shower ratio as a

linear function of a parameter Q:

signal _ desired events
noise = undesired events

x Q(E: Ne: Siocals 6) (4-3)

where @ is the y-ray or hadron identification efficiency and is known as the quality
factor. The background rejection or y-ray acceptance is usually made by numerical
maximization of the parameter @ within an appropriate zenith angle, primary
energy and N, ranges corresponding to appropriate cut applied onsyy. The
quality factor Q essentially quantifies the gain of significance of the applied cut

achieved by the separation algorithm. It is defined as
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(4.4)

, where €, and €pi are respectively the y-ray and background acceptances from

the sample using a cut value of S,,cy while &, stands for the rejection of

= My(eur)

Npk,
background. Here, ¢, = n — Pbkg(cut)
14

and €bkg ———’—'—-"—nbkg , with ny(cut) and nbkg(cut)

represent number of showers of either kind passing a particular cut value of $),.q;

whereas n,, and np, gare the number of all triggered events (before cuts).

The significance of the selection enhancement can also be evaluated with

the so-called sensitivity parameter as well and it is defined by the following,

§ =t (4.5)
\/nbkg(cut)

where the denominator is the fluctuation of the background showers which actually

measures the hadron contamination present in the selected y-ray (signal) showers.

4.6 ESTIMATION OF SHOWER AGE PARAMETERS

The simulated electron density data have been. analyzed in two different
methods to obtain shower age parameters s,;and S;,.,;(r). First, following the
traditional approach we estimate s,(along with other shower parameters) by fitting
the density data with the NKG structure function using our own reconstruction
algorithm. In this approach, the simulated electron densities at different radial
distances have been fitted by the method of chi-square minimization through an
iterative procedure based on the method of steepest decent to the NKG lateral
distribution function of electrons. Here it is to be noted that majority of the EAS
groups generally estimate basic shower parameters based on the NKG function. In
order to check the goodness of the NKG function in describing the simulated radial
density distribution of electrons, we firstly fitted the simulated density data at
various radial distances with the NKG function and ' compared radial density
distribution of electrons for simulated events with the fitted curve. Fitted showers
with reduced y?less than 5 are only accepted for results involvings,. The error in

estimating s, in the N, range 1.5 X 10* — 4.25 X 105 has been found as+0.03.

We directly estimated LAP for each individual shower exploiting equation
(4.2). We noted that the description of the data by the NKG function is improved

when the Moliere radius is treated as a variable rather than a fixed parameter (Dey
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et al. 2012). But this description éomes at the expense of very high shower age
value which somewhat obscures the physical meaning of the age parameter as
assigned in the cascade theory. In this analysis, the error of the LAP for EAS with
the primary energy in the PeV range remains within 0.05 for 10m < r < 250m,
whereas for r < 10m or when r > 300m the error of the LAP is found to be
higher, about 0.1.

It has shown recently (Dey et al. 2012) that LAP initially decreases with
radial distance, reaches a minimum around 50 m, then starts increasing with radial
distance, attains a local maximum around 300 m and decreases again thereafter.
The nature of such a variation of LAP with radial distance was found independent
of energy of the shower initiating particles (Dey et al. 2012). We observed such a
characteristic variation of LAP with radial distance at ARGO-YBJ location as
shown in Fig.4.1a for protons, irons and y-rays. It is seen from the figure that the
nature of variation is nearly the same for both QGSJet and EPOS. Here, it is
worthwhile to main that up to 50 TeV or so, the density of electrons in EAS
beyond 50 m from the shower core is extremely small even at ARGO-YBJ level
and is almost impossible to measure it in practical situation. Hence, we have

chosen primary energy from 100 TeV and above for results.

As already mentioned, Akeno group studied the radial variation of LAP
(Nagano et al. 1984® & Nagano et al. 1984°). We compared our simulation results
with Akeno observations in Fig.4.1b for proton and iron primaries. The single
lateral shower age s for proton and iron are also given (solid and dashed lines
parallel to the x-axis) in the figure for comparison. We also estimated LAP from
the lateral density distribution of electrons obtained by the KASCADE experiment
(Antoni et al. 2001, Apel et al. 2006 & Ulrich et al. 2008 & 2009%) and we
compared with our simulation results in Fig4.lc. The errors in the extracted
experimental points are quite large but it is at least clear that a constant single

lateral shower age is insufficient to describe the experimental findings.
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Fig.4.1: {a] The radial variation of LAP obtained at the ARGO-YBIJ altitude for p,
Fe and y-ray with hadronic interaction models QGSJet and EPOS. [b} Same as
Fig.4.1a at the Akeno level with QGSJet model, compared with experimental data.
The solid and dashed lines parallel to the x-axis indicate s,for Fe and p. {c¢] The
radial variation of LAP estimated from the KASCADE observed lateral distribution
data. Lines indicate the mean values of a sample of simulated EAS events with

QGSJet model (the errors in experimental data are not included here).

Since air shower measurements are subjected to large fluctuations, instead
of LAP at a particular radial distance we consider for each event a mean LAP
(< Sipcar >), which is the average of all LLAPs for various distance bands (r,71;)
over the radial distance taken from 50 m to 300 m. For the purpose of averaging,
distance bands are taken in constant steps on the logarithmic scale. The radial
distance band from 50 m to 300 m is chosen because the positions of local
minimum and maximum at 50 m and 300 m are nearly universal, independently of

primary energy and species (Dey et al. 2012).
4.7 RESULTS ON GAMMA-HADRON SEPARATION: METHOD 1

The simulated EAS events so generated have been analyzed by employing
method T at NBU and KASCADE locations (both at sea level) to investigate some
important distinguishing features of y-ray and hadron induced air showers. The

observable parameters likes,, N,, N, and Njare being used. Results obtained
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from these studies have been compared with some of the published results of NBU
(Bhadra 1999) and KASCADE (Antoni et al. 2001) respectively. In this section,
the gamma-hadron separation has also been performed with the help of local
electron densities (i.e. p; and p,), N, and N, at the ARGO-YBJ location.

4.7.1 N, AND N, DEPENDENCIES OF <'s; >

The correlation between the mean lateral shower age < s, > over a small
shower size bin in the range 103 — 1.5 X 10%, with the zenith angle interval
0° — 45° for p, Fe, y-ray and mixed composition (mixture-I) using QGSJet model
and corresponding NBU results (Bhadra 1999) are put on view in Fig.4.2a. The
NBU EAS experiment reported the total uncertainties (including instrumental
uncertainty) in estimating s, and N,as +9% and +0.14N, (Bhadra et al. 1998). It
is important to perceive that the lateral shower age takes higher values for heavy
nuclei compared to that of light and y-ray primaries clearly indicating relatively

flatter lateral distribution of electrons as one move from y-ray to Fe via p.

The wvariation of < s; > with muon size in the primary energy range
102 — 3 x 10* TeV and zenith angle interval 0° — 45° for p, Fe, y-ray primaries is
presented in Fig.4.2b with KASCADE experiment using NKG fitting for muons
with slightly higher muon threshold energy. The Fig.4.2b exhibits the fact that y-
ray initiated showers can be separated out from the background using < s; > and
N,. It was also concluded in one of our previous work that EASs due to light

primary components are younger on the average (Dey et al. 2012).
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Fig.4.2: [a] Variation of mean lateral shower age with shower size along with NBU
data; [b] Variation of mean lateral shower age with muon size. For comparison
with KASCADE data in Fig.4.2b, where the age parameter was estimated by NKG

fits with 7, as 420 m and also used truncated muon sizes N,f’". The QGSJet modei

has been used for simulation.
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The KASCADE data points indicate that the composition changes slowly
from predominantly proton at around 10'* eV to heavier primaries with the
increase of energy. The NBU data are available only over a small énergy window
and though both the NBU and the KASCADE data suggest for a mixed
composition in the common energy range of study, the NBU data favour for a
relatively heavier composition. However, being a small EAS array the NBU
experiment could measure electron density only up to 80 m from the shower core

and its resolution power for primary composition is thus limited.
4.7.2 VARIATION OF f WITH g

The lateral structure of EAS from different primariés attributes some power
of identification and rejection hadron primaries from y-ray with the same primary
energy and size (Sciascio et al. 2005). From the lateral profile of each simulated
EAS event, we have estimated electron densities at five adjacent radial points in
each of the two arbitrarily chosen distance bands 5— 15 m and 35— 45 m. Next
by employing the reconstruction procedure for the determination of local electron
density (LED), we obtained two average reconstructed LEDs pjand p; from the

shower core.

The selection of y-ray showers from hadrons becomes visible when one

. N . : .
plots the parameter [ against g where g = I—Vﬁ‘- as presented in a 2 —dimensional
e

Fig.4.3a using the high-energy interaction model QGSJet. The same study has
been repeated for another pair of radial bands 20 — 30 m and 50 — 60 m, using the
same sample of mixture-Il and it is depicted in Fig.4.3b. The rate of absorption of
electrons decreases with increasing radial distance from the core and this feature is
revealed from the comparison of Fig.4.3a and Fig.4.3b. We have checked through
the Fig.4.3¢c that the characteristic feature of the g — f distribution does not change
appreciably for the high energy interaction model EPOS. Even for a different
primary energy range such as 100 - 200 TeV we have found the similar behaviour

in fagainstg.

It appears from Figs. 4.3 that this technique essentially exploits the total
muon content in an EAS. The EAS events are classified according to their
primaries along x-axis (the ratio of muon size to electron size is plotted along x-
axis); there is no notable separation along y-axis between events generated by

photons and protons.
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Fig.4.3: Distribution of EAS events generated in the zenith angle interval 25° -
45% in the g~ f plane at ARGO-YBJ level: [a] The ratio (f) for two electron
densities are taken between distance bands 5—15 m and 35~ 45 m using the
interaction model QGSJet; [b] Same as Fig.4.3a but distance bands are taken at
20— 30 m and 50~ 60 m respectively; [c] Same as Fig.4.3b but with the hadronic
interaction model EPOS. A negligible percentage of y-ray primaries are found

behind hadron (proton) showers.
4.8 GAMMA-RAY SEPARATION POWER OF METHOD I AND METHOD II

Attempts have been made to discriminate y-ray showers from hadron
initiated showers through method 1 without taking muon number as an observable.
In method I, the r-independent age parameter s, itself is not capable of separating
v-ray showers from the background. This is already revealed in Fig.4.2a. The
variations of s; and < Sj,.q; > with N, in Fig.4.4a and Fig.4.4b also reaffirm the
inability of method I over method IT for the purpose of hadron rejection. From
Fig.4.4a (also Fig.4.2a), it is clear that s values are much nearer to one another
corresponding to any N,-values for both y-ray and p showers. This ambiguity of
method I could be well understood if one studies the frequency distribution of
<s; > and < Sppcq > for p, Fe and y-ray showers. Such a study is presented
through Fig.4.4c and Fig.4.4d with the interaction model EPOS at ARGO-YBJ
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location. This feature remains unaltered even with the QGSJet model. In Fig.4.4c,
a major part of the area under the curve of p induced showers is superimposed by
the area of y-ray showers. But from the Fig.4.4d, the results seem to be very
promising, hinting the possible usefulness of the parameter sj,oy in contrast to s

for hadron rejection.
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Fig.4.4: [a] Variation of <s; >employing method 1 with N,at ARGO-YBJ level;
[b] Same as Fig.4.4a but with method II; [c¢] Frequency distribution of < s, >and
[d] Frequency distribution of < 5;5.4; >.

We would therefore explore through MC simulation study whether LAP is
sensitive on primary mass and consequently the possible role that the parameter
may play for separating y-ray showers from a huge background of hadronic

showers in primary CRs. One major challenge in this context, however, is the
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reliable and unambiguous estimation of the parameter from the experimentally
measured electron densities. Since the LAP is found to vary with radial distance,
- comparison of LAPs obtained by different EAS experimental groups is difficult as

the radius of the shower disc differ from experiment to experiment.
4.9 RESULTS ON GAMMA-HADRON SEPARATION: METHOD II

Due to overwhelming background caused by hadron induced EASs, the
discrimination of the rare gamma-like events is vital. The background can be
rejected by exploiting the LAP between y-ray-initiated showers and hadron-
initiated ones. Here, we noticed that EAS events those are simulated in the same
primary energy range initiated by different primaries may produce different N,.
This feature is manifested in the variation of LAP against N,. The scatter plots of
< Siocat > Vversus N, are shown in Figs. 4.5a, 4.5b and 4.5¢ respectively where
distribution of different primary masses based on Sp,.y and N, data from the
mixture-II corresponding to different primary energies and interaction models are

presented.

In the primary CR flux, the percentage of y-ray flux is very small, of the
order 0f0.001%. To separate such a small fraction of y-ray component from
primary CRs in a real experiment employing method II, it would be nice if we
could prepare a mixture with such a small percent of y-rays and see whether the y-
ray events can be extracted out or not. But due to limited statistics we could not do
that. Instead, we made three sub-mixtures of type Il maintaining the ratio of .
primaries as 37% p, 37% Fe and 26% vy-ray for three different combinations of
zenith angle, primary energy and shower size ranges. These exercises are worked
out for both the high energy interaction models QGSJet and EPOS. From each sub-
mixture, we tried to separate y-ray showers out exploiting $;,.q; corresponding to
different N,.

For a small enough cut value of s;,.,; we have found poor acceptance for
y-ray induced EAS and very good rejection of background, whereas for a large
enough cut value of Spcq the selection or rejection ability is found to be
completely re\}ersed. Cut values of sp,.q; lie between the two extremes offered
different acceptances and rejections of y-ray and background respectively.
Similarly an appropriate cut onN,is also needed for the selection/rejection

purpose. In astronomical signal selection, optimal cut to selection parameters is
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generally set by numerical maximization of the quality factor Q@ whose formula is

already given by the equation 4.4 in the sub-section 4.5.2.
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Fig.4.5: [al-[c] Distribution of simulated showers in mixture II in two primary
energy ranges based on S and Ngat ARGO-YBIJ. Dependence on interaction

models is also shown through the figures.

The quality factor @ which measures the discrimination power has been
estimated as functions of primary energy, zenith angle and shower size, for
different cut values of s;,., wutilized to identify y-ray-initiated air showers against
hadron-initiated ones is shown in table 4.1. In table 4.2, we have given a chart for
quality factors estimated at optimal conditions under three different selection

criteria.

Another background rejection technique to evaluate the performance of
selection algorithm is the application of advanced technique like Principal
Component Analysis (PCA) or a Fisher Analysis that allows combining s;,., and

N, in a single optimized observable.
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1.05 1.08 1.10 | 1.12 1.14 1.15 1.16 1.18 1.20

Siocal

€, 0.146 | 0.237 | 0.348 | 0.510 | 0.657 | 0.707 | 0.778 | 0.864 | 0.934

€pkg | 0.007 | 0.022 | 0.029 | 0.036 | 0.058 | 0.065 | 0.109 | 0.145 | 0.254

Q 1.74 1.61 205 | 269 | 273 277 | 236 | 2.27 1.86

Table 4.1: The quality factors at various Sj,.q; cuts using the interaction model

QGSJet. The primary energy, zenith angle and shower size intervals are 200 — 500
TeV, 20° - 30° and (1.5 — 4.0)x 10> respectively.

Model | E(TeV) | 6 (deg) | N, x10° | Spocm €y €Ebkg Q

EPOS 100-200 5-15 0.6-2.0 1.14 0.691 | 0.072 2.57

EPOS 200-500 | 20-30 1.5-4.0 1.15 0.734 | 0.048 3.35

QGSJet | 200-500 | 20-30 1.5-4.0 1.15 0.707 | 0.065 277

Table 4.2: The different signal selection parameters at optimal conditions.
4.10 DISCUSSION AND CONCLUSIONS

In this chapter, attempts have been made to discriminate y-ray induced EAS
from hadron initiated shower on the basis of shape of electron density distribution
in EAS characterized by lateral shower age parameter that essentially reflects the
stage of EAS development in atmosphere. Generally muon content of an EAS is
treated as a good estimator for gamma-hadron discrimination. However, a precise
measurement of total muons in an EAS requires muon detectors covering large

area which is quite expensive. So, we explored whether lateral shower age could be

used for the purpose.



101

We first explored traditional lateral shower age parameter i.e. single (r-
independent) shower age as the distinguishing parameter. Later, we attempted to
separate out y-ray initiated EAS on the basis of mean LAP. It is found from the
simulation results that y-ray induced EASs are younger in terms of the mean LAP
(i.e. having lower mean LAP) and hence this parameter can effectively separate out
y-ray induced showers from hadronic EAS unlike the case of single lateral shower
age. This is probably because of the inadequacy of a single (constant) lateral age
parameter to describe the experimental lateral distribution of EAS electrons
properly at all distances as noted in several experimental observations. So when a
single constant age is assigned (from fitting of the electron density data at different
radial distances) to an EAS event, the discriminating power of that parameter on
primary masses somewhat becomes dull; it still can distinguish iron initiated
showers from proton induced showers but can’t effectively separate out y-ray
showers from EASs generated by primary protons. Fig.4.4a and Fig4.4e are
indicative ones in favour of the inadequacy ofs,for gamma-hadron discrimination.
It is clear from these figures that < s, > wvalues for y-ray and proton induced
showers are very much nearer to each other. Lateral distribution of electrons in
EAS exhibits universal (primary energy and mass independent) behaviour in terms
of LAP (Dey et al. 2012). The present conclusion appears independent on the
choice of high energy interaction models, or at least does not have strong

interaction model dependence as both the QGSJet and EPOS give similar results.

An important question is the experimental realization of the adopted
technique involving LAP. The uncertainty in estimating LAP is wusually large in
normal circumstance in comparison to that in lateral shower age as the LAP
depends on the logarithmic derivative of the electron density versus radial distance.
Thus, uncertainty in estimating LAP from experimental data arises mainly from the
uncertainties in electron densities and those in radial distance measurements due to
erroneous determination of shower core position. These uncertainties should be
small for a closely packed air shower array like GRAPES III at Ooty (Gupta et al.
2005) or for a full coverage EAS array like ARGO-YBJ (Sciascio et al. 2007 &
Aloisio et al. 2001) and hence the proposed method may successfully work in such
kind of experiment. However, at present the ARGO-YBJ carpet provides a full
coverage area of about80m x80m. For successful implementation of the

proposed method, a slightly larger coverage area of the carpet would be desirable.
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We also tried to identify y-ray generated EAS by the use of f parameter
that describes the ratio of reconstructed average LEDs at two arbitrary distance
bands from the shower core as proposed in (Sciascio & Girolamo 2007, Aloisio et
al. 2001, Gaisser & Stanev 1991). It is found from the scatter plot of f (as y
variable) with the ratio of total muon content to total electron number (x variable)
that EAS events are classified according to their respective primaries but the
separation occurs not along y-axis rather along x-axis. This means that essentially
the separation is due to the total muon content in EAS, a well studied mass

sensitive observable.
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CHAPTER 5
GEOMAGNETIC SPECTROSCOPY AND PRIMARY COMPOSITION

5.1 INTRODUCTION

One of the most challenging topics in contemporary astrophysics is the
understanding of the origin and nature of high-energy CRs. Several projects across
the globe have been envisioned to determine these characteristics of primary CRs.
When penetrating from the outer space into the Earth’s atmosphere they initiate the
development of a phenomenon called EAS by multiple productions of particles in
cascading interactions of the primary particles with atmospheric nuclei. The EAS
particles can undergo the following processes: (a) hadronic interactions, (b)
clectromagnetic  interactions, (e) unstable particle decays and (d) particle
propagation (mainly ionization and scattering). Apart from all important processes
mentioned above the influence of the Earth’s geomagnetic field (GF) on the
development of the showers causing asymmetric distribution of shower particles is
crucial especially at zenith angles larger than ~50° (Edge et al. 1973, Ave et al.
2000 & Dembinski et al. 2010). However, the effect is commonly ignored at
smaller zenith angles where the lateral distribution of secondary particles is well
described by analytic function (Greisen 1960) based on a radial symmetry of the

distribution of particles in the plane perpendicular to the shower axis.

It is well known that the GF causes the East-West asymmetry on the
primary CRs. We have come to realize from the literature that the GF also acts on
the charged particles of the EAS during their propagation in the Earth’s
atmosphere. During the development of a CR cascade in the atmosphere, the
secondary charged particles in the shower are influenced by the GF: the
perpendicular component of this field causes the trajectories of secondary charged
particles to become curved, resulting in a broadening of the spatial distribution of
charged particles in the direction of the Lorentz force (see Fig.5.1). Finally, this
broadening separates positive and negative charged particles to constitute an
electric  dipole moment (Gupta 2011). The possibility of estimating mass
composition of CRs by employing such a parameter has been reported in the
rapporteur of ICRC 2011 (Gupta 2011). However, this aspect was first pointed out
by Cocconi nearly sixty years back (Cocconi 1954).
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Fig.5.1: Schematic overview of the geomagnetic mechanism.

He further suggested that the geomagnetic broadening effect can be non-negligible
in compare to the Coulomb scattering, particularly for the young showers (Cocconi
1954). Since then several studies have been carried out to address the intluence of
GF on CR EAS (Allan 1970, Colgate 1967, Hillas 1985, Bowden et al. 1992, Lang
et al. 1994, Chadwick et al. 1999, Porter 1973, Hough 1973, Browning et al. 1977,
Allkofer et al. 1985, Rebel et al. 2008, Mitrica et al. 2009, Sima et al. 2011 &
Bernardint 2011) and some important effects arising out of it are also reported. For
instance, the separation of electrons and positrons in an EAS by the GF is believed
to lead the radio emission in EAS (Allan 1970 & Colgate 1967). The Earth’s GF
also affects the performance of ground-based gamma ray telescope (Hillas 1985,
Bowden et al. 1992, Lang et al. 1994 & Chadwick 1999). The geomagnetic
separation of muons can be used to estimate the height of the origin of showers
(Earnshaw et al. 1971). The GF induces an azimuthal modulation of the densities
of air shower particles, particularly for large angle of incidence (Hillas 1985,
Bowden et al. 1992 & Allkofer et al. 1985). If not taken into consideration, the
estimated energy of primary CRs may deviate from the true value up to ~2% level

at large zenith angles of incidence due to such azimuthal modulation (The Pierre
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Auger Coll. 2011). It could also affect the results of large scale anisotropy search
by an EAS array if the effect is not accounted correctly (The Pierre Auger Coll
2011). For the soft component the radiation lengths in atmosphere are very short
and electrons/positrons suffer many scatterings thereby frequent changing the
directions relative to the GF. As a result the lateral spread of the electrons is mainly
due to the multiple Coulomb scattering and the effect of the GF is less pronounced.
In contrast after their generation from pion and kaon decays muons travel much
longer path without scattering and hence come under the influence of GF.
Consequent upon the GF effect should be more pronounced in muon component,
particularly for large zenith angles of incidence. The decay schemes of hadonic

secondary pions and kaons which produce muons are the following:
nt - pt + Vu(‘—’u) (5.1)
K* - pt +v,(9,) (5.2)

Exploiting this feature Capdevielle and his collaborators earlier showed
from a MC simulation study that (Capdevielle et al. 2000) heavy nuclei and proton
induced showers may be discriminated from the ellipticity of lateral muon
distribution and the muon charge ratio (the ratio of positive to negative muons) at
convenient distances from the shower core. The so-called ratio of positive to
negative muons is a significant quantity which reflects important features of the
hadronic meson production in CR collisions and to distinguish the primary mass
composition (Wentz et al. 2003 & Vulpescu et al. 2001). In the present work we
extend the investigation and from a detailed MC simulation study we would show
that the length of the muonic dipole which is formed by the separation of positive
and negative muons is found quite sensitive to the mass of shower initiating
particles, particularly for inclined showers and hence in principle the parameter can
be exploited to estimate primary mass. We would also discuss the practical

realization of the method in a real experiment.
5.2 SIMULATION PROCEDURE

For generating EAS events, we employ the air shower simulation program
CORSIKA (Cosmic Ray Simulation for KAscade) version 6.600/6.970 (Heck et
al. 1998 & Capdevielle 1992). The high energy (above 80GeV/n) hadronic
interaction models QGSJET 01 version 1c¢ (Kalmykov et al. 1997) and EPOS 1.99
(Werner et al. 2006, Pierog & Wener 2008") have been used in combination with
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the low energy (below 80GeV/n) hadronic interaction model UrQMD (Bass et al.
1998 & Bleicher et al. 1999). The EGS4 is opted for simulation of the
electromagnetic component of shower that incorporates all the major interactions
of electrons and photons (Nelson et al. 1985). We consider the US-standard
atmospheric model (NASA report 1976) with planar approximation which works
for the zenith angle of the primary particles being less than 70°. The EAS events
have been simulated at geographical position corresponds to the experimental site
of KASCADE. The geomagnetic field with a homogeneous field approximation is
considered. In order to examine the effect of the GF, FAS events are also simulated
by switching off the Earth’s magnetic field. On the observation level the detection
kinetic energy thresholds are chosen as 3 MeV for electrons (e* and e™) and 300
MeV for muons irrespective of primary primary species and energies. The EAS
events have been generated for Proton and Iron primaries at fixed primary
energy 10*% eV taking two zenith angles of incidence, 0° and 50° and arriving
from different geographical directions: North, Fast, South and West. About 200
EAS events have been generated for each case. |

5.3 DATA ANALYSIS

Secondary particles in an EAS are qgenerated maintaining a cylindrical
symmetry around the shower axis, which is along the arrival direction of EAS
initiating particle. As a result in the absence of the earth’s GF, lateral distribution
of secondary particles should possesses such a symmetry for all radial distances
from the axis in a plane normal to the shower axis. In the observational plane,
however, such cylindrical symmetry is distorted for inclined EAS due to
geometrical and atmospheric attenuation effects. Since the azimuthal asymmetry in
charged particle distribution causes by the GF is superimposed with those caused
by geometric and attenuation effect, it is convenient to transform the density
information of charge particles of EAS in the observational plane to normal plane
so that the sole effect of the GF can be segregated out. Let Z and A are the zenith
and azimuthal angles respectively. If (r5,4) and (7, 4,) are the polar coordinates
of a point (radial distances are measured from the shower axis) in the observation
plane and normal plane respectively as depicted schematically in Fig.5.2. From the
figure we can easily show that

Tw = 1o/ 1 — sin?Zcos2(A — Z) (5.3)
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and

_tan(A—2Z)

tand, = (54)

cosZ

7
Sa——Shower axis
£

Fig.5.2: Schematic representation of the polar coordinates of the point P. In the
observation plane (xy-plane) the polar coordinates of P are (ry, 4), where rg
corresponds to the segment OP and A is the angle between OP and the x-axis. In
the shower front plane (plane L7 to the shower axis containing the points P, Q and
T) the polar coordinates of P are (r,,A4,) where 7, corresponds to the segment PQ
and A, is the angle PQT. Notice also that Z represents the zenith angle of the

shower.

If the density of a given type of CR secondary at observational plane is
denoted as (py), which is a function of r and A in general, and that in normal plane
is denoted by p,(= p,(1,)), in the absence of GF and neglecting the effect of

attenuation they are related by the transformation:

Po

Pn = cosZ (5-5)
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We first consider a hypothetical horizontal full coverage air shower array of
area 300 m x 300 m taking the shower core as the centre of the array.-Employing
the equatibns (53) - (5.5) we then transform the simulated density data at

observation plane to normal plane.

5.4 GEOMAGNETIC DISTORTIONS OF THE CHARGED PARTICLE
DISTRIBUTION: A TOPOLOGICAL ANALYSIS

A basic feature found in the EAS Monte Carlo simulations is the cylindrical
symmetry of charged particles in EAS and such symmetry is normally noticed in
the simulated data on average basis. In contrast the present analysis revealed an
asymmetry in charged particle distribution due to GF, particularly at higher zenith
angles as stated above. To get an idea about the magnitude of the asymmetric
charged particle distribution due to GF, we introduce a procedure of scanning of
charged particle density and barycentre of positive/negative muons with the
butterfly (BF) freatment in order to point out ultimately typical signatures relevant
to the nature of primaries. The BF structure is shown in the Fig.5.3, consisting of
two opposite wings around the shower core limited by a pair of symmetric arcs at

distances which may be enlarged above 200 m for very large EAS.

The internal angle of the wing is taken as 90%(quadrant) which can be
reduced to emphasize some particular effects. The density of muons inside a wing
is compared with that in different wings and the centre of gravity (barycentre) of
charged muons (positive and negative separately) are computed from the simulated
data. It is possible to rotate the BF around the axis and the corresponding centre of
gravities (barycentre) for positive and negative muons successively in each
configuration of the BF are computed. The rotation of the BF is measured by the
same angle ¥ = 10° (angle between the central axis of each BF’s configuration

and the x-axis i.e. north in the CORSIKA coordinate system).
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North (x)

Fig.5.3: Schematic representation of a butterfly (BF) with four wings (viz. ALO-
B', C-0-D', A-0-C' and B-O-D' and then A™-O-B’, C-0O-D’, A>O-C’ and B’
O-D7 etc.). The angle within each wing is 90° and rotation of the BF by an amount
10° in each case by allowing the rotation of the central axis i.e. North-South by
10°% in every occasion in counter clockwise direction. The central axis is made to
rotate from 0° to 180° (For some studies the BF is allowed to rotate even from 0°

to 3600).

Just to understand about the magnitude of distortions originating from the
GF on charged muons we have plotted the coordinates of all barycentres estimated
in all successive wings of the BF through the FKig.5.4. These barycentres for
positive and negative muons are computed separately with and without magnetic
field at KASCADE level (nearly no magnetic field is provided by suppressing the
KASCADE magnetic field components to 107% times to their usual values in
CORSiIKA simulation). The Fig.5.4 reveals that the imprint of GF on charged
muons is clearly visible even for EAS with 0° zenith angle from any geographical
direction. It has been found that the GF effect is more pronounced for EAS with

higher zenith angles.

For these wvertical showers with B~0 the barycentres are highly
concentrated within a small region near the origin (shower core) of the CORSIKA
plane. But switching on the KASCADE magnetic field the Dbarycentres get

spreading out from the core region for both types of muons.
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Fig.5.4: The coordinates of different barycentres in successive wings of BF (i.e.
B'-0-A', B-0-A? etc) at KASCADE level with and without (nearly zero)

magnetic fields for #*and y” separately.
5.5 RESULTS AND DISCUSSION

To examine the azimuthal asymmetric characteristics of the charged
particle distribution due to GF, we estimated density/total number of each variety
of particles over a small azimuthal angle bin. The azimuthal variation of fotal
(truncated) muon content at observational plane and at normal plane are shown in
Fig.5.5 and Fig.5.6 respectively for proton and iron initiated EAS of zenith angle
of incidence 50%nd arriving from the (geographical) north. These figures imply
that the azimuthal asymmetry in the observational plane is mainly due to geometric
effect while in normal plane the observed small azimuthal asymmetry seems to be
due to attenuation effect. It appears that the attenuation effect is small, at least

when the zenith angle of incidence is within 50°.
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Fig.5.5: Correction for inclination for proton primary.

Since positive and negative particles behave in an opposite way under
magnetic field, the geomagnetic effect is not revealed from the azimuthal variation
of the total muon content. To examine geomagnetic effect we draw the angular
variation of charged muons in inclined air showers which are shown in Fig.5.7 and
Fig.5.8 for proton primary arriving from the north direction. To understand the
influence of GF clearly, we also studied azimuthal variation of charged muons by
turning off the GF, which is accomplished in CORSiKA simulation by dividing the
components of the GF by a factor of 10*. Such variations are also included in
Figs.5.7—5.8. Azimuthal variation of charged muons for iron primary arriving

from north and east directions are displayed in Fig.5.9 and Fig.5.10.

The azimuthal variation of electron and positron are shown in Fig.5.11 for
both by turning off and on the GF. As expected it is found that electrons and

positrons are much influenced by the GF.
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To quantify the influence of GF as well to identify some typical signatures
of the shower initiating primary particle we have calculated in each shower the

coordinates of positive and negative particles barycentres and thereby estimated the
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muon dipole length (l,), which is the separation of centre of gravity of negative and
positive charged muons. For this purpose we have employed the butterfly (BF)
treatment: as stated the BF consists of two opposite wings around the shower core
limited by a pair of symmetric arcs. The variation of muon dipole length with
azimuthal angle for proton and iron initiated EAS of zenith angle of incidence 50°
and arriving from (geographical) north and east directions are shown in Fig.5.12.
In this figure the azimuthal variation of muon dipole length are also shown when
the GF is switched off. In Fig.5.13 we compare the azimuthal variation of muon

dipole length for proton and iron primaries.
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Fig.5.10: Azimuthal variation of charged muons for Fe primary arriving from East

direction.

It is found from the Figs. 5.12-5.13 that the length of the muon dipole
increases due to GF. Also the muon dipole length is found sensitive to primary
mass; it is larger for iron primary in compare to that for proton primary. So the
parameter can be used, at least in principle for extracting the nature of primary

particles.
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5.6 CONCLUSIONS

Our analysis concerning the effects of the GF on positive and negative
muon and electron components of inclined EAS reveals several interesting features
such as azimuthal asymmetries, sectorial muon-electron relative abundances,
amplitude of fluctuations between proton and iron induced showers. Such effects
are found to persist and are of comparable magnitude if we replace the UrQMD

code in the simulation by the Fluka code in the treatment of low energy hadron
collisions.

There are some recent proposals of studying positive and negative muons
separately in individual EAS event. In fact few ongoing experiments, such as the
WILLI detector (Wentz et al. 2001, Brancus et al. 2003 & Agostinelli et al. 2003)
or the Okayama University, Japan EAS installation, have the capability to extract
charge information of high energy muons but these experiments do not have large
muon detection area, which is needed to extract information about the nature of
primaries from the study of geomagnetic influence on EAS muons. If in future
these experiments are extended in order to cover larger detection area or new
installation of large muon detection area with capability of charge identification

come up, the present proposal can be exploited to extract the nature of shower

initiating primaries.



CHAPTER 6

ROLE OF AIR SHOWER FLUCTUATIONS ON ESTIMATION OF
HADRONIC CROSS SECTIONS

6.1 INTRODUCTION

The study of cosmic ray (CR) extensive air showers (EASs) offers a unique
opportunity to extract p-air interaction cross-section at energies well beyond the
LHC region at CERN (Abraham et al. 2008). Generally, EAS experiments map the
depth of first interaction of the CR particle on an average basis by exploiting its
relationship to some air shower observables. The absorption of EAS flux having
the same kind of CR particles, the same primary energy and stage of their
development at different atmospheric depths is linked with the average mean free
path of shower induced particle and this property is often exploited to estimate
proton-air cross-section (Hara et al. 1983, Baltrusaitis et al. 1984, Honda et al
1993 & Aglietta et al. 2009). While estimating p-air cross section from
experimental data, the selection of showers of constant energy and stage is usually
done by considering simultaneously constant muon size and shower size ranges of
small widths at the observation level whereas to ensure the primaries of the
selected showers are of the same type, additionally the magnitude of shower size is
chosen suitably. This technique is usually called the constant N,- N, method which
is being applied in arrays of particle detector experiments. The stated method of
estimating hadronic cross section is, however affected mainly by the intrinsic
shower fluctuations in the EAS longitudinal development (Alvarez-Muniz et al.
2002 & Ulrich et al. 2009"). Besides, the method is found to depend strongly on the
choice of high energy interaction models (Alvarez-Muniz et al. 2002 & Ulrich et
al. 2009"). To disentangle these fluctuations from those of the first interaction point

is not an easy task.

The rate of shower numbers f(8) of a given primary energy interval
selected through their muon size bin and shower size bin corresponding to the
maximum development (choosing a common tail from the frequency distribution
of the shower size for different zenith angles) is expected to attenuate with
increasing  atmospheric depth (secf). Utilizing this fact the experimental

absorption length A, is obtained from the following equation:
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Xo(sece—l)] (6.1)

Aobs

f(8) = G(B)F (0) exp |-

In equation (6.1), X, denotes the vertical atmospheric depth of the location

while G (8) measures its geometrical acceptance in a particular angular bin.

The absorption length of EAS (A,ps) and the interaction mean free path
(dops) are, however, not the same but Monte Carlo simulation results suggest that
they are connected through the relation (Ellsworth et al. 1982)

Aops = k X Agps,) (6.2)

where k is a constant parameter; the numerical value of k has been found to
depend on the primary energy range, the observation level of the experiment and
the “hadronic interaction model adopted and has to be obtained from Monte Carlo
simulations for a particular EAS observation. The common perc;ption is that the
deviation of k from unity is origjnated mainly by fluctuations in air shower
development. Besides, different features of the hadronic interaction models also

could be partly responsible for k # 1.

The purpose of the present work 1is to critically examine whether
fluctuations in air shower development is the prime cause for the deviation of the
value of k from unity or not. For this purpose a detailed Monte Carlo simulation

study has been conducted.
6.2 THE SIMULATION

The EAS simulations are performed utilizing the CORSIKA code (Heck et
al. 1998 & Capdevielle 1992) with QGSJET 01 v 1c¢ (Kalmykov et al. 1997) high
energy hadronic interaction model. Hadrons with energies below 80 GeV/n are
treated with the GHEISHA 2002d (Fesefeldt 1985) interaction model. The shower
size (N,) is obtained directly by adding all e*and e~ from the produced y-rays
involving electromagnetic interactions with the EGS4 option (Nelson et al. 1985).
The zenith angle was restricted to events with< 50°. The EAS events were
generated mainly for proton and iron nuclei as primaries. Showers have been
simulated with a particular energy of 2 x 10'* eV, spectral index —2.7. The EAS
events were simulated at the geographical position to the experimental site of
ARGO-YBJ (Sciascio et al. 2007) (latitude 30.11° N, longitude 90.53° E, |
607 gm —cm~% asl). The magnetic fields are provided accordingly. On the

observation level, the kinetic energy thresholds were chosen as 3 MeV for
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electrons (e ande™) irrespective of the primary species. About 2 x 10* EAS

events were generated for each primary.
6.3 THE ANALYSIS METHOD

Most of the observables required for the analysis are obtained directly from
the simulated data. The absorption length Ag;,, evaluated from equation (6.1) is
supposed to be combined the effects of the first interaction length Ay, and
fluctuations of the EAS development. In experimental evaluation of cross section
by air shower method a fixed primary energy is usually chosen by selecting EAS of
same muon size. Since our prime motivation is to judge the effect of air shower
fluctuations on measurement of cross sections we generated EAS at fixed primary
energy. While taking a fixed shower size bin we have chosen showers of the same
depth between the first interaction point and the observation level, under the
assumption of no fluctuations in the successive interactions (Fukui et al. 1960).
The shower size bin is selected from the +tail portion of the shower size
distributions  corresponding to different small zenith angle bins (A8 = 3°—
79,8% — 12%tc.) at a particular primary energy. Finally measuring the attenuation
of frequencies (event rate) of showers with fixed energy and shower size at
different atmospheric depths (sec8), we have estimated the absorption length Agjp,.
The detection efficiencies at different inclinations have to be taken carefully for
estimating Ag;,. Due to the imposed full detection efficiency for simulated data,
the geometrical acceptance in each individual secf bin is simply given by
AsecO = sec7® — sec39,sec12® — sec8?, ... ... etc. and has been taken carefully

for estimating Agj,p,.

The Monte Carlo simulation directly gives the value of the hadronic mean
free path Agy, for each air shower event which has been noted and a frequency
distribution of directly observed Ay, for a common shower size bin is formed. The
mean value of Ag,, is obtained from the Gaussian fit of the A, distribution. The

k-parameter is finally obtained by taking the ratio of Agy, t0 Agim.

In order to compare the effects of the intrinsic fluctuations on k with other
EAS observables sensitive to air shower fluctuations we have considered the depth
of shower maximum and EAS slope parameter i.e. LAP. The method of estimating
the LAP has been described in chapter 3 in detail.
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The depth of shower maximum is estimated for each EAS event from the
longitudinal profile of EAS. The mean LAP, the depth of shower maximum and
the k-parameter have been studied at a particular energy for both proton and iron

induced showers.
6.4 RESULTS AND DISCUSSION

6.4.1 THE k-PARAMETER FOR PROTON AND IRON INITIATED
EASs

Our program is to examine critically the physical meaning of the parameter
k related with EAS fluctuations. Simulated EAS events for p and Fe at several
small zenith angle intervals are generated and study the shower size spectra at a
fixed primary energy of 2 X 10'* eV. We have selected showers which have N,
between 7.5x 10%and 1.15x 10%5 for protons and between 3.5 x 10* and
5.5 x 10* for irons respectively. Such selections of N, are shown in Fig.6.ia and

Fig.6.1b.
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Distributions of shower size for p and Fe induced showers

at different mean zenith angles having energy 2 x 10*eV. The selected

showers have logoN, = 487 —5.06and 454 ~4.74 for
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Fig.6.3: [a] Distributions of sec8 for proton and [b] iron initiated showers

including the correction for the geometrical acceptance in each angular bin.

Primary logioN, Agim Asim k

P 4.87 - 5.06 52.1+39 39.84 + 4.3 1.31 £ 0.04
Fe 4.54 — 4.74 191+14 8.44 + 0.87 2.26 +0.09

Table 6.1: Summary ‘of the results obtained from attenuation studies using constant
‘Ng-N,, method for p and Fe at energy 2 x 10**eV.

The whole selection procedure discussed is now applied to evaluate Agy,
and then k for both the proton and iron showers. Event numbers as a function of
sec < 6 > after correction for the geometrical acceptance of each angular bin are

shown in Fig.6.3a and Fig.6.3b for proton and iron.
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The parameter < 6 > denotes the mean =zenith angle, obtained from each
angular bin. It should be noted that for iron showers we have gone up to only
sec < 30° > for evaluating the attenuation length due to higher rate of absorption
of EAS electrons with increasing depth. The mean depths of first hadronic
interaction corresponding to log,oN, = 4.87 — 5.06 and 4.54 —4.74 for p and Fe
primaries could be obtained from the fitting of their frequency distributions and are
shown in Fig.6.2a and Fig.6.2b. The absorption lengths and resulting fluctuation
parameters are summed up in table 6.1. The given uncertainties are the statistical

ones.

6.4.2 EAS FLUCTUATIONS REFLECTED IN COMPOSITION SENSITIVE
OBSERVABLES

The observable parameters the depth of shower maximum (X,) and its
fluctuations (0(X,,)) were used widely for CR composition analyses in ultra-high
energy region (Auger Coll. 2010). The fluctuations are larger for proton than for
iron initiated showers, as expected. Since X, distribution contains the imprint of
the effect of first interaction (Ay,,) distribution therefore fluctuations of A,
should be larger for proton than iron. Since all these effects in the initial stage of
shower development have an impact on the later stage of EAS so the fluctuations
in the slope of lateral electron distribution (in terms of LAP) would also obey the

similar behaviour.
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Fig.6.4: [a] Distributions of depth of first interaction; [b] depth of shower

maximum and [c] local age for p and Fe primaries at 2 X 10%*eV.

Figs. 6.4a, 6.4b and 6.4c¢ show the distributions of the event-by-event

values of Ay, X and Spocqr in simulated samples of proton and iron primaries at
2x 10 eV. The fluctuations of proton and iron initiated showers are clearly

visible in the above figures and these magnitudes are the expected ones in the

concerned primary energy.
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Meaningful information about EAS fluctuations can be extracted from the

results of fits for the simulated samples of proton and iron initiated showers is
shown in table 6.2.

Primary < Aint > Aflint < Xm > AXm < Siocal = ASiocal
p 31.2 425 503.5 139.0 1.27 0.15
Fe 8.64 9.10 382.5 60.7 1.47 0.12

Table 6.2: The different columns show the results of the fits to the average

distributions constructed from the simulated events. The widths in all three

parameters are larger for proton than iron showers.

The magnitudes of fluctuations obtained from all standard measurements in
this section clearly contradict the results obtained in the section 6.4.1 in terms ofk
listed in table 6.1 on EAS fluctuations.

6.5 DISCUSSION AND CONCLUSIONS

their

maximum development in air are estimated at a fixed energy 2 X 10™eV at the

The absorption lengths of proton and iron induced showers at
ARGO-YBJ level from Monte Carlo simulation results. The technique involving

absorption of CR events for a fixed primary energy has been applied for
estimating Ag;,,,. The mean free path Ay, is related to Ag, via the k-factor as
given in equation 6.2 for simulated data. We evaluated the k parameter for both
proton and Fe initiated showers. While measuring cross section by absorption
technique muon size is usually considered in EAS experiments to fix the primary
energy. In the present study we simulated events for a fixed primary energy.

Thereby our results are not affected by the uncertainty of energy estimation.

It is found that the mean value of k for iron induced showers exceeds that
for the proton initiated showers. The deviation of k from unity is believed to be
mainly due to the fluctuations in cascade development. However, in such a case k
for iron induced showers is expected to be smaller than that for proton showers.
Note that the fluctuation in the first interaction length is the main source of
fluctuation which is higher in proton shower. In the absorption length technique of

measuring cross section we essentially study the distribution of first interaction

I
1
I
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length and hence the technique is unaffected by the fluctuation of the first
interaction length. In the development of air shower after the first interaction, the
fluctuations of initial few stages are also important. This is because the leading
particle carries about 50% of interaction energy. Hence the effect of fluctuation in
proton initiated air showers should be higher than in a Fe induced shower (which
has much more secondaries and hence the net effect of fluctuation is reduced when
sum of the fluctuations of all secondaries are taken into account) even when
cascade development after the first interaction is considered. Such a feature is
revealed from the fluctuations of shower age as shown in Fig.6.4c. So if fluctuation
is the main cause of non-unity of k, the parameter should be smaller for Fe shower
than proton shower which is in contradiction to our findings. Hence the physical

meaning usually attached to the k-parameter is questionable.

Usually kis assumed from an EAS model, which biases the final results for
all the experimental cross-sections. The characteristics of hadronic interactions
may be responsible for the deviation of k from unity. The parameter k strongly
depends on the average inelasticity and the inelasticity distribution of p and
7 reactions. Particularly on which other important features of hadronic interactions
are responsible for the k-factor will be a subject of future investigation. In
addition, a systematic study of the energy dependence of the k-factor is also

needed.
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CHAPTER 7

NEUTRINO AND GAMMA-RAY SIGNATURES OF PeV COSMIC RAYS
ACCELERATED BY PULSARS

7.1 INTRODUCTION

For studying fundamental physical issues in some extreme conditions like
strong gravity, strong magnetic fields and high densities, rotation-powered pulsars
and pulsar wind nebulae (PWNe) offer fascinating galactic sources next to
supernovae remnants and excellent laboratories (Link & Burgio 2005, 2006). On
the other hand, the probable candidates of extra-galactic origin for high-energy
neutrino/gamma-ray radiation include gamma-ray bursts, active galactic nuclei etc.
(Halzen & Hooper 2002). Pulsars are rotating neutron stars and it is known to us
that they derive their power at the expense of their rotational energy. The major
challenge in this field is however, for clear understanding of the energy conversion
mechanisms of rotational power into observed -electromagnetic radiation like
gamma-rays and neutrinos. It is generally agreed that this occurs through
acceleration of charged particles to extremely relativistic energies, using the
rotating magnetic field as a unipolar inductor to create very high electric potential
difference. Besides this feature, there is a divergence of thoughts regarding
acceleration regions: whether the acceleration takes place in the intense field zone
near the neutron star surface or in the outer magnetosphere near the speed of light
cylinder, or even beyond the light cylinder in the wind zone. The particle
acceleration may well be occurring in all of these regions, either in the same pulsar

or in pulsars of different ages.

New detection methods and theoretical studies of rotation-powered and
magnetically feeds compact objects are current subjects in TeV astrophysics. In
recent years, many galactic pulsars and PWNe have been discovered to be gamma-
ray emitters (da Ofia 2011). These galactic sources can also potentially produce
interesting event rates in neutrino telescopes. Since they are at shorter distances to
the Earth (~ 1+ 10 kpc) compared to extra-galactic sources, the source luminosity
required for a galactic source to produce the same event rate as an extra-galactic
one, is few orders of magnitude smaller. In order to produce high energy neutrino

fluxes, galactic sources must accelerate particles at sufficiently high energies. In
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this regard, Hillas derived the maximum energy E at which a particle of charge Z
can be accelerated, from the simple argument that the Larmour radius of the

particle should be smaller than the size of the acceleration region (Hillas 1984).

Recent results of Link and Burgio’s (LB) (Link & Burgio 2005, 2006)
calculations revealed that young (tgg4e S 10° yrs.) and rapidly rotating neutron
stars having a stellar magnetic moment with a component anti-parallel to the spin
axis, (as we expect in half of the neutron stars), could emit TeV muon neutrinos
with fluxes observable by operating or planned large area neutrino telescopes such
as AMANDA-II, and Ice-Cube (Halzen 1990) and ANTARES, NEMO and NESTOR
(Carr 2003). As a conjecture to be verified by observations, Link and Burgio
considered that protons or heavier ions are accelerated near the surface by the polar
caps to PeV energies. When these accelerated ions interact with the thermal
radiation field of pulsar, the A-resonance state (A" is an excited state of the proton,
with a mass of 1232 MeV) may occur provided their energies exceed the threshold
energy for the process. Though radiation losses limit the maximum energy that can
be attained by the nuclei in the acceleration process, such an energy condition is
expected to satisfy for several pulsars. Subsequently, the A% particles quickly

decay to m™, and finally muon neutrinos are produced.

The presence of a hadronic component in the flux of pulsar accelerated
particles should result in the emission of high-energy neutrinos and gamma-rays
simultaneously as both charged and neutral pions are produced in the interactions
of energetic hadrons with the ambient photon fields surrounding the acceleration
region. Here, we would show that for the model adopted by LB the estimated TeV
gamma-ray fluxes from several nearby pulsars are higher than the observed upper
limits of fluxes. In the quest for reasons of such inconsistency, we note that an
implicit assumption in the Link and Burgio estimation of neutrino flux is that the
polar cap area is equal to the neutron star surface area. Such an assumption seems

unreasonable in view of the polar cap geometry (Beskin et al. 1993).

A young neutron star is generally encircled by PWN. In recent years, many
Galactic PWNe have been discovered to be gamma-ray emitters (da Ofia 2011). It
was predicted that the gamma-ray luminosity of these nebulae is connected to the

spin-down power ie. the loss rate of rotational energy of the pulsar, and that

pulsars with E > 103"’“35(-1—,-?2—;)2 erg-s’ power nebulae that are detectable in

gamma-rays (Aharonian et al. 1997). Positive ions, after gaining energy from
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pulsar gaps, will move away from the pulsar practically along the open field lines
and will finally inject into the nebula. It was very likely that these energetic ions
would be trapped by the magnetic field of the nebula for a long period, and
consequently they should produce high-energy gamma-rays and neutrinos by
interacting with the dense matter' of the nebula’s environment. We therefore
estimate the expected flux of TeV gamma-rays from pulsar nebulae, and by
comparing with the observation for a couple of well-known nebulae we checked
the consistency of the polar cap model. We also calculate the flux of TeV neutrinos

from a couple of PWNe.

Here, we first describe the production mechanism of the TeV gamma-rays
and neutrinos in a pulsar environment, estimated the expected flux of gamma-rays
from a pulsar for the polar cap model of hadrons acceleration as used by (LB). By
comparing the polar cap model predicted gamma-ray fluxes from some potential
young pulsars with the observations, the importance of the inclusion of polar cap
arca instead of neutron star surface area in the calculation has been emphasized.
Incorporating such a feature in the model calculation of fluxes, the revised event
rates -in a neutrino telescope located at different observation sites on the Earth due
to a few potential pulsars are obtained. Adopting the same featured model, fluxes

of TeV gamma-rays and neutrinos from pulsar nebulae are found out.
7.2 TeV GAMMA-RAYS AND NEUTRINOS FROM PULSARS

In general, the acceleration of charged particles by astrophysical sources is
described by two different kinds of models. The model which describes
acceleration of electrons is the so-called leptonic model (Aharonian et al. 2008). On
the other hand acceleration of heavier ions including protons is described by the so-
called hadronic model (Halzen & Hooper 2002). Neutrinos are produced only in
the hadronic model while gamma-ray production can be provided by both the
models. Several detailed mechanisms have so far been suggested for acceleration
of particles by pulsars that include the popular polar gap (Rudemann & Sutherland
1975, Arons & Scharlemann 1979, Daugherty & Harding 1996, Harding &
Muslinov 1998) and the outer-gap models (Cheng et al. 1986).
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Fig.7.1: The polar cap region is possible candidate for locations within the pulsar’s
magnetosphere where the acceleration of particles and emission of y-rays and

neutrinos might take place.

In the polar gap model, acceleration of particles takes place in the open
field line region above the magnetic pole of the neutron star. In contrast to that, in
the case of outer-gap model acceleration occurs in the vacuum gaps between the
neutral line and the last open line in the magnetosphere. Thus, the region of
acceleration in the polar-gap model is close to the pulsar surface, while the same in
the outer-gap model is close to the light cylinder as has been depicted clearly in

Fig.7.1.

In the polar cap acceleration model, particles are extracted from the polar
cap and accelerated by large rotation-induced electric fields, forming the primary
beam. A region above the polar cap of a neutron star was proposed by several
authors as location of particle acceleration (Rudermann & Sutherland 1975, Arons
& Scharlemann 1979).
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Electrons are released from the surface of the neutron star when the electron
thermal emission temperatures are well below the neutron star surface temperature.
Electrons are accelerated by the electric field induced by the rotating axial
magnetic dipole. In the case of Crab, potential drops up to 10'* eV are induced in
the polar cap region, accelerating electrons up to I-factors = 10%. In this model the
charge density at the surfaée of the pulsar even equals the Goldreich-Julian density
(Goldreich & Julian 1969). The charge density p(r) decreases asr™3. Thus,
magnitude of the parallel component of the electric field goes down to zero at the

surface, but increases at much farther radii.

If the surface temperature is below the thermal emission temperature, a
vacuum gap will be also formed. Thus, the parallel component of the electric field
is not short out in the plasma. Accelerated charged particles will start an
electromagnetic pair cascade as shown in Fig.7.2. Absorption mechanisms like
magnetic pair creation and photon splitting (description was made in the domain of
the QED and pronounced in magnetars) restrain gamma-rays with high energies to

leave the polar cap area.

SPACE CHARGE "GAP” YACUUM GAP
i, =1, T <7,
(e B9 Lie B < Q

S SURFACE W3 SURFACE

Fig.7.2: Space-charge limited flow and vacuum gap above a neutron star polar cap.
Ts is the neutron star surface temperature while 7,, represents the electron or

thermal temperature,
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The maximum potential drop that may be induced across the magnetic field
lines between the magnetic pole and the last field lines that opens to infinity is
given by (Goldreich & Julian 1969)

_ BsR3Q?
T 2c2

(7.1)

#

, where R is the stellar radius (neutron star) , B, is the strength of magnetic field at
neutron star surface, ) = EPE represents the rotational frequency and ¢ is the speed

of light. Accordingly, for young millisecond pulsar with high magnetic fields
(Bs~10'? G), the magnitude of the potential could be as large as

¢ =7 x 10'8B,, P2 volts . (7.2)

with Bg = B;, X 102 G. But, in young pulsars the electric field along magnetic
field lines is likely to be screened well below the vacuum potentials by the onset of
electron — positron pair cascades in the strong magnetic field (Cheng & Rudermann
1977), and this would iimit the potential to about 102 ¢V. Though the flux of
synchrotron radiation observed from the Crab and other PWN indicates such a
possibility, questions like where in the magnetosphere are pairs created and how
many are created, still not settled and one cannot rule out the possibility that ions
can reach energies equal to a significant part of the total potentials drop through
polar cap acceleration, particularly in view of the observed of gamma radiation of

energies above tens and even hundreds of TeV from Crab and other PWN.

LB (Link ‘& Burgio 2005, 2006) conjectured that protons or heavier nuclei
are accelerated near -the surface of a pulsar by the polar caps to PeV energies
(corresponding to no/little screening) when the scalar product of the magnetic
dipole moment and magnetic field wvector ie. u.B <0 (such a condition is
expected to hold for half of the total pulsars). When pulsar-accelerated ions interact
with the ambient radiation field of pulsar, the A-resonance state may occur
provided their energies exceed the threshold energy for the process. The . important
threshold condition for the creation of A-resonance state in proton-photon

interaction is given by
€p€y (1 = cosb,,) = 0.3 GeV?, (7.3)

where €, and €, stand for proton and photon energies, respectively, and 6y, is the

incident angle between the proton and photon in the laboratory frame. In a young
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neutron star with surface temperature, Ty, the energy of a thermal photon near the
surface of the neutron star is 2.8kT«(1 +z4), 2Zz(~0.4) being the gravitational
redshift. This implies that in a young pulsar atmosphere, the condition for the

production of the A-resonance is BiyPn2Toikev = 3 X 107* (Link & Burgio 2005,

2006), where Tyiger = (6—’-;%) ,Tx~0.1 keV being the typical surface temperature

of young pulsars. The surface of the young pulsar will emit brightly in soft X-rays,
and the protons in accelerated nuclei will scatter with this radiation field. If the
protons are sufficiently energetic, they will exceed the threshold for photo-meson
production through the A-resonance (the A¥ is an excited state of the proton, with a
mass of 1232 MeV).  The A-resonance quickly decays into gamma-rays and

neutrinos through the following channels
p+y-»Atsp+n®-p+2y
p+y-At-n+nt snt+et v, +y, + 7,

This idea for v, production was explored by (Zhang et al. 2003) in the
context of magnetars. It can be shown that young pulsars could be strong sources
of muon neutrinos with several tens of TeV energies and with fluxes observable by

large-area neutrino observatories.

Since the charge-changing reaction takes place just one-third of the time, on
the average four high-energy gamma-rays are produced for every three high-energy
neutrinos (or for a muon neutrino antineutrino pair) when a large number of such

reactions occur.
7.3 GAMMA-RAY AND NEUTRINO FLUXES FROM PULSARS

Fluxes for gamma-rays and muon neutrinos from pulsars can be estimated
in the polar cap model. The charge density of ions near the pulsar surface is
pg = eZnyg, where ny(r) = BsR*Q/(4nZecr®) is the Goldreich-Julian density
(Goldreich & Julian 1969) of ions at a radial distance r. For acceleration to take
place, there must be a charge-depleted gap (here the polar gap), and the density in
the gap may be written as f3(1— fy)n,, where f; <1 is the depletion factor
which is a model-dependent quantity (f; =0 corresponds to zero depletion). The

flux of protons accelerated by a polar cap is therefore

Ipe = cfa(1 — fa)noApe (7.4)
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where Ay, = 1 4mR? is the area of the polar cap, 1 is the ratio of the polar cap
area to the neutron star surface area, which is taken as unity by LB in their work.
This means that A,. was considered to be equal to the surface area of the whole

neutron star in the original calculation by LB. The canonical polar cap radius is

given by 1, = R(ﬁz /2 (Beskin et al. 1993), and thus the parameter 7 can be
p [4

rewritten as

{IR

T= %

(7.5)

The protons accelerated by a polar cap will interact with the thermal
radiation field of the neutron star. The temperature of polar caps is expectedly
higher than the neutron star’s surface temperature, but the contribution of polar
caps on the thermal radiation field of a neutron star should be negligible because of
their small surface area in comparison with the surface area of the whole neutron
star. For a young neutron star with surface temperature T,,, the photon density

close to the neutron star’s surface is

a
ny(R) = 5o (14 2,)T )% | (7.6)
a, being the Stefan-Boltzmann constant. Numerically,

ny (R) = 9 %X 10%%T¢ 4oy cm™. At a particular radial distancer, the photon

2
density will be n,(r) =n,(R) (g) . The probability that a PeV energy proton

starting from pulsar surface will produce A-resonance sate by interacting with
thermal radiation field is given by (Link & Burgio 2005, 2006)

P.=1-P(r) (7.7)
with, % = —n, (r)op,dr. The threshold energy for the production of A-resonance
state in py interaction as given by equation (7.3) increases rapidly with distance
from the surface of neutron star because of the (1 —cosB,,)"' factor (Link &
Burgio 2005, 2006). Requiring conversion to take place in the range R <r < 1.2R
[at = 1.2R,the value of (1- COS@,,,,)"laveraged over surface becomes double],
P. has been found as = 0.02Tg ;. (Link & Burgio 2005, 2006). From a follow up
calculation by LB, it is found that conversion probability is slightly lower than that
mentioned above and can be parameterized as P, = T3,,.y. Thus, the total flux of

neutrino or gamma-ray generated in pulsar from the decay of A*resonance is



I'=2c§Apcfa(l = fa)noke (7.8)

where & is 4/3 and 2/3 for gamma-rays and muon neutrinos, respectively.
Denoting the duty cycle of the gamma-ray/neutrino beam as f,which has a typical
value f,~0.1 — 0.3, the phase-averaged gamma-ray/neutrino flux at the Earth from

a pulsar of distance d is given by

2

R
b = 268nffal = fIno (3) P (7.9)

where { represents the effect due to neuirino oscillation. The decays of pions and

their muon daughters result in initial flavour ratios ¢, : qbvu: ¢y, of nearly 1:2:0

but at large distance from the source the flavour ratio is expected to become 1:1:1
due to maximal mixing ofy, and v;. (=1 and %2 for gamma-rays and muon

neutrinos, respectively.
7.4 AVERAGE NEUTRINO AND GAMMA-RAY ENERGIES

The average fraction of energy transferred from the proton to the pion is
~0.2, or 200T; .y, corresponding to a Lorentz factor of y, = 1.4 X 10°T;5 .y -
The pion decays in a time Ty = Yo7, where 7, = 2.6 X 10785, and thus moves to
r~103R before decaying. The pion is in the densest part of the radiation field for
only a short time, of order R/c =3 x 107 %s, and suffers negligible energy loss to
inverse-Compton scattering. When the pion decays, it gives one-fourth of its
energy to the muon neutrino, the rest going to the other three leptons. The resulting

neutrino energy is then
E,, = 50T ey TeV (7.10)

As the parameter ¢ is 4/3 for gamma-ray compared to its 2/3 value for muon
neutrinos. Hence, it is expected that the average energy of the produced gamma-

rays would be double to that for muon neutrinos, given by
E, = 1007 {xey TeV (7.11)
7.5 TeV GAMMA-RAYS FROM FEW POTENTIAL PULSARS

Though there are about more than 1800 pulsars known through radio
detection, only a few have been detected in the gamma-rays. From observations

made with gamma-ray telescopes on satellites so far, only seven high-confidence
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gamma-ray pulsars are known in the energy range up to a few GeV (Thompson
2003). Besides, three other pulsars namely PSR B1046 — 58, B0656 + 14 and
J0218 + 4232 are considered to be gamma-ray emitters with a lower confidence
level (Thompson 2003) in the same energy region. Some basic characteristic
properties of the high-confidence young gamma-ray pulsars, namely distance (D),
spin-down age (t), period (P), the calculated magnetic field strength (Bs) at the
neutron star surface, surface temperature (Tg) and pulsar duty cycle (fp), are listed
in table 7.1.

7.5.1 DETECTABILITY

None of the listed pulsars in table 7.1 is, however, detected at TeV energies
despite recent improvement in the knowledge of Galactic gamma-ray sky above
100 GeV, mostly by means of ground-based Imaging Atmospheric Cherenkov
telescope systems such as the Collaboration of Australia and Nippon for a Gamma
Ray Observatory in the Outback (CANGAROOQ), High Energy Gamma Ray
Astronomy (HEGRA), High-Energy Stereoscopic System (HESS) or the Major
Atmospheric Gamma-ray Imaging Cherenkov Observatory (MAGIC). Up to now,
no evidence for pulsed emission from any other pulsar has been found from the
observations (Chadwick et al. 2000 & Lessard et al. 2000), and only upper limits
on the pulsed very high energy gamma-ray flux are derived under various
assumptions on the characteristics of the pulsed emission. For the pulsars listed in
table 7.1, the observed upper limits of integral fluxes are given in table 7.2. The
upper limits are obtained from the differential spectra assuming a power-law
differential spectrum with index —2.4. The wupper limits of integral fluxes of
gamma-rays from pulsars at around 100 TeV as obtained by the extensive air
shower experiments such the Tibet (Amenomori et al. 2008" & Wang et al. 2008)

are found less restrictive.

Assuming that pulsar-accelerated ions are protons, numerical values of the
integral TeV gamma-ray fluxes are obtained for the pulsars listed in table 7.2 from
equation (7.9) and are also shown in the same table. It should be mentioned here
that for the numerical estimation of flux, we take Z=1 and f; = 1/2 throughout

the present work.
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Source d (kpc) age (yr) p (ms) By, | Toikev fo
Crab 2 103 33 3.8 - ~1.7 0.14
Vela 0.29 1042 89 3.4 0.6 0.04

B 1706-44 1.8 1043 102 3.1 1 0.13
B 1509-58 44 1032 151 0.26 1 0.26
J 0205+64 3.2 1029 65 3.8 0.04 0.9

Table 7.1: The characteristics of high-confidence young low-energy gamma-ray

pulsars.
Expecficsl inte_%ral 1ﬂux Observed upper limit of integral
Source (10~"em™"s ™) flux
n=1 n as eqn. (7.5) (107 ¥cm™2s71)

Crab 1012 165 8(56)
Vela 208 0.123 10(20)
B 1509-58 67 0.0034 10(20)
B 1706-44 71 0.0025 10(20)

Table 7.2: Comparison of predicted versus observed integral TeV gamma-ray
fluxes from some nearby young gamma-ray pulsars. The numbers in parentheses
are the energy thresholds in TeV for which upper limits are determined. The
observed upper limits for Crab pulsar are due to (Aharonian et al. 2006") whereas
for the rest of the pulsars the observed upper limits are due to (Aharonian et al.
2007").

Source Expected event rates
(km%yr Y
Crab 0.009
Vela 0.0007
B 1509-58 0.00003
B 1706-44 0.00003

Table 7.3: Expected event rates in a neutrino telescope due to some nearby young

gamma-ray pulsars.

It is clear from table 7.2 that the model with n = 1is not consistent with the

observed upper limits; the observed limits are substantially lower than the
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predicted fluxes. The observations made so far, however, do not rule out the model

with 17 given by equation (7.5).

7.6 TeV NEUTRINOS FROM PULSARS

When 7 is given by equation (7.5), neutrino fluxes from nearby young
gamma-ray pulsaré would be much lower than estimated by LB (Link & Burgio
2005, 2006). A high-energy muon neutrino is usually detected indirectly through
the observation of the secondary high-energy muon produced by the muon neutrino
on interaction with the ice or rock in the vicinity of a neutrino telescope via
charged current interactions. Large-area neutrino detectors use the Earth as
medium for conversion of a muon neutrino to a muon, which then produces
Cherenkov light in the detector. The track of the produced muon is wusually
reconstructed by detecting the produced Cherenkov light. The probability of the

detection of muon neutrinos is the product of the interaction probability of

neutrinos and the range of the muon and is p,.,, = 1.3 X 10’“6(;;%;) (Gaisser et

al. 1995), where €,, is the energy of the incident neutrino. Combining (7.9) and

Dy, gives a muon event rate of

J 10ér

N do, :

m{, = qbva-)y = f dEvE’E';’ Dy—p: (7.12)
er

The choice of the upper limit of integration is not very important, because the
spectrum is steep. The expected event rates in a neutrino telescope due to potential

young pulsars are given in table 7.3.

The event rates are clearly very low and thus possibility of observing

pulsars by a kilometre-scale neutrino detector does not look bright.

7.7 GAMMA-RAYS AND NEUTRINOS FROM PULSAR WIND NEBULAE

A number of nebulae (plerions) have been discovered in radio, optical and
X-ray bands such as Crab, the ymingest one and most energetic source. Continuous
injection of pulsar electrons into the nebula resulting from a statistical acceleration
process is inevitable. The radio, optical and X-ray emission observed from plerions
is believed to be due to synchrotron and ICs emissions (leptonic origin). It is likely
that positive ions, after gaining energy from polar gaps, will move away from the

pulsar practically along the open field lines and will finally inject into the nebula. It
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is very likely that these energetic ions would be trapped by the magnetic field of
the nebula for a long period and consequently they should produce appreciable

high-energy gamma-rays/neutrinos by interacting with the matter of the nebulae

(hadronic origin).

771 MAGNETIC TRAPING OF PULSAR-ACCELERATED PeV
IONS IN NEBULAE

Conservation of magnetic flux across the light cylinder entails that outside
the light cylinder B ~ r~*whereas far from the light cylinder the radial component
of magnetic field varies as B, ~r~2. Thus, far outside the light cylinder the
azimuthal component of the magnetic field dominates over the radial field.
Therefore, accelerated protons while moving away from the pulsar have to cross
the field lines (e.g. magnetic field lines at wind shock). The Larmour radius of
particles (even for proton) of energy about 1 PeV is expected to be smaller than the
radius of nebula during most of the time of the evolution of nebula (Bednarek &
Protheroe 2002, Bhadra 2006). Thus, it is very likely that energetic particles of
PeV energies would be trapped by the magnetic field of the nebula. The energetic
particles propagate diffusively in the envelope, and they escape from nebula when
the mean radial distance travelled by the particles becomes comparable with the
radius of nebula at the time escaping. This time is somewhat uncertain due to the
uncertainty of the value of diffusion coefficient, but is estimated to be at least a few

thousand years (Bednarek & Protheroe 2002, Bhadra 2006).

7.7.2 GAMMA-RAYS AND NEUTRINOS FROM NEBULAE OF
YOUNG PULSARS

As pointed out in the preceding section, the pulsar-injected ions of PeV
energies should be trapped by the magnétic field of the nebula for a long period,
and consequently there would be an accumulation of energetic ions in the nebula.
These energetic ions will interact with the matter of the nebula. The rate of
interactions (§) would benco,,, where n is the number density of protons in
nebula and o,,is the interaction cross-section. In each such interaction, charged
and neutral pions will be produced copiously. Subsequently, the decays of neutral
pions will produce gamma-rays whereas charged pions and their muon daughters

will give rise to neutrinos.
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If m is the mean multiplicity of charged particles in proton-ion interaction,

then the flux of gamma-rays at a distance d from the source would roughly be

R
By ~ 2pnfa(l — fImo(D¥eme, (7.13)

where 3 represents the fraction of pulsar-accelerated protons trapped in the nebula
and t is the age of the pulsar. Note that there should not be any reduction of flux
due to pulsar duty cycle in the case of emission to nebula. Thoughn, is taken as
constant, but actually at the eariy stages of pulsar, n, should be larger owing to the
smaller pulsar period. So, the above expression gives only a lower limit of flux.
Typical energy of these resultant gamma-rays would be ~ 103/(6m) TeV where
for (1aboratory) collision energy of 1 PeV, m is about 32 (Alner et al. 1987).

Numerical values of the integral TeV gamma-ray fluxes from two nearby
nebulae, Crab nebula and Vela nebula, have been estimated for perfect trapping of
pulsar-accelerated protons in nebulae and are shown in table 7.4. The observed
integral gamma-ray fluxes above 1 TeV from Crab nebula (Aharonian et al. 2006

and Vela nebula (Aharonian et al. 2006%) are also given in table 7.4 for

comparison.
Expected flux Observed flux
PWNe n{(cm™3)
(X107 *em™2571) (x 107 2em™2s™ 1)
Crab nebula 150 0.6 22.6
Vela nebula | 0.4 12.8

Table 7.4: Comparison of predicted versus observed integral gamma-ray fluxes
from two nearby PWN.

The neutrino fluxes from the nebulae would be of nearly the same to those
of gamma-rays. Incorporating the neutrino oscillation effect, the expected event
rates in a neutrino telescope due to TeV muon neutrinos from Nebulae of Crab and
Vela are 0.2 and 0.1 km™2yr~2, respectively. Note that the event rates obtained
here are rough numerical values. The flux will be higher if the accelerated ion is

heavier than proton.



7.8 DISCUSSION AND CONCLUSIONS

The neutrino telescopes currently taking data have not detected any excess
from discrete sources yet, although some models could already be constrained by
the limits they are providing. Results from neutrino telescopes such as Antartic
Muon and Neutrino Detector Array (AMANDA-II) and ANTARES with long
exposure time are available. Crab pulsar was not detected as neutrino source. The
Crab pulsar would be a strong source, but only if u. B < 0. If the Crab is a neutrino
pulsar, and the temperature is close to the observational upper limit, lack of
detection by AMANDA-I requires, f; < 0.01, which seems surprisingly low in

the face of current models of charge-depleted gaps.

Our present work suggests that pulsars (within 10 kpc of Earth and younger
than 10° yrs.) are unlikely to be strong sources of TeV neutrinos. The non-
detection of any statistically significant excess from the direction of any pulsar by
the AMANDA-II is thus as per expectations,

If protons are accelerated to PeV energies by the pulsar, then pulsar nebulae
are more probable sites of energetic neutrinos provided energetic particles of PeV
energies are efficiently trapped by the magnetic field of the nebulae. But, even for
pulsar nebulae the expected event rates are small and the detection of pulsar
nebulae by the ongoing neutrino telescopes, such as the Ice Cube (Halzen 2006), is
very low. We expect that experiments with the proposed High Altitude Water
Cherenkov (HAWC) detector will be constantly used to survey large regions of the
sky in particular the galactic plane, at gamma-ray energies up to 100 TeV with 10
to 15 times the sensitivity of Milagro (Li 2013).
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CHAPTER 8

DISCUSSION

A major issue concerning the study of CRs at PeV energies is the
understanding of the knee of the CR energy spectrum which is likely to provide
key information about the origin of galactic CRs. If the knee in the primary CR
spectra is due to a mechanism that depends on magnetic rigidity, one expects
systematic changes in CR composition through this region. But due to the limited
knowledge of particle interactions at high energies and the large fluctuations,
which are intrinsic to any EAS, the conclusions on primary CRs deduced from
EAS measurements remain somewhat uncertain; sometimes even there are
divergences of conclusions from experiment to experiment. To overcome the
limitations recent strategies include consideration of several EAS observables

simultaneously in extracting information on primary CRs from EAS observations.

From a detailed MC simulation we find that the lateral shower age that
describes the slope of the radial distribution of electrons in EAS is a primary mass
sensitive parameter. However, a major problem is the reliable and unambiguous
estimate of lateral shower age from experimentally measured electron densities
owing to its radial variation. In this regard our ihvestigation suggests that the local
age offers a good solution towards an unambiguous estimation of the shower age.
It is also noticed that the lateral distribution of electrons in EAS exhibits some sort
of scaling (energy independent) behaviour in terms of this local age parameter.
Hence the local age can be employed to extract information about the nature of the
primary particle through a multi-parameter approach of studying EAS. It has been
found from our analysis that the 3-dimensional plot of shower size versus muon
size and shower age seems to offer better accuracy in compare to the more
conventional approach of implementing it through the shower size versus muon

size curve.

It is further noticed from a detailed MC simulation study that LAP can be
used to separate out gamma ray initiated EAS from the large background of hadron
induced EAS. If LAP can be estimated experimentally with good precision the
proposed observable might be particularly useful for surface detector experiments

those have no reliable muon measurement facilities.
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An important question is the experimental realization of the adopted
techniques involving LAP. The local age at a particular distance is not always
practical owing to the large fluctuation in the electron density data in a real
measurement. A rational idea could be to take some sort of average local age
between the first minimum, at around a core distance of 50 m, and the subsequent
local maximum, at around 300 m. The uncertainty in estimating LAP is usually
large in normal circumstances as the parameter depends on the logarithmic
derivative of the density versus radial distance. Thus, uncertainty in estimating
LAP from experimental data arises mainly from the uncertainties in electron
densities and those in radial distance measurements due to uncertainty in
determination of shower core position. These uncertainties, however, should be
small for a closely packed air shower array like GRAPES-II at Ooty (Gupta et al.
2005) or for a full coverage EAS array like ARGO - YBJ (Sciascio & Girolamo
2007y and thus it would be an interesting task to study the characteristics of LAP

experimentally using observed EAS data from such EAS installations.

During the development of a CR cascade in the atmosphere, the secondary
charged particles in the shower are influenced by the geomagnetic field; positive
and negative charged particles get separated out and constitute an electric dipole
moment. We found from a MC simulation study that muon dipole length due to
geomagnetic field is a primary mass sensitive parameter, particularly for inclined
EAS those offer a larger path for the charged particles to move in the atmosphere.
The important point is that whether muon dipole length can be realized
experimentally. The ongoing experiments, such as the WILLI detector (Wentz et
al. 2001, Brancus et al. 2003 & Agostinelli et al. 2003) or the Okayama University,
Japan EAS installation have the capability to extract charge information of high
energy muons but these experiments do not have large muon detection area, which
is needed to estimate muon dipole length precisely. If in future these experiments
are extended in order to cover larger detection area or new installation of large
muon detection area with capability of charge identification come up, the muon

dipole length can be exploited to extract the nature of shower initiating primaries.

The study of EAS offers an opportunity to estimate the total p-air cross
section at energies well beyond the accelerator/collider energies. Also note that
even at accelerator energies total cross section is very difficult to evaluate from
collider experiment. It is found from experiment as well as from MC simulation
that the frequency absorption length of EAS with particular muon and electron
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sizes is not the same to the mean free path. The intrinsic fluctuations associated
with EASs are generally believed to be responsible for such inequality. We
examine this point critically and found that shower fluctuation does not have much
effect.

Besides the supernova remnants, pulsars are potential candidates for the
sources of galactic CRs. Observation of electromagnetic radiation from radio to
TeV gamma-rays from pulsars decisively suggest that charge particles get
accelerated in the pulsar environment. However, a big question is that whether
hadron/nuclei are accelerated at pulsars? So far bearing one or two exceptional
cases, the observed electromagnetic radiation from pulsars can well be interpreted
in terms of presence of energetic leptons in pulsars. Observation of appropriate flux
of neutrinos can give definitive conclusion about the presence of energised hadrons
in the pulsar atmosphere. An investigation reported in this thesis, however,
suggests that pulsars (within 10 kpc of Earth and younger than 10° yrs) are
unlikely to be strong sources of TeV neutrinos if hadrons are accelerated by polar
caps of pulsars and the non-detection of any statistically significant excess from the
direction of any pulsar by the AMANDA-I is thus as per the expectations. If
protons are accelerated to PeV energies by the pulsar, then pulsar nebulae are more
probable sites of energetic neutrinos provided energetic particles of PeV energies
are efficiently trapped by the magnetic field of the nebulae. But, even for pulsar
nebulae the expected event rates are small and the detection of pulsar nebulae by
the ongoing neutrino telescopes, such as the Ice Cube (Halzen 2006), is very low.
Hence testing pulsars as sources of hadronic cosmic-rays through neutrino
astronomy requires at least an order more sensitive neutrino telescope than Ice
Cube.
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1. Introduction

The present astrophysical conjecture of y-ray astronomy leads
to reflect newer concepts all the time in connection with the origin
and acceleration mechanisms of cosmic rays (CRs). This becomes a
viable branch of main stream astronomy with the advent of the
ground-based imaging air Cherenkov telescopes (IACTs) [1]. The
IACTs such as MAGIC {2}, HESS [3], VERITAS [4} and the onboard
Fermi Large area felescopes (FermilAT) [5] along with the CGRO
[6] produce results which agree remarkably well with the astro-
physical model predictions. On the other hand, the imaging
technique provides a method of effectively discriminating between
y-rays initiated showers and the background CR showers, based on
the morphology of their Cherenkov images. To understand the
important features of the primary energy spectrum vis-a-vis. the
chemical composition of the CRs at-ultra high energy (UHE) and ex-
tremely high energy, a complete study of CR air-shower has been
the only feasible way. The direct measurements of primary CR flux
nearly 100 TeV and above are impractical because of very low and
sharply falling flux, but has to be inferred from observations of
extensive air showers.

The EAS measurements include estimation of various observable
parameters namely shower size (N, ), muon'size (N, ), lateral shower
age (s, ), local age (5c(r) or LAP), longitudinal age (s;) of electron
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and muon distributions, hadron content (Nj,}, air shower associated
Cherenkov photon content {N¢,) and depth of shower maximum
(Xmey) (noticing that s; and X, measurements are made in air-
shower airays equipped with fluorescence detectors [7.8]) and
most of these observables are found to be sensitive to primary
masses with different degrees. To extract information about pri-
mary cosmic rays from the measurements of various experiments
still require detailed MC simulations of the shower development
as a basis of the data analysis and interpretation. The MC simula-
tions consider the evolution of EAS in the atmosphere initiated by
differenit energetic particles. Modern air-shower arrays equipped
with large area detectors and improved electronics could precisely
measure several EAS components simultaneously [9]. Employment
of independent methods (or techniques) simultaneously using a hy-
brid detector set up to study high-energy CRs could help to limit
systematic errors that have inundated CR experiments. The Pierre
Auger Observatory uses hybrid detector in which those particles
arriving ‘at earth are detected through one technigue while the
other technique tracks the development of air showers by observ-
ing ultraviolet light emitted high in the earth’s atmosphere {10].
Two or three detecting methods are also employed simuitaneously
in lceTop experiment in the south pole [11]. The inherently present
shower-to-shower fluctuations in longitudinal development of EAS
events corresponding to the same primary mass, energy and direc-
tion, measurements of EAS observables just providing important
statistical information about the primary CRs.

In the field of CR air shower physics, the discrimination of y-tray
induced air showers from hadron-induced air showers is a chal-
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lenging problem that still needs more attention {12~14]. The high
energy y-rays are considered to be the by-product of hadronic
components of primary CRs: a fraction of accelerated hadronic cos-
mic rays are likely to produce y-rays through A-resonances, brems-
strahlung, inverse Compton etc. processes at or very close to the
source site by interacting with the ambient matter [15]. The pro-
duced y-rays will carry information about the origin of primary
CRs as they point back at their source engines. The y-ray detection
suffers from the huge background constituted by ordinary CRs (ha-
drons) in the GeV-TeV energy region. The flux of primary y-rays
amongst the CRs has been estimated to be ~ 10™° of the proton flux
at 100 TeV {16]. However, some early works predicted a Galactic
plane excess higher than this: y/p ~107%,3 x 10~* and 1072 at
102,10° and 10° TeV [17]. Even at an energy of 107 TeV, this ratio
has been predicted to rise up to 107" [18]. To observe astrophysical
sources (emitting undeflected y-rays and assumed as point-like ob-
jects) and to study the anisotropy properties of primary CRs, one
has to eliminate isotropically distributed CRs.

Usually poor muon content is considered as the signature of
y-ray initiated EAS. In order to select a y-ray shower based on such
a criterion, an EAS array needs to be equipped with mton detectors
covering very large area which is economically very challenging
and such a facility is rarely available. So one has to look for some
other primary mass sensitive observables based on which y-ray
initiated EASs can be separated out without the need of large area
muon detector. In some early works, efforts were made to distin-
guish y-ray showers on the basis of developmental stage of EAS
in the atmosphere with the idea that y-ray induced EAS will be
younger than the hadron initiated EAS [19]. The lateral shower
age (s, ), which is essentially the slope of the lateral density distri-
bution of electrons in EAS (estimated by fitting the electron density
data with the NKG function [20]) reflects the developmental stage
of EAS and hence s; was used as distinguishing parameter, How-
ever, early MC simulation results regarding youthfulness of y-ray
induced showers in terms of shower age were inconclusive [21].
In those simulation works, authors used their own simulation
codes and hence the findings could not be cross-checked. Since,
nowadays standard simulation code like CORSIKA (COsmic Ray
Simulation for KAscade) [22] is available and our knowledge about
the high energy particle interactions is much improved now, it
would be imperative to revisit the issue.

In the present work exploiting the CORSIKA MC simulation
code, we made a detailed study on discrimination of y-ray induced
EAS from the large background contributed by hadrons in the mul-
ti-TeV range. The lateral shower profiles generated by various
primaries within a particular primary energy range are being used
here, and they provide some discriminatory power for separating
y-ray showers from the background. The selection of y-ray initiated
showers is attempted here by employing two different approaches
- the Method 1 and the Method I1. In the former approach (method
I}, we have taken single (r-independent) lateral age parameter i.e.
s, as the y-ray separation parameter. Besides, it has been argued
in the literature that the different masses of primary CRs might
also be separated using N., N, and f parameters [23]. The parame-
ter f is giving out the ratio of reconstructed average electron den-
sities at two arbitrary distance bands from the shower core,
measuring roughly the rate of absorption of electrons in their lat-
eral developments from the shower core. We also included this
technique in the Method I. Experimentally it is observed that the
NKG function with a single lateral age is insufficient to describe
the lateral density distribution of EAS electrons properly at all dis-
tances, which implies that the lateral age changes with the radial
distance. Subsequently, the notion of local lateral shower age
parameter (LAP) was introduced [24] which is in essence the lat-
eral age at a point. Since experimental electron density data in
EAS may fluctuate considerably at a particular radiat distance, in-

stead of taking LAP at any particular point we take an average
LAP between 50 m (where LAP is minimum) and 300 m (where
LAP attains a local maximum) and in Method Il, we employed this
average LAP (Spcq) to select y-ray showers. [t is found that when
single constant lateral age (s, ) is used, the separation power be-
comes subdued. In contrast, the average LAP appears as a suitable
mass sensitive parameter for classifying y-ray induced showers.

The present study has been performed mainly at the geograph-
ical focation of ARGO-YB} (latitude 30.11°N, longitude 90.53°E,
4300 m a.s.l.) [25]. This is because the experiment offers a full cov-
erage array and hence can measure radial density distribution of
electrons in EAS with great accuracy, which in turn provides an
opportunity to estimate LAP accurately. Moreover, since ARGO-
YB] does not have any muon detector, discrimination of y-ray
showers based on an alternative EAS observable, related to only
electromagnetic component should be very useful. Since ARGO-
YBJ experiment is located at very high altitude, its energy threshold
is sub TeV and hence for this location we simulated EAS events in
the energy range from 1 TeV to 3 PeV. However, ARGO-YB] has not
yet studied the radial variation of the lateral shower age while a
few other experiments, such as Akeno [26} and NBU [27), success-
fully tested the predicted radial variation of LAP, We simulated a
few events at the geographical location of Akeno and compared
with the observations to demonstrate again the importance of con-
sidering LAP instead of single shower age. The correlations of s,
with N, and/or N, have been considered as a basis for extracting
information on the nature of primary CRs. The KASCADE [28] and
the NBU [29] experiments provide a few results on these aspects.
Accordingly we performed simulations at geographical location
of these experiments and compared with experimental findings
in order to examine primary mass sensitivity of lateral shower
age parameter. The MC simulation for generating EAS events con-
siders interaction mechanisms of energetic particies as input. But
due to the limited knowledge of particle interactions at high ener-
gies (and the large fluctuations) the results of simulation may be-
come model dependent. To ensure that the conclusion of the
present work is robust, we consider two high energy interaction
models, QGSJet 01 v.1c [30] and EPOS - 1.99 [31] and found that
the present findings do not have any strong dependence on the
choice of interaction model.

The organization of the paper is as follows. The theoretical back-
ground of EAS age parameters s. and s (7) described in the cas-
cade theory is given in section 2. In section 3, the important
considerations adapted in the simulation procedure are given, Esti-
mation of lateral shower age and LAP is discussed in section 4. In
sections 5 and 6, we present the results obtained on gamma-
hadron separation employing method-I and method-l] respectively.
Finally, in section 7 summary and our conclusions are pointed out.

2. Shower age parameters: theoretical aspects

Extensive air showers propagating in the same density profile of
the atmosphere essentially have equal lateral distributions around
the shower axis. In the cascade theory, the problem of estimating
the electron lateral distribution received an important recognition
in the past. Nishimura and Kamata [32] solved numerically the
3-dimensional shower equations in Approximation B (electrons
suffer constant amount of collision loss in a radiation length which
is equal to the critical energy) to obtain the lateral distribution of
electrons propagating in a medium of constant density. The results
obtained on lateral density distribution of cascade particles by
Nishimura and Kamata can be approximated by the well known
Nishimura-Kamata—Greisen (NKG) structure function proposed
by Greisen {20}, given by

f(ry = Cls)(r/mn)” _2(1 +1/Tm)" _4‘5’ (1)
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where the normalization factor C (s, ) is given by

(4.5 -s.)
2nl(s )T(45 ~2s, )"

The NKG formula has the advantage of normalization as it is
integrable in Euler Beta function. The normalization of f(r) implies
for the electron density p(r) = Nof(r). But such a widely used rela-
tion does not hold if s, varies with r, as noted in Akeno {26}, NBU
{27} and some other observations [24]. An improvement of the
NKG function was proposed by adopting a modulated, longitudinal
age parameter s; (the developmental stage of a pure electromag-
netic cascade) dependent effective Moliere radius |33}, so that,

Cis) =

@)

01 =01y 2 pe(r/m). 3)

where 1, is the Moliere radius and m =0.78 - 0.21s; so that mry,
may be referred as lateral age dependent effective Moliere radius.
But even with such a modification, lateral shower age is found to
vary with radial distance experimentally. To handle the situation
a method ‘was developed by Capdevielle et al. introducing the no-
tion of local age parameter {LAP) [24]. From two neighboring points,
i and j, we can give a LAP for any distribution f(x) (where x = 1)
which characterizes the best fit by a NKG-type function in [x;, ;]

In(FeX3Ys®)

IngXyYy)

Here, Fy = f(r)ff (r;), Xy=rifr;, and Yy=(x+1)/{x+1). More gener-
ally, if r; — 17y, this suggests the definition of the LAP spu{x) (or
Swcat{T)) at each point:

i 1
Stocal\X) = 50— <(x +1

Stocat({l-j) = 4

alnf
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+6.5% + 2> (5)
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Function fuke(r) with s=s,.(r) can be used to fit f(r) in the
neighborhood of 1,

The.identification S(r) = Spen(i.j) forr = 1_2‘_2 remains valid for
the experimental distributions {taking Fy = p(r;)/p(r;)) as far as
they are approximated by monotonic decreasing functions versus
distance. ‘

The behavior of LAP on experimental lateral distributions was
found in accordance with the prediction [34] which was reaffirmed
by the Akeno observations [26]. The stated method was validated
by the rapporteurs of the ICRC from 1981 to 1985 [35]. In the pres-
ent work, we have given emphasis on the estimation of the LAP and
on jts average using Sy, (r) values, taken between first minimum
and the subsequent maximum from the radial variation of LAP.
The estimation of 5. would also be made through the traditional
shower reconstruction method (electron: density data are fitted
with the NKG structure function over the entire radial distance un-
der consideration).

3. Simulation of EAS

The EAS events are simulated by coupling the high energy
(above 80 GeV/n) hadronic interaction models QGSjet 01 version
1c [30} and EPOS 1.99 [31], and the low energy (below 80 GeV/n)
hadronic interaction model GHEISHA (version 2002d) [36] in the
framework of the CORSIKA Monte Carlo program version 6.970
[37]. For the electromagnetic part the EGS4 [38] program library
has been used. The US-standard atmospheric model [39] with pla-
nar approximation has been considered which works only for the
zenith angle of the primary particles less than 70°. The maximum
zenith angle of primaries has been restricted to 45° here.

The MC simulation data library consists of over 0.1 million EAS
events each for p, Fe and y-ray at the ARGO-YBJ location (latitude
30.11° N, longitude 90.53°E, 4300 m a.s.l.} in the primary energy
range 1 TeV to 3 PeV using both QGSjet and EPOS models. In addi-

tion, we have generated 25,000 EAS events for each primary com-
ponent p, Fe, and y-ray and about 10,000 He events with the model
QGSJet 01 v.1¢ in the primary energy range from 100 TeV to 30 PeV
following a power law with a spectral index of —2.7 below the knee
and —3.0 above the knee at the geographical locations of KASCADE
(latitude 49.1° N, longitude 8.4° E, 110 m a.s.l.) and NBU (latitude
26.8° N, longitude 88 4° E, (~130 m a.s.l.). Besides, a small sample
of events for p and Fe primaries are generated at the location of
Akeno {35.78° N, 138.5° E, 900 m a.s.l.). The magnetic fields are
set for all three observational levels accordingly.

Two mixed samples have been prepared from the generated
showers taking 50% p, 25% He, 25% Fe events (mixture-1) and
37% p, 37% Fe, 26% y-ray events (mixture-lI) respectively for bet-
ter understanding of EAS observational results.

4. Estimation of lateral shower age

The simulated electron density data have been analyzed in two
different methods to ebtain shower age parameters s; and Sy (7).
First, following the traditional approach we estimate s, (along with
other shower parameters) by fitting the density data with the NKG
structure function. In this approach, the simulated electron densi-
fies at different radial distances have been fitted by the method of
chi-square minimization through an iterative procedure based on
the method of steepest decent to the NKG lateral distribution func-
tion of electrons. Here it is to be noted that majority of the EAS
groups generally estimate basic shower parameters based on the
NKG function. In order to check the goodness of the NKG function
in'describing the simulated radial density distribution of electrons,
we firstly fitted the similated density data at various radial dis-
tances with the NKG function and compared radial density distri-
bution of electrons for simulated events with the fitted. curve.
Fitted showers with reduced y* less than 5 are only accepted for
results involving s,. The error in estimating s. in the N, range
1.5 % 10% = 4.25 % 10° has been found as +0.03.

Secondly, exploiting Eq. (4) we directly estimated LAP for each
individual event. We noted that the description of the data by
the NKG function is improved when the Moliere radius is treated
as a -variable rather than a fixed parameter [40]. But this better
description comes at the expense of very high shower age value
which somewhat obscures the physical meaning of the age param-
eter as assigned in the cascade theory. In this analysis, the error of
the LAP for EAS with the primary energy in the PeV range remains
within 0.05 for 10 m < r < 250 m, whereas for r < 10 m or when r >
300 m the error of the LAP is found to be higher, about 0.1.

It has been shown recently {40] that LAP initiaily decreases with
radial distance, reaches a minimum around 50 m, then starts
increasing with radial distance, attains a local maximum around
300 m and decreases again thereafter. The nature of such a varia-
tion of LAP with radial distance was found independent of energy
of the shower initiating particles [40]. We observed such a charac-
teristic variation of -LAP with radial distance at ARGO-YBJ location
as shown in Fig. 1a for proton, iron and y-ray primaries, It is seen
from the Fig. 1a that the nature of variation is nearly the same
for both QGSjet and EPOS. Here, it is worthwhile to mention that
up to 50 TeV or so, the density of electrons in EAS beyond 50 m
from the shower core is extremely small even at ARGO-YBJ level
and is almost impossible to measure it in practical situation.
Hence, we have chosen the primary energy from 100 TeV and
above for resuits.

As already mentioned, Akeno group studied the radial variation
of LAP experimentally [26]. We compared our simulation results
with Akeno observations in Fig. 1b for proton and Fe primaries.
The single lateral shower age for proton and iron primaries are also
given (solid and dashed lines paralle! to the x-axis) in the figure for
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Fig. 1. (a) The radial variation of LAP obtained at the ARGO-YB] altitude for p, Fe and
y-ray with hadronic interaction models QGSjet and EPOS. {b) Same as Fig. 1a at the
Akeno level with QGSJet model, compared with experimental data. The solid and
dashed lines paralle! to the x-axis indicate s, for Fe and p. (¢) The radial variation of
LAP estimated from the KASCADE observed lateral distribution data. Lines indicate
the mean values of a sample of simulated EAS events with QGSJet model (the errors
in experimental data are not included here).

comparison. We also estimated LAP from the lateral density distri-
bution of electrons obtained by the KASCADE experiment
[28,41,42] and we compared with our simulation results in
Fig. 1c. The errors in the extracted experimental points are quite
large but it is at least clear that a constant single lateral shower
age is insufficient to describe the experimental findings.

Since air shower measurements are subjected to large fluctua-
tions, instead of LAP at a particular radial distance we consider
for each event @ mean LAP (< Speq > ), Which is the average of LAPs
for several small distance bands (r;, ;) over the radial distance be-
tween 50 m to 300 m. For the purpose of averaging, distance bands
are taken in constant steps on the logarithmic scale. The radial dis-
tance band from 50 m to 300 m is chosen because the positions of
local minimum and maximum at 50 m and 300 m band are nearly
universal, independently of primary energy [40].

5. Results on gamma-hadron separation: Method |

First, we analyzed the simulated EAS events generated at NBU
and KASCADE locations {both at sea level), obtained s, and other
shower parameters and compared with some of the published re-
sults of NBU [43] and KASCADE [28] respectively. Secondly, EAS
events generated at the geographical location of ARGO-YBJ [25]
are analyzed and both s, and s, (r) are estimated.

5.1. N, & N, dependencies of < 5, >

The correlation between the mean lateral shower age (< s, >)
over a small shower size bin in the range (10% - 1.5 x 10%), with
the zenith angle interval (0" — 45°) for p, Fe, y-ray, mixed composi-
tion (mixture-I) using QGSJet mode! and corresponding NBU
results [43] are put on view in Fig. 2a, The NBU EAS experiment
reported the total uncertainties (including instrumental uncer-
tainty) in estimating s, and N, as 9% and +0.14N, [29]. It is
important to perceive that the lateral shower age takes higher
values for heavy nuclei compared to that of light and y-ray
primaries clearly indicating relatively flatter lateral distribution
of electrons as one moves from y-ray to Fe via p.

The variation of {s,) with muon size in the primary energy
range (10 — 3 x 10" TeV) and zenith angle interval (0" — 45°) for
p. Fe, v-ray primaries is presented in Fig. 2b with KASCADE data
[28]. The variation exhibits the same nature as obtained in the
KASCADE experiment using NKG fitting for muons with slightly
higher muon threshold energy. The Fig. 2b exhibits the fact that
y-ray initiated showers can be separated out from the background
using {s,) and N,. It was also concluded in one of our previous
work that EASs due to light primary components are younger on
the average {40).

The KASCADE data points indicate that the composition changes
slowly from predominantly proton at arotind 10" eV to heavier
primaries with the increase of energy. The NBU data are available
only over a small energy window and though both the NBU and
the KASCADE data suggest for a mixed composition in the common
energy range of study, the NBU data favor for a relatively heavier
composition. However, being a small EAS array the NBU experi-
ment could measure electron density only up to 80 m from the
shower core and its resolution power for primary composition is
thus limited.

5.2. Variation of f with

The lateral structure of EAS from different primaries attributes
some power of identification and rejection of hadron primaries
from y-rays with the same primary energy and size [23]. From
the lateral profile of each simulated EAS, we have estimated elec-
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Fig. 2. (a) Variation of mean lateral shower age with shower size along with NBU
dara; {b) Variation of mean lareral shower age with muon size. For comparison with
KASCADE data in Fig. 2b, where the age parameter was estimated by NKG fits with
1, as 420 m and also used truncated muon sizes N The QGSJet model has been
used for simulation.

tron densities at five adjacent radial points in each of the two arbi-
trarily chosen distance bands (5-15)m and (35-45)m. Next by
employing the reconstruction procedure for the determination of
local ejectron density (LED), we obtained two average recon-
structed LEDs p; and p; from the shower core.

The selection of y-ray showers from hadrons becomes visible
when one plots the parameter.f against g where g.= ﬂt as presented
in a 2-dimensional Fig. 3a. The same study has been repeated for
another pair of radial bands (20-30) m and (50-60) m, using the
same sample of mixture-ll and it is depicted in Fig. 3b. The rate
of absorption of electrons decreases with increasing radial distance
from the core and this feature is revealed from the comiparison of
Figs. 3a and 3b. We have checked that the characteristic feature
of the g — f distribution does not change appreciably for the high
energy interaction model EPOS and for a different primary energy
range (100-200) TeV.

It appears from the Fig. 3 that this technique essentially exploits
the total muon content in an EAS. The events are classified accord-
ing to their primaries along x-axis (the ratio of muon size to elec-
tron size is plotted along x-axis); there is no notable separation
along y-axis between events generated by photons and protons.
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Fig. 3. Distribution of 200-500 TeV EAS events in the g-f plane at ARGO-YB] level:
(a) The ratio {f) for two electron densities are taken between distance bands (5-
15) m and (35-45) m; {b) same as Fig, 3a but distance bands are taken at (20-30)
and {50-60) m respectively. A negligible percentage of y-ray primaries are found
behind hadron {proton} showers.

6. Results on gamma-hadron separation:Method [f

In this section we would explore through MC simulation study
whether LAP is sensitive on primary mass and consequently the
possible role that the parameter may play for separating y-ray
showers from a large background constituted by hadronic showers
in primary CRs.

6.1. Variation of LAP with shower size

Due to overwhelming background from hadron induced EAS,
the discrimination of the rare gamma-like events is vital. In Fig. 4
we have shown the variation of < si. > as a function of N, for
the primaries p, Fe, and y-rays from simulated resuits. Please note
that EAS events were simulated for the same fixed primary energy
range irrespective of nature of primaries and singe different prima-
ries having the same energy may produce different N,, in Figs. 4a
and 4b the starting and ending values of N, are not always the
same for all the primaries. We considered a particular N, region
where data for all the primaries are more or less available with rea-
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Fig. 4. (a) Variation of « Sy » with N, at ARGO-YB] with QGSjet model; (b) same
as Fig. 4a but for the model EPOS,

sonable statistics, It is clear from the piots that EAS events are clas-
sified according to their primaries along y-axis which means that
y-ray induced showers can be separated out on the basis of
< Speat >. The scatter plots for the same variation are shown in
Figs. 5a 5b and 5¢ where distribution of different primary masses
based on sy and N, data from the mixture-i corresponding to dif-
ferent primary energies and interaction models are presented.

6.2. Selection of y-ray component using LAP

In the primary CR flux, the percentage of y-ray flux is very very
small, of the order of 0.001%. To separate such a small fraction of
y-ray component from primary CRs in a real experiment employing
method 1i, it would be nice if we could prepare a mixture with such
a small percent of y-rays and see whether the y-ray events can be
extracted out or not. But due to limited statistics we could not do
that, Instead, we made three sub-mixtures of type Il maintaining
the ratio of primaries as 37% p, 37% Fe and 26% y-ray for three dif-
ferent combinations of zenith angle, primary energy and shower
size ranges. These exercises are done for both the high energy
interaction models QGSJet and EPOS. From each sub-mixture, we
tried to separate y-ray showers out exploiting sj. corresponding
to different Ne.
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Fig. 5. (a)-(c) Distribution of simulated events in mixture-il in two primary energy
ranges based on s,y and N, at ARGO-YBJ. Dependence on interaction models is also
shown.

For a small enough cut value of Sy we have found poor accep-
tance for y-ray induced EAS and very good rejection of background,
whereas for a large enough value of s,y the situation is found to be
completely reversed. Cut values of s, lie between the two ex-
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Table 1

The quality factor at various Sy cuts using QGSJet model. The primary energy, zenith
angle and shower size intervals are (200-500)TeV, 20°-30¢ and (1.5-4.0) x 10°,
respectively,

Siocat 1.05 1.08 1.10 112 114 115 116 118  1.20
€ 0146 0237 0348 0510 0657 0.707 0778 0.864 0934
€ 0007 0022 0.029 0036 0058 0065 0109 0.145 0254
Q 174 161 2.05 2.69 273 277 236 227 1.86

Table 1

The signal selection parameters at optimal conditions.
Model  E(TeV) g{deg) N, «10° Sww . € e Q
EPOS 100-200 5-15 06-20 114 0691 0072 257
EPOS 200-500 20-30 15-40 115 0734 0048 335
QGSfet 200-500 20-30 15-40 115 0707 0065 277

tremes offered different acceptances and rejections of y-ray and
background respectively. Similarly a proper cut on N, is also
needed for selection of y-ray induced EAS and the rejection of
background. In astronomical signal selection, optimal cut to selec-
tion parameters (maximizing the y-ray efficiency and minimizing
the background contamination) is usually set by numerical maxi-
mization of the quality factor Q defined by

&)

where €, and €, respectively denote the acceptances of y-ray and
background from the sample using a cut value of sj,c but &y, stands

for the rejection of background. Here, ¢, = ’—#‘3 and €y = ﬂ‘%‘i’ﬂ
3

with n,(cut) and ny(cur) represent number of showers of either
kind those passed through a particular cut value of Sy while n,
and iy, are the total number of showers present in the sample be-
fore the applied cut. Q essentially quantifies the gain of significance
achieved by the separation algorithm. The quality factor is used
here to evaluate the selection performance. As for an example the
auality factor is evaluated over a shower size and zenith angle bins
by varying sj,.q Which is shown in Table 1. In Table II, we have given
a chart for quality factors estimated at optimal conditions in three
different situations.

A better option to evaluate the performance of selection algo-
rithm is the application of an advanced technique like Principal
Component Analysis or a Fisher analysis that allows to combine
s and shower size in a single optimized observable.

7. Summary and conclusions

In this work, attempts have been made to discriminate y-ray in-
duced EAS from hadron initiated shower on the basis of shape of
electron density distribution in EAS characterized by lateral
shower age parameter that essentially reflects the stage of EAS
development in atmosphere. Generally muon content of an EAS
is treated as a good estimator for gamma-hadron discrimination.
However, a precise measurement of total muons in an EAS requires
muon detectors covering large area which is quite expensive. So,
we explored whether lateral shower age could be used for the
purpose.

We first explored traditional lateral shower age parameter i.e,
single (r-independent) shower age as the distinguishing parameter.
Later, we attempted to separate out y-ray initiated EAS on the basis
of mean LAP. It is found from the simulation results that y-ray in-
duced EASs are younger in terms of the mean LAP (i.e. having lower
mean LAP) and hence this parameter (mean LAP) can effectively

separate out y-ray induced showers from hadronic EAS unlike
the case of single lateral shower age. This is probably because of
the inadequacy of a single {constant) lateral age parameter to de-
scribe the experimental lateral distribution of EAS electrons prop-
erly at all distances as noted in several experimental observations.
So when a single constant age is assigned (from fitting of the elec-
tron density data at different radial distances) to an EAS event, the
discriminating power of that parameter on primary masses some-
what becomes dull; it still can distinguish iron initiated showers
from proton induced showers but can't effectively separate out -
ray showers from EASs generated by primary protons. Fig. 2a is
an indicative one in favor of the inadequacy of s; for gamma-had-
ron discrimination. It is clear from the figure that the < s, > values
for y-ray-and proton induced showers are very much nearer to each
other.

Lateral distribution of electrons in EAS exhibits universal (pri-
mary energy and mass- independent) behavior in terms of LAP
[40]. The present conclusion appears independent on the choice
of high energy interaction models, or at least does not have strong
interaction model dependence as both the QGSjet and EPOS give
similar resuits.

An important question is the experimental realization of the
adopted technique involving LAP. The uncertainty in estimating
LAP is usually large in normal circumstances in comparison to that
in lateral shower age as the LAP depends on the logarithmic deriv-
ative of the density versus radial distance. Thus, uncertainty in
estimating LAP from experimental data arises mainly from the
uncertainties in electron densities and those in radial distance
measurements due to erroneous determination of shower core po-
sition. These uncertainties should be small for a closely packed air
shower array like GRAPES-H at Ooty [44] or for a full coverage EAS
array like ARGO-YBJ [25].and hence the proposed method may suc-
cessfully work in a such kind of experiment. However, at present,
the ARGO-YB] carpet provides a full coverage area of about
(80 mx=80 m). For successful implementation -of the proposed
method, a slightly larger coverage area of the carpet would be
desirable.

We also tried to identify y-ray generated EAS by the use of 7
parameter that describes the ratio of reconstructed average LEDs
at two arbitrary distance bands from the shower core as proposed
in [25,45]. It is found from the scatter plot of ‘f "(as y variable) with
the ratio of total muon content to total electron number (x vari-
able) that EAS events are classified according to their respective
primaries but the separation occurs not along y-axis rather along
x-axis. This means that essentially the separation is due to the total
muon content in EAS, a well studied mass sensitive observable.
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Abstract

From a Mounte Carlo simulation study of cosmic ray air showers around the
knee of the primary energy spectrum it is shown that, despite a strong radial
dependence of the lateral shower age parameter, the lateral density distribution
of electrons in cosmic ray EAS displays universality when expressed in terms
of local age parameters. The natare of the radial variation of local age is found
to depend on the choice of the effective Moliere radius, particularly for radial
distances below about 400 m. The possible use of shower age parameters in a
multi-parameter study of EAS for extracting information sbout the nature of
the shower initiating particles, has been re-examined.

(Some figures may appear in colowr only in the online joumal)

1. Introduction

A number of recent studies indicate that the average shape of several distributions of electrons
i very high energy cosmic ray extensive air showers (EAS), such as the energy distribution
or angular distribution, primarily exhibits the so called universality [1~4]: it depends only
on the stage of the longitudinal shower development in the atmosphere or equivalently on
the longitudinal shower-age parameters (sy) (that represents the variation of the total number
of EAS electrons with the atmospheric depth and hence describes the longimdinal shower
developiment; details about the parameters are given inthe next section) irrespective of the
nature of the primary particle and energy. Such a feature was first divalged from the early work
by Kamata and Nishimura [3] in the context of the development of cosmic ray cascades in the
atmosphere. The experimental data also appear to substantiate this universality behaviour on
an average basis [6]. The universality property is quite advantageous for the analysis of high
energy cosmic ray data as it helps to parameterize the electron positron distributions, it seems
useful for an accurate estimation of the muon and electromagnetic (EM) contents in an EAS

0954-3899/12/085201+14$33.00 © 2012 JOP Publishing Ltd Printed in the UK & the USA 1
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[7] and also it assists o infer the primary mass corpposition and the nature of the first ew
interactions from the observed EAS data [6].

The observed lateral density distribution (LDD) of EAS electrons is, however, usually
described in terms of the lateral shower age (s,), which essentially describes its slope.
Theoretically, the relation sy = s, holds for both EM showers and hadron initiated EAS
[2, 5). In most experiments, however, the estimated s, differs from sy for an EAS with hadrons
as primary. Here note that s can be estimated observationally only if the EAS experiment is
equipped with Cherenkov or fluorescence detectors, whereas s_ follows immediately from the
lateral distribution of electrons, which is a basic measurement of any conventional EAS array
consisting of particle detectors. Hence it is imperative to explore the universality of LDD of
EAS electrons in terms of the lateral shower age.

A major challenge, however, is the reliable and unambiguous estimate of s from
experimentally measured electron densities. Usually the LDD of electrons in an EAS is
approximated by the well known Nishimura~Kamata~Greisen (NKG) structure function [8]
and the shower parameters, namely the shower size (N,) (the total number of electrons in an
EAS at an observational level) and s, are evalnated by fitting the measured densities with the
NKG function. However, experimentally it is observed that the NKG function with a single s
is insufficient to describe the LDD of EAS electrons properly at all distances, which implies
that the lateral age changes with the radial distance. Subsequently some modifications of the
NKG structure function {9] were proposed but the radial dependency on the shower age could
not be removed totally. Under the circumstances, the notion of local shower age parameters
(LAP) was introduced [10] which is in essence the lateral age at a poiat.

In this work, from a detailed Monte Carlo (MC) simulation study, we show that the shape
of the radial variation of the LAP (and hence the LDD of the electrons in an EAS) exhibits some
sort of scaling (energy and mass independent) behaviour. The shape of the radial variation
of the LAP is, however, found to depend on the choice of the effective Moliére radius in
the NKG function. Such a scaling feature provides a better description of the radial electron
distributions in EAS and should help to estimate the electron content in an EAS accurately. We
also investigate the characteristics of the LAP and its correlation with other EAS observables
and thereby the possible role that the parameters may play in a muilti-parameter approach to
studying EAS, in order to understand the nature of shower initiating particles.

The plan of this paper is the following. In the next section the shower age parameters of
EAS will be introduced. In section 3 the simulation procedure adapted in this work will be
described. The estimation of the shower age parameters is given in section 4. The results on
the characteristics of the local shower age and its correlation with other EAS observables will
be given in section 5. Finally we will conclude in Section 6.

2. Shower age parameters

The average longitadinal profile of an EM cascade, which is developed in 4 medium through
a multiplicative process involving the interactions of electrons and photons when passing
through it, was provided by Greisen [8] in the so-called Approximation B (i.e., considering
the processes like a pair production by the photons, bremsstrahlung by the electrons and the
ionization loss suffered by the electrons while neglecting the Compton scattering)

0.31
N, = mexph(l — 1.5 1[1(‘9“)]. (1)

Here E) is the energy of the primary photon generating the cascade, €q is the critical energy
(below which ionization losses predominate over that due to pair production) with a value

2
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of ~82 MeV. Note that r is expressed here in cascade units (the atmospheric depth has been
divided by the electron radiation length in air, taken as 37.1 gmem™2). The longitudinal age
sy is defined by the simple relation

_ 3t
M Y 2In(Eo/eo)

The developmental stage of a pure EM cascade is thus characterized solely by sy,. Basically this
parameter represents the change of the total number of EAS electrons with the atmospheric
depth (dN/dr) [11]. Recent MC simulation studies [3, 4] exhibited a possible universality for
large EAS with primaries in the EeV energy range in terms of ;.

Advancing the preliminary work of Moliére and Bethe on the LDD of an electron near
the cascade maximum, Nishimura and Kamata obtained an expression of radial distance
dependence of s; by solving the three dimensional diffusion equations in Approximation B
and taking into account the hegemony of the multiple Coulomb scattering 5]

3t
su(r) = : 3)
t+21n(E /eg) + 21n{r/ry)
where » is the radial distance from the shower core and r,, is the Moliére radius (near 80 m at
sea level) which is a characteristic constant of a medium defined as the radius of a cylinder
containing on average 90% of the EMS’s energy deposition.

In the same theoretical context, the LDD of cascade particles can be approximated by the

NKG structure function {3], given by

2

Flry=C)(r/rm)’ ey ™ (4)
where the normalization factor C{s ) is given by

r'{ds5—-s5_)
20T (s (45 ~255

The NKG formula has the advantage of normalization as it is integrable in the Euler
Beta function provided s; is independent of r. The normalization of f(r) implies that
0y = N, f{r), p{r) being the electron density at . The relation 5 = 5 ‘was considered
to hold for pure EMS [5]. The equations (1), (2) and (4) together provide an attractive and a
complete procedure for calculating the 3D development of the EM cascade; as first pointed
out by Cocconi [12].

The superposition of many such pure EM cascades build the electron component of
a hadron initiated EAS. It was suggested [2, 5] thar for hadron initiated EAS, both the
longitudinal structure and lateral structure of soft components can be described by that of a
resulting single cascade, assigning a snitable value to the age parameter.

The various approximations made in obtaining the solutions, as well as due to an over-
simplification of the adopted 3D transport equations, the analytical expressions of EM cascades
are of restricted applicability. It was observed that near the shower axis, the NKG predicted
densities were somewhat lower than those with the original NK formula [i3] fors > 1.2. On
the other hand, experimentally observed densities were noted to be larger than those given
by the NKG far from the axis [8], which was inferred as a possible contribution from the
muon decay. A shorter value of the second momentum of the distribution than in the NKG
was observed [14] and a couple of years later a steeper profile was cxhibited from an MC
calculation near 100 GeV [15]. An improvement of the NKG function was subsequently
proposed by adopting a modulated, longitudinal age parameter s;; dependent effective Moliére

Cls) = 6
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radius so that

Pei(r) = (mrp) "> puge (r/m) (6)

where m = 0.78 — —0.215."

On the other hand, observing that the experimental LDD of electrons in EAS was steeper
than that given by the pngg and was in better agreement with the MC calculations of Hillas [15]
at lower energies, Capdevielle er al [10] introduced the notion of local age. After testifying
the behaviour of the LAP on experimental lateral distributions [10] and reaffirming it with the
Akeno observations [ 16], this approach was validated by the rapporteurs of the International
Cosmic Ray Conferences during the period 1981 to 1985 [17]. The whole procedure was also
employed in the calculation of the radio effects of EAS {18].

If electron densities are describing any NKG-like distribution f(x), where x = =, for
two neighbouring points, i and f, we have the (local) lateral age "

y2yAs
Sl-‘?cal — In (F’IXIJYIJ ) (7)
Y In(X;;Y;5)

where £; = f(r)lf(rj), Xij = rilrj and Y¥j; = (x;+1)/(x;+1). More generally, if r; — r;, this
suggests the definition of the AP 52/ (r) at each point :

e 1 dln
sl () = o ((x+ 1)5—]—5 +@2+ ﬁo)x+2) ®

If flo = 4.5, faga(r) with s| = s'** (r) can he used to fit f in the neighbourhood of r.

Typical behaviour was predicted with a characterized minimum value of s'*!(r) near
50 m from the axis, followed by a general increase at a large distance [10]. The relation
soetl(r) = s}‘j"“‘ forr = %-’-L was found to be valid for the experimental distributions (taking
Fij = p(r;)/p(r;) as far as they were approximated by monotonic decreasing functions versus
distance).

Such a prediction was substantiated by the Akeno [16], North Bengal University (NBU)
EAS experiment [19] and other experiments [10). The LAP depends mainly on the logarithmic
derivative of the density versus the distance as it appears in the relation (9); however, this
pure mathematical approach may not be attained in practice at any radial distance, due 1o
the experimental uncertainties arising mainly from the use of a finite number of detectors
for the density measurements, triggering conditions and errors in the determination of the
shower core position. Therefore, s'f“‘(r) is estimated via relation (7) using physical bands
of distance [r;, r;]; for experiments with very dense grids of detectors, such distance bands
may be reduced to 5-10 m, but they may have to enlarge up to about 20 m for arrays with a
lower resolution, as well as in the case of individual showers with large flucmations. For very
large and giant EAS, the interval [r;, r;] maybe required to exceed 100 m or so. We preferred
to conserve the characteristic parameters of EM cascades in relation (7) including the value
of the Moliére radius to facilitate the comparison with the experimental data, which is most
frequently expressed in NKG formalism.

The dependence of s, (r) on r rules out a consistent integration via relation (4) casting
some doubt on the accurate relation between density and size; it was shown that such a
dependence of s (r) on r is mainly a basic featre of pure EM cascades [10, 20].

4 pu, ot just PNKG» Was implemented in the so called subroutine NKG of CORSIKA (Cosmic Ray Simulation for
KAscade).
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3. Method of simulation

For generating EAS events, the air shower simulation program CORSIKA [21] is exploited
here. Here our discussions are mainly restricted to cosmic rays in the knee region of the
primary spectrum. In this work, the high energy (above 80 GeV /n) hadronic interaction model
QGSIJET 01 version 1c [22] was used in combination with the low energy (below 80 GeV/n)
hadronic interaction model GHEISHA (version 2002d) [23] or FLUKA [24], depending on
the primary energy in the framework of the CORSIKA MC program version 6.600/6.735 [21]
to generate EAS events. Note that the low energy interaction model GHEISHA exhibits a
few shortcomings [235, 26] but the LDD of EAS clectrons does not depend much on the low
energy hadronic models, except at large distances [25]. Hence for very high energy events
involving large radial distances we employed FLUKA [24]. A relatively smaller sample was
also generated using the high-energy interaction model SIBYLL (version 2.1) {27] to judge
the influence of the hadronic inferaction models on the resulfs.

The CORSIKA program allows one tochoose either of the two options, the EGS4 (electron
gamma shower system version 4) [28] and the NKG for obtaining a-lateral distribution of the
charge particles. The former option facilitates a detailed MC simulation of the EM component
of a shower that incorporates all the major interactions of electrons and photons (see [11]),
whereas the NKG option relies on an analytical approach rather than a full MC simulation. In
the NKG option, the electron density of an EM sub-shower is calculated straightaway using
the NKG function with a reduced Moliére radius [9, 10]. One gets better accuracy and more
detailed information about the'EM component with the E(GS4 option, at the expense of long
computing time. We underliné here that the NKG option (subroutine NKG inside CORSIKA)*
is dealing mainly with the relations ((6); (7)) and not directly with equation (4).

‘We have considered the US-standard atmospheric model {3 1] with a planar approximation.
The maximum primary zenith angle was restricted to 50°. The EAS events were generated
mainly for proton and iron nuclei as primaries. A few events were also generated for y as
primary. Irrespective of the nature of the primaries, the slope of primary power law spectra
was taken as —2.7 below the knee (3 x 10'* eV) and as ~3.0 above. The EAS events
were simulated at different geographical positions corresponding to the experimental sites of
AKENO {16], KASCADE [30] and NBU [32]. The magnetic fields are provided accordingly.
On the observational level, the Kinetic energy thresholds were chosen as 3 MeV for electrons
{e™ and e7) irrespective of the primary species and energies.

3.1. Generation of the EAS Monte Carlo library

The simulated shower library consists of more than 30 000 EAS events with the EGS4 option
and more than 180 000 events with the NKG option in the primary energy interval of 104
eV to 3.x 10'% eV. In order to appreciate the asymptotic tendencies at ultra high energies,
owr library has also been enriched by about 1000 events simulated at £, = 5 x 10'7 and
10'8 eV for proton and iron primaries: apart from the thinning factor which is taken as 10~9
with optimum weight limitation-[33] (i.¢., all particles are followed up to an energy Ey,, where
Ew/E, = 1079, after which only one of those particles is tracked giving appropriate weight
to it) the simulation conditions are here identical concerning the hadronic interaction models,
the zenith angle range, both the EGS4 and the NKG options. Here we would like to specify
that the optimized thinning factor 10 with the optimurm weight limitation for the CORSIKA

3 Reference [29] in the original documentation of CORSIKA was mismatched with the appropriate references [10];
it was unfortunately reproduced in the user’s guide and in several papers, as for instance [30), thereby generating a
confused interpretation of the NKG option.
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Figure 1. Lateral distribution of electrons from the simulated data. (a) Comparison of the EGS4
and the NKG output for different primary cosmic ray species, (b) NKG fiting of the EGS84 output
of electron density at the NBU site with a constant single age restricting radial distance only up to
100 m. The statistical errors are within the dimensions of the symbols used.

version used here is considered as the best compromise between the computing time and the
accuracy at ultra high energies [34].
In all cases involving the EGS4 option, the longimdinal development is restored
numerically and that s is computed [35], instead of relation (2), by:
[ 2 Nmux
s=exp| - x —_—

« . Tax
3 {1+7—r}] with 1 = o N,

Where tnax. Nmax are respectively depth and size read at the cascade maximum.

o=In

®)

3.2. The NKG and the EGS options

We used both the EGS4 and the NKG options simultaneously for about 30 000 events. In
figure {(a) we compare the LDD of EAS electrons obtained with the stated two options for
proton, iron and gamma primaries. It is noted that the NKG option gives a higher density with
a steeper radial distribution compared to the EGS option. A small density excess appears for
the pure EM cascades near the axis for the NKG option; such an excess presents also in the
proton initiated air showers. However, for the proton showers, a tolerable agreement between
the output of the two options was noted over a large band of densities between radial distances
of 10-100 m from the shower axis; it reconfirms that for proton and photon initiated showers
the NKG option is quite useful to calculate a large number of cascades in a short time.

For Fe primaries, both the options indicate an older profile near the axis. The NKG option
was found to give an excess density between 2-10 m distance. The average energy of the
positrons was quite a bit lower in the case of iron initiated showers and the cross section of
positron annihilation becomes more important for the lower part of the cascade. This effect is
probably enhanced by the longer path of the electrons in the geomagnetic field and the larger
energy loss by ionization. The NKG option is, therefore, not so accurate for the simulation
of heavy nuclei initiated showers with large zenith angles after the shower maximum. For
vertical showers, the output of the NKG option is nevertheless acceptable. At larger distances
a slight deficit in the densities appears with the NKG oplion; this probably .comes (rom the
different treatment of the multiple Conlomb scattering in the NKG option than in the EGS.
Furthermore, Bhaba and Moller scattering are treated in complement with the separated MC
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Figure 2. Variation of the LAP (estimated from the simularéd data) with radial distance for different
primary energies at AKENO site (920 g cm™) for (a) p (b) Fe (c) for both p and Fe along with the
local age obtained from the experimental data. The lines are only a guide for the eye.

procedures. On the other hand, the geomagnetic field of the earth enhances the path of the
muons. Consequently their loss by ienization and their decay give more electrons, which
is not incorporated in the NKG option. Besides, the NKG option does not accommodate
photo-production inside the EM sub-cascades.

4, Estimation of shower age

The simulated data were apalysed using the reconstruction algorithms developed to obtain
shower size and shower age. We adopted two different methods. First following the traditional
approach, we estimated the basic shower parameters by fiting the density data to the NKG
function by the method of chi-square minimization through an itérative procedure based on
the method of steepest decent. As for exarrple, in figure 1(b) the simulated particle densities
at different radial distances are plotted along with the fitted curve obtained with the NKG
function. Here it is noted that the majority of the EAS groups traditionally estimate basic
shower parameters based on the NKG function. The error in estimating lateral shower age
in the shower size interval 10°-10° particles (corresponding to the primary energy range
10M4-3' 5 10'% eV) was found to be £0.03 for the QGSJET model and +0.05 for the SIBYLL..
The larger error for the SIBYLL model seems solely statistical, due to the generation of a
relatively fewer number of EAS events using the later model.

The local age for EAS charged particles was computed for each individual event
straightaway, applying equation (7). When estimating the LLAP, the main sources of error
are the fluctiadons in particle density and the uncertainties in radial distance estimation. Tn
simulated data the radial distance of each particle is known with a high accuracy. In this
work the error in the LAP, due to uncertainties in radial distance estimation, was kept small
by taking small radial bins. For minimizing the statistical fluctuations in particle density at
different radial bins, a large number of events need to be considered. In this analysis, the
error of the LAP for EAS with the primary energy in the PeV range remains within 0.05 for
10 m < r < 250 m, whereas for r < 10 m or when r > 300 m the error of the LAP is
found to be higher, about 0.1. At higher primary energies (5 x 1017-10% eV) the error of
the 1.AP 1s found at about 0.12 near the core, which decreases 1o about the 0.07 level when
20 m < r < 300 m but increases again with the radial distance and reaches to about 0.15
when r approaches 1000 m.

The variation of the LAP with the radial distance from the shower core is shown in
figure 2. It is known from previous studies [10] that with an increase of the radial distance, the
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Figure 3. Variation of the LAP (estimated from the simulation data) with the radial distance for
different choices of the effective Moliére radius at the KASCADE site (a) for p with a primary
energy 5 x 10" eV (b) for p with a primary cnergy 101 eV.

LAP initially decreases, reaching a minimum at around 50 m and then increases, as was also
noted from the experimental data [16, 19,10]. Here we noticed two other interesting features
(figure 2(a)—(c)): the local age again starts to decrease at around 300-400 m. To examine
whether the experimental data also demonstrates a fall in the local age at large radial distances,
we compute the local age from the LDD data of total charged particles, as measured by the
AGASA experiment [36] for primary energy 2 x 10'® eV and compared these values with
our simulation results in figure 2(c). The experimental data clearly support the trend predicted
by the simulation results at larger radial distances. The characteristic high—low-high kind of
radial variation in the local age at relatively smaller distances (within 300 m or so0) could not
be substantiated by the AGASA data, due to the large separation of the detectors of the array. It
is worthwhile mentioning thar there was an indication for such a decrease of x‘,"“"' (r) at around
300 m in the experimental results obtained by Akenc [19] and KASCADE-Grande [37]. Such
behaviour is also depicted in figure 3 of the Kascade report [30], where one may notice a
maximal deficit at 50~-80 m in the ratio of the measured and the fitted clectron densities, as
well as an excess at large distances when fitting with the NKG formula. The later feawre,
however, has not been thoroughly investigated.

These findings are important for an analysis of very large air showers observed/to be
observed by the KASCADE-Grande, AGASA, AUGER, Yakutsk, Telescope Array involving
large radial distances. The large EAS experiments often treat charged particle densities at
large radial distances, such as at 500, 600, 1000 m from the shower core as an estimator
of the primary particle energy, though such a technique involves several uncertainties [38].
These findings, of a rapid change in the slope of the radial distribution of electrons at large
radial distances, suggest that more controls should be adopted in the estimation of the primary
energy of large showers, for instance by taking particle densities at more than one radial
distance.

Another important observation is that in general the nature of the variation of the local age
with the radial distance appears nearly the same for all of the primary energies, i.. the nature
of the variation is practically independent of the energy of the shower initiating particles,
which implies that the local age (or the lateral distribution of electrons in EAS) exhibits some
sort of scaling behaviour in respect to the radial dependence from the shower core.

8
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To cxamine systcmatically the influcnee of the effective Moliére radius on the shape of
the lateral distribution of charged particles in EAS, we study the radial variation of the LAP
for different effective Moliére radii, which is shown in figure 3(a) for a proton primary with a
primary energy 5 x 107 eV,

A string-like feature emerged with two nodes, as seen from the figures, one close to the
shower core while the other at around r ~ 400 m that increases slowly with the effective
Moliére radius; the effective Moliére radius behaves somewhat like the tension in a piece of
string. Beyond the second node, however, the 1.AP is found to decrease monotonically with
an increase of the radial distance, irrespective of the choice of the effective Moliére radius.

In order to explore the inherent cause of such a feature of the LDD of electrons in hadron
initiated EAS, we studied the radial variation of the local age for y ray initiated showers, and
one such plot at the primary energy 10'° eV is shown in figure 3(b). We found the similar
nature of radial variation of the LAP as in the hadron initiated showers. As ascertained in
previous simulations [10], the behaviour of °#!(r) comes mainly from the discrepancies
between the EGS output and the NKG function, i.e. between the rigorous descriptions of the
EM cascade adopting the basic EM processes as well as the Moller, Bhabha scattering, positron
annihilation, dependence of the cross section on energy on the one hand, Approximation B
combined with Landau and small angle approximations in a single description of the multiple
Coulomb scattering on the other hand. When the experimental data [36, 35] are superimposed
on figure 3, we understand that a reduced Moliere radius (between 20-50 m) is favoured for
all primary energies, implying a dramatic reduction in the mean scattering angle connected
with the scattering energy of 21 MeV.

5. Characteristics of the shower age parameter

To explore the physical nature associated with the lateral shower parameter, if any, we studied
the details of the characteristics of the shower age. For the local age, we considered two
different parameters: the minimum value corresponds to the local age at the radial distance,
about 40 m, and an average vahie between 40 to 300 m.

5.1. Distribution of shower age and its fluctuation

The distributions of the LAP and the lateral shower age were studied for the primary energy
range 3 x 10" 1o 3 x 10¢ ¢V. The fluctiations in the shower age were found to be larger for
proton initiated showers compared to those initiated by a heavier primary. If we consider a
small primary energy bin instead of a wide one, for instance by selecting the showérs inside a
small muon size band, we observed that both the distributions of p and Fe could be separated,
which in fact becomes very contrasted as shown in figure 4(a); this approach,; if adopted with
the experimental data, may yield important information on the primary composition around
the knee region;

The fluctuations (o) (variance) in the LAP in different shower age bins are estimated and
as a function of the shower size are drawn in figure 4(b) for proton and iron primaries for the
interaction model QGSIET. In accordance with expectations [39], the fluctdations in the LAP
were found to be larger for the proton initiated showers in comparison to those initiated by the
primary Fe, except at lower energies.

5.2. Longitudinal shower age versus lateral shower age

For each simulated event, the longitudinal shower age was also estimated using the relation
(9) and the difference between the two age parameters, longitudinal age and average local age,

9
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Figure 5. Distribution of the difference between the longitudinal shower age and local shower age
from simulated data for (a) p and (b) iron primaries at the KASCADE location.

was obtained. The frequency distributions of the differences between the two age parameters
for proton and Fe primaries are given in figure 5. The frequency distribution for where the
proton primary peaks, at around 0.2, is consistent with the early observations [40, 10], whereas
for Fe initiated showers the peak difference is much lower, at about 0.07. However, for a non-
negligible fraction of events, the ditferences between the two shower age parameters were
found to be substantial.

5.3. Variation of the shower age with electron size

In figure 6, we plot the local shower age at a radial distance of about 40 m (minimum value)
versus an average shower size, obtained from the simulation results for both proton and iron
primaries at the Akeno and KASCADE locations. The corresponding observational results
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extracted from the Akeno and KASCADE experimental data ave also given in figure 6. For
the Akeno experimental data, we extracted a minimum local age for the different shower
sizes from reference [16], whereas for KASCADE we estimated it from their measured lateral
distribution [30, 37.42].

The comparison of the simulated results with the experimental observations from both the
Akeno and KASCADE EAS experiments (figure 6) indicate a need for a change in the primary
composition towards a heavier primary, as the energy increases across the knee of the primary
energy spectrum. The KASCADE group also reached a similar conclusion using the shape
parameterinstead of the showerage [42], as well as from the study of the muon contentin EAS
[43]. The present data of the LHC, especially the pseudo-rapidity density distributions, suggest
larger multiplicities and inelasticities than in the models used in the CORSIKA simulations
{44]. However, up to an energy of 2.6 x 107 GeV, this could result in a very small reduction
of the reported enhancement of the primary mass with energy.

6. Conclusions

Froin the present analysis we conclude the following.

(1) The lateral distribution of elecirons in EAS exhibits some sort of scaling (energy
independent) behaviour in terms of the local age. The characteristic feature of the local
age versus the radial distance curve is that with an increase of the radial distanee, the local
age decreases initially and reaches a minimum, at around 40 m, then it starts increasing,
attaining a local maxima, at around 300—400 m, and then starts decreasing again. Such
a feature appears to be independent of the energy of the EAS initiating particle, at Jeast
there is no strong dependence on the primary energy. Such a characteristic radial variation
in the local age is found as a generic feature of EM cascades.

(2} The local age offers a good solution towards an unambiguous estimation of the shower age.
Since the shower age varies with the radial distance, even for the modified NKG functions,
a comparison of the lateéral shower age of different EAS experiments is not meaningful, as
the radii of the shower discs naturally differ from experiment to experiment, depending on
the experimental set up. Even in a single EAS experiment different events have different

11
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radial ¢xtensions and thus a lateral age obtained through fitting with the NKG {unction
seems ambiguous. The local age at a particular distance (say at about 40 m where it
takes the minimum value) is, however, not always practical owing to the large fluctuation
in the electron density data in a real measurement. A rational idea could be to take
some sort of average local age between the first minimum, at around a core distance of
40 m, and the subsequent local maximum, at around 300 m. Experimentally the radial
variation of the LAP can be checked properly with a full coverage detector array, like the
ARGO-YBJ [45].

(3) The use of a reduced effective Moliére radius in the NKG function leads to a roughly
constant age over a radial distance up to about 200 m [4 1], but the shower age estimated
in such a manner is found take quite a higher value than that of the longimdinal age. More
importantly, even with a reduced effective Moliére radius, the local age is still found to
vary after a radial distance of about 200 m.

(4) The lateral age offers a good estimator of the longitudinal development of an EAS cascade,
as already noted in some earlier works [46, 40,10]. However, the parameter correlates with
the stage of the shower development on a statistical basis; the average of this parameter
increases as air showers traverse an increased thickness of atmosphere. The experimental
observations [20] also substantiate such behaviour. The distribution of the differences
between the local age and the longitdinal age also indicate the strong correlation between
the two ages. Such a feature has been noted for two different hadronic interaction models,
the QGSIJET and the SIBYLL, and hence appears robust. It is imperative to examine
such correlations using EPOS [47], the only model that seems to be providing quite a
consistent deseription of the longitudinal and laweral EAS protiles {481, which would need
to be performed in future work.

(5) The flucaadon of the LAD was (ound to be sensitive 1o the naware of the primary
particle. However, the level of uncertainty in determining the lateral shower age from
the experimental data is comparable with the magnitude of fluctuation and hence deriving
any firm conclusion on the nature of the primary only from the shower age fluctuation
is difficult. If showers within a small bin of the primary energy could be selected, for
instance by considering shower events in a small muon size interval, the distribution of
shower age was found to be quite sensitive on primary composition; this property may
be useful (in conjunction with other primary sensitive parameters) to extract information
about primaries.

The comparison of the simulation results with the Akeno and the KASCADE observations
in respect to a variation of the shower age with shower size around the knee indicates a change
in the primary composition towards heavier primaries across the knee. This finding supports
the results obtained from the study of the muon content in EAS. The 3D plot of the shower
size versus muon size and shower age may improve accuracy over the conventional approach:
deducing the composition through the shower size versus muon size curve. It would be an
interesting task to apply such a method for a composition study using observed EAS data from
a closely packed air shower array with the facility of concurrent muon measurements, such as
the GRAPES experiment at Ooty [49].
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ABSTRACT

Recent studies suggest that pulsars could be strong sources of TeV muon neutrinos provided
positive ions are accelerated by pulsar polar caps to PeV energies. In such a situation, muon
neutrinos are produced through the A-resonance in interactions of pulsar-accelerated ions with
its thermal radiation field. High-energy gamma-rays should also be produced simultaneously
in pulsar environment as both charged and neutral pions are generated in the interactions of
energetic hadrons with the ambient photon fields, Here, we estimate TeV gamma-ray flux at
the Earth from a few nearby young pulsars. When compared with the observations, we find
that proper consideration of the effect of polar cap geometry in flux calculation is important.
Incorporating such an effect, we obtain the (revised) event rates at the Earth due to a few
potential nearby pulsars. The results suggest that pulsars are.unlikely to be detected by the
upcoming neutrino telescopes. We also estimate TeV gamma-ray and neutrino fluxes from
pulsar nebulae for the adopted model of particle acceleration.

Key words: neutrinos — pulsars: general — gamma-rays: theory.

1 INTRODUCTION

Probable candidates of high-energy neutrino radiation include
gamma-ray bursts, active galactic nuclei, etc. (Halzen & Hooper
2002). Recently, Link & Burgio (LB) (Link & Burgio 2005, 2006)
have shown that pulsars could also be a strong source of high-
energy neutrinos. As per their results, pulsars with a magnetic mo-
ment component antiparallel to the spin axis, which is expected in
half of the total neutron stars, could emit TeV muon neutrinos with
fluxes observable by the operating or planned large area neutrino
observatories. As a conjecture to be verified by observations, LB
considered that protons or heavier ions are accelerated near the sur-
face of the pulsar by the polar caps to PeV energies. When these
accelerated ions interact with the thermal radiation field of pulsar,
the A-resonance state may occur provided their energies exceed the
threshold energy for the process. Though radiation losses limit the
maximum energy that can be attained by the nuclei-in the acceler-
ation process, such an energy condition is expected to satisfy for
several pulsars. Muon neutrinos are subsequently produced from
the decay of A-particles.

The presence of ‘a hadronic component in the flux of pulsar-
accelerated particles should result in the emission of high-energy
neutrinos and gamma-rays simultaneously as both charged and neu-
tral pions are produced in the interactions of energetic hadrons with
the ambient photon fields surrounding the acceleration region. Here,

*E-mail: aru_bhadra@yahoo.com (AB); rkdey2007 @rediffmail.com
(RKD)

© 2009 The Authors. Journal compilation © 2009 RAS

we would show that for the model adopted by LB the estimated TeV
gamma-ray fluxes from several nearby pulsars are higher than the
observed upper limits of fluxes. In the quest for reasons of such
inconsistency, we note that an implicit assumption in the LB es-
timation of neutrino flux is that-the polar cap area is equal to the
neutron star surface area. Such an assumption seems unreasonable
in view of the polar cap geometry (Beskin, Gurevich & Istomin
1993). When this fact is taken into consideration, the stated incon-
sistency between the estimated and the observed gamma-ray fluxes
is found to disappear. In view of this observation, the revised esti-
mates of the neutrino fluxes from a few known gamma-ray pulsars
are obtained by incorporating polar cap geometry.

A young neutron star is generally encircled by pulsar wind nebula
(PWN). Positive ions, after gaining energy from polar gaps, will
move away from the pulsar practically along the open field lines
and will finally inject into the nebula. It is very likely that these
energetic ions would be trapped by the magnetic field of the nebula
for a long period, and consequently they should produce high-
energy gamma-rays and neutrinos by interacting with the matter of
the nebula. We therefore estimate the expected flux of TeV gamma-
rays from pulsar nebulae, and by comparing with the observation
for a couple of well-known nebulae we check the consistency of the
model. We also calculate the flux of TeV neutrinos from a couple
of pulsar nebulae.

This article is organized as follows. In the next section, after
describing the generation of the TeV gamma-rays and neutrinos
in a pulsar environment, the expected flux of gamma-rays from a
pulsar is estimated for the polar cap model of acceleration as used
by LB. By comparing the model-predicted gamma-ray fluxes from
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some potential young pulsars with the observations, the importance
of the inclusion of polar cap area in the calculation has been stressed
in Section 3. Incorporating such a feature, (revised) event rates in
a neutrino telescope at the Earth due to a few potential pulsars are
obtained in Section 4. In Section 5, fluxes of TeV gamma-rays and
neutrinos from pulsar nebulae are obtained for the adopted model,
and finally the results are concluded in Section 6.

2 TEV GAMMA-RAYS AND NEUTRINOS
FROM PULSARS

Several detailed mechanisms have so far been suggested for ac-
celeration of particles by pulsars that include the popular polar
gap (Ruderman & Sutherland 1975; Arons & Scharlemann 1979;

Daugherty & Harding 1996; Harding & Muslimov 1998) and the

outer-gap models (Cheng, Ho & Ruderman 1986). In the for-
mer model, acceleration of particles takes place in the open field
line region above the magnetic pole of the neutron star whereas
in the case of outer-gap model it occurs in the vacuum gaps
between the neutral line and the last open line in the magneto-
sphere. Thus, the region of acceleration in the polar-gap model is
close to the pulsar surface, while the same in the outer-gap model
is close to the light cylinder.

In the polar cap acceleration model, particles are extracted from
the polar cap and accelerated by large rotation-induced electric
fields, forming the primary beam. The maximum potential drop
that may be induced across the magnetic field lines between the
magnetic pole and the last field lines that opens to infinity is
A¢ = BsR¥Q?/2¢? (Goldreich & Julian 1969), where By is the
strength of magnetic field at neutron star surface, R is the radius

of the neutron star, §2 is the angular velocity and ¢ is the speed of

light. Accordingly, for young millisecond pulsar with high magnetic
liclds (B ~ 10" G), the magnitude of the potential drop could be
as large as 7 x 108BPr2 volts (By = B x 10 G). Buy, in
young pulsars the electric field along magnetic field lines is likely
o be screened well below the vacuum potentials by the onset of
clectron—positron pair cascades in the strong magnetic ficld (Cheng
& Ruderman 1977), and this would limit the potential to about
10'2 eV. Though the flux of synchrotron radiation observed from
the Crab and other PWN indicates such a possibility, questions like
where in the magnetosphere are pairs created and how many are
created are still not settled, and one cannot rule out the possibility
that ions can reach energies equal to a significant part of the total
potential drop through polar cap acceleration, particularly in view
of the observation of gamma radiation of energies above tens and
even hundreds of TeV from Crab and other PWN,

LB (Link & Burgio 2005, 2006) conjectured that protons or
heavier ions are accelerated near the surface of a pulsar by the
polar caps to PeV energies (correspond to no/little screening) when
u - £ < 0 (such a condition is expected to hold for half of the total
pulsars). When pulsar-accelerated ions interact with the thermal
radiation field of pulsar, the A-resonance state may occur provided
their energies exceed the threshold energy for the process. The
threshold condition for the production of A-resonance state in py
interaction is given by ‘

epey (1 — cOs ) > 0.3 GeV?, S )

where €, and €, are the proton and photon energies, respectively,
and ¢, is the incident angle between the proton and photon in the
laboratory frame. In a young neutron star with surface temperature
T . the energy of a thermal photon near the surface of the neutron
star is 2.84&Too(1 + zp), 2(~0.4) being the gravitational redshift.

This implies that in a young pulsar atmosphere, the condition for
the production of the A-resonance is B1aP;2 Tojkev > 3 x 1074
(Link & Burgio 2005, 2006) where Ty | xev = (kT 50 /0.1keV), T ~
0.1 keV being the typical surface temperature of young pulsars. Such
a condition holds for many young pulsars, and thus A-resonance
should be reached in pulsar atmosphere. Gamma-rays and neutrinos
are subsequently produced through the following channels

p+n®—p+2y

+y = At =
pry {nn+—>n+e++uc+vﬂ+u'ﬂ

Since the charge-changing reaction takes place just one-third of
the time, on the average four high-energy gamma-rays are produced
for every three high-energy neutrinos (or for a muon neutrino an-
tineutrino pair) when a large number of such reactions occur.

The flux of gamma-rays and muon neutrinos from pulsars can
be estimated as follows. The charge density of ions near the pul-
sar surface is p, 2 eZn,, where n,(r) = BsR*Q2/(4nZecr?) is the
Goldreich—Julian density (Goldreich & Julian 1969) of ions at radial
distance r. For acceleration to take place, there must be a charge-
depleted gap (here polar gap), and the density in the gap may be
written as fy(1 — fq) 1o, where fq(< 1) is the depletion factor which
is a model-dependent quantity (fy = O corresponds to zero deple-
tion). The flux of protons accelerated by a polar cap is therefore

Ipc = Cfd(l - .f;:l)n'oApc» (2)

where Ay, =ndn R? is the area of the polar cap, 7 is the ratio of
the polar cap area to the neutron star surface area, which is taken
as unity by LB in their work (i.e. in the original calculation by LB
A, was taken to be equal to the surface area of the whole neutron
star). The canonical polar cap radius is given by rp. = R(QR/¢)'/?
(Beskin et al. 1993), and thus

= QR/(4c). )]

The protons accelerated by a polar cap will interact with the ther-
mal radiation field of the neutron star, The temperature of polar caps
is expectedly higher than the surface temperature of neutron star,
but the contribution of polar caps on the thermal radiation field of
a neutron star should be negligible because of their small surface
area in comparison with the surface area of the whole neutron star.
For a young neutron star with surface temperature T, the photon
density close to the neutron star surface is n, (R) = (a/2.8k){(1 +
zg)TwP, a being the Stefan—Boltzmann constant. Numerically,
n,(R) = 9 x 10T} .. At radial distance r, the photon den-
sity will be n,(r) = n,(R)R/r)*. The probability that a PeV
energy proton starting from the pulsar surface will produce A
particle by interacting with thermal field is given by (Link &
Burgio 2005) P, = 1 — [; P(r), where dP/P = —n,(r) oy, dr.
The threshold energy for the production of A-resonance state in py
interaction as given by equation (1) increases rapidly with distance
from the surface of neutron star because of the (1 — cos -‘)p,,)“'
factor (Link & Burgio 2005). Requiring conversion to take place in
the range R < r < 1.2R [at r = 1.2R, the value of (1 — costi, )" av-
eraged over surface becomes double], P, has been found as ~0.02
T3 v (Link & Burgio 2005). From a followup calculation by
Link & Burgio (2006), it is found that conversion probability is
slightly lower than that mentioned above and can be parametrized as
P~ T?H ey Thus, the total flux of neutrino/gamma-ray generated
in pulsar from the decay of A* resonance is

I = 2¢E Ape fa(l — fodn, P, (4)

where & is 4/3 and 2/3 for gamma-rays and muon neutrinos, respec-
tively. Denoting the duty cycle of the gamma-ray/neutrino beam as

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 395, 1371-1375



fo (typically fy, ~ 0.1~ 0.3), the phase-averaged gamma-ray/neutrino
flux at the Earth from a pulsar of distance d is given by

2
b= 2ctn fy full — fdno (g) P, )

where  represents the effect due to neutrino oscillation (the decays
of pions and their muon daughters result in initial flavour ratios
®v, 2y, 1 ¢y, of nearly 1:2:0 but at large distance from the source
the flavour ratio is expected to become 1:1:1 due to maximal mixing
ofv, and v,.). £ = 1 and 1/2 for gamma-rays and muon neutrinos,
respectively,

Average energy of the produced muon neutrinos would be €,, ~
50T ey TeV (Link & Burgio 2005, 2006) whereas for gamma-
rays it is expected to be £, ~ 100 Tyt TeV.

3 TEV GAMMA-RAYS FROM A FEW
POTENTIAL PULSARS: COMPARISON WITH
OBSERVATIONS

Though there are about 1800 pulsars known through radio detec-
tions, only a few have been detected in the gamma-rays. From
obsérvations made with gamma-ray telescopes on satellites so far,
only seven high-confidence gamma-ray pulsars are known in the
energy range up to a few GeV (Thompson 2003). Besides, three
other pulsars (PSR B1046—58, B0656-+14 and 10218+4232) are
considered to be gamma-ray emitters with a lower confidence level
(Thompson 2003) in the same energy region. Some basic prop-
erties of the high-confidence young gamma-ray pulsars, namely
distance (D), spin-down age, period (P), the caleudated magnetic
field strength at the neutron star surface, surface temperature and
pulsar duty cycle (f},), are listed in Table 1.

None of the listed pulsars is, however, detected at TeV energies
despite recent improvement in the knowledge of Galactic gamma-
ray sky above 100 GeV, mostly by means of ground-based Imaging
Atmospheric Cherenkov telescope systems such as the Collabora-
tion of Australia and Nippon for a Garmma Ray Observatory in
the Outback (CANGAROQQO), High Energy Gamma Ray Astron-
omy (HEGRA), High-Energy Stereoscopic System (HESS) or the
Major Atmospheric Gamma-ray Imaging Cherenkov Observatory
(MAGIC). Up to now, no evidence for pulsed emission from any
other pulsar has been found from the observations (Chadwick et al.
2000; Lessard et al. 2000; de Naurois et al. 2002; Aharonian et al.
2004, 2007), and only upper limits on the pulsed very high energy
garmma-ray-flux are derived under various assumptions on the char-
acteristics of the pulsed emission. For the pulsars listed in Table I,
the observed upper limits of integral fluxes are given in Table 2.
"The upper limits are obtained from the differential spectra assum-
ing a power-law differential spectrum with index -2.4. The upper
limits of integral Auxes of gamma-rays from the pulsars at around
100 TeV as obtained by the extensive air shower experiments such

Table 1. The characteristics of high-confidence young low-energy gamma-
ray pulsars.

Source d age p Bz To.1 kev Ib
(kpc) (yr) (ms)

Crab 2 103 33 3.8 ~1.7 0.14

Vela 0.29 10%2 89 3.4 0.6 0.04

B1706 — 44 1.8 1043 102 3.1 1’ 0.13

B1509—-58 44 1032 151 0.26 1” 0.26

J0205 + 64 3.2 1029 65 38 0.04 0.9
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as the Tibet (Amenomori et al. 2008; Wang et al. 2008) are found
less restrictive.

Assuming that pulsar-accelerated ions are protons, numerical val-
ues of the integral TeV gamma-ray fluxes are obtained for the pulsars
listed in Table 2 from equation (5) and are also shown in the same

table (for the numerical estimation of flux, we take Z =t and fy =
1/2 throughout this work).
It is clear from Table 2 that the model with 1 = | is not consistent

with the observed upper limits; the observed limits are substan-
tially lower than the predicted fluxes. The observations made so far,
however, do not rule out the model with 7 given by equation (3).

4 TEV NEUTRINOS FROM PULSARS

When n is given by equation (3), neutrino fluxes from nearby
young gamma-ray pulsars would be much lower than estimated
by LB (Link & Burgio 2006). A high-energy muon neutrine is usu-
ally detected indirectly through the observation of the secondary
high-energy muon produced by the muon neutsino on interaction
with the ice or rock in the vicinity of a neutrino telescope via
charged current interactions. The track of the produced muon is
usually reconstructed by detecting the Cerenkov light emitied by
the muon as it propagates through the telescope. The probability
of the detection of muon neutrinos is the product of the interac-
tion probability of neutrinos and the range of the muon and is
Doy = 13 X 10”‘6(ev“/1 TeV) (Gaisser, Halzen & Stanev 1995).
The expected event rates in a neutrino telescope due to potential
young pulsars are given in Table 3.

The event rates are clearly very low and thus possibility of ob-
serving pulsars by a kilometre-scale neutrino detector does not look
bright.

5 GAMMA-RAYS AND NEUTRINOS FROM
PULSAR NEBULA

A young neutron star is generally encircled by PWN. Positive ions,
after gaining energy from. polar gaps, will move away from the
pulsar practically along the open field lines and will finally inject
into the nebula. It is very likely that these energetic ions would be
trapped by the magnetic fietd of the nebula for a long period -and
consequently they should produce appreciable high-energy gamma-
rays/neutrinos by interacting with the matter of the nebula.

5.1 Magnetic trapping of pulsar-accelerated PeV ions
in nebulae

Conservation of magnetic flux across the light cylinder entails that
outside the light cylinder B ~ r~! whereas far from the light cylinder
the radialcomponent of magnetic field varies as B, ~ r~2. Thus, (far)
outside the light cylinder the azimuthal component of the magnetic
field dominates over the radial ficld. Therefore, accelerated protons
while moving away from the pulsar have to cross the field lines
(e.g. magnetic field lines at wind shock). The Larmor radius of par-
ticles (even for proton) of energy about 1 PeV is expected to be
smaller than the radius of nebula during most of the time of the evo-
tution of nebula (Bednarek & Protheroe 2002; Bhadra 2006). Thus,
it is very likely that energetic particles of PeV energies would be
trapped by the magnetic field of the nebula. The energetic particles
propagate diffusively in the envelope, and they escape from nebula
when the mean radial distance travelled by the particles becomes
comparable with the radius of nebula at the time of escaping. This
time is somewhat uncertain due to the uncertainty of the value of

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 395, 1371-1375
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Table 2. Comparison of predicted versus observed integral TeV gamma-ray fluxes from some nearby
young gamma-ray pulsars. The numbers in parentheses are the energy thresholds in TeV for which upper
limits are determined. The observed upper limits for Crab pulsar are due to Aharonian et al. (2006a)
whereas for the rest of the pulsars the observed upper limits are due to Aharonian et al. (2007).

Source Expected integral flux Observed upper limit of integral flux
n=1 n as given by equation (3)
(107" em=2571) (10718 ecm2571) (107 em~2 57
Crab 1012 1.65 8 (56)
Vela 208 0.123 10 (20)
B 1509 - 58 67 0.0034 10 (20)
B 1706 —44 71 0.0025 10 (20)

Table 3. Expected event rates in a neutrino
telescope due to some nearby young gamma-

ray pulsars.

Source Expected event rates
(km=2yr ")

Crab 0.009

Vela 0.0007

B 1509 ~ 58 0.00003

B 1706 — 44 0.00003

diffusion coefficient, but is estimated to be at least a few thousand
years (Bednarek & Protheroe 2002; Bhadra 2006).

5.2 Gamma-rays and neutrinos from nebulae of young pulsars

As pointed out in the preceding section, the pulsar-injected ions of
PeV energies should be trapped by the magnetic field of the nebula
for a long period, and consequently there would be an accumulation
of energetic ions in the nebula. These energetic ions will interact
with the matter of the nebula. The rate of interactions (£) would be
ne o 4, where n is the number density of protons in nebula and o 4
is the interaction cross-section. In each such interaction, charged
and neutral pions will be produced copiously. Subsequently, the
decays of neutral pions will produce gamma-rays whereas charged
pions and their muon daughters will give rise to neutrinos.

If m is the mean multiplicity of charged particles in proton-ion
interaction, then the flux of gamma-rays at a distance d from the
source would roughly be

R 2
&y = 2cBn fal — fodn, (-3) Emt, (6)

where f represents the fraction of pulsar-accelerated protons
trapped in the nebula and ¢ is the age of the pulsar. Note that there
should not be any reduction of flux due to pulsar duty cycle in the
case of emission to nebula. Though n, is taken as constant, but ac-
tually at the early stages of pulsar n, should be larger owing to the
smaller pulsar period. So, the above expression gives only a lower
limit of flux. Typical energy of these resultant gamma-rays would
be ~10?/(6m) TeV where for (laboratory) collision energy of 1 PeV
m is about 32 (Alner et al. 1987).

Numerical values of the integral TeV gamma-ray fluxes from
two nearby nebulae, Crab nebula and Vela nebula, have been es-
timated for perfect trapping of pulsar-accelerated protons in neb-
ulae and are shown in Table 4. The observed integral gamma-ray
fluxes above 1 TeV from Crab nebula (Aharonian et al. 2006a) and

Table 4. Comparison of predicted versus observed integral gamma-ray
fluxes from two nearby PWN.

PWNe n Expected flux Observe;i ﬂulx

(cm™) (x10712cm~2 571 (1072 em™s7")
Crab nebula 150 0.6 22,6
Vela nebula 1 0.4 12.8

Vela nebual (Aharonian et al. 2006b) are also given in Table 4 for
comparison.

The neutrino fluxes from the nebulae would be of nearly the
same to those of gamma-rays. Incorporating the neutrino oscilla-
tion effect, the expected event rates in a neutrino telescope due 10
TeV muon neutrinos from nebulae of Crab and Vela are 0.2 and
0.1 km~2 yr~!, respectively. Note that the event rates obtained here
are rough numerical values. The flux will be higher if the accelerated
ion is heavier than proton.

6 CONCLUSION

To summarize, this work suggests that pulsars are unlikely (o Pe
strong sources of TeV neutrinos. The non-detection of any statis-
tically significant excess from the direction of any pulsar by the
Antarctic Muon and Neutrino Detector Array (AMANDA)-1I tele-
scope (Ahrens et al. 2004; Ackermann et al. 2005, 2008) is thus as
per expectations.

If protons are accelerated to PeV energies by the pulsar, then pul-
sar nebulae are more probable sites of energetic neutrinos provided
energetic particles of PeV energies are efficiently trapped by the
magnetic field of the nebulae. But, even for pulsar nebulae the ex-
pected event rates are small and the detection probability of pulsar
nebulae by the upcoming neutrino telescopes, such as the IceCube
{Halzen 2006), is very low.
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Abstract: The standard perception is that the muons and othercharged particles in cosmic ray extensive air shower
(EAS) are distributed symmetrically about the shower axis. However, from an analysis of Monte Carlo simulation data it
is revealed that an asymmetry may develop in both positive and negative muon numbers about the shower axis depending
on the geomagnetic field at the location of the observation. Such an asymmetry is particularly pronounced at certain zenith
and azimuth angle range. The electron component of EAS also carries such an impression but with a smaller magnitude.
Such an effect of geomagnetic field is found to enhance with the mass of the shower initiating particles.

Keywords: geomagnetic field, EAS electron and muon distributions, barycenters of positive and negative particles

1 Muon component and geomagnetic field

An advantageous feature of CORSIKA [1] is that parti-
cles and anti-particles can be followed separately and in-
dividually. Hence in a Monte Carlo simulation study us-
ing CORSIKA one can follow positive and negative muons
during propagation in the atmosphere, as well as on arrival
at ground level: muons are collected after charged pion
double body decay and also after two-body and three-body
kaon decays with the different branching ratios. The deflec-
tion of muons during their propagation in the atmosphere is
caused predominantly by the multiple Coulomb scattering
and the curvature of the trajectories, as for all the charged
particles of the simulation, in the Earth’s magnetic field.

Our first attempt concerning positive and negative muons
separately was carried out at high energy for the AUGER
Observatory (PAO) and also at relatively lower energies
{2, 31 In the coordinate system of CORSIKA, the mag-
netic field at PAQ is characterized by the two geomagnetic
compenents B, = 20.5uT and B, = —14.5x7T. In or-
der to point out some typical signature of the nature of pri-
mary particle, not on the traditional muon-electron abun-
dance, but on the contrast behavior of positive and negative
particles in EAS, we calculated the barycenters of positive
and negative muons, 8,4, and the orientation, ¢4, for
each shower event at certain azimuthal angles.

For the soft component the radiation lengths are too short
and too many scattering deviations occur and as a result
the lateral spread is mainly due to the multiple coulomb s-
cattering. Consequently the possibility of sorting out the
signature of the geomagnetic field on the soft component is

not much. Nethertheless, we shall explore herealso, taking
all the advantages of the EGS option, the possible differ-
ences between proton and heavy nuclei induced showers
revealing in the electron and positron component.

In the case of EAS muons, especially for heavy nuclei ini-
tiated showers where the muons start at higher altitude at
comparatively lower energies than for proton primaries, a
barycenter separation of about 200 m was obtained at UHE
for vertical showers (iron primaries) using a thinning fac-
tor 1079, It appears that this separation, which is clearer
in the case of nuclei, is also connected with the statistical
reduction of the fluctuations of showers initiated by nuclei.

To eliminate any possible bias generated by the thinning
technique and to understand more rapidly the benefit of this
geomagnetic effect, a sample of few hundred showers with-
out thinning for muons with detection threshold energies
exceeding 300 MeV. was simulated and some systematic
features have emerged out from the simulated data. For in-
stance, for primary iron induced near vertical showers at
10% GeV, the orientation of the dipole towards East-West
direction and a net barycenter separation of about 100 m
have been noticed irrespective of the azimuthal angle of in-
cidence.

A tremendously large separation of about 500 m (figurel)
has been found in the case of very inclined showers (© =
55°) at a depth of 860g/cm?>.

The difference between heavy and light nuclei at UHE can
be studied in both directions:

- ratio of u,u~ at convenient distances

- ellipticity of the muon component
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Figure 1: dependences of positive-negative muon dipole
orientation ¢4, (upper part), barycenter separation
O~ (lower part) versus azimuthal incidence ¢; with
showers zenithal incidence at 55° .

- left side : iron initiated showers

- right side : proton initiated showers

Aliernatively, in the absence of detectors for muon charge
identification, we introduced the ellipticity factor ¢(r) =
Puy7(r)/pus (7). the ratio of total muon densities at the
same distance from the shower axis, one on the axis ori-
ented along the muonic dipole and the other on the axis
perpendicular to it.

2 Asymmetries in electron and muon distri-
butions

Following the stated preliminary approach, in the present
calculations we have considered a sample of simulated
EAS events with fixed primary energy 10° GeV and try
to extract the nature of primaries from the distribution of
charged particles (muons and electrons) in different quad-
rants centered about the shower ¢ore and taking the X and
Y axes as North and West direction respectively following
the convention used in CORSIKA.

We consider both vertical as well as large inclined show-
ers (zenith angle © = 50°) to clearly identify the effect of
gromagnetic field which should be pronounced along the
longer path. In the later case we compare showers initiated
with azimutal angles ¢ = 0° (figure 2-left) and ¢ = 90°

-45t045° 45t0 135° 1351t0225° 225t0 315°
e+ 346 245 503 235
e— 514 338 775 374
pt+ 916 724 1043 422
M= 877 404 1010 708

Table 1. Kascade level: number of electrons and muons in
quadrants for p primary © = 50°, ¢ = 0°

-45t045° 45to0 135°  1351t0225° 225to0 315°
e+t 246 184 270 147
e— 353 233 393 231
w 1225 1117 1387 523
u— 1211 502 1363 1095

Table 2: Kascade level: number of electrons and muons in
quadrants for Fe primary © = 50°, ¢ = 0°

(tigure 2-right). The relative muon to electron ratio p(®1)
is calculated from the muon /electron size in each quadran-
t normalized to the total muon/electron content for all the
quadrants (@1 is the angle of the central axis of a given
quadrant with the X axis) and the differences appearing in
the tabulations for p, Fe in each sector have been revealed.
This behaviour emerges from the simulation results such
as presented in the table 1 at Kascade [4] location for p ini-
tiated showers and also for iron induced EAS as given in
the table 2. The calculations have been performed at Kas-
cade and Ice Top levels [5] with components of magnetic
field, respectively B, = 20.52uT, B, = 43.57u1 and
B, = 16.62uT, B, = —h2.55ul’. Note that Ice Top is
situated within few meters of the geographic south pole but
very far away from the geomagnetic South pole.

The same study has been made by dividing the components
of the geomagnetic field by a factor of one thousand to i-
dentify the role of the other factors especially the annihi-
lation of the positron and the capture of negative muons
of low energy on asymmetries in charged partcle distribu-
tion in inclined showers. The results are shown here for
muons with energies larger than 230 MeV, whereas the en-
ergy threshold for electrons is 5 MeV. We underline that
Tables | and 2 are just a small sample illustrating general
assymmetries in the different quadrant after adding in each
sector all muons(positive and negative) as well as all elec-
trons and positrons. Those large anisotropies in inclined
EAS can be measured without expensive detectors needing
charge separation but with normal detectors sufficient to
collect important information in terms of relation between
muons and geomagnetic field as well as hints of primary

~_composition.

3 Topological analysis by the BF treatment

A basic assumption of all known hitherto codes used to
analyse the data obtained with the CORSIKA and other
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Figure 2: Relative muon electron ratio p in different quadrants left: EAS ¢ = 0° discs (proton primaries), triangles (iron
primaries); right: EAS ¢ = 90° discs (proton primaries), triangles (iron primaries)

EAS Monte Carlo simulations is the cylindrical symmetry
of charged particles in EAS and such a symmetry is nor-
mally noticed on average. In contrast the present analysis
revealed an anisotropy in charged particle distribution due
to geomagnetic field, particularly at higher zenith angle as
stated above. To conserve the asymmetric characteristics of
the charged particle distribution due to geomagnetic field,
we introduce a procedure of scanning of charged particle
density with the butterfly (BF) treatment in order to point
out typical signatures relevant to the nature ‘of primaries:
the BF consists of two opposite wings around the shower
core limited by a pair of symmetric arcs at distances which
may be enlarged above 200m for very large EAS.

The interpal angle of the wing is taken as 90°(quadrant)
which can be reduced to emphasize some particular effect-
s. The density of muons inside a wing is compared with
that in different wings and the centre of gravity of charged
particles (positive and negative separately) are computed
from the simulation data. A large separation correspond-
s to a flatter distribution of the lateral distribution.” It is
possible to rotate the BF around the axis to identify the ar-
eas containing larger differences. The rotation of the BF is
measured by the same angle ®1 (between the central axis
of the BFs and the X axis) to.the case of the quadrants. One
may notice the contrast between p and iron primaries char-
acterized by a steep decrease of €1 = 0.° 1o &1 =-180.°
followed by a fast increase (p primary) against a more mod-
est variation for iron primary as shown in figure 2 . The
lateral muon distributions are also calculated separately for
positive and negative muons inside the different sectors and
compared at both levels of Kascade and Ice Top(figure3),
respectively for ¢ = 0.° and ¢ = 90.°

Adopting the BF technique we have also explored the vari-
ation of the separating distances of the barycenters of pos-
itive and negative muons at both levels of Kascade and Ice
Top (figured), respectively for ¢ = 0.° and ¢ = 90.°

Vol.

4 Discussion

Our analysis concerning the effects of the geomagnetic
field on positive and negative muon and electron compo-
nents of inclined EAS reveals differences in various fea-
tures such as asymmetrics in sectorial distributions, secto-
rial muon-electron relative abundances, amplitude of fluc-
tuations between proton and iron induced showers. Such
effects are found to persist and are of comparable magni-
tude if we replace the Gheisha code in the simulation by
the Fluka code in the treatment of low energy hadron colli-
sions.

New estimators can be derived from the asymmetries in the
prefile of muons lateral distributions in different wings of
the BF, especially when contrast view in different wings is
considered and when the X axis of the BF is superimposed
on the axis of the muon dipole : the behavior of the muon
electron ratio in different sectors also carries signature dis-
criminating light and heavy primaries. The present calcu-
lations will be extended in near future for different primary
energies in order to present the results at both fixed electron
OF Mmuon size.

Furthermore, our method can be implemented experimen-
tally to identify the nature of primary particle with the em-
ployment of large muon detectors able to distinguish posi-
tive and negative particles at distances of 10 — 50m in an
EAS array.
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Abstract: Detailed Monte Carlo simulation studies of cosmic ray extensive air showers in the energy range 0.1 PeV - 1
EeV are made using CORSIKA in order to-examine the sensitivity of lateral shower age to primary mass. After proposing
an unambiguous way of estimating lateral shower age parameter, a few measurable properties of the lateral shower age
and its correlation with other EAS observables are studied for different primaries using the Monte Carlo simulated data,
which demonstrate clear mass dependence. The findings from simulation are compared with some experimental results
to extract information on average mass composition around the knee region.

Keywords: cosmic ray, EAS, lateral shower age

1 Introduction

The. lateral density distribution of electrons in cosmic ray
extensive air shower (EAS) is usually approximated by
the well known Nishimura-Kamata-Greisen (NKG) struc-
ture function [1].and the shower parameters viz. shower
size which is the total number of electrons in an EAS and
shower age (s ) that describes the slope of the radial distri-
bution of'electrons in EAS are evaluated by fitting the struc-
ture function with the measured densities. While shower
size is often related with the energy of the EAS initiating
particle but the lateral shower age has not received suf-
ficient importance so far in deducing information on pri-
maries from EAS observations. This is probably because
the lateral shower age estimated from experiniental data
differs from the longitudinal age {5z ) that describes the de-
velopmental stage of a cosmic ray cascade in atmosphere.
Note that theoretically s is supposed to be equal to g7,
It is further observed that the NKG function with a single
lateral age parameter is insufficient to describe the experi-
mental lateral distribution of EAS electrons properly at all
distances implying that the lateral age changes with radial
distance.

Some experimental results [2, 3], however, suggests that
two age parameters are connected through the approximate
relation ¢ > s, + 4, with § ~ 0.2. Some early Monte
Carlo (MC) simulation studies {4] also indicate that the
lateral age has some correlation with longitudinal age and
hence the parameter should be sensitive on the nature of
the shower initiating particle. In recent years the knowl-
edge of high energy interactions has been improved a lot

with the accelerator results. Consequently uncertainties on
the results of MC studies ol EAS have been reduced signil-
icantly at present.

In the present work we would explore through MC study
whether lateral age parameter is sensitive on primary mass
and consequently the possible role that the parameter may
play in a multi-parameter approach of studying EAS to un-
derstand the nature of shewer initiating particies. One ma-
jor challenge, however, is tﬁ;"é;‘ reliable and unambiguous es-
timation of the lateral shower age from the experimentally
measured electron densities. We would address this prob-
lem first.

2 Lateral age parameter

The lateral density distribution of cascade particles can
be approximated by the well known Nishimura-Kamata-
Greisen (NKG) structure function proposed by Greisen [1],
which is given by

Fr) = Cle)(r/rm)* T2t rfrm)*> 742 (1)

where 7 is the radial distance from the shower core, ry, is
the Moliére radius which is nearly 80m at sea level, and
the normalization factor C(s. ) is given by

F(4.5 - 5__]_)
270 (s )T(4.5 = 281 )

The NKG formula has the advantage of normalization as it
is integrable in Euler Beta function. The normalization of

Cls1) =

2
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f(r) implies for the clectron density p(r) = N, f(r). But
such a handy relation does not hold if s varies withr, as
noted in several observations.

An improvement of the NKG function was proposed by
adopting a modulatcd, longitudinal age parameter sy, de-
pendent effective Moliere radius so that

per(r) = (1) 2onc(r/m) 3

where mn = 0.78 — 0.21sz. But even with such a modi-
fication lateral age is found to vary with radial age experi-
mentally. To handle the situation a method was developed
by Capdevielle et al. [4] introducing the notion of local age
parameter.

From two neighbouring points, ¢ and j, we can give
a (local) lateral age parameter for any distribution f(x)
(where & = —-—) which characterizes the best fit by a NKG-
type function n [, x5

214.5
= DY) "
n(Xey Vi)
where  Fy; = f{rdlf(r)), Xij=rilr;, and
Yij=(ue+ /(e +1).  More generally, if #; — rj, this
suggests the definition of the LLAP s{«) (or s(r)) at each
point :

1 I
)= 57 (("' + )glnf

Function fn g (r) with s=s(r) can be used to fit f in the
neighbourhood of 7.

+ 6.5z +2> (&)

The identification s(r) = sy for r = 523 e
mains valid for the experimental distributions (taking
Fyy = plry)/p(r;) as far as they are approximated by

monotoenic decreasing functions versus distance.

The behavior of the local age parameter sy, on experi-
mental lateral distributions was found in accordance with
the prediction [4] which was reaffirmed by the Akeno ob-
servations [5]. The stated method was validated by the rap-
porteurs of the ICRC from 1981 to 1985 [6]. The whole
procedure was also employed in the calculation of radio
effects ol EAS.

In the present work we would consider local (lateral) age
parameter.

3 Generation of EAS events

For generatmg EAS events, the alr shower mmulanon pro-
gram CORSIKA (COsmic Ray Slmulapon for KAscade)
version 6.600 and 6.735 [7]. is explmted here in the en-
ergy range from 0.1 PeV to,1 EeV., The hxgh energy (above
80GeV/n) hadronic interaction model QGSJET 01 version
Ic [8] has been used in combination with the low energy
(below 80GeV /n) hadronic interaction model GHEISHA
(version 2002d) or FLUKA [9] depending on the primary

cnergy. For the clectro-magnetic part both the EGS4 pro-
gram library and the NKG option are used. We consider the
US-standard atmospheric model [10] with planar approxi-
mation. The maximum primary zenith angle is restricted to
50°. The EAS events have been generated mainly for Pro-
ton and Iron nuclei as primaries. A small number of events
have also been simulated for He primaries.

4 Estimation of lateral shower age

The simulated data have been analyzed using the recon-
struction algorithms developed to obtain basic shower pa-
rameters i.e. shower size (total number of shower elec-
trons) and shower age. We adopt two different methods.
First following the traditional approach we estimate basic
shower parameters by fitting the density data with the NKG
structure function. Secondly, exploiting Eq.(4) we directly
estimate local shower age parameter for each individual
event.

We noted that the description of the data by the NKG func-
tion is improved a lot when the Moliere radius is treated
as a variable rather than a fixed parameter. But this better
description comes at the expense of very high shower age
valuc which somcwhat obscurcs the physical meaning of
the age parameter as assigned in the cascade theory.

The variation of local age parameter with radial distance
from the shower core is shown in figure I(Left) for pro-
ton and iron primarics. It is known from previous studies
[4] that the local age parameter initially decreases with ra-
dial distance, reaches a minimum between 30 to 50 m and

then increases with radial distance. Here we have noticed

two other interesting features: The local age again starts
to decrease around 300 m and more importantly the nature
of the variation of local age with radial distance appears
nearly the same for all primary energies i.e. the nature of
variation is practically independent of energy of the shower
initiating particles. This decrease of s(r) around 300 m has
been noticed in Akeno [5] and in Kascade-Grande [11].

Such a behaviour is also confirmed experimentally in figure
1(Right) of Kascade report [12]: this figure exhibits a max-
imal deficit at 50-80m in the ratio of measured and fitted
electron densities, as well as an excess at large distances
when fitting with NKG formula. Here we have compared
the radial variation of local age obtained out of the simu-
lated data for proton and iron primaries with those obtained
from the experimentally measured density distribution data
of KASCADE in figure 2.

~ § _ The correlation of shower age parameter

with other EAS observables

To explore the physical nature associated with lateral
shower parameter, if any, we study some characteristics of
shower age. We consider local age at two different condi-
tions, the minimum value of local age that corresponds to
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Figare 1: Left: Local age parameter obtained from simulated data as a function of radial distance for proton and Fe
primaries at Akeno site at energy 108 eV; Right: The radial variation of tocal age obtained from the KASCADE observed

fateral distribution data.

local age at about radial distance 50 m and a some sort of
average between 50 m to 200 m.

The variation of local shower age with shower size for the
zenith angle interval (G° - 45°) is presented in figure 2 for
KASCADE Jlocation. It is noticed that the local age de-
creases with shower size but the rate of decrease slows
down at higher shower size. With increasing primary. en-
ergy i.e. with increasing shower size showers penetrate
deeper into the atmosphere resulting in steeper lateral dis-
tribution indicated by the smaller lateral shower age param-
eter. The simulation results show that showers induced by
heavier primaries are older compared to those generated by
light primaries. When the simulation results are compared
with the experimental data, the KASCADE observations
indicate for a change in mass composition towards heavier
nuclei around the knee.

The fluctuations (variance) of local shower age in differcnt
shower size bins are estimated and the shower age fluctua-
tions ag a function of shower size are drawn in figure 3 for
proton and iron primaries. It is found that at higher energies
fluctuations in local shower age is larger for proton initiated
showers in compare to those initiated by primary Fe which
is in accordance to the predictions of early works [13] but
at lower energies a reverse trend has been noticed. In fig-
ures 4 we plot the 3-dimensional curve between average
local shower age at aradial distance about 40 m (minimum
value), average shower size and mean muoh size obtained
from simulation results for both proton and iron primaries
at Akeno and KASCADE location. The corresponding ob-
servational results of the Akeno and KASCADE experi-
ments are also shown. For the Akeno experimental data we
extract the minimum local age for different shower sizes
from a paper [5] whereas the mean muon content corre-
sponding to those shower sizes ate obtained from reference.
In the case of KASCADE data, we estimated local age from
their measured lateral distribution and corresponding muon
size are extracted from the N, — N, curve.

The comparison of simulated results with experimental ob-
servation from both the Akeno and KASCADE EAS exper-
iments (figure 4) indicate for a change in primary ¢ompo-
sition towards heavier primary as energy increases across
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Figure 2: Variation of local age with shower size.
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Figure 3: Fluctuation of shower age as a function of shower
size.

the knee of the primary energy spectrum. The KASCADE
group also reached at the similar conclusion using slope
parameter instead of shower age.

6 Conclusions

The present analysis sugests that the local age parameter
offers a good solution ’towérd‘unambiguous estimation of
shower age parameter. Sincé the local age parameter is
found to vary with radial distance, comparison of age pa-
rameters obtained by different EAS experimental groups is
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Figure 4: 3-Dimensional plot between shower size, muon size and lateral shower age for proton and Fe primaries at Akeno

and KASCADE locations.

difficult as the radius of the shower disc differ from cxperi-
ment {o experiment. Local age at a particular distance (say
at the position of minimum i.e. around core distance 40 m)
is however, problematic owing to the jarge fluctuation of
electron density data in EAS in a real measurement. We,
therefore, propose to take some sort of average local age
between the first minimum at around core distance of 40 m
and the subsequent Jocal maximum at around 300 m.

The local shower age takes higher value for iron initiated
showers in compare to that of proton initiated showers
which means that lateral distribution of electrons for iron
initiated EAS is flatter relative to that of proton initiated
EAS. The slope of lateral shower age versus atmospheric
depth curve is, however, more or less the same for proton
and iron initiated EAS.

The fluctuation of local/lateral shower age parameter has
been found quite sensitive to the nature of primary par-
ticle. However, the level uncertainty in determining lat-
eral shower age, particularly in experiments, is comparable
with the magnitude of fluctuation and hence deriving any
firm conclusion on the nature of primary from the study of
fluctuation of lateral shower age alone is difficult.

For the study of primary composition the 3-dimensional
plot of shower size versus muon size and shower age seems
to offer better accuracy in compare to the more conven-
tional approach of implementing it through the shower size
versus muon size curve. 1t would be an interesting task to
apply such 3-dimensional plot to obtain the composition
of primary cosmic rays using observed EAS data from a
closely packed air shower array with the facility of concur-
rent muon measurements such as the GRAPES experiment
at Qoty [14]. - :

Theoretically the total muon content in an EAS is a strong
mass sensitive parameter. However, it is revealed from
many experimental studies that it is not always possible
to extract proper information on primary mass from the
muon content alone. This is mainly due to-the limited
muon detection area in a real EAS experiment-and EAS
fluctuations. The present findings suggest that simultane-
ous study of magnitude of lateral age, its fluctuation and
the 3-dimensional variation of the parameter with electron

and muon content of EAS may assist to cxtract the nature
of the shower initiating particle with a beiter accuracy.
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A Monte Carlo simulation study has been carried out, aimed at identifying and rejecting the
background component, constituted by hadronic cosmic rays, from y-ray primaries.at
energies above 100 TeV. The usual methods for this purpose using muons and secondary
badrons are revisited here. In this ‘work our main focus is to. discuss the possible role of
longitudinal age, lateral 'age and local age parameters of EAS for separating y-ray initiated
showers from hadronic showers. Local age parameter may serve as an estimator of gamma-
hadron discrimination in ground-based EAS experiments with or without muon measurement
facilities. '

Pacs: 96.50.sd, 96.50.sb, 95.75.-2, 96.50.5-

Keywords: cosmic ray, EAS, gamma-hadron, Monte Carlo sirnulations

1. INTRODUCTION
The present astrophysi'cal conjecture of y-ray astronomy is leading to answer
several guestions related with the origin and acceleration mechénisms of Cosmic
Rays. This becomes a viable branch of main stream astronomy with the advent of
the ground-based imaging Cherenkov telescopes. The Cherenkov telescopes HESS,
VERITAS and the Fermi y—réy safeliite along with CGRO produce results-which agree

remarkably well with' theoretical predictions [1]. To understand the important
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features of the primary energy spectrum vis-a-vis the chemical composition of the
cosmic rays at UHE and extremely high energy, a complete study of cosmic ray air-
shower-has been the only feasible way. The direct measurements of primary cosmic
ray flux nearly 10" eV and above are impractical because of very low and sharply

falling flux, but has to be inferred from observations of extensive air showers.

The EAS measurements provide various observable parameters namely shower size
(N.), muon size {N,), lateral age (sp), local age (Siocat), hadron number (Ny.q), air
shower associated Cherenkov photons (Ng.), shower maximum (Xm.) and
longitudinal age (s) (where air-shower arrays are equipped with fluorescence
detectors [2,3]) and many of these ohservables are found to be sensitive to primary
masses with different degrees. The measurements from different experiments
would still require detailed Monte Carlo simulations of the shower development as
a basis of the data analysis and interpretation. The M C simulations consider the
evolution of EAS in the atmosphere initiated. by different energetic particles.
Modern air-shower arrays equipped with large area detectors and improved
electronics could precisely measure several EAS components simultaneously [4,5].
Currently simultaneous observations of showers using two distinct detector
methods couid also help to limit systematic errors that have inundated cosmic ray

experiments.

In the field of cosmic ray physics, the discrimination of y-ray induced air showers
from hadronfinduced air showers is a long standing problem that still needs more
attention [6,7,8). y-ray detection suffers from the huge background constituted by
ordinary cosmic rays (hadrons), whose flux is about 4 order of magnitude larger
than the y-ray flux. To observe astrophysical sources (assume as point-like objects),
one has to eliminate isotropically distributed cosmic rays. In this paper we will
discuss some important distinguishing features of.y-ray induced EASs from those

induced by the normal cosmic ray nuclei with the help of age parameters & few
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other best possible EAS observables. In EAS technique the muon measurements of
thei two types of showers are important because muon content has been treated
beautifully as one of the primary mass sensitive parameters. In KASCADE
experiment the secondary hadron content has been used in order to distinguish
different primary cosmic ray nuclei but measurements were at variance with the
results obtained from electron/muon analysis at sea level [9]. The hadron
measurements are usually preferable at mountain altitude because of higher EAS
survival energy in the form of hadron component. The three different shape
parameters {Sp, Siocal & 5) Of their lateral and {ongitudinal profiles of simulated EASs
are used in this work to extract important distinguishing features between y-ray

induced showers and protons/nuclei induced showers.

The important considerations adapted in the simulation procedure are given in
section il. The three different shower age parameters are described briefly in
section HL In section WV we discuss the results obtained on gamma-hadron

separation. Finally, section V presents our conclusions.

2. SIMULATIONS OF EAS

Results for the present work have been obtained by coupling the high energy
{above 80 GeV/n) hadronic interaction model QGSJet 01 version 1c [11] and the low
energy {below 80 GeV/n) hadronic interaction model GHEISHA (version 2002d) [12]
in the framework of the CORSIKA Monte Carlo program version 6.600 {10]. For the
electro-magnetic part the EGS4 [13] program library simultaneously with the NKG

option has been used.

The US-standard atmospheric model [14] with planar approximation has been
considered which works only for the zenith angie of the primary particles being less

than 70° The maximum primary zenith angle has been restricted to 45° here. The
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EAS events initiated by primary protons as well as iron nuclei and y-ray have been
simulated. The Monte Carlo simulation data library consists of 40,000 EAS events for
each primary component p, He, Fe and y-ray in the primary energy range from 10"
eV to 3x10® eV followed a power law with a spectral index of -2.7 . A mixed sample
has also been prepared from the generated showers taking 50% p, 25% He and 25%
Fe events for better understanding of EAS observational results. We simulated EAS
events based on the characteristics of several air shower arrays such as NBU, ARGO-
YBJ, KASCADE and MT. CHACALTAYA. The magnetic fields are set accordingly. On
ground level the kinetic energy thresholds are chosen as 50 MeV, 50 MeV, 3 MeV

and 3 MeV for secondary hadrons, muons, photons and electrons.

3. SHOWER AGE PARAMETERS

According to the cascade theory, the developmental stage of a pure
electromagnetic cascade can be expressed by a single parameter s, known as
Iongitudinél shower age. This parameter is determined as the saddle point in the
inverse Melline transformation of cascade transport equation. In approximation B, it
is possible and natural to consider the value of s, as

s, = —= (1)

t+21n£’-’-
&g

where t is the (slant) atmospheric depth of observational level, E, is the energy of

the primary photon/electron, €, is the critical energy (in air €, = 81 MeV).

Recent Monte Carlo simulation studies demonstrated universality for large EAS with
primaries in-the EeV energy range in terms of longitudinal age defined through the

relation

3t

§p = e
L™ tt2tmanx

(2)
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where t., is the depth of the shower maximum. The longitudinal data sub-block of

CoRSiKa output provides t and t,., for estimating s,.

In the same theoretical framework Nishimura and Kamata solved numerically the 3-
* dimensional shower equations in approximation B to obtain the lateral distribution
of electrons progressing in a constant medium. The density profile of cascade
electrons was fitted by Greisen with the approximate form called NKG structure

function, given by
p(r,spn) = Nec(sr)({;)sﬂ”z(l +~:;)SD”4'5 (3)
where r,, is the Moliere radius which takes different values for different sites and

c{sy) is a normalization factor.

B r(4.5-s4)
c(sn) = 2mrA (s (45—25)

(4)

To obtain sp the standard procedure in which simulated electron densities at
different radial distances are fitted by the method of Chi-square-minimization
through an iterative procedure based on the method of steepest decent to the NKG

lateral distribution function [15] of electrons mentioned in equation (3).

For better estimation of shower age from experimental density distribution of
electrons, Capdevielle introduced the notion of local age parameter {Sioea) [15].
From two neighbouring points, i and j, one can give a lateral age parameter for any
distribution f(x) {where x = r/r,) that characterizes the best fit by a NKG-type
function in [x,x]:

I FiXfYe®)
Y In (Xi5Y5)

(5)

Where Fy = f{r}/f(r;), X; = /v, and Yy = 06+1)/{y;+1). More generally, r; approaches to
r;, this suggests the definition of the LAP s(x} { s{r})) at each point:
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alnf

s0) = s (Gt DZL 4 2+ p)x + 2) (6)

if Bo =4.5, fakslr) with s=s{r) can be used to fit f in the neighbourhood of r. The
identification s(r)= s; for r = (r+r;)/2 remains valid for the experimental distributions
as long as they are approximated by monotonic decreasing functions versus
distance: A typical behaviour of s{r) was inferred with a characterized minimum
value of the parameter near 30-50 m from the axis followed by a general increase
up to 300 m and again showing a decrement beyond if. A single average age
parameter was estimated taking average of all local ages measured in different
radial bands between first minima (45 m) and subsequent maxima (200 m) to

incorporate important properties of shower initiating particles into it.

4. RESULTS ON GAMMA-HADRON SEPARATION

Based on Monte Carlo simulation studies, some important distinguishing
characteristics of hadron and y-ray initiated air showers have been investigated.
The various observable parameters like shower size (N.), muon size (N,), hadron
number (N4}, longitudinal age (s,), lateral age (sp), local age (S..cat) and average age‘

(sav) are being used for this study.
A. ELECTRON-MUON AND ELECTRON-HADRON CO-RELATIONS

The average number of muons and secondary hadrons against the number of
electrons are depicted in figures 1a and 1b. it cpuld clearly be recognized that
curves for hadron primaries are well above from that for the gamma-ray in both
figures. For extensive air shower arrays examining higher energy regions for the
selection of pfimary y-ray (typically greater than 100 TeV or so), rejection of
hadronic background based on the measuredvmuon content remains a promising

technique [17]. However, this tethnique becomes inefficient in regimes where the
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expected muon number for protons/nuclei initiated showers is low due to lower
primary energy and/or with wider geometrical spread in the shower profite. In such
a situation protons/nuclei initiated showers are eliminated from y-ray showers
through the estimation of EAS events which are ‘secondary hadron-rich' with

respect to the number of hadrons expected from y-ray initiated showers [18].
B. VARIATION OF s, WITH N,

The penetration of the atmospheric matter by EASs is determined generally by the
elasticity of the interaction defined as the fraction of energy carried by the leading
secondary particle. The EASs initiated by y-rays have large elasticity values
compared to hadron initiated showers and by this reason the y-ray induced
showers penetraté more in the atmosphere, as can be distinguished from the
comparison of their }ongitudinal ages [19]. In figures 2a and 2b, we have presented
the results obtained on this feature corresponding to the photonic and the

nucleonic origin of primary particles at three different depths.
€. N & N, DEPENDENCIES OF MEAN 5,

The correlation between mean lateral shower age and shower size in the shower
size range (10% - 1.5 x 10°%) with the zenith angle intervat {0° - 45°) for p, Fe, y, mixed
composition using QGSJet model and NBU results are put on view in figure 3b. It is
important to perceive that the iateral shower age takes higher values for heavy
nuclei compare to that of light and y-ray primaries clearly indicating relatively

flatter latéral distribution of electrons as one starts from gamma to Fe via p.

The variation of mean lateral shower age parameter with muon size in the primary

energy range {10"-3x10" eV) in the zenith angle interval 0° - 45°) for p, Fe, y-ray

primaries is presented in figure 3a with Kascade data. The variation exhibits the

same nature as obtained in the KASCADE experiment using NKG fitting for muons

with slightly higher muon threshold energy [20]. The figure also exposes the fact
~ QG ~



Exploring the Cosmos
that y-ray initiated showers are easily distinguishable from hadron showers in terms
of s and N, but the discrimination between lighter and heavier hadrons at higher
energigs becomes gradually inappropriate. From our earlier simulation study it has

been concluded that EASs from light primary components are younger in average.
D. RADIAL DEPENDENCE OF LOCAL AGE & DISTRIBUTION OF S,

Using equation (5) we have studied the radial dependence of the local age (Sioca) for
six different Moliere radii between 10-200 m for p, Fe and y-ray primaries at
Kascade site with different primary energies (figures 4a, 4b, 4c). The nature of
variations of s..., are almost identical irrespective of primary energy and mass. This
hehavior of the local age parameter feads to exhibit some kind of scaling feature of
radial electron distributions. The radial variation of s, for p, Fe and y, at three
different altitudes (Kascade, Argo and Mt. Chacaltaya) are shown in figures 5a, 5b,
5c and they exhibit a very good indication of gamma-hadron separation. A very little
shift of minima points is observed in s Vs r plot {figure 6) keeping overall shape
unaltered for different altitudes. In figure 7 we have shown the frequency
distributions of the estimated average age {s.,) and the early development of y-ray

initiated shower compare to hadron showers is revealed from it.
5. CONCLUSIONS

A simulation study has been made to separate the background cosmic rays
constituted by hadrons from y-ray primaries at energies above 100 TeV at four

geographical sites. Our conclusions are as follows:

1. The well established fact that muons have higher discriminating power between

y-ray and hadron rather than secondary hadrons is verified once again.

2. It has been .recognized from our present simulation study that y-ray initiated
showers are little younger than hadron showers of the same primary energy, zenith

angle and observational level.
' ~ 100~
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3. The longitudinal age parameter s_ could be useful for gamma-hadron separation

for EAS experiments those equipped with optical detectors (CT & FD).

4. The experimental profiles of EAS cannot be expressed in terms of NKG function
with a single age parameter. Consequently, though the lateral age parameter
contains information of both hadronic cascading and primary composition, its
determination can be biased while fitting the experimental distributions. The
characteristic dependence of locai age parameter with radial distance allows a more

accurate determination of s

5. The lateral distribution of electrons in EAS exhibits some sort of scaling {energy,
mass independent) behaviour in terms of the local age parameter at least in the
energy range 100 TeV to 1 EeV and in few sites in the altitude range 110 m to 5300

m { however a little shift of minima in s, With altitude is noticed).

6. The local age parameter qualifies reasonably well as an estimator for
gamma/hadron discrimination and may separate y-ray showers from the hadronic
background where muon measurements are not made (but array should be densely
packed for precise density measurement i.e. ARGO-YBJ). On the other hand, Siocu
may also be used simultaneously with N, in experiments such as GRAPES-3 with

concurrent muon measurement facility.

7. The frequency distributions of s, for p, Fe and y-ray initiated showers exhibit a

distinguishing character between y-ray and hadron primaries.
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initial set of different threshold energies have been reduced to desired values
through simulation as demanded for comparison with experiments.
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Analyzing simulated EAS events generated with the CORSIKA code, the characteristics of lat-
eral distribution of electrons in EAS around the knee energy region of the primary energy spectrum
have been studied and compared with experimental observations. The differences between the EGS4
and the NKG output of CORSIKA in respect to electron radial density distribution have been in-
vestigated. The relation between lateral and longitudinal age parameters has been studied after
introducing the notion of the local age parameter that reflects the profile of the lateral distribu-
tion of electrons in EAS. The present analysis motivates the inclusion of the lateral shower age
in a multiparameter study of EAS to extract information on hadronic interactions and primary

composition.

I. THE DIFFERENT AGE PARAMETERS

The concept of shower age was introduced in cas-
cade theory to describe the stage of development of
an electromagnetic (e.m.) cascade. A synthesis sum-
marizing the works of Greisen and Nishimura-Kamata
under Approximation B of cascade development [1] in
respect to shower age is the following: the longitudinal
age sz is defined here as

3t

L T (B ) )

where Ky is the energy of the primary photon gener-
ating the cascade, t is the atmospheric (divided by the
electron radiation lenth in air taken as 37.1 g-cm™?),
¢p being the critical energy of 82 MeV.

In this theoretical context the lateral density distri-
bution of cascade particles given by Nishimura and
Kamata can be approximated by the well known
Nishimura-Kamata-Greisen (NKG) structure func-
tion,

f(?‘) = C(S-L)(T/rm)sj"z(l + 7'//7'772,)3'L*4'5 > (2)

where 7 is the radial distance measured from the
EAS core, 7, is the Moliere radius, s, is the lateral
age : the normalization factor C(s_ ) is given by

F(4.5 - SL)

Clou) = T s 2,7 (3)

implying that for the density pyxc(r) = N,f(r)
thanks to the properties of the Eulerian function.

The relation s;, = s, was initially considered to
hold for pure e.m. showers and it was admitted that

C11

the average steepness of the profile of the lateral dis-
tribution has a correlation with the longitudinal de-
velopment.

Later the 3D diffusion equations were solved again
by Uchaikin and Lagutin using adjoint equations and
an improvement of NKG function was proposed by
modulating 7, to sz as follows:

palr) = (TrL'rm)“szKG('r'/m) (4)

with m =0.78 — 0.21s.

The validity of this approach was demonstrated |3]
by pointing out that the experimental distributions
in EAS are steeper than the gyxe but are in better
agreement with Monte Carlo calculations of Hillas.

For better estimation of shower age from the ex-
perimental distributions, one of us (Capdevielle) in-
troduced the notlon of the local age parameter (LAP)
SLoc [3]: From two neighbouring points, ¢ and j, one
can give a lateral age parameter for any distribution
f(x) (where z = 7—) that characterises the best fit by
a NKG-type function in [z;, z;] :

T (X, V) K
where Fij == f('f‘z)/f(’l"7), X“ :7'1'/7'3', and

Yiy=(z:i+1)/(z;+1). More generally, if r;, — 7,
this suggests the definition of the LAP s(z) (or s(r))
at each point :

1 ) Oln f
2 +1 <(J: * l)alnx

If Bo=4.5, fnra(r) with s=s(r) can be used to fit
f in the neighbourhood of 7.

s(r)

+ (24 Bo)x + 2) (6)
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The identification s(r) = s;; for r = T—’g—'-i reniains
valid for the experimental distributions as long as they
are approximated by monotonic decreasing functions
versus distance: A typical behaviour of s(r) was in-
fered with a characterised minimum value of the pa-
rameter near 30 — 50 m from the axis followed by a
general increase at large distance and it suggests a
relation s, ~ 1.25 — 1.3s .

After verification of the behaviour of the LAP
through experimentally observed lateral distributions
and particularly a detail study of the parameter with
the Akeno data [4], this approach was validated by the
rapportewrs of the ICRC from 1981 to 1985 [5]. This
procedure was also used in extension to calculate the
radio effect of very large EAS [6].

II. 3D SIMULATION OF EAS

In the present work, the high energy (above
80GeV /1) hadronic interaction model QGSJET 01
version lc¢ has been used in combination with the low
energy (below 80GeV/n) hadronic interaction model
GHEISHA (version 2002d) in the framework of the
CORSIKA Monte Carlo program version 6.600 [7] to
generate EAS events. The simulated shower library
produced consists mainly of 10,000 EAS for each pri-
mary species Proton, Helium and Iron in the primary
energy interval of 101 ¢V to 3 x 1016 eV.

Taking the opportunity of calculating simultane-
ously the e.mn. compouent via both the options, the
EGS and the NKG option (implemented following [3]
by exploiting the relation (4) in the subcascades treat-
ment) as admitted in CORSIK A package, we have car-
ried out parallel simulations. We ascertain that when
the calculation of the electron component is carried
out with relation (4), the situation with the NKG in-
spired procedure implemented in CORSIKA is more
close to the experimental data and also to the cal-
culation with the EGS, as shown in fig.1. The NKG
option gives a slighly larger density with steeper radial
distribution in compare to the EGS option. A small
density excess appears for pure electromagnetic cas-
cades near the axis for the Corsika NKG option. Such
an excess appears also in proton induced air show-
ers. However, over a large band of densities between
the radial distance 10m up to 1007 from the axis, a
tolerable agreement is noticed.

For Fe primariés, botfh the options produce older
profile near the axis with’ dénsity: exuesq (iparticularly
in the case‘of NKG option) betweeti-2 - 41 0m distance.

The average energy of theé positions'is-quite smbll in’

the case of iron initiated shower$ and the closs section
of positron annihilation bécomes more important for
the lower part of the cascade. This effect is probably
enhanced by the longer path of the electrons in the ge-
omagnetic field (and larger energy loss by ionisation).
Therefore the NKG option is not a very good option
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FIG. 1: Comparison of radial distribution of electrons for
CORSIKA NKG and EGS options for proton and Fe pri-
maries.

for the simulation of heavy nuclei initiated inclined
showers after the maximum development of cascade.
Near vertical showers in low altitudes are nevertheless
acceptable. Conversely for very high energy primaries
the average energy of the positrons remains impor-
tant and for proton and photon showers NKG option
is still useful to calculate a large number of cascades
in a short time.

At larger distances a slight deficit in densities ap= "~
pears with the NKG option; it seems to come from the. i -
different treatment of the multiple coulomb scattering.: .

in the EGS and also may due to the enhanced path-
of the muons in the geomagnetic field which results in:t.
greater loss of energy by ionisation and subsequently
their decay produces more electrons. The EGS takes
into account the photoproduction inside the e.m. sub-
cascades.

Through a smaller sample of events simulated in
the energy band 10'® — 10?%eV [9], we have also ob-
served that the lateral distributions calculated at dis-
tances lower than 300m from the axis with the NKG
option as well as the total longitudinal development
do vot differ much frou those obtained with the EGS.
Consequently, the NKG option in CORSIKA remains
useful for faster calculations at ultra high energy initi-
ated by a nucleon or nuclei. This circumstance allows

- the calculation of radio effect as in [6] as well as the

fluoresgent, component via the NKG option. The Lan-

si-dau Pomeranchuk Migdal effect (LPM)(not included
-:iin the NKG option) limits however the employment
- of the option beyond 108V for v primaries.

The fluctuations in lateral shower age are much
larger for proton initiated showers compared to those
initiated by heavier primary.

This distribution (fig.2) can be fitted by an Extreme

[
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s fluctuations and EVD distribution

é(s)

1,
50 L

»

PIG. 20 Hluctuation of shower age at fixed shower size N, =
10% fitted by an E.V.D. function ¢(s) (vertical showers, sea
level, p primaries)

Value Distribution (E.V.D) defined through

1 i — 8 (p=s)
P(s) = = exp(j:’l-i_~ — e
o o

where the parameters 4 and ¢ are related to the

average size 3 and its variance Vs by 3 = p+0577 ¢
and Vs = 1.64502% (in the case of the histogram of
fig.2, 5 = 1495 and ¢ = 0.07).

Comparing the results of the EGS and the
NKG options with Kascade data [8] in the bin
Log(Ne)[3.9,4.3], we observe that there are small dis-
crepancies in densities even with the Lagutin NKG
modified formula taking s = 1.404, N, = 11829 as
shown on fig.3

Those mentioned parameters (for Lagutin formula
(4)) corresponds respectively to the average lateral age

arameter and the average size in the size bin consid-
ered (calculated with the size spectrum in Karlsruhe).

III. LAP AND N. DEPENDANCE

The dependance of the local age parameter s(r) on
lateral distance exhibits the typical dependance at the
jevel of Akeno experiment with a minimum near:-30-46
m distance and larger values near at small radial dis-
tances or at large distances from the axis. An example

ot

Cc1t

(7)

5

pe(R)(m2)

0 20 40, 60 80 196 126 140 160 (80 200
R(m)

FIG. 3: Lateral electron distributions at Kascade level.
Experimental(full line), NKG option(dashed), NKG-
Lagutin modified function dotted

is given in the fig.4 for N, = 10°.

The comprehensive dependance of the lateral age
parameter s on NV, is shown on fig.5

The lateral age parameter is obtained as the value
of the La.p. s(r) averaged inside the shower disc up
to the shower radius Ry, (distance where the average

lateral distribution reaches a threshold density satis-

fying the trigger conditions and remains detectable by
the scintillator detector used i.e. for instance lel/m?
for a counter of 1m? area). One of the most simple
interpretations of the minimuin near the knee on fig.5
could be a mixed component progressively enriched in
nuclei after the knee as suggested half a century ago
by the galactic leakage, according to the different Lar-
mor radius of nucleons and heavier nuclei. However,
for smhall energies the shower radius Ry, is lower than
401 whereas it exceeds 100m at large energies above
the knee; the calculation of the average s up to those
different limits may 'be the reason for decreasing s be-
low the knee and an’increase in age beyond the knee.

' IV. CONCLUSION

ooee Lt

The experimental profiles cannot be expressed in

terms of NKG function with. & single age parame-

“ter. Consequently;:though the lateral age parameter

contains information of both hadronic cascading and

. primary compositidn; its determination can be biased
.- while fitting the.experimental distributions. The char-
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acteristic dependance of local age parameter wwith ra-
dial distance allows a more accurate determination of

C11

Local age parameter in Akeno

1 10 axis distanfg (m)

FIG. 4: Local age parameter versus distance at Akeno.
Experimental points squares (thick scintillators), stars
(thin scintillators), dotted line proton primaries, dashed
line iron primary, horizontal lines longitudinal age param-
eter respectively for p and iron

s3 as well as the conversion to sg,

A detailed study of dependence of s on showey size,

included in a multiparameter analysis (muon-electron

abundance, absorption length) and comparison with
the Akeno and the Kascade data (in progress) should

help to understand the knee region in terms of Primary

composition.
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