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Abstract

The success of earth-based air shower arrays in detecting point sources of cosmic rays
above 10 TeV depends crucially on the possibility of finding efficient methods for sep-
arating y-induced air showers from the background of hadron-induced showers. In this
thesis, a y/hadron separation based on the charged particle content and energy dis-
tribution of air showers is developed. The information is provided by the multi-layer
calorimeter-like Geiger towers within the HEGRA air shower array. The event selection
uses computer-simulated neural networks trained on MC data.

The separation method is applied to Geiger tower data taken between November 1994
and April 1995 to search for y-ray emission from the superposition of nearby northern
blazars. Together with an additionally analyzed sample of scintillator data taken be-
tween 1989 and 1992, a 5.5 0 excess from the superposition of 12 sources with redshift
2 < 0.062 is observed. "The non-detection of sources at higher redshifts is evidence
for the postulated infrared-to-optical background radiation becoming relevant above
z = 0.07 at HEGRA energies. The X-ray-selected flat-spectrum AGN 01164319 is the
strongest source in both time periods and yields a 4.9 0 excess.
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Chapter 1

Introduction

Ever since their discovery in 1912, cosmic rays have been a great stimulation for parti-
cle physics. The first detection of positrons and muons in cloud chamber experiments
by Anderson in 1932 and 1936 [1], and the detection of the pion on photographic plates
by Powell in 1947 [2] are important milestones on the way to today’s picture of the
fundamental constituents of matter and the interactions between them.

In a striking contrast to this impact on modern elementary particle physics, the main
questions related to cosmic rays themselves have remained largely unsolved up to the
present. We neither know the origin of the most energetic cosmic rays particles, nor
the processes which are able to accelerate them to energies up to 10%° eV.

In the last 5 years, satellite experiments like the EGRET detector on board the Comp-
ton Gamma Ray Observatory CGRO and earth-bound detectors like the Whipple
Cerenkov telescope have finally cast some light on the origin of extragalactic cosmic
rays. EGRET has by now successfully detected more than 50 extragalactic GeV-vy
point sources, all of them belonging to the class of objects called Active Galactic Nu-
clei (AGN) [3, 4, 5]. As shown by the Whipple group, at least two of them, the nearby
blazars Mrk 421 and Mrk 501, also emit TeV-v rays [6, 7], which means that y-radiation
from these objects has now successfully been observed covering 18 orders of magnitude
in energy, from radio observations at 107%e¢V up to TeV ~-energies.

Apart from being a challenge to all theories trying to explain the physical processes in
AGN which lead to y-flux from radio to TeV, these observations have again raised the
question whether AGN or sub-classes of AGN may be visible at even higher energies.
Above 10 TeV the task of searching for a y-flux from these sources is taken over by large
earth-bound detector arrays like the HEGRA (High Energy Gamma Ray Astronomy)
array situated 2200 m a.s.l. on the Canary Island La Palma. These so-called air shower
arrays detect the primary particle rather indirectly by the huge amount of secondary
particles induced by the incident cosmic ray primary in the Earth’s atmosphere.

The discovery of cosmic ray point sources at HEGRA energies would unequivocally
answer questions concerning the origin of the v-rays and their acceleration. Hence,
great effort has been devoted to the search for > 50TeV sources. Nevertheless, no
extragalactic source above 10 TeV has been established with sufficient significance up
to now.

As an explanation of the rather disappointing performance of air shower arrays, the in-

11



12 CHAPTER 1. INTRODUCTION

evitable interaction between the TeV ~-rays and the photons of the infrared-to-optical
background radiation has been claimed [8]. Based on the results of the Whipple obser-
vation of Mrk 421, various authors [9, 10] derive a rather high strength of the infrared
background which would virtually rule out the possibility of detecting point sources at
energies above 10 TeV.

But in contrast to the well-known 2.7 K microwave background radiation, there is no
direct measurement of the infrared background up to now, and any prediction remains
uncertain at present. Only the measurement of the TeV spectra of several sources and
the observation of sources at different redshifts may give us a clue about the actual
strength of the cosmic infrared background which is otherwise difficult to probe.
Nevertheless, even in case the infrared absorption is not as high as predicted and
equals the lower limits from galaxy counting, we have to face the problem that any
v-flux above 50 TeV will be rather marginal, and trying to establish sources in this
energy region will soon verge on the limitations of current detector arrays. For about
a decade, various air shower arrays have only produced upper limits for the flux from
individual extragalactic sources. Any new attempt therefore depends crucially on at
least two items.

e Is it possible to increase the rather bad signal-to-noise-ratio of air shower arrays ?

In air shower physics, searching for «y-showers means separating them from the over-
whelming background of hadron-induced showers which have lost the information about
their origin by deflection in the,intergalactic magnetic fields. In past and current appli-
cations, y/hadron separation is mainly based on the difference in the muon content of
both shower types. Approaches taking advantage of the Cerenkov light are promising,
but are restricted to appropriate night sky and weather conditions.

Within the scope of this thesis, a new method based on the muon and high energy
particle content and the different lateral and energetic distribution of charged particles
in air showers is developed. This allows an all-day «/hadron separation going beyond
ordinary muon counting. The experimental tool for this analysis is the sub-array of
17 Geiger towers which has been installed as an integral part of the HEGRA array.
For the first time, these multi-layer detectors allow both the tracking of muons and
high energy. e* and give valid calorimetric information at different distances from the
shower core.

Due to the complexity of the input information, the analysis is consequently based
on computer-simulated neural networks, a powerful technique of data analysis which
is well-established in high energy physics by now. As it replaces the serial cuts in
the artificially reduced data space typical of conventional analysis by parallel handling
of all available information, the application of neural networks and other methods of
multivariate analysis is self-evident in cases where efficient and economic data analysis
based on a large number of measured quantities is crucial.

Apart from the development of a y/hadron separation technique, a major part of this
thesis is dedicated to a question with strong connection to theory.

o What sort of sources are likely candidates for 50 TeV emission ?

The successfulvobservations in the GeV and TeV region by EGRET and the Whipple
and HEGRA Cerenkov telescopes imply that the highest energy v-rays in AGN are
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produced in jets beamed at the observer. AGN where the jet axis is closely aligned
with the line-of-sight form the blazar sub-class. Rapid variability by orders of mag-
nitude in luminosity on a time scale of a few days, Doppler boosted emission and
superluminal motion of radio knots, and a high degree of optical polarization are their
main features. About 15 sources which are known to belong to the blazar class have
redshifts below z ~ 0.1 and are promising candidates for detection at TeV energies.
In a recent paper [11], the TeV flux of these sources has been predicted on the basis
of the proton blazar model [12], using multi-frequency data of all available energy re-
gions. This source compilation is the basis of the point source search described in the
following chapters.

Comprising a catalogue of equivalent sources allows to treat them as a class rather than
as individual objects. Whenever only a marginal signal is expected, the sensitivity can
be increased further by searching for a cumulative y-excess from the superposition of n
sources, thus imitating an n-fold observation of a single " generic” source. This stacking
method is a common tool of astronomy.

Neural network based ~/hadron separation and stacking promising TeV sources are
the two ”leitmotivs” of this thesis. Taken together, they considerably increase the
sensitivity of HEGRA and thus justify a new attempt at establishing TeV sources.
The thesis is organized as follows: Chapter 2 roughly outlines the mechanisms lead-
ing to multi-wavelength emission of AGN and summarizes today’s knowledge on the
infrared-to-optical background radiation, which plays a decisive role in TeV astro-
physics. Chapter 3 describes the experimental tool of this analysis, the HEGRA de-
tector, and the physical differences of 4- and hadron-initiated air showers which are
accessible to measurement. The analysis technique is described in Chapter 4: after a
brief sketch of the neural network approach and the algorithm for network training,
various methods to illuminate the network separation are applied.

Chapter 5 and Chapter 6 are devoted to the analysis of data taken with the HEGRA
array between October 1994 and May 1995. Apart from a new limit on the isotropic
v-flux between 50 and 100 TeV and on the diffuse y-ray flux from the Galactic disc,
the results of the search for extragalactic point sources, mainly the blazar sample of
Chapter 2, are presented. Chapter 7 finally summarizes the results.
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Chapter 2

Concepts of TeV ~vy-astronomy

High energy vy-ray astronomy is a relatively young research field. The first experiments
in space were launched in the early 1960s, and ground-based TeV astronomy started
up in the mid-1970s. From the first telescope missions till today, the sensitivity of the
instruments has increased dramatically, from a few detected photons (EXP XI, OSO-3,
SAS2) to the large number of sources established with high statistical significance in
the MeV to GeV energy region by now (COS-B, EGRET).

The launch of the Compton Gamma-Ray Observatory CGRO by NASA in 1991 meant
an enormous influx of data from 50keV to 30GeV. TeV astronomy as done with
HEGRA has received a large boost from CGRO data, and attention has focussed on
the class of galaxies with strong non-thermal activity in their center caused by Active
Galactic Nuclei (AGN). The EGRET detection of GeV y-emission from about 50 AGN
is of fundamental importance, as AGN are now established as the most luminous class
of extragalactic objects even at energies about GeV.

In the first part of this chapter, the different manifestations of AGN are discussed and
one particular model of the main AGN mechanisms is presented which also provides
us with a unified classification scheme.

Whether or not subclasses of AGN are also y-emitters above 50 TeV is still a controver-
sial subject, together with the question which mechanisms actually produce particles
of such enormous energies. Two models, the inverse-Compton blazar and the proton
blazar model, are outlined in this chapter. Only one of them, the proton blazar, pre-
dicts v-emission with energies exceeding 10 TeV.

The main aim of this chapter is to build a catalogue of potential sources of TeV ~-rays.
To do this, we also have to analyze the inevitable influence of the various cosmic ray
background components on traversing particles. The second part therefore concen-
trates on the interactions of TeV ~-rays with photons of the microwave and infrared
background. Here, high energy 7-ray astronomy receives major input from particle
physics.

15



16 CHAPTER 2. CONCEPTS OF TEV v-ASTRONOMY

2.1 High energy ~-ray astronomy

2.1.1 Radio galaxies with active nuclei

A large number of galaxies are strong radio sources, i.e. their emission at radio fre-
quencies exceeds their optical emission. Cygnus A at z = 0.056 was the first radio
source to be discovered in 1946, and although it is the second-brightest object at ra-
dio energies, the optical counterpart was not found before 1956 and turned out to be
extremely weak.
Cyg A has a morphology which is typical of most strong radio sources. The main radio
emission does not originate from the galaxy itself, but from two symmetric regions in a
distance of ~ 170kpc ! from the center and thus far outside the (optical) galaxy. The
extended outer radio sources include small regions of intense radio emission, so-called
HOT SPOTS. Fig.2.1 shows a VLBI (Very Long Baseline Interferometry) 6 cm observa-
tion of Cyg A with a radio source in the position of the galaxy, two extended regions
far outside, and a jet reaching from the central region to the outer radio sources.
The elongated structure of radio emission as visible in Cyg A is observed for about 2/3
of these objects and typically has a size of 0.1 to 0.5 Mpc.
Radio galaxies may roughly be divided into two classes according to the strength of the
emission from the central region: in contrast to "normal” galaxies, ”active” galaxies
release strong non-thermal radiation from a compact core situated in the center of the
galaxy, the ACTIVE GALACTIC NUCLEUS (AGN). The strength of the non-thermal
emission varies with time and covers nearly the whole electromagnetic spectrum from
radio to optical and X-ray emission and even to y-rays with GeV and TeV energies.
The actual strength and the type of the emission is used as a classification scheme for
the different manifestations of the AGN phenomenon.
The origin of this strong emission is in fact the center of the galaxy. As an example,
Fig. 2.1 shows the X-ray intensity of Cyg A as measured by the X-ray satellite ROSAT.
Whereas the radio emission is rather complex and reveals the morphology of the object,
the X-ray emission basically originates from the active nucleus.
The spark chamber experiment EGRET [13] on board the CGRO has intensively stud-
ied radio galaxies in the energy region from 30 MeV to 30GeV and has positively
detected more than 50 AGN by now, among them 40 with high significance (4, 5]. As
a rather striking result, the intensity of y-emission in general exceeds the luminosity
at other energies.
The distribution of AGN detected by EGRET is similar to the distribution at radio
energies, i.e. EGRET detection is not restricted to the most nearby sources, but also
includes a significant number at large redshifts.
Apart from showing that their spectrum reaches at least to GeV energies, the EGRET
results on AGN are remarkable from another point of view. Out of the variety of
different types of AGN, EGRET only detects radio-loud, flat-spectrum radio-sources,
i.e. objects with a radio intensity in the energy range below ~5GHz which may be
described by a power law

I, < v (2.1)

11pc = 3.086-10'%m = 3.26ly
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Figure 2.1: Cyg A at radio and X-ray energies: VLBI picture at 6 cm (top) and VLA
picture with ROSAT X-ray observation as superimposed contour map (bottom). The
grey scale covers the 2 to 5mJy range, the contour intervals are linear from —-0.2 to 1.1

counts per 0.5” pixel in steps of 0.1.
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with a spectral index a < 0.5, I, being the intensity of the emission and v the frequency.
In order to understand the implications of this result especially for TeV «v-astronomy,
we have to discuss briefly some characteristics of AGN, their mechanism, and the most
important sub-classes.

AGN characteristics

One of the most striking features of AGN is their compactness: as an example, the
luminosity in -rays above 100 MeV of 3C 279 [14] has been found to be 5-10*° W, which
equals the total energy output of 10'* suns. The factor of five change in luminosity
observed for this AGN during two days means that the emitting region is smaller than
10~% pc3, as

Yetyar ~5-10%m ~2.10"%pc, (2.2)

where + is the Lorentz factor (~ 10 for typical AGN, see below), is an upper limit of
the size of the object. The implication that an enormous power is released from a very
small volume almost directly leads to black holes as candidates for the central engine
of AGN: the ”size” of a black hole is given by its Schwarzschild radius

R=2GM =3.1-10713 (%) ly ~1078 (%) pc, (2.3)
G being the gravitational constant, M the mass of the object, and My the mass of
the sun. Thus the typical radius of 108 M black holes is in the order of light hours
to light days, and indeed there is widespread believe that AGN are powered by black
holes with 108 — 109 M, sitting in the center of galaxies.

To further motivate this general picture of the nucleus of active galaxies and to get
an overview of the different types of AGN, we will shortly review the history of their
discovery.

The AGN zoo

Active nuclei are by no means a common feature of galaxies: normal galaxies are
much more abundant than active galaxies. The first observed sub-class of AGN were
the SEYFERT GALAXIES, discovered in 1943 by C. K. Seyfert by their optical emission.
They are mostly spiral galaxies with star-like nuclei showing broad permitted emission
lines and either narrow (Sy 1) or broad (Sy2) forbidden lines. The term ”forbidden”
is rather misleading; it characterizes emission lines which in contrast to ”permitted”
lines with Einstein coefficients (i.e. transition probabilities) of the order A = 105!
(typical for electric dipole emission) have transition probabilities A ~ 0.01s™! (mag-
netic dipole emission, electric quadrupole emission).

An important feature of all Seyfert nuclei is their time variability from radio- to X-ray
on time scales of months to years.

History of AGN discoveries continued in the 1960s with the optical identification of a
number of strong radio sources from the 3rd Cambridge Catalogue (3C)2. Appearing

2For a listing of the main radio catalogues see Tab. 2.2
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as point objects even when observed with the 5m Mt. Palamor/mirror, the outstanding
feature of these QUASI-STELLAR RADIO SOURCES or QUASARS (M. Schmidt, 1962) is
their enormous distance: 3C 273, as one of the most prominent representatives of this
class and the first to be discovered, has a redshift of z = 0.158. Today, this may be
called "nearby”, as by now, quasars up to z = 4.9 (PC? 1247+3406) are known.
Strong radio emission, stellar appearance, great distances, and brightness variability
are typical for quasars, and following their discovery, a few thousand of them have been
catalogued by now (3570 with known redshift in the catalogue of Hewitt and Burbidge,
1987 [15)).

Direct observational confirmation that quasars are situated in the center of galaxies
is difficult to obtain. Only for the nearest objects like 3C273, the host galaxies are
visible with CCD techniques, and these observations imply that the strong emission
indeed comes from the active nucleus of the host galaxy. Recently, observations of
four quasars with low redshift (z < 0.5) with the refurbished Hubble Space Telescope
(HST) reveal details of the galaxies. All four quasars have elliptical hosts with at least
one very close companion [16]. . :

In 1965, the class of radio-quite/ quasars was discovered by A.Sandage. They have
characteristics similar to the radio-loud quasars in the optical, but are only weak radio
sources. It is almost certain now that these QUASISTELLAR OBJECTS or QSOSs are just
another manifestation of the quasar and thus the AGN class. In fact, only about 5%
of all quasars are radio-loud [17].

The next sub-class of AGN discovered in 1969 is rather important for the following
analysis and is connected to a historical classification error. The variability of the (ex-
tragalactic) object BL Lacertae (2200 + 420, z = 0.069), looking like a star in optical
telescopes, mislead C. Hoffmeister (1929) to classifying it as a variable star. In 1969, a
compact radio source was discovered in the same p(;éition , and it became obvious that
BL Lac is not a star, but a prototype of a new class of objects with features similar to
quasars, but with very weak emission lines, thus making a redshift measurement diffi-
cult. BL LAcCs are rapidly variable on time scales of hours to days at all wavelengths.
The optical spectra are featureless and the continuum radiation is strongly polarized
(< 30%) with the polarization varying with time. Approximately 200 objects of this
class are catalogued by now [18].

In many respects similar to BL Lacs is another class of AGN with very high radio activ-
ity, the OPTICALLY VIOLENT VARIABLES or OVVs. This small fraction of quasars is
known to change their optical flux by more than an order of magnitude within a week.
Like BL Lacs, but unlike most quasars, they show strong, variable, linear polarization.
BL Lacs and OVV quasars form the so-called BLAZAR class [19].

To complicate the situation further, there is a number of additional classification
schemes cataloguing objects with special observational characteristics: AGN with opti-
cally bright, star-like nuclei are called N-TYPE GALAXIES (W. W.Morgan, 1958), and
following B. E. Markarian (1967) [20], galaxies with a strong ultraviolet excess com-
pared to normal galaxies are called MARKARIAN (MRK) GALAXIES.

3PC=Palamor CCD catalogue
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Designing an AGN

The observational data on Seyfert galaxies, quasars, QSOs, OVVs, and BL Lac objects
imply that in spite of their different characteristics, they are in a certain sense just
different symptoms of the same phenomenon, the activity in the nucleus of a galazy.
A model which aims at a unified understanding of the zoo of AGN has to explain the
observed differences in radio intensity and optical polarization as well as the common
features like variability and compactness.

We have a model of AGN which explains at least qualitatively most of the observations
and furthermore allows to simplify a lot the rather eccentric historical classification
scheme given above. A schematic view of the main ingredients we need is shown in
Fig.2.2.

As motivated above, there is strong — but yet no direct — evidence that the central
engine of all AGN is a BLACK HOLE — at least we cannot think of any other object
fulfilling the rather extreme demands following from observation. The black hole cre-

-a— Jets of relativistic plasma

Massive central object and radiation

(black hole 7)

Accretion disc

_____

Gas clouds

Infalling material thermal emission

(smaller companion ?7)

Figure 2.2: Schematic of an AGN.

ates two opposing JETS of relativistic plasma and radiation which, due to relativistic
beaming, are highly collimated. The jets carry the plasma to the outer regions, where
collisions with the intergalactic medium (IGM) and the intracluster medium (ICM)
lead to the observed HOT SPOTS of intense radio emission. An ACCRETION DISC with
the black hole in its center is the source of the material flowing to the jets and also the
main source of X-rays.
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There is a lot of observational evidence supporting this model. As explained above,
almost all Very Long Baseline Interferometry (VLBI) observations of compact sources
show an elongated radio structure, in an average distance of several 100 kpc from the
core, with one or two jets emerging from the central region.

To explain the observed luminosity L, of quasars, 3- 10" Ly, the accretion rate M
necessary to fuel the AGN is

Ly eM ~10...100 %9 (2.4)

where ¢ ~ 0.1 is the efficiency of the conversion process.

The idea that a central engine in the nucleus of a host galaxy is fuelled by matter falling
onto it is further supported by the recent Hubble Space Telescope observations quoted
above: although the number of objects is too small to make the result statistically

L [

Figure 2.3: Hubble Space telescope picture of the quasar PKS 2349 and its small com-
panion galaxy. The picture is taken with the Wide Field Planetary Camera 2. Taken
from [21].

conclusive, the host galaxies of the four quasars seem to be interacting with a smaller
companion, implying that we are actually observing merging events [16]. This could be
an explanation of the striking fact that radio-loud quasars are always found in elliptical
galaxies, whereas radio-quiet quasars have spiral hosts: collisions between galaxies are
known to convert spirals to ellipticals.

As an example, Fig.2.3 shows a HST picture of the quasar PKS 2349-014 [21]. The
close companion galaxy caught by the quasar is clearly visible and is supposed to
provide the AGN with infalling material necessary to fuel the central engine.
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Figure 2.4: Superposition of synchrotron spectra yields a flat radio spectrum.

2.1.2 Relativistic jets

How does the model outlined in the previous subsection explain the AGN spectra and
the different manifestations of AGN 7 :
The radio spectrum of AGN is a superposition of thermal and non-thermal components.
The term thermal summarizes the line emission, e. g. the 21 cm line from the hyperfine
structure transition of neutral hydrogen in so-called HI-regions, and the continuum
emission from bremsstrahlung of ionized hydrogen in HII-region and gaseous nebulae.
The thermal emission basically comes from the accretion flow ("UV bump” at 300 nm)
and the heated dust and gas surrounding the nucleus.

In addition to the thermal radiation, there is a non-thermal spectrum with an inten-
sity described by I, o« v~®. As pointed out by H.Alfvén and N.Herlofson in 1950,
the power-law dependence is strong evidence for synchrotron emission of relativistic
electrons being the main process. Whereas thermal radio continua are characterized by
an intensity I, (almost) independent of v, synchrotron radiation from a non-thermal
distribution of electrons with number density n(E) o« E~7, with E denoting the elec-
tron energy, automatically leads to power laws I, o v~ with @ = 1/2(y — 1) (see
e.g. [22]). Note that this is not true for optically thick sources with a high degree of
self-absorption.

Most non-thermal cosmic sources (like extragalactic radio galaxies) have 0.2 < a < 1.2,
and there is indeed no extended source with an index below 0.5.

In contrast to this, a flat (o < 0.5) or even inverted (a < 0) radio spectrum is observed
in most compact objects. In some cases, the spectrum is flat, but shows a consid-
erable structure, so the description by a power laws fails (see 3C120 in Fig.2.13 as
an example). This was explained in 1969 by Kellermann and Pauliny-Toth [23] as a
result of the superposition of several synchrotron spectra with different low-frequency
cutoffs due to synchrotron self-absorption (below a certain cutoff frequency v, the
synchrotron radiation is re-absorbed by the relativistic electrons). Fig.2.4 illustrates
the superposition effect. ,
The interpretation of AGN radio-to-optical spectra by synchrotron emission from a
non-thermal distribution of relativistic electrons nevertheless is insufficient and does
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not yet explain some phenomena connected to the elongated radio structure. For a
number of sources, (apparent) superluminal motion of radio knots has been observed.
VLBI observations of 3C 273 [24] e.g. show that the compact source in the position of
the quasar expands with an apparent velocity of about 11 ¢.

Another difficulty arises from the compactness of the sources. Calculating the radio
brightness temperature of some variable objects with an estimated size of ct,,, gives
temperatures above 10'?2K, thus exceeding the inverse-Compton limit: for Tye, >
1012 K, the ratio of radiation intensity L;c from inverse-Compton up-scattering of a

low energy 7 to a high energy " by relativistic electrons 4,

ey — e v, (2.5)

to the synchrotron emission intensity Ly, increases catastrophically like

(2r) = () &

hence leading to immediate cooling of the source {23].

The way out of this dead end was shown in 1979 by Blandford and Koénigl in their
paper on relativistic jets [22]: the radio emission of variable extragalactic radio sources
originates both from the collimated jet and from shocks and density inhomogeneities
propagating as KNOTS along the jet.

The model states that radio emission of AGN comprises two different components:

1. isotropic, steady, unpolarized optical continuum emission from the jet itself (hot
spots, lobes), and

2. a variable, strongly polarized synchrotron emission from behind shock fronts
propagating along the jet ("nuclear jet”).

Fig. 2.5 shows a scheme of the jet topology. The nuclear jet region at short distance
(1...10pc) from the blazar is the source of synchrotron radiation, whereas isotropic
emission, e.g. from hot spots, is emitted far outside at a distance of 10%...10°pc.
One of the most important parameters of this model is the angle § between the line-
of-sight to the observer and the jet axis: the different types of AGN from radio-quiet
to radio-loud quasars and variable blazars are in fact morphologically similar sources,
the only difference being the decreasing viewing angle 6.

In this picture, bright double radio sources, e.g. Cyg A with its two clearly visible jets,
are viewed edge-on with 8 ~ 90°. In contrast to this, the brightest compact sources
have jets with a small angle to the line-of-sight (6§ < 10°), and in blazars the jet is
directly beamed towards us, i.e. we are within the cone with solid angle 1/+%,.

With decreasing viewing angle to the jet axis, the radio spectrum of the sources becomes
flatter as the observer now mainly sees the synchrotron radiation of the nuclear jet.
As explained above, the superposition of the flux from knots with increasing cutoff
frequency due to synchrotron self-absorption in the high magnetic fields of the jet

1n this thesis references to a specific charged state are to be interpreted as also implying the charge
conjugate state.
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Figure 2.5: Scheme of the jet topology.

automatically yields flat spectra {23]. Furthermore, due to the increasing compactness
of the emission volume, the polarization increases {22]. Outside the jet cone, the
luminosity of the nuclear jet decreases rapidly and the isotropic radio component, e. g.
from hot spots, dominates. The frequent outbursts of blazars are explained by knots
traversing positions in the jet where 6 has a value of maximal luminosity amplification
(see next subsection).

The emission lines, i.e. the thermal spectra of AGN, are related to the optical- to
X-ray continuum emission of the isotropic component, which photoionizes gas in the
clouds surrounding the central source. In BL Lacs, where the emission lines are almost
invisible, either the amount of gas in the neighborhood of the source is too small or, due
to the small viewing angle, the jet synchrotron component totally covers the isotropic
component.

Kinematical effects

The picture of relativistic bulk motion along a jet explains some kinematical effects of
relativistic beaming, the apparent superluminal motion of radio knots and the absence
of an observed counter-jet on the radio maps of several AGN.

Let ﬂ,,b, be the observed velocity of a radio knot in a jet with velocity ﬁje, g is the
angle between the jet axis and the line-of-sight 7i. Then due to Doppler boosting, the
observed velocity is given by

- i X (Bigr % 7
ﬁobs'_-'—“_‘——‘( Jet )

— (2.7)
1- ﬂjct n
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so for ﬁobs we get
ﬂjet siné
obs — T o ___.na° 2.8
Bob 1 — Bjet cosf (2.8)
If 6 is small, i.e. we almost directly look into the jet, this becomes
1 ﬁ'et 6 2
Bobs = 55— = 7. (2.9)
° ’%2 ﬁjet g ‘

For 3C273 with its apparent superluminal motion of B, ~ 11 [24], this implies an
angle between jet axis and line of sight of ~ 10°.

Superluminal motion is thus an effect of relativistic bulk motion. In blazars, where
according to the model the jet axis is aligned close with the line-of-sight, superluminal
motion is expected, and indeed at present 30 objects are known to be superluminal
sources, most of them showing properties similar to blazars. Apart from sources like
3C 273 and 3C 279, also Mrk 421 is reported to show evidence of superluminal ﬂow [25).
Note that G, in Equatlon 2.8 has a maximum when the condition

Bjer = cosf (2.10)

resp.

sinf = (2.11)

Yiet
is fulfilled. This implies that we observe an apparent outburst of the blazar when the
propagating radio knot traverses a jet radius where the relativistic amplification of the
luminosity reaches a maximum.
Doppler boosting is also responsible for another effect which caused some irritation
in the past. Whereas the 2-jet structure is clearly observable for a number of radio
galaxies, there are also radio galaxies where only one jet is visible.
To explain this anisotropy, we have to consider the transformation of the flux density
S(v) ox v~ from the comoving system of the radio jet to the observer’s frame.
As the observed frequency is

Vobs = Djerv (2.12)
where D, is the Doppler factor
Dy = ! (2.13)
P yet(1 — Bjescosh)’ .
the flux density and the total luminosity transform as {22]
Sobs(v) = D35*S(v) (2.14)
Lobs = D?egL (215)

so the luminosity of the jet directed towards the observer is Doppler increased by a
factor Dm, whereas the luminosity of the opposite jet is diminished by the same factor.
Note that a factor Dm comes from the Doppler effect on the solid angle of the emission
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cone, and a factor of Dj,; from the blue-shifting, which increases the number of photons
per unit time.

The transformation behavior explained above also holds for the brightness temperature,
which thus also appears increased by Doppler boosting. Furthermore, the bending of
jets observed for some sources is a result of relativistic projection effects which ”blow
up” small deviations of the jets from collinearity.

2.1.3 TeV ~-emission from AGN

The activity of AGN generally shows up as thermal emission in the far-infrared, ultra-
violet, and soft X-ray region, and a broad non-thermal continuum from radio to y-rays.
In radio-quiet AGN, the thermal component dominates, whereas in radio-loud AGN,
mainly the non-thermal synchrotron emission from the propagating shocks is visible.
This allows us to replace the classification given in Section 2.1.1, which is strongly
biased by history, by a unified scheme for radio-loud AGN which is based on the two
main parameters of the model, the radio luminosity and the viewing angle, i.e. the
flatness of the spectrum (Faranoff and Riley, 1974) [26]:

e FRII galaxies are powerful (Li7amu, > 2 - 102 W Hz™') radio galaxies when ob-
served edge-on and appear as flat-spectrum radio quasars when the viewing angle
is small, and

o FRI galaxies are weaker’(Ll-m\,mz < 2-10%® W Hz™!) radio sources appearing as
BL Lacs when seen pole-on.

The name blazar now denotes the radio-loud AGN of both types if their jet azxis is
close to the line of sight.

Radio-quiet AGN and Seyfert galaxies with their lack of strong radio emission have
the same morphological structure (black hole and accretion disc), but are interpreted
as objects with non-relativistic jets due to a larger mass loss rate [27].

Having understood the radio behavior of AGN, the questions concerning their y-ray
emission up to TeV energies remain unanswered, together with the question what ac-
tually is injécted into the jet and how. In fact, both questions correlate.

As reported above, EGRET has shown that many flat-spectrum radio sources are
also strong y-ray emitters, and the Whipple and HEGRA Cerenkov telescopes detect
Mrk 421 and Mrk 501 up tp 10 TeV. Although it is not possible to resolve the origin
of the hard X-ray and 7y-component, they are certainly associated with the jet. This
implies that a small viewing angle to the jet axis is crucial for high energy detection.
Nevertheless, it is not a priori obvious what the mechanism for «-ray emission is, as the
synchrotron emission of relativistic electrons in the jet mainly emerges in the radio-to-
optical regime and does not reach to hard X-rays.

As an example, Fig. 2.6 shows the multifrequency spectrum of the blazar Mrk421. It
has a shape typical for blazars; the flat radio spectrum is followed by a steepening
of the spectrum in the optical-to-soft-X-ray region. The flux increases again in the
hard X-ray region and reaches a second (rather bumpy) maximum at GeV energies.
Note that the data combined for this spectrum are taken non-simultaneously, so flux
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Figure 2.6: Multifrequency spectrum of the blazar Mrk 421. The flux prediction is based
on the proton blazar model taking into account cosmic and internal absorption (see text).
Taken from [11].

variations of more than one order of magnitude are visible e. g. in the optical region.
Whereas there is general agreement as to synchrotron emission of relativistic electrons
shaping the spectrum up to soft X-rays, the origin of the higher energy spectral com-
ponents is still subject of lively debates.

v-energies above 10° eV may be explained both by inverse-Compton up-scattering of
optical-to-ultraviolet photons and by synchrotron-self-Compton scattering, i.e. Comp-
ton scattering of synchrotron photons off the same relativistic electrons which produced
them [28]:

e ywy — e (2.16)
e Ysynch — 76_ (217)
‘ (2.18)

The energy of Compton scattered photons is Ej¢c ~ E 2, thus energies up to 100 GeV
are easily obtained in this way. Nevertheless, both mechanisms fail to explain the
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spectra of sources with a y-ray luminosity L. exceeding the optical luminosity Loy. L.
is proportional to the luminosity of the synchrotron-self-Compton mechanism, Lggc,
and thus depends on the magnetic energy density up. On the other hand, L,y is
proportional to the synchrotron luminosity Ly, which depends on the photon energy
density u,qq, SO

L, . Lssc _ Urad (2.19)
Lopt Lsyn Up

implies that for L, > Loy, the condition u,.4 > up must be fulfilled.

This is in contradiction to up > u,.4, Which is required to explain the acceleration
of the particles by statistical Fermi or drift mechanisms: for u,.q > up, the particles
would simply escape the magnetic confinement.

In addition, inverse-Compton scattering needs a high photon density to produce the
observed fluxes at GeV energies. This implies that the processes have to take place very
close to the black hole, where the photon density is higher than further along the jet.
On the other hand, a high photon density also means a high degree of self-absorption
by 7 ~v-collisions, which again counteract the y-emission at high energies. Models based
solely on electron acceleration and inverse-Compton upscattering therefore inevitably
reach their maximum energy at about 1TeV.

A very promising (but still controversial) solution comes from adding protons to the
standard Blandford and Ko6nigl model of compact relativistic jets. If, apart from the
electrons, a certain amount of protons enters the jet, they are accelerated up to very
high energies, as the main codling process for high energy protons, pion production
via collisions with matter, is negligible because the matter density in radio jets is low.
Biermann and Strittmater showed in 1987 [29] that indeed the protons reach energies
of 10° PeV (assuming magnetic fields of ~10G in the jet). At these energies, photo-
production of pions and ete~-pairs (via A(1232)) is the dominant cooling process:

py — °p (2.20)
py — 7tn (2.21)
py — etep . (2.22)

The e*-pairs immediately lose energy by synchrotron radiation, the neutral pions de-
cay via 7 — v v, and the charged pions produce positrons via muon decay, thus
an electromagnetic cascade is induced in the jet. If the energy of the vy-rays is above
the critical value E;; with 7,,(Eci) = 1, i.e. the optical depth 7., exceeds 1, they
produce e*-pairs via yy — e e~, which again produce v-rays. This cascade-cycle is
repeated several times until the energy of the y-rays is below E,.;. Now the jet is no
longer opaque and the high energy -rays escape.

As an important difference from models explaining the high energy spectral compo-
nent by synchrotron-self-Compton scattering, this PROTON BLAZAR MODEL |12, 30]
predicts source spectra reaching TeV ~-rays.

A crucial question of course is whether protons are actually present in the jet plasma.
If we assume that the jet originates as a hydromagnetic wind ejected by the accretion
flow, then the plasma is of the same composition as the plasma falling onto the black
hole, with protons being the most abundant baryon.
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Figure 2.7: Schematic of typical blazar spectra.

For a simple comparison of the proton-initiated cascade luminosity Ly, to the syn-
chrotron luminosity L,y we calculate the ratio Lyic/Lsyn. The luminosity is directly
proportional to the energy densities u, and u, of the particles involved in the corre-
sponding process (protons for Ly, resp. electrons for L,,,) and anti-proportional to
the cooling times t, and t. of the particles, thus -

Lpic  upte

£~ . 2.23

Loyn  Uelp ( )
With & = t./t, and 1 = u,/u., we obtain

Lpic = nfLsyn ) (224)

so in case of £ ~ 1 at the beginning of a newly formed shock (see e.g. [11]) the proton
cascade luminosity exceeds the synchrotron luminosity by the energy density ratio 7
which can be relatively large: 7 ~ 100 holds for the Milky Way and the interstellar
space and may also be true for the jets. In fact,  ~ 100 could be a universal con-
stant: the proton blazar model fitting in with multifrequency spectra of several nearby
blazars [11] support this assumption.

A scheme of a typical blazar spectrum is shown in Fig.2.7. The shape of the multifre-
quency spectrum with its two characteristic bumps is interpreted as the combination
of the synchrotron (radio to ultraviolet) and the proton blazar radiation (X-ray to -
rays).

Electron synchrotron spectra with increasing self-absorption cutoff are produced dur-
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ing the propagation of a shock along the jet. Their superposition yields a flat radio-
spectrum (S, =~ const.) and steepens in the optical- to X-ray region (S, o< v~!). Now
the proton blazar spectrum sets in, rising as S, oc »~%% and steepening to S, o v}
in the MeV to GeV region. Above TeV, the absorption of y-rays by low energy syn-
chrotron photons leads to further steepening of the spectrum (S, o< v=2). Apart from
this intrinsic absorption effect, interaction with the cosmic infrared background pho-
tons (see next section) exponentially cuts off the spectra somewhere above 10 TeV.
The bumpy structure of the proton blazar spectrum is a consequence of the different
v-production modes in proton blazars: the y-rays produced by the cascade processes
following the photo-production do not leave the jet simultaneously but in generations,
i.e. whenever the individual «y-ray energy drops below the pair-production threshold
and the jet becomes transparent. The total spectrum is a superposition of several cas-
cade generations.

The time behavior of blazars correlates with the propagation of the shocks along the
jet. A typical outburst starts with optical to ultraviolet emission when the shock en-
ters the jet at the basis. At this time there is no radio emission, as the synchrotron
self-absorption cutoff frequency

5
R -2
Vc"t —_— <] ) ( )

does not allow radio emission ,until the jet radius R is of the order 1pc, i.e. until
expansion of the dense plasma makes it transparent for radio emission. Thus the
outburst shows up delayed in the radio region.

The y-emission is closely related to the optical outburst, as infrared-to-optical photons
are the main targets for proton-initiated cascades. The only (short) delay may arise
from the photon-production cooling time and the proton acceleration time. As an
important consequence of the dependence of the proton blazar on the target photons,
the vy-ray fluctuations are larger in amplitude than the optical fluctuations: the y-ray
flux is proportional both to the proton and the target photon energy, so the dependence
on energy variations is quadratic rather than linear.

Multifrequency observations of nearby blazars are supposed to check this outburst
scenario. The coordination of observation campaigns simultaneously covering the whole
spectrum from the radio- to the TeV-region therefore is of great importance.

In addition, any detection of blazars above some 10 TeV would be a strong support for
the proton blazar model, as this region is not within reach of simple synchrotron-self-
Compton models.

2.2 Traversing the cosmic background

2.2.1 Extragalactic Background Radiation

The EGRET detection of a large number of flat-spectrum radio galaxies at GeV en-
ergies is a guideline where promising sources at energies above 10 TeV may be found.
Doppler boosted emission in blazar jets with small viewing angle to the observer is a
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crucial requirement for y-rays at these energies.

The first blazar to be discovered at 10 TeV, Mrk 421 at z = 0.033, nevertheless is one of
the weakest EGRET sources, and strong GeV sources like 3C 279 at z = 0.54 have not
been found at TeV energies. A blazar morphology is thus necessary, but not sufficient,
and cannot be the only criterion we have to consider on the way to a source catalogue.
The most likely reason why powerful but distant AGN like 3C 279 are not detected with
current y-ray telecopes is that TeV <-rays on their way to the observer are absorbed
in external photon background fields.

The propagation of high energy particles over cosmic distances is one of the most
important topics of astroparticle physics. On their way between source and observer,
cosmic rays traverse magnetic fields and interact with the diffuse radiation background,
which is a complex mixture of photons from all wavelength regions, ranging from the
radio to ultra-high energy photons. The radiation background is not at all homoge-
neous, and quite a lot of physically different contributions are summarized by the term
"diffuse”: often enough, true extragalactic components of the background can hardly
be distinguished from Galactic contamination, or unresolved point sources significantly
contribute, as e.g. in the X-ray and cosmic ray region.

Our present day knowledge on the radiation background is rather incomplete. Whereas
e.g. the microwave background is very thoroughly analyzed, other parts like the in-
frared are very difficult to probe, and measurements at these wavelengths suffer from
great uncertainties.

After a short outline of the different components of the extragalactic background ra-
diation, the rest of this section will concentrate on those regions relevant for the prop-
agation of 50-100 TeV cosmic ray photons through the extragalactic space, as this is
the y-energy for which HEGRA has been designed.

Measurements of the diffuse radiation background covering 30 orders of magnitude
in energy are compiled in Fig.2.8, which is taken from the review by Ressell and
Turner [31]. Note that the wavelength XA is connected to the energy e of the back-

ground photon via
€= 2_}@ =124 [wo;‘m} eV. (2.26)

By order of background photon energy, the diffuse radiation has the following ingredi-
ents:

In the RADIO (1078 eV — 1078 eV), the diffuse background is comprised from two com-
ponents, the synchrotron radiation both from the disc and the halo of our Galaxy,
and the emission from unresolved extragalactic radio galaxies. As these components
cannot be separated even when observing the region around the north Galactic pole,
measurements at these energies must be regarded as upper limits on the extragalactic
radiation background.

The MICROWAVE (107%eV — 10~2eV) region is dominated by the cosmic microwave
background radiation which is interpreted as the relic of the big bang, representing the
temperature of the universe at the moment of last scattering, redshifted by a factor
of 1100. Due to the cosmological impact, this part of the radiation background is in-
tensively studied, and the energy flux is very well known [32, 33] to be a black body
spectrum of temperature T = (2.74 £+ 0.02) K [33].
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Figure 2.8: The background photon spectrum, taken from [31].

The most important part of the radiation background both for TeV cosmic ray physics
and cosmology is the INFRARED (1072eV — leV). It comprises infrared emission of
nearby galaxies as well as optical emission at distances z > 2 redshifted to the infrared.
This makes the infrared background a probe of galaxy formation and evolution, as emis-
sion of evolving galactic systems in the early phase of galaxy formation should show
up in the infrared by now [34]. Direct measurements of this background are difficult,
especially as both Galactic and zodiacal contamination and strong foreground from
interplanetary and interstellar dust emission exceed the cosmological component by
orders of magnitude. They have to be modelled and subtracted, a method which can
hardly avoid large systematic errors. Nevertheless, a tentative measurement has re-
cently been published by the COBE satellite experiment [35] and will be described at
the end of this section.

Due to the expansion of the universe, the energy of all components of the background
radiation is a function of redshift z resp. of time. Both radio and infrared-to-optical
background are tied to the evolution of the corresponding sources, i.e. radio and nor-
mal galaxies [36).
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The OPTICAL and ULTRAVIOLET (100eV — 10°eV) part of the background is again
difficult to probe, as stars in the field of view, zodiacal light and radiation from the
interstellar gas dominate the measurements. An optical component of the diffuse back-
ground radiation therefore has not been detected up to now, and Ressell and Turner
quote only upper limits.

In contrast to this, the extragalactic X-RAY and y-RAY background (1 keV — 100 MeV)
is very well known and can be described by simple power laws. It is made up in
unknown relative portions by quasars and Seyfert galaxies, i.e. discrete sources, and
most probably by a hot diffuse plasma at T ~ 10° K, but there is no consensus on this
point [37].

The region above 100 MeV ~v-ray energy may be summarized as the COSMIC RAY RE-
GION. No measurement of the diffuse flux at cosmic ray energies has been claimed
yet, and Galactic contamination is difficult to subtract. COS-B data for the Galactic
anti-center region and air shower flux estimations of the overall cosmic ray flux are
used as firm upper limits on the extragalactic background radiation.

Applying techniques for separating y-showers from the bulk of hadronic background,
the HEGRA collaboration [31] has recently published an upper limit in the 60-200 TeV
region, showing that the -flux is at least two orders of magnitude below the limits
presented in the compilation of Ressell and Turner [31]. In Chapter 5, a new HEGRA
upper limit is given on the basis of the data used in this analysis.

Within the scope of this thesis, which aims at a detection of y-rays above 50 TeV
from extragalactic point sources, mainly the cosmic microwave and the infrared-to-
optical background are of great importance. Their effect on traversing -y-rays reaches
from (1) absorption of primary photons by ete™-pair production with the photons of
the radiation background to (2) the creation of e*e™-cascades [38] and to (3) extended
e*e™-pair halos with radii ~ 1 Mpc around AGN with high énergy <y-ray emission [39].
The latter effect would make AGN appear as ertended sources rather than as point
sources and is a challenge to future high resolution detectors.

The remaining part of this section will give a discussion of these three topics.

2.2.2 Pair production at microwave and infrared background
photons
Soon after the discovery of the cosmic microwave radiation, Gould, Schréder [40] and

Jelley [41] pointed out that the existence of cosmic photons has an important effect on
traversing photons, as pair production via photon-photon-collisions

Y Yoy —> €t e” (2.27)
leads to absorption of «y-rays above a threshold
2m? 1TeV
E> Epresh = ———— ~0.5 \Y 2.28
= Tthresh € (1 — cosb) [ ]e (2:28)

with E denoting the energy of the primary vy-ray, € the energy of the background photon
and 6 the angle between the photon directions. The average energy of microwave
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Figure 2.9: Photon-photon pai; production cross section as a function of the energy (a)
of the primary cosmic ray photon and (b) of the background photons.

background photons is 1073eV, so the corresponding threshold energy is Eypresn =~
500 TeV (see Fig.2.9).
The total cross section for this process is given by [42]

Opp = 31;'5- (1- 5% [(3 -6 lni—}g -26(2- ﬁz)] (2.29)
with
1 —2m?
b= Ee (1 — cosf) (2:30)

being the velocity of the outgoing electron in the center-of-mass system and o7 being
the Thomson cross section. Fig.2.9(a) shows the cross section as a function of the
energy of the primary cosmic ray photon for various energies of the background photon.
As the cross section peaks near the threshold, the microwave background photons at
energies € = 1072...1073eV will interact with y-rays with energies above 100 TeV,
whereas the propagation of primaries with energies between 1 and 100 TeV is affected
by the infrared background radiation. This is illustrated in Fig.2.9(b), where the
cross section is shown as a function of the background photon energy. For 100 TeV
primaries, the cross section peaks at ¢ ~ 1072eV, whereas for 10 TeV primaries,
infrared background photons of energy € ~ 0.1eV, corresponding to A = 10 um, will
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contribute most to the absorption.

The search for extragalactic point sources at HEGRA energies thus crucially depends
on the actual strength of the MICROWAVE and INFRARED background radiation, and
to estimate the amount of photons lost due to absorption on the way from the source
to the observer, we have to focus on background photon energies 1 meV < e < 1eV.
If n(e, z) is the number density of background radiation photons at redshift z, the so-
called OPTICAL DEPTH 7 for attenuation between the source at z, and the observer is
given by

o0

Zs 1
(e 2) = 5%/0 (1+2)72(1 + 2¢2)} dz./1 (1 — cosh) dcosf n(e, 2)ade

€ res
et (2.31)
with H being the Hubble constant and ¢ the deceleration parameter. Provided n(e, z)
is known, the optical depth for a source at given redshift z can be calculated, and
it is possible to estimate at what distance z the universe becomes opaque for 7y-rays
(Tyy > 1). This will restrict the part of the universe visible for HEGRA to sources with
a redshift below a certain maximum value z,,,,, and the catalogue of possible sources
depends on the actual value of 2,4z, as the flux dN/dFE from sources is reduced rather
drastically like
dN/dE x e~"®), (2.32)

A modelling of n(e, 2) is quite easy for the microwave background, where the number
density is given by a black-body spectrum

_ 87w €2
— (27[' h)2 (ee/kT — 1)

with T = (1 + z) 2.7K (see Fig. 2.10). .

For the infrared background, the evolution of the radiation with time is considerably
more complicated. Radiation produced at a time corresponding to a rédshift z is cooled
by a factor (R(z)/R(0))® = (1 + z)? due to the expansion of the universe from radius
R(z) to the present value R(0). In addition, as mentioned before, the production rate
of infrared photons is a function of time and can be expressed as a luminosity evolution
function f(z) [43], leading to a photon density

(2.33)

n3k (€)

n(e, z) = (1 + 2)3n(e, 0) f(2). (2.34)

Here, f(2) = 1 corresponds to the case of all infrared photons being produced before the
z in question, a situation which is true for the 3 K photon background. In the infrared,
this is obviously only part of the truth, as not all of the infrared background photons
are of cosmological origin; but dealing with sources at low redshifts (z < 0.1) and
attributing most of the infrared background to an early era of active galaxy formation
at z > 2, the cosmological scenario is a good approximation even in the infrared [38].
In fact, n(e, z) o< (1 + z)® seems to describe correctly faint blue galaxies, thus indicat-
ing that strong evolution either in luminosity or density is indeed a feature of these
objects {44], but no evolution is found e.g. for normal galaxies up to z ~ 1.5 [45], so
the z-dependence may be shallower, i.e. n(e, z) o (1 + 2)* with k < 3. Modelling the
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Figure 2.10: Diffuse background radiation from microwave to optical wavelengths in-
cluding two estimations of the infrared background (see text). Taken from [11].

(unknown) history of galaxy formation and evolution is therefore crucial for getting
an estimate on n(e, z) in the infrared. MacMinn and Primack [46] have calculated the
infrared background assuming various scenarios of galaxy formation and claim that the
era of galaxy formation is the dominant factor influencing the background which is thus
a powerful tool for probing this era. In fact, this has a strong cosmological impact, as
the possibility of distinguishing between early and late galaxy formation may help to
decide on dark matter models: whereas cold dark matter (CDM) models imply early
galaxy formation (1 < 2 < 3), a late galaxy formation (0.2 < z < 1) is favored by
cold and hot dark matter (CHDM) models. The basic difference in the mechanisms
is the velocity of the cold or hot dark matter particles: whereas CDM (e.g. WIMPS,
MACHOS, or supersymmetric particles) has low velocity and hence reinforces structure
formation via gravity, HDM (light axions, massive neutrinos) has a large velocity which
counteracts and thus delays the formation of structures. In CDM models, about 30 %
of the background flux comes from sources at z > 2, whereas a contribution of only
1% is predicted in CHDM models.

Fig. 2.10 shows the infrared background photon density as calculated by MacMinn and
Primack, averaging various CDM and CHDM models. The resulting prediction of the
background strength is considerably smaller than a tentative measurement by Stecker
et al. [9] and Dwek and Slawin [10] based on the Whipple data for Mrk 421, shown as
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Figure 2.11: y-ray horizon 7(E,z) = 1 as a function of the energy of the primary 7-ray.
The dashed and dotted lines correspond to the different estimations on the infrared
background shown in Fig. 2.10. Taken from [11].

dashed line in Fig.2.10. Upper limits from Biller et al. [47] at photon energies from
0.1 to 1eV are also based on the spectrum of Mrk 421.

Recently, results based on data taken with the Michelson interferometer FIRAS (Far
Infrared Absolute Spectrometer) on board the COBE (Cosmic Background Explorer)
satellite have been published [35]. After modelling and removing interplanetary and in-
terstellar dust components, a significant positive value remains at all wavelengths which
is interpreted as a diffuse infrared background with density e?n(e) = 1.0-1073eV cm™3
at 1.2 -1072eV. Within the uncertainties, this value is equal to the far-infrared flux
predicted by MacMinn and Primack.

From the background modelling in Fig.2.10, the v-ray horizon 7(E,2) = 1 is calcu-
lated, assuming Q = 1, Hy = 75kms~! Mpc™! and strong evolution (k = 3), and
shown in Fig.2.11. The ambivalence due to the uncertainty in the actual strength of
the infrared background is indicated by the dashed and solid line, corresponding to
Fig.2.10.

There are several results: apart from the well-known microwave background providing
a cut-off for y-rays above 100 TeV, the infrared background makes the universe opaque
for sources with distances above z = 0.1 even at 50 TeV and even with the most op-
timistic assumption about the strength of the infrared background. Candidates for
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emission at HEGRA energies are only very nearby sources with redshifts well below
z = 0.1, as Mrk421 and Mrk 501 at z ~ 0.03.

Fig. 2.11 also suggests that the analysis of the spectra of sources at different redshifts
and at different energies is a a tool for probing the infrared background. If it is pos-
sible to detect a cutoff due to external absorption for several sources up to z = 0.5,
present-day Cerenkov telescopes with their threshold energy of of 0.5 to 1 TeV may
help to pin down the actual strength of the diffuse infrared radiation. Detailed knowl-
edge of the intrinsic source spectra is nevertheless crucial, as otherwise it is impossible
to separate the cutoff due to external absorption from the intrinsic steepening of the
source spectrum. The claimed measurement of the infrared background by fitting an
exponential cutoff to the Whipple spectrum of Mrk 421 as done by Stecker et al. [9] is
in fact only an upper limit if the source spectrum itself steepens above TeV, as recent
measurements with the HEGRA Cerenkov telescopes indicate [48].

2.2.3 Cascading

At initial energies above TeV, we are dealing with the extreme relativistic case. As a
consequence, so-called cascade processes have to be taken into account (36, 38}, which
counteract the y-ray absorption in background radiation fields.

Electromagnetic cascades are mainly driven by pair production and inverse-Compton
scattering off background photons,

€Yy — €7 (2.35)

The cross section for this process is given by the Klein-Nishina formula

__3m 2 2o _ L (o am a3 118
U]c's——O'T-g--.;l—é I:m (2+2ﬂ ﬁ 2,8) ,32 (2 3,3 ﬁ lnl—ﬁ)}
| (2.36)
with ) )
- m;
=1 s (2.37)

denoting the velocity of the outgoing electron in the center-of-mass system. In contrast
to photon-photon pair production, this process has no threshold energy.

At center-of-mass energies s > m?, almost all of the energy in a pair production process
is transferred either to the electron or the positron. If this particle Compton-scatters
off a background photon, the energy is almost totally carried away by the photon
which may thus end up with nearly the energy of the initial source photon. This
so-called CASCADE CYCLE of pair-production followed by inverse-Compton scattering
significantly slows down the attenuation if extragalactic magnetic fields are not too
strong. In case the synchrotron loss rate exceeds the rate of upscattering processes,
this cascade effect is suppressed.

Taking into account pair-production/Compton cascades, Protheroe and Stanev [38]
have simulated the propagation of TeV +-rays from sources with E~2-spectra and
shown that the cascade process significantly increases the observable flux compared
to the flux with absorption only. Nevertheless, the cutoff energy of y-rays due to the
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Figure 2.12: y-ray spectrum at Earth F(E), expected from sources at z = 0.0033, z = 0.031,
z =0.158, z = 0.54, and z = 2.16, emitting an E~2 spectrum. FosE) is the spectrum without

background radiation fields. The results with (solid lines) and without cascading (dashed
line) are shown. Taken from [38]).

infrared absorption is only increased by the factor 2. At very small redshifts (z < 0.01),
the pile-up due to the cascade process is in the 1 — 10 TeV region, with a shift to lower
energies at higher redshifts.

For production spectra with a spectral index steeper than 2, the effect of cascading is
decreased as less energy is injected in the region where interaction with background
photons occurs. At GRO energies of some GeV, cascading reaches its maximum and
even flattens the source spectra.

Fig.2.12 shows the v-ray spectrum F(E) at Earth for sources at different redshifts
emitting an E~2-spectrum up to 10'®eV. Dashed lines indicate absorption, solid lines
show the increase in flux due to cascading processes [38].

Cascading of course takes place even in case of strong extragalactic magnetic fields,
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but if the gyroradius of electrons

E B 1
~ 2.38
9e = 100 [100 TeV] [10-9 G] pe (2.38)

is smaller than the inverse-Compton cooling length .

E -1
~4.10% | ——— 2.
A~4-10 [IOOTeVJ pc, (2.39)

the direction of the upscattered background photon is not sufficiently correlated to the
direction of the initial TeV vy-ray. The intergalactic magnetic field strengths are in fact
only marginally known. Vallée [49] gives an upper limit of 6 - 1072 G, but points out
that the true value might be much lower. Directional information of the primary 7 is
in fact only conserved if the magnetic field strength is less than 107!* to 10715 G [38].
As an interesting consequence of their dependence on magnetic fields, cascade processes
and the time dilatation of TeV-y-rays due to the increased propagation way have
recently been suggested as a method of probing extragalactic magnetic fields [50].
Theoretical predictions of the flux increase due to cascading processes [38] indicate
that the effect plays a major role only at energies from GeV to 1 TeV, but as they all
depend on our weak knowledge on the infrared-to-optical background radiation, the
cascade effect may well be relevant even at energies above some TeV.

2.2.4 Pair halos

The cascade processes described in the previous chapter may have a very interesting
effect on the observation of TeV point sources, as pointed out by Aharonian, Coppi,
and Volk [39].

As shown before, v-ray primaries above 100 TeV are not directly visible as they inter-
act with the microwave background photons. Assuming a blazar emitting y-rays with
energies well above 100 TeV, the small photon-photon interaction length will lead to a
cascade on microwave background photons in the neighborhood of the sources (length
scale ~1Mpc). In a second step, the Compton-upscattered photons and the source
photons with £ < 100 TeV will again cascade both in the microwave and the infrared
background, according to their energy. As a consequence, the blazar is surrounded by
a HALO of ete~-pairs at a distance of ~ 1 Mpc. Due to magnetic fields, the direction
of the e*e™-pairs is randomized, and the halo radiation is therefore isotropical. Thus
the otherwise invisible blazar emission above 100 TeV shows up as isotropic radiation
of energies well below the threshold for interaction with the microwave background.
As an important consequence of this second stage y-emission, the blazar might ap-
pear not as a point-like source but as an extended object with an angular size again
depending on the unknown infrared-to-optical background field. Using a low and a
high background level following (8], Aharonian et al. calculate halo sizes of 0.3° and
3.0° resp. for source distances of about 1000 Mpc (corresponding to z ~ 0.3). A low
infrared-to-optical background might therefore show up in a large angular size of blazar
emission at energies above 1 TeV.
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Although a detection of pair halos is therefore not within reach of current earth-bound
detector arrays and Cerenkov telescopes, the process itself might increase the flux from

extragalactic sources above some 10 Te\

2.3 The source sample

In the precedent sections, concepts of a theory-guided search for extragalactic y-ray
emission have been evaluated. As a consequence, the further analysis concentrates on
what is expected to be the most promising source type for detection in the TeV region,
the nearby flat-spectrum AGN.

It is in fact difficult to decide what nearby means in terms of redshift, but confronted
with Fig. 2.11, even in the most optimistic case of a low infrared absorption field,
sources with z > 0.1 are very unlikely candidates for detection with HEGRA.

Table 2.1: The blazar sample.

[ source 2z name (‘.la,ss l referen(:es ]
00554300 0.017 NGC315 [51]
22014044 0.028 BL (52, 53]
11014381 0.031  Mrk-21 BL.OVV | {18, 54, 55, 56, 53]
04304052 0.033  3C120.0 Ovv [57, 58
16524398  0.034  Mrk 501 BL (18, 54, 59, 56]
23444513 0.0-14 BL (18, 61]
15144004 0.052 [51]
17274502 0.055 1Zw 187 BL,OVV | [18, 54, 56)
04024379 0.055 4C+37.11 (51}
01164319 0.050  4C +31.04 (60
08024243 0.060  3C 192.0 [51]
12144381 0.062 MS12143+38 [60]

The source catalogue, for simplicity called blazar sample, is mainly based on the paper
by Mannheim et al. [11], which fits the proton blazar model {12] to multifrequency
data of 15 nearby flat spectrum radio sources to obtain flux predictions in the HEGRA
energy region, The available flux measurements or flux upper limits used to create mul-
tifrequency spectra typically cover the whole energy band from the radio to Whipple
energies. In the high energy region, ROSAT data from the all-sky survey and prelimi-
nary flux limits from Whipple and HEGRA were additionally taken into account. The
sample is mainly taken from the compilation of Fichtel et al. [3], which is based on a
number of catalogues with emphasis on

e sources with flat or inverted radio spectrum, 1.e. with a radio spectral index
bhetween 11 em and 6cem of o < 0.5 (S, x %)

following the definition of Kithr et al. [62] °. The radio spectra for the sources for which
sufticient data is available are shown in Fig.2.13. The sources typically have a radio

Lav=10 Perg / (ems Hz) = 10 28] / (m*s Hz)
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Figure 2.13: The sources of the blazar sample and their radio spectrum.
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Table 2.2: The main catalogues.

NGC | New General Catalogue of Nebulae and Clusters of Stars
J. L. E. Dreyer, Sky Publishing Corporation
and Cambridge University Press, 1988.

3C 3rd Cambridge Survey of Radio Sources

4C 4th Cambridge Survey of Radio Sources

J.D. H. Pilkington, P. F. Scott, Mon. Not. R. Astr. Soc. 69 (1965) 183

and J. F.R. Gower, P.F.Scott, D. Wills, Mon. Not. R. Astr. Soc. 71 (1967) 49
I[Zw | Catalogue of Galaxies and Clusters of Galaxies

F. Zwicky et al., 1960, California Institute of Technology, Pasadena

Mrk | Catalogue of Markarian Galaxies

B. E. Markarian et al., 1967-1977, Astrofis, 3-13

MS Einstein Medium Sensitivity Survey (EMSS)

[. M. Gioia et al., Astrophys. J. Suppl. Ser. 72 (1990) 567

flux 2 1Jy. .
Most of the sources are BL Lac objects, which by definition show a

e high degree of polarization and variability at all wavelengths.

References are given in Tab. 2.1, which lists the final source sample after additionally
considering the trivial constraint of

e good visibility from the HEGRA location on the northern hemisphere (restricting
the source declination to 0° < § < 52°).

The list is in agreement with the BL Lac compilation of Véron-Cetty and Véron [18],
additionally two nearby sources (4C +37.11 and NGC 315) have been added from the
catalogue of Stickel et al. [51]. '

2344+ 513 is taken from the Einstein Slew Survey [61], a catalogue of 819 X-ray sources
detected with the Einstein Observatory (HEAO 2) [63]. The catalogue gives no redshift,
but z = .044 has recently been measured. The source has been (tentatively) detected
with the Whipple Cerenkov telescope. Note that the radio flux of 2344 + 513 is only
~().1 Jy, which is considerably smaller than the typical flux of 2 1 Jy of the sources in
the sample. '

Although classified as a BL Lac in {18], NGC 1275 (Mrk 1505) has not been added to
the source list, as it is a radio galaxy with Sy 2 nucleus. The subluminal radio knots
indicate that the viewing angle is rather large. We are thus not observing the BL Lac
itself, but the emission from the jet at large radii, which is expected to be much lower
than the nuclear jet emission. NGC 1275 therefore does not belong to the catalogue of
blazars. In addition, there are some doubts as to the redshift of z = (0.018 given in [64],
as later measurements failed in finding suited emission lines.

At the time of data analysis, the blazar sample comprises 12 sources with redshift
below z < 0.062. The next blazar with higher redshift which would enter the list is
BL Lac itself with z = 0.069.



44 CHAPTER 2. CONCEPTS OF TEV v-ASTRONOMY

The cut in z is of course somewhat arbitrary: as our knowledge on the infrared back-
ground is vague, only the existence of a cutoff is sure, but we do not know at which
distance the universe actually is opaque for 50 TeV ~v-radiation. When analyzing the
blazar sample in Chapter 6, the redshift cut has to be re-visited, and we certainly have
to check it by including sources with z > 0.062 in the sample.

Upper limits on individual sources

A small fraction of the sources comprised in the sample have been subject of previous
analyses of data taken with several air shower arrays at different locations. Upper lim-
its on the TeV flux mainly exist for Mrk 421, as it was the first source to be discovered
above 1TeV. In addition, the catalogues analyzed in previous point source searches
mainly comprised sources observed by EGRET, and in fact Mrk 421 is the only source
in the sample which has positively been detected by EGRET.

Tab. 2.3 gives the results of previous searches for blazars from arrays on the northern
hemisphere. As they are located at rather different altitudes and considerably differ
in their threshold energy, the main characteristics of the most prominent arrays are
shortly summarized:

(1) The CASA-MIA detector [65] is a very large array in west central Utah at an
altitude of 1460 m with a total area of 2.3- 105 m?, consisting of 1089 independent scin-
tillator stations with 15 m grid spacing. The energy threshold for y-showers is 100 TeV'.
As a very important additional feature, MIA is an associated array of 1024 2.5 m? muon
detectors buried 3 m under the ground. The muon threshold energy is 0.75 GeV. NMIA
allows a y-/hadron separation based on the estimation of the muon content. While
retaining 75 % of the ~y-rays, more than 90 % of the cosmic ray background is rejected.

(2) The CYGNUS array [66] at 2134 m altitude in Los Alamos, New Mexico, cov-
ers an area of 2.2 - 10 m?2. It comprises 108 scintillation counters with an arca of 1 m?
each. The threshold energy for y-rays e.g. from Mrk 421 is of the order 70 TeV'.

(3) The EAS-TOP array [67] is located at 2005m a.s.l. at Campo Imperatore (Italy)
above the Gran Sasso Underground Laboratories. It comprises 35 moduls of scintil-
lation counters with an area of 10 m? each, a 12 x 12m? detector for the muonic and
hadronic component, and 8 Cerenkov stations. The array covers an area of about
105 m?.

(4) The Tibet air shower array [68] is located in Yangbajing at a rather high alti-
tude of 4300 m a.s.1. It consists of 49 scintillation counters with an area of 0.5m? on
a 15m grid. Due to the high altitude with an atmospheric depth of 606 gem™2, the
threshold energy for y-induced showers is only about 10 TeV. The Tibet array thus has
the lowest threshold energy of all earth-bound scintillation arrays. It is only one order
of magnitude higher than the energy threshold of Cerenkov telescopes. As the array is
rather small at present, it will be scaled up by a factor of 4 in the near future.
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The results on Mrk 21 in the energy range from 100 MeV to 100 TeV are summa-
rized in Fig. 2,11 together with the prediction of the proton blazar model (taken
from [11]) including internal and external absorption, and extrapolations from EGRET
and HEGRA Cerenkov results. Whereas a simple extrapolation from EGRET to TeV

Table 2.3: Limits on individual objects from the sample as achieved with various air
shower arrays. F,,q is the threshold energy and ®(FE > Ejp,cqr) is the 909 (Tibet: 95 %)
c.l. upper limit on the integral flux.

array source Ethresn | separation | & reference
[TeV) [em~2s71)
CASA-MIA | Mrk 421 | 100 N, 351071 | [69]
EAS-TOP | Mrk421 | 25 - 1.2-10°B | [70, 71]
90 - 3.4-1071
240 - 7.3-1071%
240 W 8.3-10-1°
CYGNUS | Mrk421 | 50 - 9.0- 1071 | [72]
50 N, 7.5-10~14
Tibet Mrk 421 | 10 - 8.6-10-13 [ [73]
i 30 - 1.7-10713
HEGRA Mrk 421 [ 60 - 1.8-1071% | [74]
scint. Mrk 501 | 60 - 9.9-10-11
HEGRA Mrk 421 | 25 - 1.2 1071 | [75]
AIROBICC | Mrkb01 | 24 - 3.7-10713

energies is completely ruled out by flux upper limits from various air shower arrays,
flux estimates derived by extrapolating the measurements at 1 TeV to higher energies
are still below the sensitivity of current air shower detectors. Experimental data clearly
indicate a steepening of the spectrum in the TeV region due to internal absorption,
but there is still no direct evidence for external absorption by photons of the infrared
background.

Nevertheless, Fig. 2.14 indicates that with a further improvement of the sensitivity of
air shower arrays especially at low energies (Tibet, HEGRA-AIROBICC) we may well
be able to detect Mrk 421 and other nearby blazars.

Apart from improving the angular resolution and lowering the energy threshold, v /ha-
dron separation for suppressing the hadronic background is the most promising way.
Tab. 2.3 shows that up to now ~y/hadron separation is solely based on Ny, i.e. on
estimating the muon content of air showers. In the next chapters, we will concentrate
on methods of improving the signal-to-noise ratio of HEGRA by v/hadron separation.

The southern hemisphere

The source catalogue i Tab. 2.1 concentrates on sources with good visibility at the
HEGRA site. Search for 4-flux from individual blazars has also been performed with
various arrays on the sonthern hemisphere.

The Buckland Park Extensive Air Shower Array on sea-level north of Adelaide has
started data taking in the early 1970°s.  As a striking result of their analysis, the
Buckland group reports a steady flux from Cen A (NGC 5128, 1322-425)) [78]. Cen A
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Figure 2.14: Integral flux measurements and limits for Mrk 421 as a function of the
v-energy. EGRET [5] and HEGRA Cerenkov telescope measurements [48] are shown to-
gether with power-law extrapolations, the result of the Whipple group is taken from [76].
The prediction of the proton blazar model (Mannheim [11]) and models based on electron

acceleration (Stecker et al. [77]) are included.

is a very nearby AGN at a distance of approximately 5 Mpc which is known for its
rapid variability at radio energies on time-scales of a few days.
The data were taken between 1984 and 1989. During this period, the threshold energy
of the array was approximately 100 TeV. The time averaged flux has been estimated
to

®(E > 100TeV) = (7.4 £ 2.6) - 1072 em %71 (2.10)

and the data show evidence for a spectral cutoff at 150 TeV, which is consistent with
v-ray absorption by photons of the cosmic microwave background.

The ~ 3 o significance of the excess is not compelling, especially as no steady flux has
been detected between October 1987 and January 1992 by the JANZOS air shower
array [79] at 1635 m altitude. Nevertheless, the JANZOS group reports that during 18
days of high intensity in 1990, a flux excess at the 3.8 ¢ level has been accumulated.
This would be in accordance with a high degree of variability of Cen A even at the
highest energies.



Chapter 3

Experimental tools

This chapter deals with the challenges and possibilities of high energy vy-astronomy
from the experimental point of view. After a short introduction to the physics of ex-
tended air showers, the HEGRA (High Energy Gammma Ray Astronomy) array, located
2200 m a.s.l. on the Canary Island La Palma (28.8°N,17.9° W), is described with re-
striction to those parts of the multicomponent array which play a major part in the
subsequent analysis, i.e. the scintillator array and the Geiger tower sub-array. This
tool allows a new and robust vy/hadron separation based on the electromagnetic and
muonic component of air showers. The properties of y- and hadron-induced showers
which allow a separation are described in the last section of this chapter.

3.1 Air showers

The differential cosmic ray flux is well described by an inverse power law in energy,

N x E~0F (3.1)
dE

with v = 2.67 [80] being the spectral index. As the flux is thus rapidly decreasing
with energy, it is obvious that different types of detectors have to be used to probe it.
Whereas balloon and satellite experiments with their limited effective area are excellent
tools in the >GeV cnergy region, a large detector size is essential to have a sufficient
rate from point sources at energies above TeV, so earth-bound detector arrays have to
cover this region. This makes the analysis of the primary cosinic rays considerably more
complicated, because the Earth’s atmosphere works as a calorimeter of inhomogeneous
density, and the relevant properties of cosmic ray primaries have to be reconstructed
rather indirectly by detecting the cascade of secondary particles they induce in the
atmosphere, the so-called air shower.

The development of a cosmic ray induced air shower is carried by an electromagnetic,
a muonic, and a hadronic component. y-showers are almost purely electromagnetic
with alternate pair production and bremsstrahilung being the main process chain. In
proton- and hadron-induced showers, additional hadronic cascades lead to subshowers
and anisotropies in the shower development and to a considerable muon content from

47
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pion and kaon decay,

T — up, ’ (3.2)
K™ — u vy, . (3.3)

Fig. 3.1 shows a computer simulation! of the development of showers induced by a
primary 7, a proton, and an iron nucleus. The most striking features are the simoothness
of the purely electromagnetic y-induced shower and the rather grainy structure of the
hadron-induced showers which is a consequence of the additional muonic and hadronic
component. In all shower types, the electromagnetic component dominates by orders
of magnitude, as electrons and positrons rapidly multiply. The total number of ¢*
reaches a maximuin and decreases quickly afterwards as the energy drops below the
critical value for pair production (~ 80 MeV). Muons lose energy by ionization only,
so their number reaches a maximum and then attenuates slowly.

The shower maximum has a typical altitude of 15 to 30 kin depending on the primary
energy. Any earth-bound detector array has therefore a severe shortcoming, as it
samples the shower at one depth only. Even at high altitude (La Palma 2200 m, Tibet
43001m), this is well after the maximum. Sophisticated fitting and extrapolation is
necessary to gain information about the shower and the primary particle.

3.2 The HEGRA -air shower array

The HEGRA air shower array has been built with the aim of detecting directed ~-
radiation from galactic and extragalactic point sources and extended regions of ~-
emission. It furthermore allows to analyze the chemical composition of the primary
cosmic radiation {82] and to observe time variations. As a rather new and challenging
scientific goal, the search for burst-like phenomena has been added, as a detection of
TeV counterparts might cast some light on the nature of y-ray bursts [83. 84, 85].
The array covers an area of 180 x 180m? with a detector sampling density of about
3% and comprises 4 sub-arrays measuring physically different components of extended
air showers.

e The direction of the primary particle is reconstructed by a grid of 243 scintillator
huts which measure the arrival time and the lateral distribution of the electro-
magnetic particles. As described above, this detector component analyzes the
shower well below its maximum.

e The grid of 49 open Cerenkov counters AIROBICC (AIR shower Observation
By angle Integrating Cerenkov Counters) [86] is able to detect the atmospheric
Cerenkov light cone produced by the electromagnetic shower component and thus
to reconstruct the direction of the primary particle and - to a certain degree -
draw conclusions as to the nature of the primary particle. The Cerenkov light

'Here and in the following analyses, the air shower simulation code CORSIK A [81] is used. It is
briefly described in the next section.
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seen by AIROBICC is produced during the whole shower development and only
subject to atmospheric absorption. The light density at different distances from
the shower core may thus be used to reveal the shower history. Most of the
Cerenkov light is naturally produced at the shower maximum, so AIROBICC
probes the shower at higher altitudes than the scintillator array.

e The matrix of 17 Geiger towers [87] contributes a measurement of the muon and
high energy particle component of the air shower. It gives valid information about
the particle energy distribution at different distances from the shower core. Like
the scintillator array, it samples the tail of the shower development.

e A system of 6 Cerenkov telescopes [88] allows a theory-guided search for sources.
With the first three telecopes in a stand-alone-mode, the discovery of TeV ~-rays
from the Crab supernova remnant and the blazars Mrk 421 and Mrk 501 has been
confirmed. In addition, y-rays from the galactic source GRS 19154105 [89] have
recently been detected with a significance of more than 5o [90].

The present layout of the HEGRA array is shown in Fig. 3.2.

3.2.1 The scintillator array

At the time of data taking for this analysis, the HEGRA scintillator matrix consisted
of 167 counters on a grid with_15m spacing and an additional matrix of 76 counters
interleaved to achieve a dense region of 10 m grid spacing in the inner part of the array.
Each scintillator counter consists of 1 x 1 x 0.04 m? of scintillator covered by 4.8 mm
of lead absorber which filters low energy electrons and converts a part of the incoming
photons into ete~-pairs. The main aim is an improvement of the angular resolution of
the matrix, as the time spread of the shower front is decreased.

As shown in Fig. 3.3, a fast 5" photomultiplier allows to measure time and pulse height.
If the signal exceeds a predefined threshold value corresponding to 0.3 MIPs (minimal
ionizing particles), a constant fraction discriminator (CDF) produces two pulses of
150 ns. One of them is used to create a sum of all CDF signals. As a trigger condition,
this sum has to be at least 13.25 times the single value (”cosmic trigger”), thus corre-
sponding to signals from at least 14 scintillator huts during 150 ns. Readout is started
("event trigger”) in case the readout of the precedent event has been completed.

In clear nights with the moon at high zenith angles, event triggers are also generated
by the Cerenkov telescopes and the AIROBICC matrix which triggers in case of 6-fold
coincidences within 200 ns. The scintillator trigger rate of 12 Hz (14 huts) is increased
to 20Hz in runs including AIROBICC.

As the cable lengths vary due to temperature differences (1-2ns for the 150 m cables),
light pulser runs are performed every 20min. The ADC pedestals are measured by
imitating a number of "empty” triggers not belonging to air showers and averaging
over the measured values. After pedestal subtraction, the maximum of the ADC pulse
height spectra for each hut corresponds to one MIP: this allows the determination of
the conversion factor between ADC pulse height and the particle density in the detec-
tor.
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Figure 3.3: Schematic view of a scintillation counter [91].

Determination of shower properties

The determination of shower properties by the scintillator matrix includes several
steps [91] which are briefly described in this section.

At first, the shower core position, i.e. the point where the prolongation of the primary
particle’s trajectory intersects the plane of the detector, is determined by a simple cen-
ter of gravity method which searches for the counter with the highest particle density
and calculates the sum of the densities of all counters within a 60 x 60 m? square around
this counter. The sum is weighted by the counter density to correct for the different
coverage in the inner and outer part of the array. Parts of the square lying outside
the array are taken into account by creating virtual huts with the average value of the
particle density of the existing huts assigned to them. The accuracy of this method is
063% ~ 10m for small showers and increases with increasing shower size.

In the second step, the direction of the incoming primary is determined by fitting a
predefined shower front function f to the arrival times. As shown in Fig. 3.4, the elec-
tromagnetic particles of an extensive air shower build up a front of conical shape with
a slope of ~ 13 ns/100 m for the HEGRA conditions.

As described in detail in [91], this direction fit is done by minimizing

x: = Zw (f —t.)° (3.4)
1

with {; denoting the arrival time measured by hut i. w is a weighting function and f
is called the shower front function. Whereas it was taken as a simple plane in earlier
applications, the direction fit for the upgraded HEGRA array uses f and w depending
on the distance r from the previously determined shower core and the number N of
particles detected by the counter. As an important improvement, f(r, N') and w(r, N)
are determined from the experimental data, a procedure which guarantees an optimal
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Figure 3.4: The direction of the primary particle (shower axis) is reconstructed by fitting

a shower front function to the arrival times of the particles as measured by the scintillator

array [(91].

adjustment to HEGRA conditions.
In a third step. the number of electromagnetic shower particles is determined by fitting
the so-called NKG (Nishimura-Kamata-Greisen) function [92] to the electron density

*

p(r) in a distance r from the shower core,

. 9
V(, o\ 52 s—3
p(r) x =% <'—> (1 + 1) (3.5)
s \ 7o Ty

ro is the Moliere radins (112 m at HEGRA altitude), which is the characteristic lateral
scale of the shower. It is dependent on density and indicates the amount of multiple
scattering in the atmosphere.

Both N, and s are free parameters. s is called shower age and has the value 0 at the
beginning of the cascade, 1 at the maximum, and > 1 during the dying out phase of

the shower development.
The resulting angular resolution of the HEGRA scintillator array can be described
as a function of the total number of electrons by

(104.5 £ 0.4)°
Ne

e (Ne) = (3.6)

Thus. for a mimmum N, of 10000, the angular resolution is gg3y, = 1.0°.
The resolution has been checked by various methods [91]. One of them, the search for
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a deficit from the direction of the moon, is also applied in this analysis and described
in more detail in Chapter 6.

3.2.2 The Geiger tower sub-array

In HEGRA, the information about the charged particle content and energy distribution
is obtained by 17 Geiger towers [87], each consisting of 6 layers of 160 Geiger tubes
with quadratic cross section (1.5 x 1.5cm?) and 600 cm in length. Covering an active
area of 270 x 600 cm? each, they are placed in the central part of the HEGRA array as
an additional matrix with distances of about 30 m.

A sectional drawing of a HEGRA Geiger tower is shown in Fig. 3.5. The layvers are sep-
arated by 10 cm of light concrete (density 0.8 gcm ™) and 10 em of air. The first two
Geiger tube layers are followed by 4.5 r.1. of lead absorber each, so the Geiger towers
work as individual calorimeters supplying information about the particle density and
the energy distribution in different distances from the core. The lower planes are used
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Figure 3.5: Front view of a Geiger tower.

for the reconstruction of muon tracks and tracks caused by high energy e*, v and - to
a small amount - hadrons penetrating the lead absorber.

16 Geiger tubes form a so-called bi-octotube as schematically shown in Fig.3.6. Each
bi-octotube is read out by a 16-channel readout board. The tubes are supplied with
a gas mixture of 98.9% argon, 1.0% propan, and 0.1% freon at a flow rate of G1/h by
a central mixing facility. Past experience has shown that a small percentage of vapor
has to be added to counteract the inevitable aging of the wires [93]. Each wire has a
positive high voltage of 1150 V resulting in a current of about 1A per Geiger tube.
The Geiger tubes together with the readout electronics are remnants from the disman-
tled Fréjus underground detector, and parts of the electronic had to be re-designed to
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Figure 3.6: Cross section of a Geiger octotube.

account for the high rates of the HEGRA experiment. As a very important upgrade,
an additional edge sensitive secondary readout electronic [94] has been implemented
to reduce the accidental background. This is necessary since the typical duration of
a Geiger pulse is about 70 us and thus a considerable amount of Geiger pulses caused
by particles not belonging to the triggering air shower are additionally read out af-
ter the trigger signal. To avoid this, each layer of a Geiger tower is equipped with
an additional 10-channel readout board with one channel per bi-octotube. In case a
Geiger pulse is detected on one of the 16 channels of a bi-octotube, a signal is send to
this secondary readout board and triggers another 3 ps signal. Only in case this 3 us
signal is in coincidence with the array trigger, a voltage level is applied to an addi-
tional CMOS shift register. Apart from the 160-fold Geiger tube status information
of each layer, additionally 10 channels per layer now carry information about whether
at least one pulse on the corresponding bi-octotube is in.coincidence with the trig-
ger signal. If only the hits registered by these bi-octotubes are taken into account,
the sensitive time period is shortened from 70 ps to 3 us, thus considerably reducing
accidental hits and tracks, which due to their high rate (2.5kHz) else make the hit
information valueless. The towers have been used to determine the integral muon flux
at HEGRA altitude, and the experimental value (0.58 4 0.05) min~! cm™2sr™! [94, 95]
is in good agreement with interpolations of measurements at sea level and 3000 m a.s. 1.

Geiger tower and scintillator simulation

For a complete understanding of the capabilities of detectors, a reliable detector simula-
tion is crucial, as this is the only way to extract necessary information, e. g. efficiencies
for track finding and hadron suppression. A full three-dimensional MC simulation of
the relevant detector parts, additionally fine-tuned on experimental data, is further-
more essential for the development of reliable v/hadron separation techniques.

For the NMC simulation of the Geiger tower array, a program based on the well-
established GEANT 3.21 [96] code is used. The GEANT code allows to describe the
experimental setup by so-called geometrical volumes, with the corresponding material
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and tracking medium parameters (atomic weight, atomic number, radiation length,
density) assigned to the volumes. For each shower particle reaching the observation
level, the particle type, the position, and the momentum vector are passed to the
GEANT input routine, and GEANT then takes over the tracking of the particle through
the experimental setup. Important parameters used for the Geiger tower event sim-
ulation are summarized in Tab. 3.1 and Tab.3.2. The threshold energies for different
particle types given there refer to the kinetic energy of the particles: if it drops below
this value, tracking of the corresponding particle is terminated.

Physical effects taken into account during tracking include decay, multiple scattering,
muon nuclear interaction, energy loss, photo electric effect, Compton scattering, pair
production, bremsstrahlung, annihilation, and hadronic processes. ‘

Table 3.1: Kinetic energy cuts used for the GEANT detector simulation.

[ particle | kinetic energy cuts [MeV] |
¥ 0.1
et 0.1
neutral hadrons 10
charged hadrons 10
pt 30

Table 3.2: GEANT tracking medium parameters.

[ medium | density [gem ™3] | radiation length [em] |
air (2200m asl) | 0.086- 103 37181
ytong 1.0 33.7
aluminium 2700 8.9
argon 1.78 - 1073 11000
lead 11350 0.56

To test the reliability of the detector simmulation, the Fréjus test detector was imple-
mented in GEANT and the simulated detector response was compared to data taken
during the calibration in electron and hadron beams at DESY and Bonn. Experimental
data and MC simulation correspond to a satisfying degree [87].

The additional electronics for suppression of accidental tracks and hits is fully simu-
lated, using the muon flux value quoted above. The simulation additionally includes
the scintillator matrix to account correctly for the trigger condition.

Tracks are reconstructed using an algorithm which first groups neighboring hits to
clusters, allowing for not more than one "dead” wire between two hits. Half the cluster
width is taken as the positional error of the cluster center. The algorithm then loops
over all pairs of clusters and accepts only combinations with at least 4 clusters lving
on a straight line as track candidates. Using the cluster positional error. weighted
linear regression then delivers the track parameters. In a cleaning process, fake tracks
are removed by comparing the x? of tracks sharing more than one cluster with other
tracks.
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The etficiency of this track finding procedure naturally depends on the complexity of
the hit pattern. As shown in [87], the reconstruction efficiency near the dense shower
core region is only 50 to 60 %, but exceeds 90 % at a distance of more than 30 m from
the core. A tvpical example both of the GEANT simulation of the Geiger array and
the track finding algorithm is given in Fig. 3.7 showing the hit pattern of a Geiger
tower near the core of a 50 TeV” proton induced shower. The track finding algorithm
has successfully reconstructed two muons, characterized by a small number of hits per
laver. In addition. a high energy electron, positron, or converting v has produced a
subshower with a large number of hits in each layer.

270 ¢cm

B { B *,,-..#f_ w [ laoem

Figure 3.7: Hit pattern of a Geiger tower near the core of a 50 TeV proton induced
shower (MC simulation). Hits in the 160 Geiger tubes per layer are indicated by solid
points,

3.3 ~v/hadron separation: Basic Ideas

As the main aim of the subsequent analysis is the search for point sources, it is impor-
tant to know the dependence of the signal-to-noise ratio on air shower parameters like
the exposure time T and the size of the sensitive detector area A.

Clearly the signal is a linear function of T and A, whereas the noise also depends on
the angular resolution e of the detector. Different spectral indices v, and v for the
source and the overall cosmic ray spectrum have to be considered. Assuming further-
more a ~/hadron separation which reduces the hadronic background by a factor epqq
while keeping a fraction €, of the signal, the signal-to-noise ratio is

signal ~ E AT e, =FEi " AT L Q (3.7)
noise  /E AT (D)2 thag Ao

Whereas signal to noise improves only with the square root of observation time and de-
tector area, it linearly depends on the angular resolution A« and the so-called /hadron
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separation quality factor ) defined as

Q= m , (3.8)

which is used in the subsequent chapter for comparing different -y/hadron separation
techniques. In addition, source spectra which are considerably flatter than the overall
cosmic ray spectrum with v = 2.7 would further increase the chance of source detection
at higher energies.

In the last years, the major work in HEGRA has thus been devoted to the improve-
ment of the angular resolution and the search for powerful methods to suppress the
overwhelming hadronic background.

In the remaining part of this chapter, some basic concepts for a new y/hadron separa-
tion based on the information provided by the Geiger tower array are described. The
method itself is evaluated in the next chapter. As the analysis is based on the Monte
Carlo generator CORSIKA [81], the next section will give a short outline of the basic
features of this code.

3.3.1 The Monte Carlo generator CORSIKA

The Monte Carlo code CORSIKA (COsmic Ray SImulations for KAscade) has been
developed for the extended air shower array KASCADE [97] in Karlsruhe and simulates
the evolution of air shower cascades in the atmosphere. For the electromagnetic part of
the shower, the simulation is taken over by the well-established EGS4 [98] code, which
treats e* and 7. Muons do not undergo any nuclear reaction, but only decay.

The simulation of low energy (E < 80GeV) hadron-nucleus collisions and the cal-
culation of elastic and inelastic cross sections of hadrons is based on the GHEISHA
code [99], and for the simulation of high energy interactions, the user may choose be-
tween routines based on the Dual Parton Model (DPM) [100] or the VENUS (Very
Energetic NUclear Scattering) code [101]. Whereas the DPM routines of CORSIKA
are fast and adapted to the (few) experimental data available, VENUS tries to simu-
late heavy ion collisions in detail based on the creation and fragmentation of strings.
Parameters and methods used in VENUS are expected to improve further with new
HERA results [102].

A very crucial point for extensive air shower MC is the parametrization of the atmo-
sphere. CORSIKA uses an atmosphere consisting of Ny (78.1 %), Oy (21.0%), and
Ar (0.9%) and a density variation with altitude based on the so-called U.S. standard
atmosphere which is composed of 5 layers. In the lower 4 layers, the mass overburden
depends exponentially on the height, in the upper layer the dependence is linear. The
upper boundary of the atmosphere is at 112.8 km, which is the height where the track-
ing of the primary particle through the atmosphere starts.

For the following analysis, CORSIKA is used in its version 4.06. For all showers, the
full EGS simulation and the VENUS and GHEISHA options are chosen. The Earth's
magnetic field at La Palma (B, = 29.5G, B, = 23.0G) is implemented to account
correctly for the deflections of charged particles. Simulation terminates at HEGRA
altitude (2200m a.s.l.).
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The full MC simulation of air showers is a time-consuming process, and MC statistics
will always be well behind experimental data statistics. As only a small part of the
particles reaching observation level are actually detected, it is tempting to multiply
MC statistics by shifting the core position n times and thus create n showers from one
CORSIKA generated shower.

This method may be justified for certain types of analysis, but it is difficult to assess
effects resulting from this technique. In order to avoid any biasing on the neural net-
work based separation from this economical but dangerous procedure, every CORSIKA

generated shower is used only once in the following analyses.
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Figure 3.8: Mean number of muons at HEGRA altitude as a function of the energy of

the primary particle for y- and proton-induced air showers.

3.3.2 The charged particle content

In ~-initiated air showers, muons are produced at a significantly lower rate than in
hadron-induced air showers, as the probability of muon production via processes like

vy — pt T (3.9)

or photo-pion production and decay of charm particles is considerably smaller than
muon production in the hadronic cascades of showers induced by protons and heavy
nuclei. Fig. 3.8 shows the mean number of muons on HEGRA observation level as a



60 CHAPTER 3. EXPERIMENTAL TOOLS

y—shower 50 TeV proton shower 50 TeV

— 100 - 100 = e
E £
© 80 £ 80
] o
< £
B 60 ° 60
2
g g
8 40 (‘: 40

|

1S :

X2 > 20
£ £
&
o o C o

-20 -20

-40 —40

-60 ~60

~80 -80

1% 400 100 %500 ~50 o so 100

array x—coordinate [m] arroy x—coordinate (m]

Figure 3.9: et,v reaching the HEGRA observation level in a 50 TeV y- and proton
induced air shower.

function of the energy of the primary particle for y- and proton-showers: the muon
content of y-induced showers is only 1% of the muon content of proton showers. L'ur-
thermore, at least for hadronie showers, the number of muons is a (weak) indicator of
the primary energy.

The detection of the muon content of air showers is the classical method of y/hadron
separation, and significant hadron suppression has been achieved by sophisticated
methods of estimating the number of muons {103}

Nevertheless, there is a major drawback to this procedure. The muon-sensitive detector
sampling density of current air shower arrays is rather small (~ 2% for the HEGRA
Geiger sub-array), thus only a small fraction of the muons (=~ 1%) can actually be
detected.

Expecting only ~3 muons per hadronic shower, the rather large event-to-event fluc-
tuations make the muon content a poor tool if taken alone. It is therefore necessary
to search for additional possibilities of separation. As a crucial advantage, the Geiger
towers are not simply tracking tools, but have a large active area and the lead absorber
acting as an energy threshold which allows to estimate the energy of the electromag-
netic content in different distances from the core. We therefore have to investigate
further the e* and y-content of air showers which exceeds the muon content by several
orders.

As said before, anisotropies in the shower development label hadronic showers and
cause non-uniformities in the longitudinal and thus also in the lateral distribution of
electromagnetic particles (e, v) reaching the observation level. Computer simulations
of the distribution of e*, v reaching the observation level of the HEGRA array on an
area of 200 x 200 m? for a 50 TeV - and proton shower show differently shaped cores
(Fig.3.9). In contrast to hadron showers, the core of y-showers is more concentrated
and the particle distribution is much smoother and without non-uniformities.
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Outside the dense core region with a radius of >~ 30m the particle distribution in
hadron-induced showers is rather grainy, and the hot spots in the distribution strongly
correlate with high energy e* and 4. This is summarized in Fig. 3.10. The computer
simulation shows the mean number of electromagnetic particles (e*,v) and the mean
number of muons with energies greater than a cut energy Eg, for 1000 MC v- and
1000 proton showers as a function of FE.,. Only particles reaching the HEGRA obser-
vation level within 30 to 100 m from the shower core are taken into consideration. The
energy of the primary particle is distributed between 30 and 500 TeV according to an
exponential spectrum dN/dE ~x E 77, with v = 2.75 being the spectral index. There
are several results:

1. The muon content of proton showers exceeds the muon content of y-showers by
about two orders of magnitude. '

2. The number of low energy electromagnetic particles (e,

the corresponding number in proton showers.

v) in y-showers exceeds

3. For particle energies above 400 MeV, the number of e* and 7 in proton showers is
comparable to the number of muons and higher than the corresponding numbers
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in y-showers.

High energy e* and v outside the core thus strongly indicate proton induced showers.
We are confronted with the rather striking fact that one of the main shortcomings
of ”calorimetric” type detectors like the Geiger tower array, the inability of rigor-
ously discriminating between u* and e* (so-called punch-throughs), is an advantage
for v/hadron separation: high energy e* and - in addition ~ photons converting into
e*-pairs are indicators of hadronic showers just like 4*. When penetrating the lead
absorber, they show up as a track or as a small electromagnetic sub-shower within
the tower as shown in Fig.3.7. Summarizing, it is not the muon track as such which
carries the necessary information, but in general the track outside the shower core. The
number of detected tracks is in fact almost doubled by the high energy e*,~ carrying
the same information.

As the weak electromagnetic component which carries the major part of the energy of
v-induced showers is almost totally absorbed in the 10 r.1. of lead absorber, only a few
hits are expected in the lower layers of the Geiger towers with sufficient distance fromn
the dense core region. A large number of hits in the lower layers thus also indicates
hadron showers, even in cases where the high energy particles produce a cascade and
no track fitting is possible (see Fig.3.7). Hence, it is crucial to use the Geiger towers
not as mere tracking tools, but also as a detector which records the energy content as
a function of the distance from the shower core.

It is a major task of the Geigep tower analysis to extract the relevant information with
high efficiency. A possible way to do so is motivated and outlined in the next chapter:
the analysis of the Geiger data using computer-simulated neural networks.



Chapter 4

Neural network +/hadron
separation

Detectors like the Geiger towers of the HEGRA array with their multi-layer structure
and their rather moderate thickness of absorbing material (9 r.1.) are powerful tools
for equally exploiting the calorimetric information contained in the electromagnetic
particles and the muon and high energy e*, v content of air showers.

Nevertheless, the y/hadron separation criteria presented in the previous chapter are
in fact rather limited tools, since the small detector sampling density (~ 3.5% only)
hardly allows to resolve the granularity of hadron showers and prevents a large frac-
tion of the muons from being detected. Exploiting the different energy distributions
in a straight-forward cut sutfers from the fact that single showers are subject to large
fluctuations. Therefore the optimal selection criterion is different in each event and the
weights of these criteria are a priori unknown.

As a consequence y/hadron separation based on serial cuts in the number of tracks or
hits or any other quantity derived from the hit number faces one of the most severe
shortcomings of conventional analysis: the application of various low-dimensional cuts
in observed variables is inefficient and time-consuming both in developing the technique
and carrying it out. The neural network technique replaces this procedure by parallel
handling of the input data and nonlinear cuts in data space.

Neural nets have proven to be an appropriate technique with high efficiency and stable
performance in a number of applications (see e.g. [104]). On the other hand, they are
often regarded as unreliable and opaque, hence one may hesitate to apply them in data
analysis where transparency is required. An understanding of the network cut in terms
of classical analysis is indeed difficult, since the network output is a very complicated
function of the input data. A large part of this chapter therefore deals with methods
helping to gain insight in what at the first glance might look like a black box.

After a general description of the network technique itself and the training algorithm
applied here, the criteria actually playing part in the network v/hadron separation are
estimated by artificially disabling input information and testing the resulting perfor-
mance.

Furthermore, methods from multivariate analysis, principal component analysis and
discriminant analysis, visualize the network learning process and help to construct the

63
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Figure 4.1: Schematic of a neuron.

optimal network topology and therefore to minimize the number of arbitrary network
parameters.

4.1 Network training

4.1.1 General remarks

In a typical classification problem like the separation of v- and hadron-induced air
showers, a set of p events with k.., observed variables each, described by the input
vector

&P = (T1, 22y« ooy Thppas )s (1.1)

has to be assigned to output categories y; using a classification function

2

7 = F(@). (4.2)

As an example, a separation between signal and background events may be based on
a one-dimensional output y; with the desired value 0 for signal and 1 for all tvpes of
background events.

The neural network training takes over the search for the optimal choice of the clas-
sification function F. The basic element of neural networks is the so-called neuron or
node [105] (see Fig.4.1). A neuron receives input signals v, from neighbor neurons and
computes the weighted sum of its inputs, compares the sum to a threshold value 6 and
~ in case of binary nodes — outputs either "1” or "0” depending on the input sum:

v, =0 (Z Wil — 91) . (43)
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The weights & represent the strength of the connections between the neurons. The
Heaviside function © of the binary neuron is usually replaced by a nonlinear activation
function g, thus allowing a graded response instead of a simple "yes/no” decision. A
common choice is the continuous differentiable sigmoid activation function

g(r) = % (1 + tanh (%)) , (4.4)

which for the limit T — 0 reduces to the Heaviside function ©. The parameter T is
called temperature and is usually set to 1. In a feed-forward neural network (as used in
this analysis) with k., so-called input nodes, i. e. k,,, dimensions of the input vector,
tmaer OUtput nodes, and one hidden layer with j,,,, nodes for the internal representation
of F by the network (see Fig.4.2), F therefore corresponds to

JImaxr Kmazx

FI(I—') =g Z wijg(z Wik Ik + 0]) + 01 . (45)
J=1 k==

¢ and therefore F; is restricted to values between 0 and 1. To simplify the deviation
of the learning rule in the next subsection, thresholds are consequently omitted in the
deseription, as they can always be treated as weights 6; = w; with xyp = 1.

The architecture of simple feed-forward neural nets as mathematically described in
Eq. 1.5 with adjacent layvers fully connected is unequivocally determined by the number
of nodes per layer. They are referred to as kpar = Jinar — tmae Detworks in the following
sections.

The weights w,,, wjr are free parameters adjusted to a training data distribution by
minimizing e. g. a mean square error. The whole training data sample is repeatedly
presented to the network in a number of training cycles. After the network training
an independent test data sample is used to check whether the net is able to generalize
the classification to "unknown” data.

4.1.2 The backpropagation algorithm

The application of the neural network technique in data analysis heavily depends on
whether it is possible to find a robust method of weight adjustment. The great success
of neural networks in the last decade is mainly based on the deviation of an iterative
learning algorithm based on gradient descend, the so-called backpropagation algorithm,
by Rumelhart in 1985 [106].

The general idea is to adapt the weights by learning a training set of input-output
pairs (., fj The input vector £ is propagated through the network to create an output
vector i which is then compared to the desired "true” output vector t. If & does not
equal 1. the weights are adjusted by minimizing e.g. the Euclidean distance |£ — .
For a straight-forward deviation of the learning rule, the network shown in Fig. 4.2 is
used. It is a two-layer feed-forward network with one hidden layer. The weights wj
connect input and output layer, the weights w;; connect hidden and output layer. The
activation function of the input neurons is linear, for all other neurons, the sigmoid
function 1.4 is used. Start values for the weights are chosen at randomn to avoid any
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Figure 4.2: Feed-forward neural network with one hidden layer.

symmetry at the beginning of the learning process.
With p being an element of the training data sample, the hidden neuron j receives the

input .
hY = ijk:rz (1.6)
k=0
and produces the output
VP = g(h5) = g3 wsa})- (4.7)
k=0
The output neuron ¢ receives
h:) = Zwij\/]” (48)
i=0

and produces the final output

vl = g(h) (4.9)
= 9 (Z wizg (Z wjk-TZ)) . (4.10)
7=0 k=0

To optimize the weights, an error function (or "cost” function) F is introduced. This
may be the Euclidean distance

'

B@) =33 (8 -y >0 (4.11)

P

The optimal weight values & minimize E. As

E(wW) = %Z {tf -9 (Zwug (ijk;z‘i>)} (4.12)
=0 k=0
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is a continuous differentiable function of &, it is possible to apply gradient descent:

OF
A, = —p- 4.13
J ,)0“)1'] ( )
OE
Awjy = — ) 4.14

1 is the so-called learning rate and controls the speed of weight adjustment. It is the
most important parameter of the network learning process.
Gradient descent gives

Aw; = nz — 7)) g (KVP (4.15)
= nng’Vf (4.16)
4
where
6 = (tf — v7) ¢g'(hY) (4.17)

is introduced. § is the Euclidean distance between the actual network output and the
desired output value, multiplied by the derivative of the activation function (d-rule).
For the weights between input and hidden layer, the chain rule is applied

aF ov?
Awjp = —1 I 4.18
= z,: V7 Duwji (418)
Using Eqgs. 4.7 and 4.12 gives
0‘/}7) 1(pPY..P
oo = g'(h})x}, (4.19)
j
and
oF
57 = —Z P =yl g (R))wy (4.20)

= - Z 8wy, (4.21)
pi
Combining these results gives

Awjg = 7}2 07 wi;g' (W2} (4.22)

Introducing

o =g' () " w67 (4.23)

leads to the final formula

Awjy = 712(5;’:1:2. (4.24)
P
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Apart from the definition of d, Egs.4.15 and 4.24 have the same form. In general, the
backpropagation learning rule for a feed-forward network with m layers is therefore

14 — (P , ) 9
5b,m—1 =49 (h’b,m—l) Z“daby"léfx,m' (12'))
a

Thus the backpropagation algorithm includes the following steps: at first, the input
signal propagates through the network until the final output is calculated. Now the o,,
for the output layer is calculated by comparing & and £, and the 6,,_, of the preceding
layer may be calculated by using d,,. Whereas the signal propagates in forward direc-
tion, the error signal propagates backwards (hence the name backpropagation). After
all § have been calculated, the weights are adjusted according to

wig” = wiy' + Awe, (1.26)

Although the learning rules imply that the weights are updated after each training
epoch, i.e. after all p patterns & have been presented to the network, this is not what
is usually done. In practice, the weights are updated after every pattern or after a
small subset of patterns (usually 10). Apart from being much faster, this incremental
or on-line method is more effective in case of regular or redundant training data and
is thus superior in most physics applications.

Depending on the problem, it may also be more appropriate to make the learning rate
n a function of time, i.e. to start with a high learning rate and gradually decrease 7
during the training to allow a fine-tuning of the weights.

For a detailed description of the network technique, the backpropagation algorithm
and modifications of the learning rule, see e.g. [107]. A number of alternative al-
gorithms and network architectures have been proposed in the last decade, but for
standard physics applications, these methods have not outperformed backpropagation
in robustness and efficiency. In fact, it has been shown early in network application
that only one hidden layer is enough to approximate any continuous function F [108).
and that with at most two hidden layers any function F can be fitted, with the accuracy
increasing with the number of nodes in the layers [109].

4.1.3 Network input

Since for the training and test data sample both input ¥ and correct output ¢ have
to be known for each event, the adjustment of weights and thresholds depends on
computer-simulated air showers. For the creation of the training and test showers the
MC code CORSIKA (version 4.06) [81] is used.

10000 CORSIKA generated air showers with primary energy E distributed between 30
and 500 TeV (spectral index y = 2.75) passed a full detector simulation based on the
GEANT package (version 3.21) [96] as described in the previous chapter. To imitate
the experimental data as closely as possible the incident zenith and azimuth angles ¢
and ¢ are selected at random (0° < 6 < 30°, 0° < ¢ < 360°), and the core position is
randomized over the array.

'The MC showers are divided into a training sample (3000 showers) and a test sample
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(7000 showers). Since the v/proton separation is expected to be the most difficult
task, the training sample only contains v- and proton showers in equal shares. Showers
induced by heavy nuclei like helium, carbon, and iron also form a considerable part of
the hadronic background [80], but the restriction to proton showers during the training
phase is justified, as proven at the end of this subsection.

As input variables for a standard feed-forward neural net [110] with sigmoid activation
functions 4 values for each of the 17 towers are used:

e the number of hits in the first layer above the lead absorber,
e the number of hits in the second layer after the first 4.5 r.1. of lead absorber,
e the average number of hits in layers 3 to 6 after 9 r. 1., and

e the number of reconstructed tracks (mostly muons).

Table 4.1: Parameters of the network.

network topology 68-17-1
learning rate 7 0.005
decrease in 1 (per cycle)

(bold driver dynamics) 0.999
number of learning cycles 500
initial weights (taken at random) | [-0.1,0.1]
patterns per update 10
overall network temperature T 1

A three-layer net with topology 68-17-1 is trained using the’backpropagation algorithm
to give the desired output value 0 for - and 1 for proton-induced showers. The pa-
rameters of the network training are summarized in Table 4.1.

An initial learning rate n = 0.005 varied during learning using the "bold driver” method
with a scale factor 0.999 [111] gives the best results, but the final performance does not
depend critically on the actual choice of these parameters. However, if the learning rate
1 1s too high at the begiuning of the training process, a considerable number of showers
are misclassified from the beginning and the net is not able to correct this during the
training, which leads to peaks at the "wrong” side of the output distribution. Using a
small 7 avoids this problem.

The number of hidden nodes is estimated roughly by a principal component analysis
applied to the hidden unit activations. This is described in the next subsection.

After about 500 training cycles the vy-shower efficiency reaches a plateau and the per-
formance on test data does not improve any more. The learning process is stable and
training and test data differ by only a few percent (Fig.4.3(a)). Fig. 4.3 (b) shows the
network output for the 4- and proton showers of the test sample.

Although the training sample only contains 4- and proton showers, the features of
proton showers are transferred to showers induced by heavy nuclei. Fig. 4.4 (a) shows
the efficiency as a function of the cut in the network output for y- and proton-induced
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Figure 4.3: The network perfor,mance: (a) shows the y-efficiency and proton rejection as
a function of the learning cycle for both training and test data, (b) shows the network
output of 3000 v- and 3000 proton showers of the test sample.

showers and for showers induced by helium, carbon, and iron nuclei. The rejection
power of the net increases with the atomic weight, which justifies the concentration on
proton showers during the training phase.

4.1.4 Checking the net topology

Although the net performance only weakly depends on parameters directing the net-
work learning, the network topology should be checked to gain optimal performance. A
net with a large number of hidden nodes that do not contribute to the separation may
decrease the stability of the network or result in poor generalization.

Principal component analysis (PCA) [112] is a tool from multivariate statistical theory
which helps to estimate roughly the number of hidden nodes, i. e. dimensions of lndden
unit space, necessary to deal with a given separation problem.

PCA searches for the directions in data space along which the data show maximum
variation. The principal components are the eigenvectors of the covariance matrix,
and the eigenvector corresponding to the largest eigenvalue indicates the direction in
data space with maximum spread of the data points (first principal component), the
eigenvector of the second largest eigenvalue gives the direction of maximum spread in
the (n — 1)-dimensional space perpendicular to the first principal component, and so
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on. As the network training is based on error minimizat‘ion, regions in hidden unit
space which map to different network outputs will be separated as far as possible in
hidden unit space, and PCA applied to the hidden unit activations may indicate the
directions along which the data points are separated [113].

If n is the dimensionality of the data points d;

di = (dilv Ty din) ) (427)

the covariance matrix C is an n X n matrix where the element Cj; is the covariance
of the activations of hidden units ¢ and j, so Cy; are the variances of the hidden unit
values. C is calculated from the data matrix D

d,
D=1| ... (4.28)
dP

with p being the number of data points, by subtracting the colun means

T”_<(111+"'+d1p dn1+"'+dnp)

(4.29)

bl Y

p p
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0, 10, 100, 500 learning cycles.

from each element of a column:

As the covariance matrix

dy —m
V= : (-1.30)
d, —m
c=—t_yvyr (4.31)
=1 _

is a real symmetric matrix, the eigenvalues are real and the eigenvectors are orthogonal.
PCA is applied to the hidden unit activations of 4000 ~y-showers and 4000 proton
showers for a network with 20 hidden nodes. Fig. 4.5 shows the 20 eigenvalues for the
hidden unit activation after 0, 10, 100, and 500 learning cycles. 3 eigenvalues of the
fully trained 68-20-1 net are considerably smaller than the others and indicate that 17
hidden nodes may be enough for separating.

Since the principal components are not necessarily the best directions of discrimination
in hidden unit space, the resulting topology has to be checked. In this example a re-
training of the 68-net shows that 17 hidden nodes indeed yield the same performance.
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4.1.5 Optimization of the net cut value &

Proton rejection and y-efficiency depend on the cut value € in the network output.
To find the optimal value of £, it is convenient to maximize the quality factor Q from
Eq. 3.8,

(Qpro = o (432)

with €, and ¢€,,, being the fractions of y- and proton showers passing the selection. The
significance for the detection of a cosmic ray point source is a linear function of @Q (see
Chapter 3).

For simplicity, again we use proton showers only. According to Fig. 4.4 (a), Qhad 2 Qpro,
5o Qpro 15 in fact only a lower limit to the actual quality of the hadron suppression.
Fig. 4.4 (b) shows the quality factor ) as a function of the cut value £ in the network
output. The maximum quality factor is ) = 2.8, which is considerably better than the
rejection achieved by track counting alone: a sharp cut on the number of tracks, which
classifies all showers with at least one track as hadronic, yields Q = 1.9.

This estimation of @ is done using showers with energy above 30 TeV without consid-
ering the array trigger condition. The optimal cut value will change when the actual
experimental conditions are taken into account. In the remaining part of this chapter, a
cut value &, = 0.17 is chosen, but this value has to be modified in the next chapter.
The energy dependence of both proton shower rejection and y-shower efficiency is
shown in Fig. 4.6 (a). To cover the whole energy range, 1000 y-showers with energies
between 10 and 500 TeV are added to the test sample. Whereas the different behavior
of v- and proton showers is a consequence of the cut value being well below 0.5, the
energy dependence of the y-efficiency reflects the information content of the events.
The mean number of towers having non-zero hit information increases with the energy
of the primary particle (Fig. 4.6 (b)), and the v-efficiency increases almost linearly with
the mean number of non-zero towers. This illustrates that the optimal energy region
for an efficient use of the Geiger towers is above 50 TeV.

As the Geiger towers are not part of the HEGRA trigger conditions, there are a number
of events (< 5%) with only very marginal hit information. Events that do not con-
tain the necessary information for v/hadron separation, mainly events with less than 6
non-zero towers, do not fake y-showers but populate an uncritical intermediate region
at about 0.6 in the network output which indicates neither ”v-like” nor "hadron-like”
showers. This is also true for events with no hit information at all.

Including the trigger condition during day-time (at least 14 scintillator huts) in the
detector simulation and discarding events not fulfilling these conditions means increas-
ing the y-efficiency and thus the quality factor of the network analysis (see Fig. 4.6).
The ~-efficiency, proton rejection and the integral quality factor Q(E > E,y) for MC
showers with simulated scintillator trigger condition is shown in Fig.4.7. The inset
shows that for showers above an energy threshold of 50 TeV, the quality factor is bet-
ter than 3, provided the performance of the Geiger tower array is not deteriorated by
non-working tubes, layers, or towers.
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Figure 4.6: Energy dependence of the network performance: (a) shows y-efficiency and
proton rejection and (b) the mean number of Geiger towers with hit information as a

function of the energy of the primary particle.

4.2 Understanding the network

4.2.1 Physical implications of the network learning

A way to gain the necessary insight into the network separation is to disable artificially
parts of the input information and train and test networks on the reduced data.

To check the relevance of the different criteria summarized in Chapter 3, networks are
trained and tested on input data

1. only consisting of the number of hits without the explicit number of tracks in the
towers (net 4),

2. with artificially eliminated track information (subtraction of the number of hits
caused by reconstructed tracks from the total hit number of each layer) (net 5),

3. with the number of hits per tower normalized to 1, thus making a between-tower
comparison impossible (nets 2 & 6),

4. without the hits in the first Geiger layer, so the information about the incoming
particles before the lead absorber is eliminated (nets 3& 7),
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Figure 1.7: y-shower efficiency and proton shower rejection as a function of the energy of
the primary particle. The scintillator trigger condition (inore than 14 huts) is included.

The inset shows the integral quality factor as a function of the minimum energy.

5. with no fixed assignment of towers to input nodes, but with the order of towers
wterchanged at random for each event (net 8).

Tests (ii) to (iv) are alternatively performed with nets only receiving the hit informa-
tion (nets 1, 5, 6, and 7) and with nets also receiving the number of reconstructed
tracks (nets 1, 2, and 3).

Comparing the quality factors @ of these nets (Table 4.2) yields several important
results: eliminating the whole track information considerably deteriorates the perfor-
mance, showing that this criterion which signals the number of muons is indeed crucial
for separation. Nevertheless, the explicit number of tracks is only one part of the rele-
vant information used by the net. This is not a surprise because the nmummber of tracks
can to a certain degree be extracted from the number of hits in the lower layers.

As a check for the performance of the net, Fig.4.8 (a) shows the mean number of
tracks per event as a function of the network output for the showers of the test sample:
events with a large number of tracks are correctly classified as proton showers. The net
without any track information shows almost the same behavior, which indicates the
existence of other separation criteria which are not totally independent from the track
criterion. The slightly different behavior shows that the 68-17-1 net, which is able to
take advantage explicitly of the track information, in fact makes more use of it.
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Table 4.2: Quality factor ) for some nets with different input information. n is the
number of input nodes.

Lnet J n ” Q&naz) ] Enax ” input information

1 68 2.8 0.17 || hits and tracks...
2 68 24 0.17 || ..., but L hits/tower= 1
3 51 2.2 0.23 || ..., but upper layer omitted
4 o1 2.1 0.17-] hits...
5 o1 1.5 0.37 1| ..., but track hits subtracted
6 51 1.5 0.33 || ..., but L hits/tower= 1
7 34 1.4 0.43 i ..., but upper layer omitted
hits and tracks, but towers assigned
8 68 2.2 0.12 || to input nodes in random order

As the performance of nets 3 and 7 show, the number of hits in the first layer is an
important information, since comparing it to the number of hits in the lower layers (af-
ter the energy cuts provided by the lead absorber) gives information about the energy
distribution of the incoming particles.

The HEGRA trigger condition accepts showers over an area larger than the instru-
mented part of the array itself. Certain information about the shower type like the
lateral distribution of high energy particles strongly depend on the distance from the
shower core and can only be exploited if this distance is at least roughly known. Since
the core position is not used as input information, a further improvement of the sepa-
ration may be possible e.g. by sorting the towers in order of distance from the core,
with the closest tower always connected to the first 4 input nodes, etc. However, a
network trained and tested in this way does not show a better performance. This
may indicate that the net intrinsically reconstructs the shower core with a sufficient
accuracy and does not need the explicit core position. This is checked by training a
68-17-2 network as a plain fitting machine with the (x,y)-coordinates of the core as
desired output values. Being trained using 1000 proton showers with the shower core
randomized over the array, the 68-17-2 network in fact reconstructs the core position
of 4000 test showers with an accuracy of 0 ~ 10m (Fig. 4.8 (b)). Since the towers are
placed on a grid with distances of 30 m, this accuracy enables the net to exploit the
lateral distribution. Net 8 is trained and tested with no fixed assignment of towers to
input nodes, but with the order of the towers interchanged at random for each event,
thus making a core reconstruction impossible. The performance illustrates that this
information indeed plays a part in the overall separation. Note that the core recon-
struction accuracy of the Geiger tower array approximately equals the array accuracy
(see Section 3.2.1).

The results of this a posteriori analysis show that the network makes use of the differ-
ent options for vy/hadron separation provided by the Geiger towers: the track number
and the comparison between the layers hefore and after the lead absorber (what might
be called the calorimetric signal) are indubitable parts of the separation. Furthermore,
the net intrinsically determines the core position to reconstruct a shower profile and
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showers. Ar is the difference between the reconstructed and the exact core position.

to take into account the distance from the core when analyzing the energy content and
distribution as seen by individual towers.

4.2.2 Uncertainties in the MC simulation and their effect on
the network performance

As in conventional data analysis with cuts based on MC studies, the quality of MC
trained neural networks necessarily depends on how far the simulation actually de-
scribes the experimental data correctly: simulation artifacts may lead to separation
criteria which are worthless when applied to experimental data.

The systematic error on the y-shower efficiency ¢, resulting from two major uncertain-
ties in the MC simulation is analyzed: the unknown spectral index of y-showers and
the description of the first interaction of the cosmic ray primary particle in the Earth’s
atmosphere.

The network is trained with 5- and proton showers with energies following an expo-
nential law with spectral index 2.75, which is the value for proton showers as estimated
by a fit to experimental data in the energy region from 1072 to 10* TeV [80]. The
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spectral index for y-induced showers is a priori unknown and may range from 2.0 to
3.0. Testing the net with y-showers following a power law with spectral index less than
2.75 increases the y-efficiency, since the mean energy of the test sample increases.
The systematic error on e, due to variations of the spectral index for ~-showers in the
range specified above is 6.2%. As the y-shower efficiency is a function of the energy,
and separating the low energy showers is the most difficult task, the optimal choice
for the spectral index of the training data sample is 2.75, which means that the data
contain equal numbers of low energy - and proton showers. Decreasing the number
of low energy ~y-showers in the training sample by using a spectral index of 2.0 leads
to a deterioration of the performance on low energy data. Note that the optimal cut
value £ does not change with the use of test data with ditferent spectral index.

The different possibilities for the simulation of the first interaction of the cosmic rav
particle in the Earth’s atmosphere may yield another systematic error. As desceribed
in Chapter 2, this interaction may either be calculated using the VENUS program for
ultra relativistic heavy ion collision, or the Dual Parton Model (DPN). The systematic
error of 4.1% on €, due to this uncertainty is estimated by applying a test data sample
based on the DPM option to the network trained using the VENUS code. The traced
errors on €, concerning the uncertainties in the MC simulation add up to about 8%,
which shows that the network generalization works to a satisfying degree.

4.2.3 Comparing neural network analysis and discriminant
analysis

An alternative method of parallel data analysis offered by multivariate statistical theory
is discriminant analysis (DA). Applied to different data groups, it scarches for the
direction in data space that maximizes the separation of the groups and at the same
time minimizes the variation of the data points within cach group (see [114] for a
detailed discussion of the method). After a projection of the v- and proton showers
onto the discriminant axis the separation problem is reduced to one dimension, and the
separation capability of DA can be illustrated by plotting the fraction of v- and proton
showers above the cut value on the discriminant axis as a function of the separation
cut value.

In contrast to neural network analysis, DA only allows linear cuts in data space. A
comparison between DA and neural network analysis applied to the same data set may
improve the understanding of the net performance by indicating whether non-linear
cuts are actually essential for the analysis.

It is therefore important to test if DA is able to separate v and proton-induced showers
by the Geiger tower hit information. Since the number of reconstructed muon tracks is
a straight-forward criterion for separation, only the 51 hit numbers are used as input
information. The result therefore has to be compared with the 51-17-1 network (net
4).

DA furthermore is applied to the hidden unit activation of the 51-17-1 network before
and during training. Fig.4.9 shows the result for both input data and hidden unit
activations of net 4 after 00, 10, and 100 training cycles. For both tests 2000 proton-
and 2000 y-induced showers are used.
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The performance of DA if applied to the original input data is only poor. DA with its
linear cut in data space does not allow any separation using the hit information. As
expected, the relevant information for v/hadron separation (apart from the muon veto)
does not directly come from the number of hits in the Geiger tower layers, but has to
be extracted by arithmetic combination of the hit numbers, which is impossible for DA
but easily achieved by the use of multi-layer networks: after only 10 learning cycles
it has transformed the input information in a way that successfully allows -y/hadron
separation. This illustrates that the analysis takes advantage of one of the main features
of the net approach, the possibility of having nonlinear boundaries in parameter space.



80

CHAPTER 4. NEURAL NETWORK v/HADRON SEPARATION



Chapter 5

Application to data

This chapter is the link between the description of the separation method and the
results achieved by its application. 1t aims at an understanding of the neural network
behavior when confronted with experimental data instead of MC simulated showers.
The ~ /hadron separation technique developed in the previous chapter has only been
tested with MC showers up to now. As in all data analysis based on MC simulation,
it is not a priori clear whether the experimental data are correctly described by the
MC to an extent that allows to exploit the eriteria used for separation. Apart from
“typical” shortcomings of the MC technique, e.g. processes not correctly taken into
account or complex calculations oversimplified due to limited computer power (or just
our limited knowledge), we have to consider that the detector simulation does not yet
include effects resulting from the performance of the Geiger array. Compared to an
ideal detector with 17 x 6 x 160 fully efficient. Geiger tubes, the actual status of the
array with a certain number of non-working tubes, layers, or even towers will certainly
affect the quality of the separation. It has to be analyzed in how far the separation
quality decreases with Geiger tower quality and which criteria allow to select runs of
sufficient quality. Here, the track finding capability of the Geiger towers will help to
estimate the quality of all array components used in the following analysis.

After a study of the experimental effects which influence the separation, the network
output of experimental data and MC showers is compared, yielding an upper limit
on the isotropic y-radiation. In addition, we search for an enhanced y-flux from the
Galactic plane.

5.1 Understanding the data

5.1.1 Network output and optimal cut value

A crucial parameter of any neural net based analysis is the cut &., in the network
output which is chosen to separate the data types. Although any result derived from
the analysis, e.g. a ~y-flux from point sources, has to be independent from €., after
correction for the cut-dependent v-efticiency, the quality factor Q and thus the signal-
to-noise ratio may strongly depend on €.,,. The possibility of smoothly adjusting the
efficiencies to the actnal requirements of the analysis by varying €., may be regarded
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as an additional major advantage of the neural net approach, as it allows the use of
the same net for different goals, but the dependence of the results on £, of course has
to be studied.

As shown in Fig. 4.4, there is an optimal value for €., which maximizes the quality
factor (). In order to analyze whether this value is stable when data quality changes,
we first study the effect of missing towers on the shape of the - and proton shower net-
work output distribution. Fig. 5.1 illustrates that even with as much as 5 non-working
towers, the distributions remain largely unaffected. This is very important, as for the
data used in the following analysis up to 3 towers per run turned out to be completely
inefficient due to hardware problems during the construction phase of the Geiger tower
array and due to maintenance problems. Fig. 5.2 summarizes the change in y- and
proton efficiency with fixed network cut as a function of the number of non-working
towers. As the actual decrease in y-efficiency slightly depends on the position of the
non-working tower within the array, Fig. 5.2 shows mean values with the excluded tow-
ers chosen at random.

Whereas the network performance remains rather stable in case of completely missing
information, it is much more difficult to estimate the effect of missing layers, octo-
tubes, or single tubes, as this may provide the net with wrong information. Inefficient,
lavers below the lead absorber may e.g. imitate y-showers with their small amount. of
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high energy particles penetrating the lead. On the contrary, events with noisy Geiger
tubes in the lower layers may be interpreted as hadron showers. We therefore expect
non-working parts of towers to be much more dangerous than simply missing towers
which do not fake separation criteria.

To estimate the influence of the actual running conditions on the separation quality,
we adapt the MC showers to the actual tower status by applying the following proce-
dure: for a pre-defined number of events (20000), the number of hits of each Geiger
tube is compared to the number of hits expected for a fully efficient Geiger tube. The
expectation values are derived from the experimental data and naturally depend on the
layer, the position of the Geiger tower, and the trigger condition (during AIROBICC
runs, the expected number of hits per tube is lower for the same number of events, as a
larger number of low energy eveuts trigger data taking). These Geiger tube efficiencies
are then included in the full Geiger tower detector simulation, so the MC data repre-
sent the actual status of the detector matrix as closely as possible, and the network
performance can be checked for every individual run.

To illustrate the power of this method, Fig. 5.3 (a) shows the network output distribu-
tion of MC y-showers after folding with the Geiger tube efficiencies for a run with high
and low data quality. As expected, missing parts of the tower information affect the
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network separation harder than completely missing towers. In addition, the optimal
cut value £, and the quality factor vary with data quality due to the different shapes
of the network output distribution. Nevertheless, Fig. 5.3 (b) shows that even for runs
with low quality, network cuts at sufficiently high values of £ are expected to give
rather stable results, which is not true for cut values below £ = (0.2, where minor data
quality allows no separation at all. As shown in Chapter 4, this is a general feature
of the neural net based v/hadron separation. For events which are erroneous due to
bad Geiger tower performance the net shows the same behavior as for events with low
information content: they populate an intermediate output region at about, 0.6 which
neither indicates v-likeness nor hadron likeness.

As in data analysis, changes in data quality to a certain degree cannot, be avoided, net-
work cuts at £, = 0.4 are more sensible than cuts at low output values, although we
lose significance for those data with sufficient quality for a cut at small €. To estimate
the stability of the data quality, €, is calculated for 50 different runs by adapting the
MC data to the actual Geiger tower quality. For a network cut £.,, = 0.4, the result,
is rather stable, with a systematic error of less than 5% (Fig. 5.4). In contrast to this,
the systematic error on the y-efficiency when choosing a cut value €., = 0.05 is of the
order 20%.

Furthermore. cleaning the data from noisy Geiger tubes turns out to be crucial for a
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stable separation. All Geiger tubes which show more than 1.5 times the number of hits
expected for a correctly working tube are excluded.

As we now have a procedure to adapt the MC showers to the actual running conditions,
thus including most detector effects in the tower simulation, it is possible to compare
the network output of MC and experimental data. This is a first test for the neural net-
work separation, as the major part of the data is supposed to be background. Fig. 5.5
shows the network output for 4425 proton- and 4876 y-induced MC showers between
20 and 500 TeV (differential spectral index 2.75) fulfilling the scintillator trigger con-
dition and the Geiger tower cut (at least 6 non-zero towers) together with the output
distribution for experimental data, normalized to the number of proton showers. There
are two major results:

e The MC proton showers describe the experimental data to a satisfving degree,
and
e a description of the data is possible without considering ~-showers at all.

The good correspondence between MC and experimental data indicates that the MC
simulation based on CORSIKA generation and GEANT tower and scintillator simu-
lation gives reliable results at least in first order approximation. In fact, the lack of
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correspondence between experimental data and pure MC (without trigger and espe-
cially without adaptation to the data quality) indicates that the network output s
sensitive to incorrect and incomplete data simulation.

5.1.2 Energy threshold

One of the most critical aspects of air shower physics is the sketchy knowledge we have
of a very important shower property, the energy of the primary particle. The only way
of getting an estimate on this quantity is to use the loose correlation with the shower
size N.. which is a parameter of the Nishimura-Kamata-Greisen formula (Eq. 3.5) fitted
to the particle density of the scintillator huts (see Chapter 3).

The energy threshold of an air shower detector is a very important parameter which
is necessary for flux (or flux upper limit) calculations and for the interpretation of
results in multifrequency spectra. In this subsection, we will study the HEGRA energy
threshold for proton- and ~-induced air showers using the MC data sample described
above: this sample tries to imitate the data as closely as possible, thus the zenith
angle follows the distribution for experimental data, the core is distributed at random,
and the energy follows a power law from 10 to 500 TeV (y-showers) and 20 to 500 TeV
(proton showers). Although the spectral index of y-showers is unknown, 2.75 is chosen
both for proton- and 7y-showers.

Four different trigger conditions which play a major part in the subsequent analyses
are studied: '

1. the basic condition with at least 6 non-zero Geiger towers to allow for y/hadron
separation,

2. the scintillator trigger condition (> 14 huts),
3. the scintillator trigger condition and the Geiger tower condition, and
4. an additional cut on the shower size, logN, > 4.0.

Fig. 5.6 shows the trigger efficiency as a function of the energy of the primary particle
for MC proton and v-showers. It is obvious that it is not possible to talk about a
"threshold energy”, as the efficiency increases rather smoothly with energy. We follow
the convention of fitting a sigmoid function

1 E - E 1resh
€trig = 5 [1 + tanh (—_—_TL_I)] : (5.1)

to the trigger efficiency in order to define the 50 %-point with €,,,, = 0.5 as the threshold
energy Epresn. With this definition, whether sensible or not, it is at least possible to
compare proton and <vy-thresholds for different trigger and cut conditions. Tab.5.1
summarizes the results for the four cuts described above.

1. The intrinsic Geiger tower threshold is 15TeV for both shower types, showing
that running the Geiger tower array in combination with the low threshold detec-
tors of the HEGRA array, like AIROBICC and the Cerenkov telescopes, is phys-
ically sensible: although «/hadron separation power is only marginal at these
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energies, the Geiger tower data may be used to cross-check these instruments
independently. This is a possibility of fixing the ill-understood systematics of the
Cerenkov technigue and its simulation to the robust track reconstruction and the
tower simulation based on a well-established MC code.

2. Including a simulation of the scintillator trigger condition vields energy thresh-
olds for - and proton-induced showers which differ by about 20% due to the
different particle content, which on average is higher for y-induced showers (see
e.g. Fig. 3.10).

3. As mentioned in Chapter 4, an additional cut on the number of Geiger towers
does not increase the threshold energy, thus this condition is not explicitly shown
in Fig. 5.6.

4. The cut on the shower size, logN, > 4.0, increases the y-shower threshold en-
ergy to about 50 TeV, which is a region where a stable v/hadron separation is
guaranteed according to Fig. 4.6.

Table 5.1: MC estimation of the threshold energy (see definition given in the text) for
different trigger conditions and cuts.

Energy threshold Eippoon(TeV]
proton showers l y-showers

> 6 Geiger towers 14 15
scintillator trigger

(> 14 huts) 39 32
seintillator trigger -

aund > 6 Geiger towers 39 32
scintillator trigger

and logN, > 4 64 23

Fig. 5.6 furthermore shows that Fyppeqn strongly depends on the zenith angle of the
incoming primary. Due to the increasing atmospheric depth, I, increases with 6.
It is important to interpret these results correctly. A cut in N, is only a very weak
energy cut, especially as due to the steep spectrum a considerable amount of showers
with energy below Eypreqp pass the trigger. Fig. 5.7 shows the correlation between logN,
and the primary particle’s energy for MC v-showers. Although the mean values clearly
correlate, fluctuations for single showers are large, and it is very dangerous to connect
a cut in .V, directly to an energy cut, implying that e.g. logN, > 4.0 means restricting
the analvsis to showers above 50 TeV.

Nevertheless. a cut in N, to discard events with small shower size is justified in order
to guarantee a good reconstruction quality and a stable v/hadron separation, as both
depend on the information content of the event, which is directly connected to N,. To
illustrate this, Fig. 5.7 shows the - and proton efficiency of the network as a function
of N, instead of energy (compare to Fig. 4.6). As we have the same dependence on N,
as on energy, both approaches are equivalent. Only when connecting the shower size
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Figure 5.7: Correlation between shower size N, and energy of the primary particle (a

and b), and network vy-and proton efficiency as a function of the shower size (c).

to a threshold energy, we have to bear in mind the shape of the trigger efficiency in
Fig. 5.6, and the large uncertainty has to be considered when giving systematic errors
on Eyesh.

5.1.3 Data quality checks

Apart from «/hadron separation, the major advantage of the Geiger tower subarray
is the possibility of checking the pointing accuracy of the scintillator and AIROBICC
array on a run-to-run-basis. In contrast to the analysis of the moon shadow, where it is
crucial to have sufficiently high statistics, the large number of fitted tracks easily allows
to see deviations in the pointing accuracy for each individual run, i.e. on time-scales
of hours.

As a single Geiger tower only allows to measure the projection of the track onto the
plane perpendicular to the Geiger tubes, the checking of the absolute pointing of the
scintillator and AIROBBIC matrix is difficult and requires detailed studies of system-
atic biasing due to the time-dependent quality of the Geiger array performance [115].
Nevertheless, information about the data quality can be extracted from the projected
track angles, too. Fig. 5.8 shows the difference Af,,,; between all reconstructed angles
of Geiger tower tracks and the corresponding projection of the shower direction as de-
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termined by the scintillator array for a typical run (=~ 500000 showers before quality
cuts) with 421856 tracks reconstructed by the track finding algorithm. The distribu-
tion indicates that only a fraction of these tracks actually correlate with the shower

direction. It is fitted by
2

Nag = Ny ¢ =t — a 0% (5.2)

with the parabola term approximately describing the background. The variance of
the Gaussian is 1.20 £ 0.04. To estimate roughly the contamination by background
tracks. we integrate the parabola term: from the total number of 220 000 tracks which
correlate with the shower direction, i.e. fulfill the condition |Af,,;| < 20 = 2.5°,
15000 tracks, hence a fraction of 0.2, are background. This is in agreement with MC
predictions [87). The background is made up mainly of random tracks not belonging
to the triggering shower but crossing the tower during the sensitive period of 3 ps.
The amount of electromagnetic punch-through (e*,v) (which does not correlate with
the shower direction as closely as the muons) strongly depends on the distance of the
tower from the shower core and ranges from ~ 10 % for core distances of less than 20
to below 5% at higher distances [87).

A small fraction of the background is due to unavoidable shortcomings of the track
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finding algorithin, which sometimes fits erroneous tracks, especially near the shower
core where the hit pattern is rather complex.

The variance of the Gaussian depends on the cuts applied to the data. 1t decreases
from 1.36 + 0.03 for all showers to 1.25 £ 0.04 for showers after quality cuts. which
include a cut on the zenith angle, @ < 407, and a so-called border cut which excludes
events with a distance of less than 20m from the (geometrical) border of the array.
The border cut is introduced to avoid a typical shortcoming of core finding algorithms:
showers with core outside the array are interpreted as showers within the array, but
near the border. This leads to an increase in the number of reconstructed cores with
decreasing distance to the array border which is considerably higher than expected
on the basis of the geometrical increase. For the Geiger tower v/hadron separation
the border cut is crucial, since the separation quality decreases with distance from the
tower sub-array.

Fig. 5.8 (b) shows the dependence of the Af,,,;-variance on the lower cut in shower size
N,. The accuracy of the shower reconstruction increases with shower size as expected
on the basis of MC and moon shadow analysis. The stable value for N, > 15000 may
either indicate that the angular resolution does not increase further with larger shower
size or that the comparison between muon track and shower direction is no longer sen-
sitive to improvements, as the intrinsic limit of this method is reached. Without the
border cut, the variance increases by ~ 0.1° due to the larger distance of the mmon
track from the shower core.

It is important to check the time variance of the parameters of this Gaussian distribu-
tion for the data used in the following analysis, as deviations from the average hehavior
may indicate deteriorated performance of the Geiger towers or the scintillator array.
The relevant parameters, mean value and variance of the Gaussian, are shown for each
run (and thus as a function of time) in Fig. 5.9. Their distribution is shown additionally
in the insets.

As a striking result, the mean value does not center at 0, but is significantly shifted.
The actual value of this mean value strongly correlates with the status of the Geiger
tower array, i.e. mainly with the number of non-working towers.

The tower array worked with some stability up to run 110, when for a few runs 3 towers
were defect and the performance in general began to be instable.

In contrast to this, the variance is only marginally affected by the status of the Geiger
array. The large deviation from the mean value for runs 5 to 25 earlier was traced
as an error in the scintillator reconstruction program significantly deteriorating the
angular resolution (these runs were added in Fig. 5.9 to illustrate the capability of the
Geiger array in monitoring the resolution, but were excluded in the following analysis).
In summary, monitoring the shape of the Af,,,;-distribution allows to check both the
quality of the Geiger array (mean value) and the scintillator reconstruction (variance).
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5.2 Search for diffuse cosmic y-radiation

As a first application, we use the neural net based ~ /hadron separation to search for
diffuse y-ray fluxes of Galactic and extragalactic origin.

Diffuse fluxes of y-rays are expected from interactions of the highest energy cosmice rayvs
with the cosmic background radiation and interstellar gas. If compact extragalactic
sources of y-rays exist, an isotropic diffuse y-background may result from the interac-
tion of high energy protons with the photons of the microwave background. whereas
a diffuse y-Hux concentrated along the Galactic dise may arise from interactions of
cosmic rays with gas and dust.

In this section, we use Geiger data taken in November and December 1994 and be-
tween February and April 1995 to search both for diffuse isotropic v-radiation and an
enhancement of y-showers from the direction of the Galactic disc.

5.2.1 Upper limit on the isotropic y-flux

A very important conclusion from Fig. 5.5, which compares the network output for
experimental data to the output for MC showers, is that it is not necessary to include -
rays in the cosmic radiation to explain the experimental data, as they are well deseribed
by proton showers alone. ‘

The fraction f, of y-rays in the cosmic radiation in fact has not heen measured up to
now, and only upper limits in different energy regions have heen derived [116, 103).
The search for the isotropic y-radiation is nevertheless important as it might provide
an indirect step towards the explanation of the origin of cosmic rays and especially
of the highest energy events above 100 EcV (see [117] and references therein). Apart
from shock acceleration in AGN, also exotic scenarios like the collapse of so-called
topological defects are under discussion. Both models differ in the steepness of their
~v-spectra and thus in the total amount of y-rays at high energies.

A rather high isotropic y-flux is predicted by models based on collapsing topological
defects, which are the results of phase transitions in the early universe, caused by
spontaneous breaking of GUT symmetries [118]. They may show up as cosmic strings
or magnetic monopoles which decay or annihilate in so-called X-particles, e. g. gauge
and Higgs bosons or superheavy fermions. As they typically decay into a lepton and
a quark with the quark hadronizing into nucleons and pions, the X-particles lead to
injection of v-rays, electrons, and neutrinos from pion decay. The injection spectra
caused by topological defects are harder than those caused by Fermi shock acceleration
in AGN, thus high values of f, would favor a topological defect origin of the highest
energy cosmic ray particles rather than acceleration by shock waves in AGN. f, ~ 0.04
at HEGRA energies is predicted in certain topological defect scenarios [119], whereas
more conventional models extrapolating the observed cosmic radiation above 10™ eV
to higher energies derive values of about 107 [120)].

New calculations of the expected vy-ray flux for several topological defect scenarios
based on cosmic strings {121] and anunihilation of magnetic monopole-antimonopole
pairs [122] are given in Sigl et al. {123], and their predictions are shown in Fig. 5.10.
Depending on the strength of the extragalactic magnetic fields, f, ~ 0.1 is predicted at
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10EeV, whereas at ‘TeV energies, f, is of the order 10 * to 10, taking into account
the inevitable infrared absorption.

Although the highest values for the isotropic y-flux are thus predicted at energies above
FeV, the HEGRA energy region also is of special importance, as below 100 TeV the -
radiation of electromagnetic cascades produced by cosmic radiation above the Greisen
cutoff is supposed to pile up. The Greisen cutoff at 6 - 10"V is the energy where the
universe becomes opaque for baryons as they suffer pion photo-production with the
microwave background photons

PYaxk —> TN (5.3)

{thus the Greisen cutoff is the baryonic equivalent to the v-cutoff due to microwave
background photons at about 100TeV). As the pions decay into ¥'s, e*, and neutri-
nos, electromagnetic cascades develop and produce a considerable number of photons
at lower energies. As soon as the photon energy drops below the 100TeV threshold,
interaction with the microwave background is not possible any more, and the photons
should therefore pile up in the energy region just below 100 TeV. Any detection of the
isotropic y-radiation at energies between 50 and 100 TeV (the ”cosmological window™)
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network output.

would therefore allow conclusions as to the origin of cosmic rays above the Greisen
cutoff.

To derive an upper limit on the isotropic y-ray flux in the energy region between
50 and 100 TeV, we apply the neural network -y/hadron separation to 9495101 events
chosen for their high data quality. Showers with zenith angle § > 40° and a shower size
N, > 10000 are discarded as well as showers with a distance of less than 20m from
the border of the array. All cuts guarantee a stable y/hadron separation.

We assume that all showers with net output below the cut value &.,, are y-showers.
This is a very conservative assumption, as MC studies show that even for very small
values of €., the region below £, is dominated by hadron showers. Nevertheless, the
number of experimental showers exceeds the MC sample which may be used to calcu-
late the hadronic contamination below &, by more than 3 orders of magnitude and
thus does not allow to give reliable results. Furthermore, extreme network cut values
are supposed to leave behind rather untypical ”y-like” hadron showers.

Using the y-efliciency as a function of &, as shown in Fig. 4.4, but after folding with
the actual Geiger array performance, the 90 % confidence level upper limit [126] on
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= . /D,y can be calculated as a function of £, (see Fig.5.11 (b)). For €.,y — 0, a
v Y

value of
fRO% < 0.033 (5.4)

is derived. This value is higher than the present limit of f?O% < 0.010 published by
HEGRA [116], which is based on the analysis of 2796 events taken in combination
with AIROBICC, but in contrast to the AIROBICC analysis, the Geiger/scintillator
analysis in fact covers the whole northern sky as visible for HEGRA and is thus a true
"isotropic” flux limit.

This and especially the AIROBICC upper limit is well on the way towards ruling out
certain topological defect scenarios predicting high values for f., [119], but it should be
stressed that this interpretation is dubious as long as the infrared background is not
taken into consideration. If it actually has the strength given in Fig. 2.8, the "cosmo-
logical window” below 100 TeV in fact does not exist. This is illustrated in Fig. 5.10,
where the y-ray flux at energies from GeV to 100 TeV is calculated with and with-
out accounting for the absorption by photons of the infrared-to-optical background
(dash-dotted resp. solid line). Absorption decreases the theoretical y-flux by 3 or-
ders of magnitude. As a consequence of cascading processes, the absorbed TeV y-rays
pile up below 10GeV, thus upper limits in this energy region, e.g. by SAS-2 [127]
and by EGRET [128, 129}, are of great importance. By now they rule out models
predicting high values for f, [130, 131]. Nevertheless, as shown in Fig.5.10, scenar-
10s like magnetic monopole annihilation are still unconstrained by current upper limits.

5.2.2 Search for y-emission from the Galactic plane

Apart from the isotropic emission of extragalactic origin, 4he most prominent diffuse
v-ray flux correlates with the disc of our Galaxy.

In almost all energy regions, the Galactic plane shows strong large scale emission, which
is supposed to arise from the interaction of primary cosmic rays with interstellar gas
and the interstellar radiation field. Bremsstrahlung and inverse-Compton scattering
are thus the main processes. As a consequence, the y-ray flux should reflect the dis-
tribution of interstellar material, and early measurements of COS-B and SAS 2 have
been used to derive the Galactic hydrogen density [132, 133].

More recently, the Galactic plane has been subject of intense studies with the instru-
ments on hoard the CGRO. Spectra taken with the Oriented Scintillation Spectro-
meter OSSE (50 keV to 10 MeV), the Imaging Compton Telescope COMPTEL (1 MeV
to 50 MeV), and EGRET (30MeV to 30GeV) cover the hard X-ray to y-ray region.
Apart from the bright continunum emission from the disc, a few point sources like the
Crab supernova remnant can be resolved.

The spectra of the three experiments is found to be consistent with combined brems-
strahlung and inverse-Compton scattering [134]. Whereas the bremsstrahlung compo-
nent drops off quickly at higher Galactic latitudes, the inverse-Compton component, has
a broader latitude profile than the gas component and thus dominates for |h] > 5°. At
higher energies, the inverse-Compton radiation is expected to become more dominant,
because of its harder spectrum, and EGRET in fact observes a flattening of the diffuse
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y-ray spectrum above 1 GeV [135].

Searches for an enhanced v-flux from the Galactic disc at energies above Te\ have up
to now only placed upper limits on the ratio of v-rays to hadronic cosmic ravs. I /1o p.
The Whipple group [136] gives a limit of I, /I < 0.01 at T TeVoand the CASA-MIEA
air shower array places a limit of I, /I < 8-107% for £ > 200 Te\" and [b] < 10 by
making use of their muon-based v/hadron separation {103].

We use the Geiger tower data sample to search for diffuse Galactic ~-ray emission in
the HEGRA energy region above 30 TeV. Due to the latitude of 2887 HEGRA probes
the Galactic disc in the region 30° < ! < 220° in Galactic longitude and therefore does
not observe the Galactic center region. In contrast to the analysis of the isotropic radi-
ation in Section 5.2.1, we can now considerably improve our sensitivity by using events
of non-Galactic origin (Jb| > byane) to estimate and subtract the hadronic background
(the so-called ON-OFF method).

It is crucial to avoid systematic errors due to the dependence of the detector perfor-
mance and the v/hadron separation on local coordinates (0,¢,t), with ¢ being the hour
of the day. In order to obtain the same (6,¢,¢)-distribution for on-source and off-source
data, we apply the following method: for each event with |b| < byne. a background
event with approximately the same local coordinates is taken at random from a back-
ground pool with events meeting [b] > byne. The same cuts are applied to the source
events and the generic background event. As motivated in Section d. 1.1, a neural net-
work cut &, = 0.4 with a y-efficiency of ¢, = 0.83 is chosen.

Fig. 5.12 shows the significanée of the excess as a function of the Galactic latitude b,
There is no evidence for an enhanced y-flux from the direction of the dise. Tab. 5.2
gives the number of on-source and background events as a function of the definition
of the Galactic disc size, together with the 90 % confidence level upper limit [126] on
I,/Ick. For bpgne = 10°, the Galactic disc definition adapted by CASA-MIA for their

Table 5.2: Results of the search for enhanced emission from the Galactic disc. On-source
events, background estimate, total number of events, and the 90% c.l. upper limit on
the ratio of y-ray flux to hadronic cosmic ray flux are given for various definitions of the
Galactic disc size byiane. The v-efficiency of the network separation is taken into account.

bptane ON OFF excess u. 1. total I/In
(90 %) (1071
5° 420212 420289 1072 1544290 8.4
10° 833387 833863 1312 3072748 5.1

15° 1238146 1237937 2052 4584201 5.4
20° 1628927 1630234 1549 6063627 3.1
25° 2003392 2005396 1517 7490220 2.4

limit, we obtain

I
— <51-1071 . (5.5)

In Fig. 5.12 (b), this upper limit and the Whipple and CASA-MIA limits are confronted
with theoretical predictions of the diffuse y-ray spectrum by Porter and Protheroe [137].
The propagation of electrons in the Galaxy is calculated using models of the Galactic
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Figure 5.12: (a) Significance for a y-excess as a function of Galactic latitude. (b) Diffuse
~-ray spectra for two inverse-Compton injection spectra (%1 and E~?) as calculated by
Porter and Protheroe [137]. The lower branch of each curve includes a cutoff at 100 TeV.
Upper limits from Whipple [136], CASA-MIA [103], and HEGRA (this analysis) are

included.

matter distribution, the magnetic fields and the interstellar radiation fields. Both
inverse-Compton scattering and bremsstrahlung are taken into account. As a main
result, Porter and Protheroe find that the contribution of inverse-Compton scattering
dominates over neutral pion decay from the interaction of cosmic rays with matter (see
e.g. [138.139]). Inverse-Compton scattering as an additional component especially at
higher energies may be an explanation for the flattening of the spectrum as observed
by EGRET. ‘

The model is calculated using different electron injection spectra. An iniprovement,
of the sensitivity of air shower arrays by at least one order of magnitude in the near
future may place constraints on the inverse-Compton model and thus allow to actually
estimate the injection spectrum.
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Chapter 6

Blazar search

As the previous chapter has shown, y-showers only make up a small part of the overall
cosmic radiation. They are accompanied by an overwhelming amount of hadron show-
ers without valid information about their origin. ~y/hadron-separation considerably
reduces this background and thus increases the signal-to-noise ratio, but nevertheless
it remains substantially smaller than 1. Even a sophisticated estimation of the back-
ground with small statistical error and a subtraction of the expected background from
the data (the ON-OFF-method) therefore may not give significant results on single
Sources.

Bearing in mind the disappointing results of previous scarches with high statistics, all
of them resulting in upper flux limits, only a marginal flux from a single source is ex-
pected even after v/hadron separation. It is therefore crucial to increase the sensitivity
of the detector array by additional methods.

In this chapter, the so-called stacking method for tagging weak sources is applied to
the blazar sample compiled in Chapter 2 and additional source samples with different
physical characteristics. After a general description of the stacking method, the neural
network technique is applied to Geiger tower data taken in November and December
1994 and between February and April 1995,

We then extend the search to data taken with the HEGRA scintillator array between
1989 and 1992, i.e. in the first 3 years of stable running. No y/hadron separation is
possible for this data set, but the large statistics should compensate this.

In the last section, the results are summarized and compared to theoretical predictions.

6.1 The stacking method

6.1.1 General remarks

One of the main aims of the blazar compilation in Chapter 2 is the creation of a sample
of likely candidates for TeV-emission, all of them physically equivalent. This allows to
superimpose the sources of the sample to search for a cumulative signal from blazars
as a class. This stacking method imitates a prolonged observation of a single source:
provided the observation times are equal, the superposition of n objects corresponds to
an n-fold observation of a single ”generic” object having the properties of the sample.

101
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This may increase the significance o of a positive detection by a factor /n. as

> Tosas (6.1)

1=1

g X /e X

with T, denoting the observation times of the single sources. The flux or flux himit
derived from such a superposition cannot be assigned to a single source but reflects
the average flux from the class of objects in the sample. The stacking method is a
well-known tool in astronomy applied at almost every wavelength (see e.g. [1100 141]
and references therein).

To avoid any bias, it is crucial that the source catalogues analyzed in this way meet
two requirements: (1) the sources have to be equivalent and (2) the sample should be
as complete as possible. The source sample and the selection criteria are described in
detail in Chapter 2.

Obviously it is hardly possible to fulfill the second requirement. Future catalogue
updates and redshift measurements hopefully will enlarge the sample, which at the
time of data analysis comprises 12 sources.

Note that the superposition of sources at different distances does not a priori guarantee
an increase in significance in cases where a large background contamination is expected.
Assuming we deal with ”standard candles” and the flux decreases with the distance
squared, the source with the smallest z will dominate the sample. If the sources are
distributed homogeneously in=, the nearest source is in fact the only one contributing,
and a superposition of sources farther away will decrease the significance.
Nevertheless, in the case of the blazar sample, trying a superposition seems promising
for several reasons: first, the sources are not homogeneously distributed in z but form
two clusters at z ~ 0.03 and z >~ 0.055. In addition, blazars are known to be rapidly
and violently variable even at the highest observed energies [142]. We therefore cannot
expect them to be "standard candles”, especially as typically the more distant sources
have a higher luminosity (else they would not have been detected with flux limited
detectors). The main dependence on distance will arise from the exponential cutoff by
infrared background absorption, and where exactly this cutoff takes effect is unknown.,
Superimposing means to average both in flux and in time, and this may be one of the
main advantages of stacking at TeV energies.

It is self-evident that source stacking must in the first place be regarded as a makeshift
solution. When analyzing small data samples, e.g. the Geiger tower data suited for
v/hadron separation, it is a powerful tool for improving the sensitivity, but when
analyzing larger data sets (as in the second part of this chapter), we expect a different
behavior: On a long-term basis, individual sources will dominate, whercas others will
show no significant flux on all time scales.

6.1.2 The source samples

Nearby blazars

The sources of the blazar sample are summarized in Tab. 2.1, Fig. 6.1 shows their
position in equatorial coordinates together with the daily observation time. The time
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Figure 6.1: Stacking of the 12 blazars: the upper plot shows the source positions in
equatorial coordinates with the bars indicating the daily on-time for HEGRA (zenith
angle 6 < 10°), the lower plot shows the total number of stacked sources as a function of

right ascension together with the mean value (dotted line).

of wvisibility with zenith angle below 40° strongly depends on the declination of the
source: it ranges from 6 hours per day for sources at declinations which approximately
equal the HEGRA latitude to 4 hours per day for sources culminating at high zenith
angles, like 15144004. The lower plot of Fig. 6.1 shows the total number of stacked
sources as a function of right ascension and thus for 24 hours of observation. On the
average, >~ 3 sources are permanently stacked.

Additional source samples

In order to check whether the main selection criteria for the source sample, the blazar
classification and the small distance, are indeed crucial for detection with HEGRA, the
search is extended to three additional samples with partly different, properties, called
anti-samples in the subsequent analysis:

(i) 19 BL Lac objects with 0.069 < z < 0.203 selected from the catalogue of Véron-
Cetty & Véron (1995) [18].

(i1) 31 flat-spectrum radio sources with 0.1 < 2z < 1.04 selected from Kiihr et al.
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(1981) [62] with 5° < & < 51°.

(iii) 49 nearby (2 < 0.1) steep-spectrum radio sources selected from Kiihr et al.
(1981) [62].

The sources are listed in Tab. 6.1 - Tab. 6.3 together with their redshifts.

Table 6.1: 19 BL Lac objects with 0.069 < z < 0.203 from the catalogue of Véron-
Cetty & Véron [18].

[ source z ” source y4 H SouUrce 2z ]
2200+420 0.069 || 1ES 12124078 0.136 || 1S 0027+500  (1.18% |
14044286 0.077 || 1ES 02294200 0.140 || MS 03170+1834  0.190
1ES 17414196 0.083 || 1ES 12554244  0.141 | 22544074 0.190
1219+285 0.102 || 1ES 12394069 0.150 || 1402+042 0.200
EXO 1118.0+4228 0.124 || 1418+546 0.152 || 1ES 04464449 0.203
1ES 0145+138 0.125 || 1ES 14404122  0.162
14264428 0.129 || 0829+046 0.180

Table 6.2: 31 flat-spectrum radio sources (0.1 < z < 1.04) selected from Kiihr et al. [62].

[ source Zz | source z [ source z |
0235+164 0.940 || 1328+307 0.849 ![ 2201+315 0.297
0428+205 0.219 || 13454+123 0.122 || 22094080 0.484
07384313 0.631 13544195  0.720 || 22094236

0748+126 0.889 (I 16044159 0.357 || 2230+114 1.037
0812+367 1.025 [} 16414399 0.593 || 2234+282 0.795
0906+430 0.670 || 1656+053 0.879 || 2247+140 0.237
0923+392 0.699 || 1725+044 0.293 || 2251+158 ().859
0953+254 0.712 |} 18004440 0.663 || 23444092 0.677
11504497 0.334 [} 1828 +487 0.692 || 2352+493 0.237
1252+119 0.871 18304285 0.594
13084326 0.996 || 2145+067 0.990

6.2 Pre-analysis: cuts and methods

The following analysis is based on 48 180324 events taken with the HEGRA arrayv in
two periods of stable Geiger tower performance between October and December 1994
and between February and April 1995.

As described in Chapter 3, the core position and the incident angles are determined by
making use of the scintillator information. In order to have stable running conditions.
fulfillment of the scintillator trigger condition is therefore also required in runs where
the AIROBICC matrix contributes to the trigger.

In addition, several cuts are applied to the data to achieve a high quality of the analvzed
data sample. They can roughly be divided into three categories:
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Table 6.3: 49 steep-spectrum radio sources (z < 0.1) selected from Kiihr et al. [62]. The
3C number is given if available (else 4C).

[ source z || source ]

3C 31 (0104+4-32) 0.017 || 3C277.3 (1251+27) 0.086
3C33 (0106+13) 0.059 || 4C29.47 (1316+29) 0.073
3C35 (0109+49) 0.067 || 3C285 (1319+42) 0.080
4C18.06 (0124+18) 0.044 || 4C36.24 (1322+36) 0.018

)

)

)

4C 3503 (0206+35) 0.037 {j 4C31.43 (1350431) 0.045
3C 66 (0220+42) 0.021 || 3C296 (1414+411) 0.024
3C75 (0255+05
3C76.1 0300+16) 0.032 || 3C306 1452+16) 0.042

0.023 (
( (

3C83.1  (0315+41) 0.025 || 3C310  (1502+26) 0.054
( (
(

1422+426) 0.037

3C 84 0316+41) 0.018 || 3C317 156144-07) 0.035
3C98 (0356+10) 0.030 || 3C321 1529+-24) 0.096

3C109  (0410+11) 0.033 || 3C326  (1550+20) 0.089
4C56.16  (0745+56) 0.036 || 4C35.40 (1615+35) 0.029
30189 (0755+37) 0.043 || 3C338  (1626+39) 0.030
403225  (0828+32) 0.05] (1743+55) 0.031
4C31.32  (0844+31) 0.067 || 3C386  (1836+17) 0.017
30227 (0945+07) 0.085 || 30388  (1842+45) 0.092
3C236  (1003+35)  0.099 || 3C402  (1940+50) 0.025

(1040431)  0.036 || 3C442  (2212+13) 0.027
102041 (1113+429)  0.048 || 3C449  (2220+39) 0.018
30261 (1142+19)  0.021 || 3C 452 (2243+39)  0.082
1C22.33 (1204+22)  0.065 || 4C 3647 (22.04+36)  0.081
30270 (1216+06)  0.007 || 4C11.71 (22 474+11)  0.026
3C272.1 (1222+13)  0.003 || 3C465  (2335+26)  0.030

3C 274 (1228+12) 0.004

e cuts increasing the data quality,
e cuts necessary to obtain a stable y/hadron separation, and
e physically motivated cuts to increase the sensitivity of the y-source search.

The quality cuts include a cut on the zenith angle of the incident, shower (6 < 40°) and
a border cut restricting the core position to an area of 150 x 160 m? around the center
of the array. '

The accepted zenith angle range is larger than in the network training where ¢ < 30°
is chosen. The 40°-cut for the experimental data is sensible to achieve a smooth angu-
lar distribution even for those sources with declination above 50° and below 6°. The
network efficiency only slightly decreases for zenith angles up to 40°.

The border cut is further illustrated in Fig. 6.14, where the core position of accepted
events is shown together with the position of the scintillator huts. In addition to im-
proving the angular resolution, this cut is necessary to increase the y/hadron separation
quality, as for showers with core far outside the Geiger sub-array, the towers do not
carry enough information for an efficient separation. For the same reason, events with
a shower size .V, < 10000 are discarded (see Fig.5.7), thus the energy threshold for
y-showers is about 50 TeV. Apart from guaranteeing a stable separation power, this
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cut also improves the angular resolution, as og34 x 1/V/N, (sce Eq. 3.6).

Before neural network processing, noisy Geiger tubes are excluded as they otherwise
considerably deteriorate the network performance. An additional cut has to be applied
to account for the fact that a v/hadron separation using the Geiger towers cannot be
achieved in events where less than 6 towers record any hit information at all. As shown
in Chapter 5, this condition does not increase the threshold energy significantly, as it
is fulfilled for 98.6 % of the events triggered by the scintillator array.

The final cut is motivated by physics. As described above, no v-showers are expected
above 100 TeV due to absorption in the cosmic microwave background. We therefore
discard events with a shower size N, > 30000. Due to the rather loose correlation
between the shower size and the primary energy, this is a rather dangerous cut, and in
order to assess its influence, the analysis is also performed without it. Nevertheless, if
a y-like excess is actually observed, its significance inevitably must increase when large
shower sizes are excluded. The analysis of this cut may therefore serve as an important
check for the reliability of any signal seen in the data.

After all cuts, the data sample is reduced to 12529 705 events.

The runs used for this analysis are selected for their rather high quality Geiger per-
formance. Runs with deteriorated neural network separation due to bad tower perfor-
mance are consequently excluded from the data sample. This procedure guarantees a
quality factor which is stable within 20% for all accepted runs. Nevertheless, due to at
least two missing towers and various ineflicient layers, the expected quality factor () is
only about 2, depending on the cut value.

6.2.1 Background estimation and significance calculation

Several methods of estimating the hadronic background are applied in air shower
physics. The easiest method is to siinply extrapolate the number of entries in neighbor-
ing bins to the source bin by e.g. averaging between 2° and 5° angular distance from
the source position. There are several major drawbacks from this method, as it does
not take into account that the acceptance of the detector array is not uniform in hori-
zontal coordinates € and ¢ (and thus not uniform in right ascension o and declination
d either). Fig.6.2 shows the total number of showers both in horizontal coordinates
and ¢ and in equatorial coordinates v and 6. The non-uniformity in right ascension
partly reflects the interruptions in observation time of the Geiger sub-array due to
detector maintenance and deteriorated performance. Any procedure for background
estimation has to take into account the dependence of the detector efliciency and the
v/hadron separation on local coordinates. A method which automatically removes such
systematics has been proposed by Alexandreas et al. [143]: the number of expected
background events in the source bin is determined by connecting the actual event time
with incident angles taken at random from the (6, ¢)-distribution of the data. In the
following analysis, typically 50000 events from the same (or a neighboring) run are
stored to create a background pool. For each event, a number of n background events
are taken from this pool, and right ascension and declination are calculated using the
horizontal coordinates of the pool event and the actual event time. For both original
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Figure 6.2: Total number of showers in horizontal coordinates § and ¢ and equatorial
coordinates « and §. The latitude of the HEGRA array (28.8° N) is indicated.

event and background events, the same cuts (neural network output, minimum munber
of towers, ete.) are applied. As a major advantage this method guarantees that the
(A. o)- distribution for original data and background are identical, so it automatically
accounts for systematics in local detector coordinates, e. g, the dependence of recon-
struction and separation on the zenith angle.

The calculation of the significance of an excess or deficit in the source bin depends on
the number of random events 1 used for the background estimation. Choosing n = 10
or n.= 20, as in the following analyses, means that the background estimate N,gy
has a smaller statistical error than the number of source bin events N,,,. 'This has to
be taken into account when calculating significances. The method applied here has
been proposed by Li and Ma [144] and evaluates the significance of an observation
(Non- Noss) by a maximum likelihood ratio test. With « = 1/n, the significance of the
excess 1s given by

14+« N, N, 0o
S=v2! N, + Nogy In (14 o) [ L -
1 N ]\tnn + ]\/y,)ff Ixi ( (Y) ‘/-\/”" + N()ff

(6.2)
The formula gives reliable results compatible with Gaussian probabilities at least, for
‘\'v<m~ ‘\'()fj Z 10.
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Figure 6.3: Moon shadow: (a) ’number of showers as a function of the angular distance
from the moon position. (b) Significance of the moon shadow as a function of the position

of the source bin center. In both plots, a source bin size of 0.8° is chosen.

6.2.2 Angular resolution and moon shadow

The angular resolution of the extended HEGRA scintillator array has been determined

to
(1()4.5 + 0.4)°

063% = \/]_V:

(see Eq. 3.6) with respect to the total number of electrons N.. This implies an angular
resolution of og3e, = 1.0°, containing 63% of the source events. As the angular reso-
lution for y-showers is ~ 10% better than for hadron showers, the following analysis
is based on an estimated resolution of g3, = 0.9°. If the source is point-like, the
dispersion of the signal is solely a result of the finite angular resolution of the detector
and may therefore be described by a Gaussian. In this case, the optimal source bin
size, i.¢. the source bin size which maximizes signal-to-noise, is g7, (see e.g. [143]).
We thus choose o799, = 1.0°, so the corresponding solid angle is

(6.3)

. = 21(1 — coso79,) = 1.0 - 10 sr. (6.4)

O72%

If the y-ray spectrum of point sources is flatter than the overall cosmic ray flux, the
amount of higher energy y-events in the data is enhanced and the optimal source bin
size is in fact smaller than the value derived above. As the spectral index is unknown
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in the energy region relevant for this analysis and probably also depends on the source,
it is not possible to include this effect.

For all runs, the stability of the scintillator data reconstruction is monitored by com-
paring the shower direction to the direction of tracks detected by the Geiger tower
array (see Chapter 5). Whereas this procedure allows a pointing check for each indi-
vidual run, an independent test is applied by searching for a deficit of showers from the
direction of the moon (see e.g. the results of the Tibet group [145]). With a diameter
of ~ 0.5°, the moon is a beam dump for cosmic rays and the moon shadow should be
visible in the data. The method has been applied as a test for the 8, ¢-reconstruction
of the HEGRA array, and within 5 months of data taking, a deficit at the 5.5 0 level
has been found [91].

To check the moon shadow for the 12529705 events of this analysis after all cuts, a
source bin radius of 0.8° (corresponding to [91]) has been chosen. Fig.6.3 shows the
number of events as a function of the angular distance from the moon position. Here
and in the following radial plots, the first bin is called source bin and contains the
source in its center, and the bin size is chosen to obtain equal solid angles for each
radial bin.

Fig. 6.3 shows a deficit of showers from the moon direction of 3.00. Within the sta-
tistical errors, this is in correspondence with expectation: the moon with a radius of

0.25° covers a fraction of
1 — cos0.25° N

1—cos0.8° — 0.1 (6.5)

of the 0.8°-source bin area. Instead of 647 &+ 8 expected events, we actually observe
570 £ 24 events, thus indeed a fraction of ~ 0.12 of the events are missing.

To estimate the pointing accuracy of the scintillator reconstruction, we also plot the
moon position two-dimensionally in equatorial coordinates. For every bin in Fig. 6.3 (b),
the significance of the deficit is calculated for the area of the circle with the bin center
as central point by counting on- and off-source events as described in Section6.2.1.
Note that in this "sliding bin” method, neighboring bins are highly correlated. The
two-dimensional significance distribution indicates that the moon shadow is slightly
shifted by ~ 0.3°, mainly in right ascension.

As the data sample is rather small, Fig. 6.3 (b) does not allow to claim a pointing er-
ror unambiguously and to develop methods of correcting it, but the source bin size
of the following analysis is rather large, thus a shift of this order of magnitude does
not seriously affect the results. Nevertheless, we have to check the dependence of the
source significances on the source bin size, as any pointing error will inevitably shift
the maximum of the significance to higher source bin radii. A similar pointing error of
0.2° to 0.3° has been found in earlier analyses of HEGRA data [74].

6.2.3 Energy threshold for the generic sources

In high energy astrophysics, integral fluxes or upper limits on fluxes from point sources
®(E > Eihresh,y) are commonly calculated by comparing the number of excess events

Non - aNoH

€y

(6.6)

N, excess —
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Figure 6.4: (a) 7-threshold energy as a function of the source declination for the blazars.
(b) Expected energy distribution for the generic blazar. (c) Trigger efficiency of the
generic blazar with and without the neural network y-cut { < 0.4 (solid resp. dashed
line).

resp. the upper limit on Negcess, to the total number of events Ny, in the source bin. As
N,y is produced by the total cosmic ray flux above the threshold energy of the detector
and Nggcess is produced by the y-flux,

(I)(E > Ethresh,'y) — Nezcess
®cr(E > Eeppcr) Ng

(6.7)

holds and allows a flux calculation avoiding the determination of the effective area of
the detector array which usually does not equal the geometric size.

The integral cosmic ray flux is taken as calculated in [80] on the basis of all available
experimental data,

®cr(E > Eepor) = Q- (1.52 £ 0.01) - 107 EL 9% cm 257 s 7!, (6.8)

with Q denoting the solid angle of the source bin.

Application of Eq.6.7 requires the knowledge of the threshold energy Ein,eon for +-
showers. As shown in Section5.1.2, Ey,,.sn strongly depends on the zenith angle 6,
thus the #-distributions of the sources differ due to the different declinations §. In
order to derive Fp,.sn both for the individual blazars and for the generic sources which
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comprise objects with a large variety in declination, we have to adopt the f-distribution
of the MC ~-showers to the @-distribution of each source.

In the first step, we simulate the expected 6-distribution of each source by calculating
the zenith angles during 24 hours in right ascension, assuming a constant, i.e. time
independent flux from the sources. The resulting zenith angle distribution of each
source is used to create MC -y-shower samples with the same 8- distribution. As usual,
core position and energy (10 to 500 TeV, spectral index 2.75) are taken at random to
imitate the experimental data. The uncertainty in the spectral index is included in the

Table 6.4: - and proton threshold energies (Eipresn.y r€sp. FEinreshp) of the generic
sources as derived from MC simulations.

source Ethreah,‘y Ethreah,ﬂ
| [TeV] [TeV]
blazar 55 65
BL Lac 56 66
flat-spectrum 54 65
steep-spectrum 55 65

systematic error on Fypresh.

We now dispose of the y-shower distribution expected from the direction of each source,
thus applying the same cuts to the MC data as to the experimental data enables us to
determine the threshold energy of the individual blazars and the generic sources. In
addition to the cut on the shower size and the minimum number of scintillator huts
and Geiger towers, we include the neural network /hadron separation cut £ < 0.4, as
we expect it to slightly increase the threshold energy: the separation is more efficient
at higher energies and may thus enhance the fraction of showers above 50 TeV.
Following the definition in Section 5.1.2, we derive threshold energies for the generic
sources as given in Tab.6.4. The thresholds for the individual blazars are listed in
Tab.6.6. Fig.6.4(a) shows Eyresn for the 12 nearby blazars as dots with error bars
from the fitting of the sigmoid function to the trigger efficiency (see Fig.6.4(c)). Eipresn
ranges from below 50 TeV for sources culminating near § = 0° to more than 70 TeV for
15144004 with é ~ 0°. As expected, Fipresn has a minimum for sources with § ~ 29°,
the latitude of HEGRA. The dotted line indicates the threshold energy of the generic
blazar. '

Apart from the advantage of automatically including effects from the v/hadron separa-
tion and the steep energy spectrum of the sources, this MC method allows to estimate
the expected energy and N.-spectrum of the vy-showers passing the trigger and the
separation. As shown in Fig. 6.4 (b), 69 % of the showers have energies below 55 TeV,
and the "most likely” value of the y-shower energy is between 30 and 35 TeV. We have
to keep this in mind when interpreting flux values.

Fig. 6.4 (c) shows that the effect of the y/hadron separation on Ej,, is rather marginal:
it increases the threshold energy from 52 TeV (dashed line) to 55 TeV (solid line). This
is well within the rather large systematic error of 10 TeV which is again mainly a con-
sequence of the unknown spectral index of y-rays. A flatter spectrum will shift the
threshold energy to higher values.
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Fiigure 6.5: Significance of the excess as a function of the cut in the net output for the
blazar superposition and the 3 anti-samples.

6.3 Results of the Geiger data analysis

Following Chapter 5.1.1, a network cut at &.,; = 0.4 is the optimal choice for data with
the quality of the sample used in this analysis. In this region, statistical and systematic
errors in the MC predictions are small due to the large y-shower efficiency of more than
0.8. : .
Before applying this cut to experimental data, we first study the significance as a
function of €., for the four generic sources described in Section6.1.2. As shown in
Fig.6.5,

e there is no significant cumulative excess from the 3 anti-samples for any network
cut.

In a striking contrast to this,

e the generic nearby blazar shows an excess > 3o for any £, < 0.5, i.e. in the
region where y-showers are expected.

In correspondence with this, a comparison of the network output distribution for source
bin events and background estimate shows no significant differences for the 3 anti-
samples, whereas both distributions considerably differ for the blazar superposition.
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This is illustrated in Fig. 6.6, where (a) shows the network output distribution for the
source bin events (solid line) and the background estimate (dotted line). Both distribu-
tions significantly differ below £ = 0.4. In Fig. 6.6 (b), the significance of the difference
is shown for each bin of (a). The main deviation of almost 3.50 is below 0.05, i.e. in
the region where the major part of the y-showers are expected to pile up according
to network training and testing. There is also a considerable amount of excess events
with 0.05 < £ < 0.4 indicating both the tail of the y-shower distribution and the effect
which runs of deteriorated quality have on the network output. The break-in of the
significance at network cuts &.,; ~ 0.2 in Figs. 6.5 and 6.6 (b) reflects the composition
of the data sample: the peak at low cut values is dominated by high quality runs, the
plateau above ~ 0.2 by lower quality runs.

In order to check whether the expected efficiencies for y-detection and hadron rejection
are actually achieved, we treat the excess as a signal and calculate the efficiencies as a
function of £.,;. As shown in Fig. 6.6 (c)-(d), results are compatible with MC expecta-
tions. Note that for all comparisons between experimental data and MC, the MC has
been adjusted to the deteriorated performance of the Geiger tower sub-array.

Table 6.5: Results for the different source samples (n = 10). @ is the upper limit on the
integral flux above E;p e4n.

no separation separation %% (> Etnresn)
source Now 10-Nysy | sign.[o] Non 10 Noyy | sign.[o] [cm~2571]
10000 < N, < 30000

BLLac | 38895 389997 -0.5 9911 98 688 0.4

flat 69 456 694419 0.2 17703 176135 0.7

steep 115002 1150932 0.0 28428 285494 -0.7

10000 < N, "

BLLac | 55017 554165 -1.7 13944 139232 0.2 8.6 10°14
flat 98244 984 243 -0.5 24938 248635 0.4 7.210714
steep 162537 1626206 -0.1 40262 402416 0.3 4810~

Flux limits and significances

For the further analysis of the source sample, we apply a network cut at &, = 04,
regarding all showers with ¢ < 0.4 as y-induced.

Fig.6.7 shows the number of entries as a function of the angular distance from the
source position for the three anti-samples together with the background estimate. For

these generic sources, 90% confidence level upper limits on the flux are calculated using
the method of Helene [126]:

Oailee(E > 56TeV) = 8.6-10"Yem™2s7! (6.9)
(bs{(l)(‘lz:_m(E > 54TeV) = 7.2- 10~ “em 257! (6.10)
P’ "P(E > 55TeV) = 4.8-107"cm %7, (6.11)

As these upper limits refer to the integral flux above 50 TeV, they are calculated using
the event numbers without restrictions on the upper shower size, thus without the cut
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as a function of the cut in the net output for MC and experimental data.
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Figure 6.7: Results for the samples with 19 BL Lac objects, 31 flat-spectrum and 49
steep-spectrum radio galaxies.

N, < 30000.

Fig. 6.8 shows the cumulative excess from the superposition of the 12 nearby blazars as
a function of the angular distance from the source position with and without «/hadron
separation. The results are summarized in Tab. 6.5.

The separation reduces the number of hadron showers in the source bin from 26 288 to
6884 in good accordance with the hadron rejection derived from MC calculations.
The excess of the blazar sample is regularly accumulated over the whole period and
not a result of short periods of high rates. As shown in Tab.6.6 and Fig.6.10, which
summarize the blazar results both for the individual sources and the superposition, the
excess is not dominated by single sources. There is in fact no object with a significance
> 2.20 in all 4 samples. This is in accordance with expectation, as the Geiger tower
data analysis covers only a short period of data taking.

To verify that the excess of the blazar sample is a true cumulative excess, the sig-
nificances of the single sources are histogrammed in Fig.6.9 both for the 99 galaxies,
BL Lacertids, and flat-spectrum radio sources forming the 3 anti-samples and the 12
nearby blazars. As a striking result, the significance distribution for the 12 blazars is
considerably shifted to a positive mean value 1.4 £+ 0.4 (variance 0.9 + 0.6), whereas
the anti-sample distribution has a mean of —0.1 + 0.2 (variance 1.4 + 0.2).

To sum up, the neural network analysis based on the Geiger tower data strongly indi-
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Figure 6.8: Superposition of the 12 nearby blazars with and without 7/hadron-
separation: (a) shows the number of events as a function of the angular distance from
the source position. The dotted line is the background estimate, which is subtracted
from the event distribution in (b). In (¢) and (d), v/hadron-separation is applied.
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Table 6.6: Results for the blazar sample (n = 20).

117

source Eithresh time no separation separation

[TeV] [s] | Non 20-Nosys | sign. [o] | Non 20-Noss | sign. o]
10000 < N, < 30000
00554300 49 1154836 2804 55826 0.2 714 13637 1.2
22014044 67 838931 1083 20784 1.3 343 6229 1.7
11014384 52 1186793 2788 56931 -1.1 710 13291 1.7
04304052 63 894 245 1082 21193 0.7 317 6214 0.3
1652+398 53 1177671 2951 57990 0.9 721 14389 0.0
23444513 60 1091607 1691 32811 1.2 489 9527 0.6
15144004 75 741659 722 14183 0.5 248 4514 14
04024379 55 1206493 2769 55163 0.2 711 13288 1.7
17274502 61 1122608 2039 39994 0.9 588 11103 1.3
01164319 53 1171718 2766 54970 0.3 705 12998 2.1
0802+243 48 1129836 2631 52313 0.3 635 12176 1.0
12144381 52 1198954 2962 57512 1.6 703 13528 1.0
¥ blazars L) 12915351 | 26288 519670 1.8 6884 130894 4.1
10000 < N,
0055+300 3913 78097 0.1 987 18830 14
22014044 1605 31025 1.3 506 9405 1.6
11014384 3961 79812 -0.5 959 18504 1.1
04304052 1541 30688 0.2 466 8853 1.1
1652+ 398 4155 81638 1.1 1021 20019 0.6
2344+513 2406 46796 1.3 717 13635 1.3
15144004 1048 20807 0.2 342 6552 0.8
0402+379 3838 77762 -0.8 977 18799 1.2
17274502 2914 57337 0.9 819 15886 0.8
0116+319 3857 77747 -0.5 969 18681 1.1
0802+243 3720 72675 14 899 17196 1.3
12144381 4116 81701 0.5 964 18885 0.6
¥ blazars 35 12915351 | 37074 736 085 14 9626 185245 3.7

cates that the unseparated cumulative excess is dominated by ”+-like” showers.

6.3.1 Analysis of the excess

In the following subsections, we have to review the two major cuts we introduced,

e the upper limit on the shower size, N, < 30000, and

e the restriction to sources with redshift z < 0.062.

Both cuts are motivated by physics, but there is a certain ambiguity when fixing the
actual cut value, as N, only loosely correlates with the energy and the ~-ray horizon is
only roughly known. It is thus important to check whether the result crucially depends
on the actual cut value chosen for data analysis.
Due to the strong dependence on MC studies, also the angular resolution and thus the

o influence of the source bin size on the significance
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Figure 6.9: Significance distribution for the galaxies, flat-spectrum radio sources,
BL Lacertids (a), and the nearby blazars (b).

has to be analyzed to verify that indeed o724 = 1.0° maximizes the signal. This also
allows to discover possible deviations from the behavior expected for point-like sources.

Cut on shower size

The upper cut in N, is motivated by our knowledge of the absorption of vy-rays in
pair production processes with the microwave background. Whereas there is no doubt
that a cut on the maximum primary energy is sensible, a cut in N, with its somewhat
problematic correlation to the energy (see Chapter 5) has to be analyzed further.

To study the influence of this cut, the blazar search is repeated without the upper
restriction on N,. As shown in Fig.6.11 (a), the superposition yields an excess at the
3.70 level with 9626 on-source events and a background estimate of 185245 (n = 20).
This is about 0.4 0 less than achieved in the analysis where events with N, > 30000
are discarded, but as a remarkable result, the number of excess events is approximately
the same with and without the cut. The decrease in significance is thus not due to a
smaller excess, but caused by the higher background level accompanying the excess.
This implies that no excess events are added when including large showers, an obser-
vation which is in accordance with expectation.

As a further support, Fig.6.11 (b) shows the N,-distribution of the excess events, i.e.
the N,.-distribution of the source bin events after subtraction of the distribution for the
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Figure 6.10: Results for the single sources after v/hadron separation: number of events
as a function of the distance from the source position (solid line) and background estimate
(dotted line).
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Figure 6.11: Results with neural network separation, but without upper cut on shower
size N,: number of events as a function of the radial distance from the source position
(a), and N,-distribution of the source bin events after subtraction of the N.-distribution
for the background estimate (b).

events making up the background estimate. The excess is clearly produced by showers
of small size, and showers above N, = 30000 mainly increase the background level.
We can now directly compare the N-spectrum of the excess events with the MC
N,-spectrum generated for the generic blazar applying the method described in Sec-
tion6.2.3. Fig.6.11 (b) shows that the MC estimate (dots with error bars) is in good
agreement with the experimental data. With respect to the results of the MC pre-
analysis of the energy distribution of accepted events described in Section 6.2.3, we
conclude that the major part of the showers has energies between 30 and 40 TeV. This
has to be taken into account when discussing the implications on the actual strength
of the infrared-to-optical background.

Redshift cut

In Chapter 2, we accounted for the necessity of restricting the analysis to nearby blazars.
As it is nevertheless not at all well-defined what nearby means in terms of redshift, any
cut on 2z remains arbitrary. We therefore have to study the dependence of the cumu-
lated significance on the upper bound on z.

To extend the study to higher redshifts, we include the BL Lacs with 0.069 < z <
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Figure 6.12: Significance as a function of redshift for the cumulative signal (a) and the
single sources (b). In (a) the line indicates the decrease in significance if no additional

excess is accumulated.

0.203, so the extended sample of 31 physically equivalent sources comprises all BL Lacs
below 0.203 from [18] and the source distribution is rather homogeneous in redshift.
As illustrated in Fig.6.12(a), the cumulated significance increases rapidly up to z ~
0.07 and then starts to decrease rather slowly. The behavior for z > 0.07 equals the
decrease expected in case no more excess events are accumulated: the solid line indi-
cates the slope for Noss = Ny

In fact, z >~ 0.06...0.07 is the cut value which approximately maximizes the signifi-
cance, and we can divide the sources into two samples with only the nearby objects
below z ~ 0.07 contributing to the excess.

Fig.6.12 (b) shows the significance of the single sources as a function of redshift, group-
ing the sources in bins with Az = 0.033 to smooth the large spread of the individual
significances. The dependence of the significance on z is very weak below z < 0.06, i.é.
the region of the original blazar sample. For the whole range of redshifts up to 0.2,
nevertheless there is a clear decrease in source significance with a mean value compat-
ible with 0 above 2z ~ 0.07.

It is tempting to interpret the decrease in significance and the non-detection of BL Lacs
above 2z >~ 0.1 by pair-absorption due to the infrared background, especially as the
sources of the BL Lac anti-sample are physically equivalent to the blazars. Intrinsic
differences between the sources of the two catalogues can thus be excluded if we assume
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that luminosity evolution does not play a significant role below z < 0.2.

In fact, external absorption is more likely than apparent geometrical weakening, as
a flux o« 1/d?, with d being the distance, is only expected for ”standard candles”.
Apart from the fact that the excess for sources below z ~ 0.06 only weakly depends
on the distance (see Fig.6.12 (b)), there is another major drawback to this scenario.
The geometrical decrease can easily be covered by the large lever arm provided by the
(unknown) spectral index of the source: for two sources with equal flux at 1TeV, a
difference of 0.4 in the spectral index is sufficient to compensate a factor 2 in distance
and to give equal flux at 50 TeV. According to the proton blazar model prediction, the
spectral index for the blazars as predicted in [11] varies from 2 to 3.2, with a mean
value of 2.8 + 0.4, and the change may even be larger in high states of y-emission: we
are in fact not dealing with ”standard candles”.

The most likely reason for the cutoff therefore is external absorption becoming relevant
for z > 0.07. As in this case, I o €™ with 7 o< d (see Eq.2.31), a sharp cutoff is
expected. The excess accumulated in this analysis does not yet allow to settle this
point or to derive limits on the infrared background. More sensitive observations are
required to substantiate these conclusions. We will return to this topic in the discussion
of the combined results from the 1994/95 Geiger tower and the 1989-1992 scintillator
analysis in Section 6.5.

Check of angular resolution

In Section6.2.2 we have shown that from MC predictions and moon shadow analy-
sis, the angular resolution of the HEGRA scintillator array for y-shower sizes above
N, > 10000 is expected to be o3 = 0.9°. Hence the optimal source bin size yielding
maximum sensitivity is 759 = 1.0°. In order to check whether the excess is in accor-
dance with expectation and to study possible deviations from point-source behavior,
we calculate the significance for source bin sizes from 0.1° to 2.0°. Fig.6.13 illustrates
that indeed the maximum is at 0,,,; = 1.0°. The solid line indicates the expected
curve if the sources are point-like and the dispersion of the signal is solely a result of
the finite angular resolution of the instrument. In this case, the smearing has Gaussian
shape and signal-to-noise follows

2

signal prob(o <og) 1-— e~ 2k
o o

noise Q. o (6.12)
(see Eq. 3.7) with oy, being the source bin size and Q,, = 2m(1—cos o4)(cx 02, for small
o) the corresponding solid angle. For the dotted line, the pointing error of ~ 0.3°
from the moon shadow analysis has been taken into account by enlarging the source
bin size. Within the statistical error, both curves are in accordance with the exper-
imental data. Note again that a ~-ray spectrum flatter than the overall cosmic ray
spectrum leads to a better angular resolution for v-rays and may thus counteract the
deterioration by pointing inaccuracies. Fig. 6.13 nevertheless confirms the expectation
that the results are not affected by pointing errors of the order 0.3°.

Fig. 6.13 also indicates that the behavior of the excess is in agreement with the expec-
tation for point-like sources and shows no evidence for any extension, but this would
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Figure 6.13: (a) Significance as a function of the source bin size. The lines indicate the
expectation for point-like sources with and without taking into account a pointing error
of >~ 0.3° (dotted resp. solid line). (b) Number of excess events after efficiency correction.

hardly be expected as the predicted halo sizes in [39] (see Section2.2.4) cannot be
resolved with the angular resolution of current scintillator arrays. This remains a chal-
lenge to future high resolution detectors.

Fig.6.14 shows the core position of the source bin events together with the position
of the scintillator huts. As a consequence of the quality cuts, the core distribution is
relatively smooth.

6.3.2 Flux calculation

The a priori assumption of this analysis is the equality of the individual sources of the
sample. For the calculation of the flux corresponding to the observed excess, a weighting
of the sources with respect to their individual observation time is therefore inconsistent,
as the different energy thresholds for the sources according to their declinations have
been considered by calculating the threshold for the "generic” blazar.

Furthermore, a rescaling of the flux of individual sources to a common energy threshold
is dangerous, as no individual source has a significant excess. It is therefore the most
consistent way to take the overall excess of the whole sample and calculate a flux using
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Figure 6.14: Core position of the source bin events (in coordinates of the reconstruction
program). The rhombs indicate the positions of the scintillator huts (without the dense
inner array).

the threshold energy of the generic blazar. We use Eq.6.7

Nezce 8 — —_ —
®(E > Eupreshy) = (1.52£0.01) - 1072 ES\I2002 @ 2220 o=25-1gr~! (6.13)
' 0.72 Ny

with
Non — ot Nogs (6.14)

Nea:cess =
€y
where the correction factor 0.72 has to be applied as the source bin contains only 72%
of the source events. Note that to calculate an integral flux for E > Ey.n,, we have
to use the values for Negzcess and Ny determined without upper cut on N,.
Apart from the error in ®¢g two other quantities enter with a systematic error, €, and
Nezcess- The systematic errors on €, were analyzed in Chapter 4 and 5 and add up to

€, = 0.83 + 0.01 + 0.09 ~(6.15)

for a network cut & = 0.4, including both MC and detector effects as far as their
influence is known and can be estimated.

This error is far too small to account for the dependence of Nezcess 0n the cut value &y,
in the network output. Whereas the quality factor and the significance of the excess
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depend on &, in a way consistent with MC expectation, the flux and therefore the
number of excess events should be independent from £.;. The spread of Ngycess is
an intrinsic error of the neural net analysis and by far the most important systematic
error on the flux. To determine Nezcess and its systematic error due to the ambiguity
of the network cut, we histogram Nezcess for 20 equidistant cut values from 0.05 to 1.
The result is shown in Fig.6.13 (b). The number of excess events in fact can only be
estimated with an accuracy of about 30 %:

Nogcess = 273 £ 16 + 70. (6.16)

Note that applying this procedure gives a number of excess events and thus a flux inde-
pendent of the cut value, with the dependence on ., being included in the systematic
error.

Summarizing all values derived above gives an integral flux of

O(E > Ejpresn) = (1.4 £ 0.4 119) - 107 ¥em 2571, (6.17)

As about 300 events are accumulated in 150 days of full-time observation, the daily
excess rate of the generic blazar is 2. This illustrates again the enormous effort which
is necessary to separate the relevant showers from the hadronic background.

A rough calculation of the flux by simply dividing the number of excess events by the
geometric size of the array (150 x 160 m?) and the total observation time after correcting
for the dead time gives a flux of 1.2 - 10~3e¢m~2?s~!. This cross-check indicates that
indeed the geometric array size equals the effective size after the rather severe border

cut.

6.4 Analysis of 1989-1992 scintillator data

In the precedent section, a significance of about 40 with 50000000 events and a
v/hadron separation quality factor  ~ 2 has been achieved. As shown in 3.7, signal-
to-noise in air shower analysis behaves like

signal 2T ZlZ Q, (6.18)

noise

i.e. a quality factor of 2 corresponds to 4 times the observation time T' of an analysis
without /hadron separation.

Between August 5, 1989, and June 5, 1992, the HEGRA scintillator array was oper-
ated with a total observation time of 697 days (60243 598 s), during which 250 000 000
events were taken and analyzed [74]. As a major difference to the upgraded array
operated since 1992, HEGRA did not include the dense inner region at that time.
Upper limits on the flux of various extragalactic sources have been derived, but only
Mrk421 with an upper flux limit ®(90%) = 1.8 - 10~ 3cm=2s~! and Mrk501 with
®(90%) = 9.9-10""em~2s~! [74] are also included in the blazar source sample. In this
section, these scintillator data are re-analyzed to search for an excess both from the
blazar and the BL Lac sample with 0.069 < 2 < 0.203. If the excess obtained after
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application of the Geiger tower v/hadron separation is in fact due to a 7-ray excess
from the blazar sample, the archival scintillator data without separation but with 5
times more events should give an excess with a significance of the same size.

The angular resolution in this period has been determined with various methods, in-
cluding a moon shadow analysis which yields a 6 ¢ deficit. Including an absolute
pointing error of 0.2° to 0.3° derived from the moon shadow position, og3% = 0.99° at
log N, > 4.0 is taken for this analysis. The source bin size is therefore 1.12° instead of
1.0°, but this only slightly deteriorates the sensitivity.

The following cuts are applied to search for a blazar signal below 100 TeV:

e Only events with at least 13 scintillator counters contributing to the signal are
accepted. This condition guarantees stable trigger conditions even when AIRO-
BICC is working.

e The shower size is restricted to 10000 < N, < 30000.

In order to prevent showers with higher energy but large zenith angle § from imitating
small showers, a zenith angle cut § < 25° is applied in the original analysis [74]. As
one of the sources (1514 + 004) is completely discarded by this cut, we adopt the
zenith angle cut 8 < 40° from the Geiger tower analysis. The larger zenith angle range
gives flat radial distributions for all sources, including those with extreme declinations
compared to the latitude of the HEGRA array. This minimizes systematic errors in
the background estimation.

In addition,

e showers with a core at a distance of less than 20 m from the border of the array
are discarded.

This cut is more severe than the original border cut of 10 m in [74], but it is motivated
by the observation that the number of shower cores per unit area increases significantly
faster when approaching the border than expected from pure geometry. This indicates
that a considerable amount of showers with core outside the array incorrectly piles up
within ~ 20m. As the reconstruction of the primary particle’s direction makes use
of the core position (see Chapter 3), including these showers deteriorates the angular
resolution especially for small showers. The 20 m border cut applied in the following
analysis roughly corresponds to the border cut used in the Geiger data analysis, where
it was motivated by the actual size of the Geiger matrix. With this cut, the effective
array size approximately equals the geometric size.

The background is derived by a parabola fit to the radial distribution between 1.94° and
4.3°. In order to check the reliability of this method, the background is also estimated
by analyzing pseudo-sources at the same declination as the original source, but shifted
by 3.6° in right ascension. This allows to check whether a possible excess is due to
systematic effects resulting from the source’s declination.

Tab. 6.7 gives the results for the generic nearby blazar and for the BL Lac anti-sample
with and without the cut on the maximum shower size.

The results on the individual blazars are summarized in Tab. 6.8, and the superpositions
of the 12 blazars and the 19 BL Lacs are shown in Fig.6.15. The significance of the
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Figure 6.15: Superposition of the nearby blazars (a) and BL Lacs with 0.069 < z <
0.203 (b) (1989-1993 scintillator data). Dots with error bars indicate the result for the
superposition of pseudo-sources with apseudo = a + 3.6°.

generic blazar is 3.2¢0 for N, > 10000 and increases to 3.7 ¢ if the shower size is
limited to 10000 < N, < 30000. Both methods of background estimation lead to
similar results, thus the excess is not an artifact of the source positions.

Again, the anti-sample with BL Lac objects at redshifts 0.063 < z < 0.203 shows no
significant excess, whereas the significance of the generic nearby blazar is 3.2¢ for
N, > 10000 and 3.7 0 for 10000 < N, > 30000. The integral flux

®(E > 50TeV) = (1.5£ 0.4 ¥29) - 107 ¥cm™2%s7! (6.19)

is in accordance with the flux estimated for the Geiger tower data sample. As no

Table 6.7: Results for the generic nearby blazar and the BL Lac with 0.069 < z < 0.203
for § < 40° with and without upper cut on the shower size (N, < 30000).

10000 < N, < 30000 10000 < N, $%0%(> 50 TeV)
source Non Nosys | sign.[o] Non Noss | sign.[o] [cm—2s7!]
blazar | 137250 135837 | 3.7 | 290791 288977 | 3.2
BLLac | 201466 201730 | -0.5 | 430520 430130 | 0.5 7.4-10714

v/hadron separation is applied in the scintillator data analysis, the systematic error is
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Figure 6.16: 1989-1992 results for the individual blazars. Dots with error bars indicate
the result for pseudo-sources with apseudo = a + 3.6°.
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slightly smaller, but as uncertainties remain large, we quote the same values as above.
The Geiger tower data and the 1989-1992 scintillator data are statistically independent,
thus it is possible to combine both results. Fig.6.17 shows the combined significance
as a function of redshift (see Fig.6.12). The total significance of the generic blazar is
5.50, and again the maximum value is at z ~ 0.07.

Comparing the significances of individual sources (Fig. 6.16) yields an interesting result:
0116+319 at z = 0.059 has an excess of 4.4 0 and thus dominates the overall excess.

Table 6.8: 1989-92 results for the blazar sample.

10000 < N, < 30000 10000 < N,
source z Non Noysys | sign. [o] Non Noyss | sign. [o]
0055+300 0.017 15287 15220 0.5 32058 31808 1.3
2201+044 0.028 4967 4864 14 11184 11169 0.2
11014384 0.031 15288 14977 24 31874 31498 2.0
0430+052 0.033 5053 5114 -0.8 11315 11459 -1.3
16524398 0.034 14778 14699 0.6 31507 31366 0.8
23444513 0.044 8529 8522 0.1 18991 18641 24
15144004 0.052 3175 3008 29 7285 7070 2.4
1727+502 0.055 9699 9712 -0.1 21231 21209 0.1
04024379 0.055 14691 14665 0.2 30682 30616 04
0116+319 0.059 16206 15622 44 33647 32801 44
0802+243 0.060 14342 14497 -1.2 29340 29694 -2.0
12144381 0.062 15235 14937 2.3 31677 31646 0.2
¥ blazars 137250 135837 3.7 290791 288977 3.2

This is especially interesting if we compare the significances of the individual sources
derived in the 1994/95 Geiger data analysis and the 1989-92 scintillator analysis. The
inset of Fig. 6.17 illustrates that in both data sets, 0116+319, 1101+384, and 15144004
are the most significant sources: the combined significance of 0116+319 is 4.90. We
will review this result after a short summary of additional analyses of the blazar sample.

Summary of further blazar searches

Following the discovery of small evidence for >50TeV ~v-ray emission from the 12
blazars, also data taken in combination with the AIROBICC detector have been tested
for a cumulative excess. AIROBICC has a smaller angular resolution of ~ 0.4° and a
lower energy threshold of ~ 20 to 30 TeV for y-showers [86]. As a major drawback, it
is only operated in clear, moonless nights. For source stacking, the small duty cycle is
a severe shortcoming, as not all sources are monitored each day like in the combined
scintillator/Geiger analysis. The composition of the generic source hence is a function
of time, and only about 5 sources are actually stacked each night.

When searching for an excess in AIROBICC data, a sufficiently large observation time
has to be accumulated to smooth the on-time distribution of the sources, but even then
there is a high probability of missing periods of high emission.

A re-analysis of the data taken in the first year of stable AIROBICC performance, i.e.
between March 1992 and March 1993, with most of the data from the latter months
of this period, yields an excess of 3.9 for the generic blazar [146]. Cuts applied in
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Figure 6.17: Combined cumulated significance (1994/95 Geiger data analysis and 1989-92
scintillator analysis) as a function of redshift. The inset shows the individual significances
of both data sets.

this analysis include a restriction of the light density Lgo at a distance of 90 m from
the shower core to 8000 photons/m? < Lgy < 22000 photons/ m? corresponding to the
50 to 100 TeV energy window also chosen for the Geiger tower analysis. No «y/hadron
separation has been applied to the early AIROBICC data.

As a striking result, the significance is considerably smaller when the energy threshold
is lowered to 30 TeV or less. This behavior is not yet fully understood, but a possible
explanation may be the lower quality of the detector performance below 50 TeV.

The analysis of AIROBICC data taken between December 1993 and September 1995
does not yield an excess of the expected size: with a source bin radius of 0.41° and
new -/hadron separation techniques [147], the excess is 1.7 0. 2.4 are in fact achieved
with a bin size of 1.0°, but it is not possible to account for this source bin size unless
AIROBICC suffers from a rather large pointing error. A small smearing of the excess
is expected when sources with different declinations are stacked, but the effect should
not be so high.

In 13 months of pure scintillator data taken between 1994 and 1996, only a marginal
excess is seen. Quality checks both for the 93-95 AIROBICC data and the 94-96
scintillator data are in progress.

The results are summarized in Tab. 6.9.
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Table 6.9: Summary of blazar search results above 50 TeV.

[ | time period | o799, | Q | sign. [o]

scintillator

and Geiger array | 11/94-3/95 | 1.0° | ~2 4.1

scintillator array | 8/89-6/92 1.12° | - 3.7

scintillator array | 3/94-4/95 | 1.0° - 1.2

AIROBICC 3/92-3/93 0.4° - 3.9

AIROBICC 12/93-9/95 | 0.41° | ~2 1.7
1.0° | ~2 2.4

6.5 Discussion

The evidence for >50 TeV ~v-emission from a sample of blazars with moderate redshift
is a remarkable result for several reasons:

e v-ray flux at these energies is strong support for proton acceleration in jets and
thus the proton blazar model, which in contrast to models based on synchrotron-
self-Compton mechanisms generally predicts high energy flux.

As outlined in Chapter 2, a y-energy of 10 TeV is the ”demarcation line” [148] between
models based on synchrotron-self-Compton emission of electrons and the proton blazar
model. In order to produce >10TeV ~-rays, the acceleration in SSC models would
have to take place in the immediate vicinity of the black hole, but the dense infrared
background in this region would not allow the y-rays to quit without severe energy loss.
In contrast to this, TeV ~y-emission is a compelling attendant of proton acceleration.
In Fig. 6.18, the flux estimation for 10 of the 12 blazars is confronted with the prediction
based on the proton blazar model as given in [11]. The experimental flux approximately
equals the prediction for the average blazar flux if no external absorption takes place
and if we assume that the stacking method slightly overestimates the blazar flux. This
is not unlikely, as the theoretical predictions show blazars in quiet states of y-emission
(the data for the multifrequency spectra were taken non-simultaneously), whereas the
experimental flux may be dominated by blazars in high states of emission. Although
there is no evidence for periods of rapid increase, HEGRA detection may strongly
depend on high emission states. In this case, the stacking method may give rates
which do not represent "typical” blazars.

The evidence for >50 TeV vy-emission and the striking fact that the observed flux equals
the non-absorbed proton blazar prediction has another important implication:

e ~v-ray emission of the observed intensity at 50 TeV rules out any scenario predict-
ing a high diffuse infrared background (e.g. the estimates of Stecker et al. [9]).

This has been verified independently by recent Whipple observations of Mrk 421 at
high zenith angles, showing that the spectrum continues up to at least 10 TeV [150]
(note that the analysis of Stecker et al. is actually based on the apparent cutoff in the
Whipple data for Mrk 421). HEGRA telescope detections of Mrk 421 [115] furthermore
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Figure 6.18: HEGRA flux values and theoretical predictions for the blazars taken
from [11]. The thin solid lines indicate the flux of individual blazars with internal and
external absorption, the thick solid line is the average. The dotted line shows the aver-
age flux without external absorption. The CYGNUS upper limit on the blazar sample
is added [149].

show a steepening of the spectral index in the TeV region which has not been taken
into account by these authors. Their value thus turns out to be an upper limit rather
than a measurement.

Does the result imply that there is no absorption by infrared photons ?

In fact, there are lower limits to the diffuse infrared background provided by IRAS
number counts, and the optical depth at 50 TeV for an extragalactic source at a dis-
tance of 120 Mpc (z = 0.03, Hy = 75kms™' Mpc™') therefore has a minimum value of
T~3

Although the excess hardly allows to derive values for the infrared background at en-
ergies where HEGRA is sensitive, the results are not in contradiction to infrared back-
ground estimates: from Fig. 6.4 (b), we know that y-rays detected by HEGRA pile up
at low energies, thus HEGRA actually probes the infrared background at ¢ ~0.01eV.
We can now qualitatively pin down the infrared background at this energy by taking
together the two main results of the precedent analysis: (1) no sources are detected
above z =~ 0.07, and (2) an excess at the 5 o level is observed for 0116+319 at z = 0.059.
Both results imply that if the non-detection of the BL Lacs at higher redshift is due
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to external absorption, 0116+319 indicates the border 7,, = 1 in Fig.2.10. As the
mean v-ray energy is 35TeV, 7, < 1 for z = 0.059 requires a background radiation
density e2n(e) < 2-107*eVem™ at € = 0.01 eV, thus a detection of 0116+319 implies
that €2n(e) at 0.01eV is a factor of 3 lower than given in Fig.2.10. This is of course
neither a measurement of €?n(e) nor a confirmation of models predicting low values for
e2n(e): it only shows that a detection of nearby -y-ray sources above 30 TeV is not in
contradiction to current theoretical estimates: note that Fig.2.10 shows the average
infrared photon density for various CDM and CDHM models.

In addition, cascade processes as described in Chapter 2 may counteract the absorption
and increase the source luminosity even at TeV energies, mainly by inverse-Compton
scattering of e* produced in absorption processes off the 3K radiation. Furthermore,
there are other processes which may increase the flux. In the proton blazar model as
used for the flux predictions, all the TeV flux is assumed to arise from a jet radius
at which the synchrotron radiation in the infrared becomes optically thin (one-zone
model), but additional cascade radiation may arise from higher jet radii [151].

An additional component of high energy vy-rays may also come from the decay channel

py—7wtn (6.20)

which is one of the proton cooling processes. These ultra-high energy cosmic rays may
initiate cascades on their way from the source to the observer and thus increase the
TeV «v-flux. Note that a source distance of 100 Mpc roughly corresponds to the decay
length of the highest energy neutrons. If the decay and thus the cascading takes place
in our neighborhood, the resulting y-rays do not suffer absorption any more. Detailed
calculations on this bypass mechanism are in preparation [152].

When comparing the flux estimate of the generic blazar to-previously published upper
limits on individual objects belonging to the sample (Mrk 421 and 501), the flux ap-
pears to be rather high. Upper limits from CYGNUS and EAS-TOP are in fact below
the generic blazar flux (see Section 2.3). It is difficult to assess these upper limits, but
there are several problems connected to upper limits in TeV-vy-astronomy. There is
no established source above 10 TeV, thus it has never been possible to tune analysis
methods on sources with known flux. Efficiencies and energy thresholds which enter
the upper limit calculations are therefore only roughly known and crucially depend on
MC studies. The uncertainty especially of those MC codes which are not based on
the time-consuming EGS 4 and GHEISHA/FLUKA codes (which at least have shown
their reliability in various applications) is expected to be rather large and often not
considered in upper limit calculations.

In addition, MC statistics tends to be poor, and various authors only study fixed
incident angles and energies. This is especially dangerous in cases where «/hadron
separation techniques are based on these MC samples.

To sum up, upper limits are only rough guide-lines in TeV-astrophysics, and this will
only change with the discovery of individual sources at 50 TeV which may then serve
as tools for tuning data analysis methods. The flux of the generic blazar is therefore
not in conflict with existing upper limits.
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Figure 6.19: Integral flux limits for 0116+319 at energies above 100 MeV. Values are
taken from [4](EGRET), and {76](Whipple). The solid line represents the prediction of
the proton blazar model (Mannheim [11]) including external absorption.

The X-ray-selected AGN 01164319

As shown in Fig.6.17, both the Geiger data analysis and the analysis of the 1989-92
scintillator data yield the most significant excess for 0116+319. This is also true for
the AIROBICC analysis quoted in Section 6.4, where the excess of 0116+319 is 2.9¢
and thus dominates the overall excess like in the scintillator data.

0116+319 is an X-ray-selected AGN from the Einstein Observatory Extended Medium
Sensitivity Survey (MS). In addition, radio data indicate that 0116+319 is a flat-
spectrum radio source with a spectral index slightly below 0.5 [62]. The AGN has
neither been detected by EGRET [4] nor by Whipple [76]. The high energy part of the
spectrum is shown in Fig. 6.19.

12144381 is another X-ray selected AGN from the MS catalogue and also has a com-
paratively high significance in the 1989-1992 sample. This is a rather interesting result,
as Stecker et al. [77) recently suggested that X-ray selected BL Lac objects (XBLs) are
the most promising TeV sources. In the synchrotron-self-Compton model, the X-ray
component of the multifrequency spectra of XBLs is supposed to arise from the high
energy tail of the synchrotron radiation, whereas in radio-selected BL Lacs (RBLs),
the X-ray emission is from Compton up-scattering. This implies that due to intrinsic
differences between the two types of BL Lacs, which cannot be explained by jet ori-
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entation alone, the maximum electron energy is higher in XBLs than in RBLs. This
would make XBLs the most likely sources of TeV emission.

The known TeV sources, Mrk 421, Mrk 501, and also 2344+514 (which has tentatively
been detected with the Whipple telescope [153]) are in fact XBLs, but the statistical
significance is too small to give compelling evidence for XBLs being the "typical” TeV
source. In spite of the classification of 0116+319 as an X-ray selected flat-spectrum
radio source, the observation is nevertheless no support for this hypothesis, as 50 TeV
v-rays cannot be explained by models based solely on electron acceleration.

Applying the stacking method to the 21 X-ray selected AGN with z < 0.07 from the
MS catalogue (see [60]) yields no significant excess (see Tab. 6.10) for the Geiger tower
data set. For most of these sources, no radio data are available, and it is thus not
possible to select flat-spectrum sources. Observational data in different energy regions
are urgently needed to find additional candidates for TeV emission.

Table 6.10: Results for the stacking of 21 X-ray selected AGN from [60] with z < 0.07
(n = 10) with and without the upper cut on the shower size (N, < 30000). ¢ is the upper
limit on the integral flux above Eisresn-

no separation separation @?f,%(> 50 TeV)
source Non 10- N,y | sign.[o] | Non 10- Noss | sign.|[o] [cm—2s71]
10000 < N, < 30000 .

X-ray AGN [ 50770 507354 | 0.1 ] 12290 122173 ] 06 |

10000 < N,

X-ray AGN l 71713 717118 | 0.0 [ 17309 172581 I 04 | 8.0-10~14

As a summary of the results on the blazar sample, Tab. 6.1Lkshows the total significance
from the Geiger tower and scintillator analysis described in this thesis and confronts
these results with measurements at different wavelengths: the radio flux at 4.85 GHz
is taken from the Green Bank Catalog of Radio Sources [154], the X-ray flux between
0.1 and 2.4keV is taken from recent ROSAT observations comprised in [11], and the
high energy data are Whipple and EGRET measurements. HEGRA flux estimates are
given for the two sources with a combined significance > 3 o, else 90 % confidence level
flux upper limits are calculated.
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6.6 Outlook

What do we expect from air shower experiments in the near future ?

The precedent analysis has shown that with the (marginal) detection of blazars as
sources of > 50TeV ~v-rays, we are close to the limits of current air shower arrays.
Increasing statistics will help us to manifest the detection and to analyze the time
stability of the generic source and of individual objects from the sample: as the 4.9¢
excess of 01164319 shows, the detection of single sources is within reach.

On the other hand, due to the huge background, further information like the energy
spectrum of the sources will be difficult to obtain even with large statistics..

Lowering the energy threshold and developing «/hadron techniques at low energies is
the most promising way of improving existing arrays, as it fills the gap between the
energy range of current air shower arrays and Cerenkov telescopes. Fig.2.14 shows
that upper limits at 10 TeV are very close to theoretical predictions.

Two new projects are entering into the heritage of air shower physics in the near future:
the Pierre Auger Project [155] and the MILAGRO water Cerenkov detector [156]. Both
detectors are built with the aim of solving problems raised by air shower arrays in the
past.

(1) The Auger array is planned as a huge detector system with 3000 particle detector
stations on a grid with 1.5km spacing, thus covering an area of 5000m?2. A second
component, based on the Fly’s Eye technique, will detect the fluorescence light caused
by collisions of shower particles with air molecules.

The main goal of Auger is to solve the long-standing problem of the origin of the high-
est energy cosmic rays {117]. About 50 showers with energies exceeding 100 EeV are
expected for Auger-sized detectors. To cover the whole sky, the Auger group considers
building equivalent arrays in the northern and in the southern hemisphere.

(2) MILAGRO is a water Cerenkov detector of size 60 x 80 x 8m?3, located 2600
a.s.l. near Los Alamos in New Mexico. Three layers of phototubes will detect the
Cerenkov light produced by secondary particles.

One of the main advantages of air shower arrays or water Cerenkov detectors like MI-
LAGRO is their large field of view and the possibility of probing each source of the
catalogue for a certain time every day. We know that one of the main features of
blazars is their rapid variability, thus an all-day monitoring of blazars with high sen-
sitivity detectors is the most promising way of understanding the processes in AGN.
For earth-bound detectors, this inevitably means that the energy threshold has to be
lowered. For MILAGRO, ~y-ray thresholds of about 500 GeV are expected. This would
not only allow to observe prominent sources continuously, but also to search for yet un-
known sources of TeV emission by producing the first sky-map at energies about 1 TeV.

Another important consequence of proton-initiated cascades in jets is a neutrino flux
at ultra-high energies E, nq; ~ (108 — 10'%) GeV [157]. Observing neutrinos at GeV to
PeV energies thus complements <y-ray observations and is also likely to provide a tool
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for discriminating between theories. As neutrinos do not interact with the radiation
background, a considerably larger part of the universe is probed. The Antarctic Muon
and Neutrino Detector AMANDA [158] is a promising step on the way towards detect-
ing the neutrino background from blazars, and definite results will certainly come from
the next generation of neutrino telescopes with sensitive volumes of km3.

One of the most important questions of astroparticle physics still is the infrared back-
ground absorption. As explained in Chapter2, the actual strength of the infrared
absorption is not only a vital question for TeV astrophysics as such, but also touches
the most important cosmological questions like galaxy formation in the early universe,
cold and hot dark matter, and the actual value of the Hubble constant.

High energy <y-ray astronomy may approach the problem in two ways. Detailed knowl-
edge of the energy spectrum and the cutoff energy of several sources at different red-
shifts allows to directly pin down the infrared photon density at different energies.
Furthermore, a determination of the v-ray horizon 7,, = 1 at different energies by
measuring the maximum redshift z,,,, beyond which the universe becomes opaque
would provide us with indirect information on the background radiation.

Of course, several well-established sources are necessary to minimize the dependance
on intrinsic effects. One of the future detectors which will help to solve this question
is the 17m MAGIC Cerenkov telescope project [159]. With this tool, the detection
of point sources will be possible with high significance on short time scales. This will
allow TeV astronomy to take part in multifrequency campaigns which study the time
variability of blazars by simultaneous observations at all wavelengths in order to reveal
the history of flares.

Furthermore, an improved angular resolution will allow to search for deviations from
point-like behavior. If emission at the highest energies is typical of the blazar class,
cascading inevitably takes place near the sources and while v-rays traverse the cosmic
ray background radiation. These processes may help us to gain information about
external radiation fields and intergalactic magnetic fields.
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Table 6.11: Summary of blazar properties and results.

source z ®(4.85 GHz) ROSAT EGRET Whipple
[Jy] [10%rgem=2s7!] | [10~7em™ 257! | [1072cm 257!
0055+300 0.017 0.91 - <08 -
22014044 0.028 0.75 0.03 < 0.5 -
1101+384 0.031 0.72 29 1.57 15.9
04304052 0.033 3.49 1.1 <14 -
1652+398 0.034 1.37 1.2 <10 8.1
23444513 0.044 0.23 ) ] (~ 30)
15144004 0.052 1.63 0.03 <09 -
1727+502 0.055 0.16 0.34 <39 < 6.9
0402+379 0.055 0.94 - - -
0116+319 0.059 1.57 0.01 <1.1 <13
0802+243 0.060 1.86 (nd) <11 ]
12144381 0.062 - 0.03 < 0.5 -

Radio fluzes at 4.85 GHz from the Green Bank Catalog of Radio Sources [154]
ROSAT fluxes between 0.1 and 2.4 keV taken from [11]

EGRET integral fluxes > 100 eV from {3, 4, 5]

Whipple integral fluxes > 300GeV from {142, 7]

HEGRA
source telescope 94/95 89-92 flux
(10~ em~2s71] | [o] [o) | [10718em~2s71)

0055+300 1.2 0.5 <22
2201+044 1.7 14 <31
1101+384 0.8 1.7 24 <38
0430+052 0.3 -0.8 <15
16524398 (=50) 0.0 0.6 <20
23444513 0.6 0.1 <17
15144004 14 29 3.0

17274502 1.7 -0.1 <17
0402+379 1.3 0.2 <14
0116+319 2.1 4.4 3.4

0802+243 1.0 -1.2 <12
12144381 1.0 2.3 < 3.7

telescope: integral flux above 1 TeV, taken from [48]
89-92 Archival scintillator data, [74] and this analysis.
94/95 Geiger tower data, this analysis



Chapter 7

Summary

In this thesis, a theory-guided search for extragalactic sources of cosmic rays with
energies above 50 TeV is performed. The analysis is based on data taken with the
HEGRA air shower array.

Motivated by EGRET observations in the GeV energy region and by TeV detections
with ground-based Cerenkov telescopes, the search focusses on nearby blazars, a sub-
class of Active Galactic Nuclei (AGN) characterized by violent variability, a compact,
flat-spectrum radio source, and a featureless, highly polarized continuum emission.
Single objects of this class have been subject of intensive search by air shower arrays
in the last decade, but all attempts to establish them as y-ray emitters above 30 TeV
have failed, yielding only a number of upper flux limits.

The approach chosen for the analysis presented in this thesis is different from the
conventional approach in several aspects. For the first sime, a y/hadron-separation
is applied which is based on the information provided by the charged particles of air
showers. This includes the muonic component, but goes beyond pure muon counting
by also analyzing the energy density of the electromagnetic shower content (et,) at
different distances from the shower core. High energy particles outside the core region
which show up as punch-through electrons are (just like the muons they tend to fake)
indicators of hadronic showers.

The necessary information is supplied by the 17 Geiger towers within HEGRA. Their
multi-layer structure and their rather moderate thickness of absorbing material makes
them powerful tools for exploiting the calorimetric information together with the high
energy et v, and u* content. '

The analysis of the data used for v/hadron separation is consequently based on neural
networks, as multi-dimensional analysis is the natural approach to problems with a high
degree of complexity. In addition to high efficiencies gained by parallel data handling,
the neural network technique gives some insight into the physics involved: artificial
disabling of input information allows to reveal and asses the separation criteria.

A comparison between the neural net output distribution for experimental data and
MC hadron showers does not show systematic deviations. Nevertheless, in order to
describe the experimental data correctly, the degraded Geiger array performance due
to dead wires, layers, or towers has to be taken into account carefully.

139
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The 90 % upper limit on the ratio of the y-flux to the overall cosmic ray flux,
f’y = q)'y/q)all <0.033, (7.1)

derived from the network output distribution of the experimental data, shows that a
diffuse isotropic y-ray component in the cosmic radiation cannot be detected even with
«v/hadron separation. The ratio of the flux of Galactic y-rays (|b| < 10°) to the cosmic
ray flux is less than

L <5.1-10* (7.2)

Icr
(90 % confidence level).
To further increase the sensitivity of the source search and to smooth the violent time
variability of blazars, the source stacking method is applied. The main selection criteria
for the sample of 12 sources making up the generic blazar is their moderate distance
z < 0.062 and their compactness.
The analysis of a relatively small but well-understood data sample taken with the
HEGRA scintillator and Geiger array in November/December 1994 and February to
April 1995 yields a 4.1 o excess for the generic blazar after y/hadron separation, with
no single source dominating the excess. The significance distribution of the 12 blazars
is shifted to a non-zero mean value of 1.4, thus we observe a true cumulative signal. The
excess is regularly accumulated at a rate of ~ 2 vy-rays per day from the generic source
and shows 7-like behavior in every respect. An analysis of the excess as a function of
the source bin size furthermore shows that there is no evidence for a deviation from
the behavior expected for point-like sources.
The significance of the excess is rather robust when parameters like the cut in the
net output or on the maximum shower size are varied. Nevertheless, the energy range
between 50 and 100 TeV turns out to be the region where the excess is accumulated.
The estimated flux of

®(E > 55TeV) = (1.4+ 0.4 *}9) x 107 %cm ™21, (7.3)

is in accordance with predictions based on proton acceleration in jets if no external
absorption by infrared background photons takes place. The detection of > 50 TeV
v-rays from extragalactic sources provides compelling evidence for the proton blazar
model, with consecutive photo-production and cascading being the source of TeV +-
rays rather than synchrotron-self-Compton upscattering off relativistic electrons.

In addition to the generic blazar, the search is extended to source samples comprising
BL Lac objects at higher redshift (0.069 < 2z < 0.203), flat-spectrum galaxies with
0.1 € z < 1.04, and steep-spectrum sources with z < 0.1. No excess is found from
these three samples.

The non-detection of the generic BL Lac and the flat-spectrum sources at higher red-
shift is in accordance with a cutoff due to external absorption becoming relevant above
2 =~ 0.07. The estimated flux from the nearby blazars completely rules out any scenario
predicting a high strength of the infrared-to-optical background.

Apart from the rather small sample analyzed with the Geiger tower +/hadron sepa-
ration, also the pure scintillator data taken between 1989 and 1992 show evidence for
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v-emission from the blazars at approximately the same rate, and a preliminary analy-
sis of 1991/92 AIROBICC data supports the observation. The generic blazar has thus
been detected with a significance of more than 60 by now.

As a striking result, the x-ray-selected flat-spectrum AGN 0116 + 319 at z = 0.059
turns out to have the strongest excess in all data sets. The total significance is 4.9¢
(~ 6.10¢ including the preliminary AIROBICC results). An observation of this source
with Cerenkov telescopes seems promising and is performed with the HEGRA telescope
array in September/October 1996.

These encouraging results raise our hopes that the detection of single sources with
sufficient evidence may be possible with HEGRA in the following years. This would
allow us to understand more clearly where the sources of extragalactic cosmic rays are.
It may well be possible that our class of objects is just an extremely biased sub-class
of the so far unknown class of TeV emitters. If this is true, a number of surprising new
discoveries are to be expected from TeV ~y-astrophysics in the near future.
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