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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 )'-induced air showers from the background of hadron-induced showers. In this 
thesis, a )'/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 1-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 a excess from the superposition of 12 sources with redshift 
z :::; 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 0116+319 is the 
strongest source in both time periods and yields a 4.9 a 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 1020 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 Ge V-'Y 
point sources, all of them belonging to the class of objects c~alled 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-'Y rays [6, 7], which means that "I-radiation 
from these objects has now successfully been observed covering 18 orders of magnitude 
in energy, from radio observations at 10-6eV up to TeV "I-energies. 
Apart from being a challenge to all theories trying to explain the physical processes in 
AGN which lead to "!-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 "I-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 HEG RA energies would unequivocally 
answer questions concerning the origin of the "I-rays and their acceleration. Hence, 
great effort has been devoted to the search for > 50 Te V 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 
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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 Te V. 
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 Te V 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 
"(-flux above 50TeV 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. 

• Is it possible to increase the rather bad signal-to-noise-ratio of air shower arrays? 
In air shower physics, searching for "(-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 'Y /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 analysi~ 
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. 

• What sort of sources are likely candidates for 50 Te V emission ? 
The successful observations in the GeV and TeV region by EGRET and the Whipple 
and HEGRA Cerenkov telescopes imply that the highest energy "(-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 Te V 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 ')'-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 ")'- 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 a}'plied. 
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 
')'-flux between 50 and 100 Te V and on the diffuse ')'-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 Te V 11-astronomy 

High energy 1-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, 080-3, 
SAS 2) 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 50 keV to 30 GeV. 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 1-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 Ge V. 
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 1-emitters above 50TeV 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 ')'-emission with energies exceeding 10 Te V. 
The main aim of this chapter is to build a catalogue of potential sources of Te V 1-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 1-ray astronomy receives major input from particle 
physics. 

15 
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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 ~ 170 kpc 1 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 1-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 ga:laxies in the energy region from 30 MeV to 30 GeV 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 1-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 Ge V 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 ~ 5 GHz which may be 
described by a power law 

(2.1) 
11 pc = 3.086 · 1016m = 3.26 ly 
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I.I I.I 1.1 4.1 4.1 

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 5 mJy 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, Iv being the intensity of the emission and v the frequency. 
In order to understand the implications of this result especially for Te 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· 1040 W, which 
equals the total energy output of 1014 suns. The factor of five change in luminosity 
observed for this AGN during two days means that the emitting region is smaller than 
10-6 pc3 , as 

{ c tvar '.::::'. 5 · 1013 m '.::::'. 2 · 10-2 pc, (2.2) 
where r 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 = 3.1·10-13 (~) ly '.::::'. 10-13 (~) pc, (2.3) 

G being the gravitational constant, M the mass of the object, and M 0 the mass of 
the sun. Thus the typical radius of 108 M0 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 106 - 1010 M 0 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 AG N, 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 (Sy 2) 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 = 108 s- 1 

(typical for electric dipole emission) have transition probabilities A '.::::'. 0.01 s- 1 (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 5 m Mt. Par:arllor;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 (PC3 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 3C 273, 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 :S 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-q~ 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 QSOs 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 classif~iti'g it as a variable star. In 1969, a 
compact radio source was discovered in the same p~Sition , 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 LACS 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 
( :S 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. 

3 PC=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 galaxy. 
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 ere-

Massive central object 
(black hole ?) 

Infalling material 
(smaller companion?) 

---- Jets of relativistic plasma 
and radiation 

Accretion disc 

- - - - I -- Gas clouds 
thermal emission 

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 Lq of quasars, 3 · 1014 L0 , the accretion rate M 
necessary to fuel the AG N is 

. M0 
Lq ex f.M '.::::'.10 ... 100-, 

y 
where f. '.:::::'. 0.1 is the efficiency of the conversion process. 

(2.4) 

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 

s.o· 

1" 

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 ? 
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 ~f ionized hydrogen in H II-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 Iv oc v- 0

• As pointed out by H. Alfven 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 Iv (almost) independent of v, synchrotron radiation from a non-thermal 
distribution of electrons with number density n(E) oc E-1 , with E denoting the elec-
tron energy, automatically leads to power laws Iv oc v-0 with a = 1/2 (T - 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 (a~ 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 3C 120 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 Vcuti 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 c. 
Another difficulty arises from the compactness of the sources. Calculating the radio 
brightness temperature of some variable objects with an estimated size of c tvar gives 
temperatures above 1012 K, thus exceeding the inverse-Compton limit: for Tmax ~ 
1012 K, the ratio of radiation intensity Lrc from inverse-Compton up-scattering of a 
low energy / to a high energy 1• by relativistic electrons 4 , 

(2.5) 

to the synchrotron emission intensity Lsyn increases catastrophically like 

( Lrc) ( T ) 
10 

Lsyn ex 1011 K , 
(2.6) 

hence leading to immediate cooling of the source (23]. 
The way out of this dead end was shown in 1979 by Blandford and Konigl 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 fjom 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 ... 10 pc) 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 102 ... 103 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 (). 
In this picture, bright double radio sources, e.g. Cyg A with its two clearly visible jets, 
are viewed edge-on with () '.::::'. 90°. In contrast to this, the brightest compact sources 
have jets with a srriall angle to the line-of-sight (0 ~ 10°), and in blazars the jet is 
directly beamed towards us, i.e. we are within the cone with solid angle l/1Jet· 
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 

4In 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 (} 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 /Joos be the observed velocity of a radio knot in a jet with velocity /Jjet· (} is the 
angle between the jet axis and the line-of-sight ii. Then due to Doppler boosting, the 
observed velocity is given by 

a - ii x (~et x ii) 
/Jobs - .... ' 

1 - /3jet ii 
(2.7) 
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so for I Pobs I we get 
f3jet sinO 

f3obs = 1 {3 cosO · - jet 
(2.8) 

If 0 is small, i.e. we almost directly look into the jet, this becomes 

(2.9) 

For 3C 273 with its apparent superluminal motion of f3obs '.'.::::'. 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 f3obs in Equation 2.8 has a maximum when the condition 

f3jet = cosO (2.10) 

resp. 
• lJ 1 

Slnu = -
/'jet 

(2.11) 

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) ex v- 0 from the comoving system of the radio jet to the observer's frame. 
As the observed frequency is 

where Djet is the Doppler factor 

1 
Djet = ( {3 O), /'jet 1 - jetCOS 

the flux density and the total luminosity transform as [22] 

(2.12) 

(2.13) 

(2.14) 
(2.15) 

so the luminosity of the jet directed towards the observer is Doppler increased by a 
factor D}et• whereas the luminosity of the opposite jet is diminished by the same factor. 
Note that a factor D}et comes from the Doppler effect on the solid angle of the emission 



26 CHAPTER 2. CONCEPTS OF TEV "(-ASTRONOMY 

cone, and a factor of Djet 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 1-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]: 

• FRII galaxies are powerful (L17aMHz ~ 2 · 1025 W Hz- 1) radio galaxies when ob-
served edge-on and appear as flat-spectrum radio quasars when the viewing angle 
is small, and 

• FR I galaxies are weaker"' ( L17aMHz ~ 2 · 1025 W Hz- 1) 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 axis 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 1-ray 
emission up to TeV energies remain unanswered, together with the question what ac-
tually is injected 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 1-ray emitters, and the Whipple and HEGRA Cerenkov telescopes detect 
Mrk421 and Mrk501 up tp lOTeV. Although it is not possible to resolve the origin 
of the hard X-ray and "(-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 1-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 Mrk 421. 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 in~rnal 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. 
')'-energies above 105 e V 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 syn_chrotron photons off the same relativistic electrons which produced 
them [28]: 

e- 'Yuv -t 1e 
e- "!synch -t ')' e 

(2.16) 
(2.17) 
(2.18) 

The energy of Compton scattered photons is E1c '.'.::::'. E1;, thus energies up to lOOGeV 
are easily obtained in this way. Nevertheless, both mechanisms fail to explain the 
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spectra of sources with a 1-ray luminosity L.., exceeding the optical luminosity Lopt· Lr 
is proportional to the luminosity of the synchrotron-self-Compton mechanism, Lssc, 
and thus depends on the magnetic energy density u8 . On the other hand, Lopt is 
proportional to the synchrotron luminosity Lsyn, which depends on the photon energy 
density Urad, so 

L"Y Lssc Urad 
--<X--'.::='.--
Lopt Lsyn UB 

(2.19) 

implies that for L"Y > Lopt, the condition Urad > UB must be fulfilled. 
This is in contradiction to u8 ~ Urad, which is required to explain the acceleration 
of the particles by statistical Fermi or drift mechanisms: for Urad > u8 , 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 I 1-collisions, which again counteract the 1-emission at high energies. Models based 
solely on electron acceleration and inverse-Compton upscattering therefore inevitably 
reach their maximum energy at about 1 TeV. 
A very promising (but still controversial) solution comes from adding protons to the 
standard Blandford and Konigl 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 cod'ling 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 103 Pe V (assuming magnetic fields of '.::::'.10 G in the jet). At these energies, photo-
production ofpions and e+e--pairs (via A(1232)) is the dominant cooling process: 

p I --t 7ro p 
p I --t 7r+ n 
p / --t e+ e-p 

{2.20) 
(2.21) 
{2.22) 

The e±-pairs immediately lose energy by synchrotron radiation, the neutral pious de-
cay via 7ro --+ / /, and the charged pions produce positrons via muon decay, thus 
an electromagnetic cascade is induced in the jet. If the energy of the 1-rays is above 
the critical value Ecrit with Tn(Ecrit) = 1, i.e. the optical depth Tn exceeds 1, they 
produce e±-pairs via / / --+ e+ e-, which again produce ')'-rays. This cascade-cycle is 
repeated several times until the energy of the 1-rays is below Ecrit· 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. 



2.1. HIGH ENERGY /'-RAY ASTRONOMY 

log ( V Fv) 

radio 

Synchrotron emission 
of relativistic electrons 

optical 

flat radio spectrum 
from superposition of 
synchrotron spectra 

x-ray 

Proton initiated cascade 
("proton blazar") 

1-ray 

29 

TeV 

log (photon energy) 

Figure 2. 7: Schematic of typical blazar spectra. 

For a simple comparison of the proton-initiated cascade luminosity Lpic to the syn-
chrotron luminosity Lsyn we calculate the ratio Lpic/ Lsyn· The luminosity is directly 
proportional to the energy densities Up and Ue of the particles involved in the corre-
sponding process (protons for Lpic resp. electrons for Lsyn) and anti-proportional to 
the cooling times tP and te of the particles, thus .. 

Lpic Up te --""--
Lsyn - Ue tp 

(2.23) 

(2.24) 

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 TJ 
which can be relatively large: 1J '.:::: 100 holds for the Milky Way and the interstellar 
space and may also be true for the jets. In fact, 1J '.:::: 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 (Sv ~ const.) and steepens in the optical- to X-ray region (Sv ex v- 1). Now 
the proton blazar spectrum sets in, rising as Sv ex v-0·5 and steepening to Sv ex v- 1 

in the MeV to GeV region. Above TeV, the absorption of 1-rays by low energy syn-
chrotron photons leads to further steepening of the spectrum (Sv ex 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 lOTeV. 
The bumpy structure of the proton blazar spectrum is a consequence of the different 
1-production modes in proton blazars: the 1-rays produced by the cascade processes 
following the photo-production do not leave the jet simultaneously but in generations, 
i.e. whenever the individual 1-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 

( 
R )-~ 

Vcut ~ 2 lpc GHz {2.25) 

does not allow radio emission .until the jet radius R is of the order 1 pc, 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 1-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 1-ray fluctuations are larger in amplitude than the optical fluctuations: the 1-ray 
flux is proportional both to the proton and the target photon energy, so the dependence 
on energy variations is quadratic rather than linear. 
Multifrequeµcy 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 Ge V en-
ergies is a guideline where promising sources at energies above lOTeV 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 ')'-rays at these energies. 
The first blazar to be discovered at lOTeV, Mrk421 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 ')'-ray telecopes is that TeV 1-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 Te V cosmic ray photons through the extragalactic space, as this is 
the 1-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 t'he review by Ressell and 
Turner [31]. Note that the wavelength ,\ is connected to the energy t of the back-
ground photon via 

27fli [100 nm] 
t = T = 12.4 ,\ eV. (2.26) 

By order of background photon energy, the diffuse radiation has the following ingredi-
ents: 
In the RADIO (10-s eV - 10-6 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 (10-6 eV - 10-2 eV) 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 (10-2 eV - 1 eV). It comprises infrared emission of 
nearby gal~ies 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 (100 eV - 105 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 /-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 '.::::'. 109 K, but there is no consensus on this 
point [37]. 
The region above 100 MeV 1-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 1-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 1-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 1-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 1-rays reaches 
from (1) absorption of primary photons by e+e- -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 ~nergy 1-ray emission [39]. 
The latter effect would make AGN appear as extended 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 productiori at microwave and infrared background 
photons 

Soon after the discovery of the cosmic microwave radiation, Gould, Schreder [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 

+ -
/ lbg ----+ e e 

leads to absorption of 1-rays above a threshold 

2m~ [1 TeV] E ~ Ethresh = ( ) '.::::'. 0.5 -- eV 
t 1 - cos(} f. 

(2.27) 

(2.28) 

with E denoting the energy of the primary 1-ray, f. the energy of the background photon 
and (} the angle between the photon directions. The average energy of microwave 
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background photons is 10-3e V, so the corresponding threshold energy is Ethresh 

500TeV (see Fig. 2.9). 
The total cross section for this process is given by [42) 

with 

f3= 
1-2m2 

e (2.30) Edl - cosO) 
being the velocity of the outgoing electron in the center-of-mass system and ar 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 f = 10-2 ••• 10-3 eV will interact with '"'(-rays with energies above 100 TeV, 
whereas the propagation of primaries with energies between 1 and 100 Te V 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 Te V 
primaries, the cross section peaks at f ::: 10-2 eV, whereas for 10 TeV primaries, 
infrared background photons of energy f ::: 0.1 e V, corresponding to ,\ = 10 µm, 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 :Sf. :S 1 eV. 
If n(f., z) is the number density of background radiation photons at redshift z, the so-
called OPTICAL DEPTH T for attenuation between the source at Zs and the observer is 
given by 

1 1z, 1 11 loo T(l, z) = H (1 + z)- 2 (1+2qz)-2 dz (1 - cosO) dcosO n(l, z)adf. 
2 0 -1 Ethruh 

(2.31) 
with H being the Hubble constant and q the deceleration parameter. Provided n(f., 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 ')'-rays 
(Tn 2 1). This will restrict the part of the universe visible for HEGRA to sources with 
a redshift below a certain maximum value Zmaxi and the catalogue of possible sources 
depends on the actual value of Zmax, as the flux dN/dE from sources is reduced rather 
drastically like 

dN/dE ex: e-r(E). (2.32) 

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

8 7f f.2 
n3K ( f.) = -(2_7f_li_) 2 -( e-t/ k_T ___ l_) (2.33) 

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 r~dshift z is cooled 
by a factor ( R( z) / R( 0) )3 ~ ( 1 + z )3 due to the expansion of the universe from radius 
R(z) to the present value R(O). 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 

n(l, z) = (1 + z) 3n(l, O)f(z). (2.34) 

Here, f ( z) = 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 2, the cosmological scenario is a good approximation even in the infrared [38]. 
In fact, n(l, z) ex: (1 + z) 3 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( f., z) ex: (1 + z)k 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(f, 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 $ z $ 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: ')'-ray horizon r{ 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 1 e V 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 €2n(€) = 1.0 .10-3 eV cm-3 

at 1.2 · 10-2 eV. 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 ')'-ray horizon r(E, z) = 1 is calcu-
lated, assuming n = 1, Ho = 75 kms- 1 Mpc- 1 and strong evolution (k = 3), and 
shown in Fig. 2.11. The ambivalence due to the un(:ertainty 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 1-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 



38 CHAPTER 2. CONCEPTS OF TEV 1-ASTRONOMY 

emission at HEGRA energies are only very nearby sources with redshifts well below 
z = 0.1, as Mrk 421 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 Te V 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 Te V, 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 1-ray absorption in background radiation fields. 
Electromagnetic cascades are mainly driven by pair production and inverse-Compton 
scattering off background photons, 

e/bg---+ e1 (2.35) 

The cross sect'ion for this process is given by the Klein-Nishina formula 

a1cs = ar-- 2 + 2/J - /J - 2/J - - 2 - 3/J - /J ln--3 m~ [ 2 ( 2 3) 1 ( 2 3 1 + /J)] 
8 s{J /J(l + /J) /12 1 - jJ 

with 
/J = 1 - m~ 

1 +m2 
e 

(2.36) 

(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 1-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 1-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. F0!E) 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- lOTeV 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 -y-ray spectrum F(E) at Earth for sources at different redshifts 
emitting an E-2-spectrum up to 1018 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 

9e ~ 100 [10o~eV] [10~ a]-1 pc (2.38) 

is smaller than the inverse-Compton cooling length . 

[ 
E ]-

1 

A~ 4 . 103 lOOTeV pc' (2.39) 

the direction of the upscattered background photon is not sufficiently correlated to the 
direction of the initial TeV 1-ray. The intergalactic magnetic field strengths are in fact 
only marginally known. Vallee [49] gives an upper limit of 6 · 10-12 G, but points out 
that the true value might be much lower. Directional information of the primary 1 is 
in fact only conserved if the magnetic field strength is less than 10-14 to 10-15 G [38]. 
As an interesting consequence of their dependence on magnetic fields, cascade processes 
and the time dilatation of TeV-1-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 Te V. 

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 VOik [39]. 
As shown before, 1-ray primaries above 100 TeV are not directly visible as they inter-
act with the microwave background photons. Assuming a blazar emitting 1-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 ~ 1 Mpc). In a second step, the Compton-upscattered photons and the source 
photons with E ~ 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 e+e--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 1-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 Te V. 
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.-\!though a dl'tPction of pair halos is th<'n'fon• not within rPach ofcurn•nt Parth-bound 
dl·tt•ctor arrays and CPr<'nkov tPlPsrn1ws, the process itsdf might incrcasP the flux from 
t•xtragalactic soun·t's abovP som<' 10 Tt•\'. 

2.3 The source sample 

In t hP pn'cl'dl'nt s<'ct ions. concPpts of a thf'ory-guided sf'arch for f'Xtragalactic 1-ray 
Pill ission ha\'<' hPPll <'\·al ua t ed. As a const>quf'ncc, th<' further analysis concentrates 011 

\\"hat is <'X p<'ct Pd to be the most promising source type for detection in the Te V region, 
th<' n1·11rh,11 jiat-spcr:trnm AGN. 
It is in fact diflirnlt to (kciliP what nearby means in terms of redshift, but confronted 
\\"ith Fig. '2.11, PWn in thf' most optimistic case of a low infrared absorption field, 
sourcPs with :: ~ 0.1 art' \'f'ry unlikely candidates for detection with HEGRA. 

TablP 2.1: The hlazar sample. 

SOtllT(' z 11a11w class references 
0055+300 ().()17 NGC 315 [51] 
2201 +0·11 0.028 BL [52, 53] 
l llll+381 O.ll3 l !\Irk ·121 UL,OVV [18, .54, 55, 56, 53] 
0·130+052 0.0:1:1 3C 120.0 ovv [57, 58] 
1G.'i2+:1~J8 0.0:1-t !\Irk .'IOI UL [18, 54, 59, 56] 
23·1·1+513 (l.01-1 BL [18, GI] 
151 ·I +00·1 0.0.'12 [51] 
1727+[)02 0. O.'i5 I Zw 187 BL,OVV [18, 54, .56] 
1J.102+:rni 0.055 4C+37.ll [51~ 
Ol IG+:ll9 0.0;,9 ·tC +31.(M [GO] 
0802+ 2.1:1 ( l. ()()() 3C 192 .o [51] 
1211+381 O.OG2 !\IS 12143+38 [60] 

Tlw somce cat alog11<~, for si111 pl ici ty call<~d blazar sample, is mainly based on the paper 
by '.\I an 11 lH·im <'! al. [I l], which fits th<' proton blazar model [ 12] to multi frequency 
data of IS llt'arl>\' flat sp<'ctrnm radio sourn•s to obtain flux predictions in the HEGn.A 
<'J)('rgy n·gio11. Tl)(' availablc flux nwas11rcn1t'llts or flux upper limits us<~d to create mul-
l if1H111<·11n· SJH•ct ra typically cowr t.hc wholP <mergy band from the radio to Whipple 
1•1wrgi<'s. I 11 t hf' high <'n<'rgy rq~ion, HOS AT data from th<' all-sky survey and prelimi-
11ar~· flux limits from \\'hippl<> and IIEGRA were additionally taken into account. Tlw 
sa111pl<· is lllai11ly t ak!•11 fro111 the compilation of Fichtcl d, al. [3], which is based on a 
1111111l>l'r <if f'at alog11t•s \\'it h <>mphasis on 

• s1 n1rc!·s \\'it Ii flat or i11vert<'d radio sp!~ctrnm, i. <'. with a radio spectral iudcx 
I if't \n'<'ll 11 <·111 and ()cm of n :::; 0.5 ( S',,. rx u--n) 

f1ill11\\i11g tlw ddi11itio11 of Kiihr d al. [G2] 5 . Tlw radio s1wct.ra for the sources for which 
s1If!if'i<·11t data is arnilahl<' an· shown i11 Fig. 2.13. Tlw sources typically have a radio 
-----·---
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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. 

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

:JC :lrd Cambridge Survey of Radio Sources 
·IC -Ith Cambridge Survey of Radio Sources 

.J. D. H. Pilkington, P. F. Scott, Mon. Not. R. Astr. Soc. 69 (1965) 183 
and .J. F. H. Gower, P. F. Scott, D. Wills, Mon. Not. R. Astr. Soc. 71(1967)49 

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

flux > 1.Jv. '""' ' 
!\lost of the sources are BL Lac objects, which by definition show a 

• high degree of polarization and variability at all wavelengths. 

Hcfore11ces arc given in Tab. 2.1, which lists the final source sample after additionally 
considering the trivial co11straint of 

• good visibility from the HEGilA location on the northern hemisphere (restricting 
the source declination to 0° :::; b :::; .52°). 

TllP list is in agreement with the BL Lac compilation of VJron-Cetty and Veron [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 = 0.044 ha..c;; recently been measured. The source has been (tentatively) detected 
with the Whipple Cerenkov telescope. Note that the radio flux of 2344 + 513 is only 
'.::::'.0.1.Jy, which is considerably smaller than the typical flux of~ 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 sublurninal 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 he much lower 
than the nuclear jet emission. NGC 1275 therefore does not belong to the catalogue of 
blazars. In addition, there arc some doubts as to the redshift of z = 0.018 given in [64], 
as later measurements failed in finding suited emission lines. 
:-\t 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. 
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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 1-radiation. When analyzing thP 
blazar sample in Chapter 6, the redshift cut has to be re-visited, and wP certainly haw 
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 discowred 
above 1 TeV. In addition, the catalogues analyzed in previous point so111-ce Sf'arch('s 
mainly comprised sources observed by EGRET, and in fact Mrk 421 is the only so111TP 
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 ~rea of 2.3 · 105 m2 , consisting of 1089 ind<'JWndcnt scin-
tillator stations with 15 m grid spacing. The energy threshold for 1-show<'rs is 100 Te\'. 
As a very important additional feature, MIA is an associated array of 1024 2.5 m2 muon 
detectors buried 3 m under the ground. The muon threshold energy is 0. 75 GeV. t-.IIA 
allows a 1-/hadron separation based on the estimation of the muon content. While 
retaining 75 % of the 1-rays, more than 90 % of the cosmic ray background is rej<'<'tPd. 

(2) The CYGNUS array [66] at 2134 m altitude in Los Alamos, NPw l\Iexirn, cm·-
ers an area of 2.2 · 104 m2 . It comprises 108 scintillation counters with an area of 1 m2 

each. The threshold energy for 1-rays e.g. from Mrk 421 is of the order 70 Te\'. 

(3) The EAS-TOP array [67] is located at 2005 ma. s. l. at Campo Imperatore (Italy) 
above the Gran Sasso Underground Laboratories. It comprises 35 moduls of scintil-
lation counters with an area of 101112 each, a 12 x 121112 detector for the muonic and 
hadronic component, and 8 Cerenkov stations. The array covers an area of about 
105 m2. 

(4) The Tibet air shower array [68] is located in Yangbajing at a rather high alti-
tude of 4300 m a. s. l. It consists of 49 scintillation counters with an area of 0.5 m2 on 
a 15 m grid. Due to the high altitude with an atmospheric depth of GOG g cm- 2 • t IH' 
threshold energy for 1-induced showers is only about lOTeV. The Tibet arra:v thus has 
the lowest threshold energy of all earth-bound scintillation arravs. It is onlv one order 
of magnitude highn than the energy threshold of Cerenkov tPle~copes. :\s the arrav is 
rather small at present, it will be scaled up by a factor of 4 in the near future. 



2 .. l THE SOL'RCE SA.\IPLE 45 

Th(' n's1tlts on \lrk·l:21 in thl' <'n<'rg~· range' from 1001\Ie\' to lOOTeV an' snmma-
ril\'d in Fig.:!.l·l tog<'lhf'r with thl' prl'diction of tlw proton blazar modd (taken 
fron1 [11]) including int1'rnal and l'XtPrnal absorption, and t>xtrapolations from EGRET 
and llECIL\ C'1'n·nku\· n'sults. \\'h1'n'as a simplP extrapolation from EGHET to TeV 

Tal>ll' :!.:l: Limits on individual objects from the sample as achieved with various air 
showpr arrays. Eu.,,_.,, is the threshold energy and <l>(E ~ Et1irrsh) is the 90% (Tibet: 953) 
c. L upper limit on t.he integral flux. 

rt~raY SOU!Tl' E1h1·esh sqiaration <I> reference 
[T<>V] [rm-2s- 1] 

CAS:\-l\IL\ l\lrk-121 100 NI, 3.5. 10- 14 [69] 
EAS-TOP tllrk-121 25 - l.2·10-(;j [70, 71] 

90 - 3.-1. 10-14 
2·10 - 7.3. 10- 15 

2-10 NI, 8.3. 10- 15 

CYGNUS tllrk ·t21 50 - 9.0. 10 14 [72] 
50 NI, 7.5. 10-14 

Tilwt tllrk-121 10 - 8.6. 10- 13 [73] 
30 - 1.7. 10-13 

HEGHA tllrk-121 60 - 1.8. 10-13 [74] 
S<'illt. ti Irk 501 60 - 9.9. 10- 14 

r--· 
IIEGHA tllrk ·121 25 - 1.2. 10-t:J [75] 
:\lHOBlCC l\lrk 501 2·1 - 3.7. 10- 13 

l'lll'rgi<'s is 1·ompl<'t<>l:v rnl<'d out by flux upper limits from various air shower arrays, 
flux PSI imat<'s d<'riwd by Pxtrapolating the measurements at 1 TcV to higher energies 
ar<' st ill lH'low t hl' s1•11sitivity of cnrn'nt air showf'r detectors. Experiment.al data clearly 
indirnt<' a sl<'P(H'11i11g of tlw spcctn1111 in the TeV region due to internal absorption, 
hut t h<'n' is st i II 110 di r<'(' t <'vidPncf' for e:i:ternal absorption i>y photons of the infrared 
background. 
:\P\"<'rl h<'i<'ss, Fig. :2.1"1 indicates that with a further improvement of the sensitivity of 
air shm\·<'r arrays <'S(J<'('ially at low e1wrgies (Tibet, HEGRA-AIHOI3ICC) WP may w<~ll 
l H' a bi<' to d<'t<'l'I .\Irk 4 21 and other nearby blazars. 
:\part from improving th<' angular resol11t.io11 am! lowering the energy threshold,/ /ha-
dron s<'paratio11 for s11ppn~ssi11g th<' hadro11ic ba('kground is the most promising way. 
Tab. 2.~~ shows that up to 11ow r /hadron S<~paration is solely based 011 N1" i.e. 011 

<'SI irnat ing t hi' muon ('OJ1lf'11t of air shmv<'rs. In the next chapters, w<~ will concentrate 
l>l1 111Pt li1>ds of improving th<' signal-to-noise ratio of IIEGHA by/ /hadron s<~paration. 

The southern hemisphere 

Tlll' ~01m·<· ('at alog1w Ill Tab. 2.1 co11centratcs on sources with good visibility at the 
llECIL\ sit<'. SPar('h for ~,-flux from iJH!ividual blazars has also been performed with 
\arillllS arrays 011 t }}('soul lwrn hemisphere. 
·1 lw B11ckland Park Ext<•11sin~ Air Shower Array on sea-level north of Adelaide has 
·"'art <·d dill a taking in the <'arly 1 !J70's. As a striking result of their analysis, the 
B1wkJ;u1d group rq)()rts a sl<'ady flux from C<'11 A (NGC 5128, 1322-425)) [78]. C<~n A 
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Figure 2.14: Integral flux measurements and limits for Mrk 421 as a function of the 
1-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 it.s 
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 P1wrgy 
of the array was approximately lOOTeV. The time averaged Hux has been <'stimated 
to 

<l>(E 2: lOOTeV) = (7.4±2.6) .10-- 12 cm- 2s- 1 , (2.10) 

and the data show evidence for a spectral cutoff at 150 TeV, which is consistent. with 
1-ray absorption by photons of the cosmic microwave background. 
The '.:::'. 3 a significance of the excess is not compelling, especially as no steady Hux has 
been detected between October 1987 and January 1992 by the .JANZOS air shmwr 
array [79] at 1635 m alt.itude. Nevertheless, the .JANZOS group reports that during 18 
days of high intensity in 1990, a flux excess at the 3.8 a level ha .. " hel~n accumulall•d. 
This would be in accordance with a high degree of variability of CPn A p\·pu at th<' 
highest energies. 



Chapter 3 

Experimental tools 

This chapter deals with the challenges and possibilities of high energy ')'-astronomy 
from the rxprrimental point of view. After a short introduction to the physics of ex-
truded air showns, thf' HEGRA (High Energy Gamma Ray Astronomy) array, located 
2200111 a.s.l. on the Car.iary Island La Palma (28.8° N, 17.9° W), is described with re-
striction to those parts of th<• 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 I' /hadron separation based on the electromagnetic and 
muonic component of air showers. The properties of ')'- 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 inv<:,rse power law in energy, 

dN E-h+Il 
dE ex (3.1) 

with r = 2.G7 [80] bf~ing tlw 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. 
\Vlwn~as balloon and satellite experiments with their limited effective area are excellent 
tools in the >GeV energy region, a large detector size is essential to have a sufficient 
rate from point sourc<>s at energies above TeV, so earth-bound detector arrays have to 
rnwr this region. This makes the analysis of the primary cosmic rays consid<~rnbly more 
complicated, because thr Earth's atmosphere works as a calorimeter of inhomogeneous 
drnsit:i;. and the relevant properties of cosmic ray primaries have to be reconstructed 
rat her indirectly by det<~cting the cascade of secondary particles they induce in the 
atrnosph<•n>, tlw so-called air shower. 
Th<' dewlopment of a cosmic ray induced air shower is carried by an electromagnetic, 
a 11111onic, and a hadronic comporumt. 1-show<>rs aw almost purely dectromagnet.ic 
\\'ith alt<'mate pair production and bremsstrahlung being the main process chain. In 
proton- and hadron-induced showers. additional hadronic cascadrs lead to subshowers 
and anisotropirs in tlH' shower development and to a considerahlf~ muon content from 

47 



48 CHAPTER 3. EXPERIMENTAL TOOLS 

pion and kaon decay, 

( 3. 2) 
( .1.~~) 

Fig. 3.1 shows a computer simulation 1 of the development of showPrs inducPd by a 
primary'"'(, a proton, and an iron nucleus. The most striking features are th<' srnoot lrnPss 
of the purely electromagnetic '"'(-induced shower and the rather grainy structure of t lw 
hadron-induced showers which is a consequence of the additional rnuonic and hadronic 
component. In all shower types, the electromagnetic component dorninatf~s. by orders 
of magnitude, as electrons and positrons rapidly multiply. The total numhPr of < -r 
reaches a maximum and decreases quickly afterwards as the e1wrgy drops helo\\' t lw 
critical value for pair production (':::::'.'. 80 MeV). l\Iuons lose rnergy by ionization onl:"· 
so their number reaches a maximum and then attenuates slowly. 
The shower maximum has a typical altitude of 15 to 30 km depmding on t hf' 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 Palrna 2200 m, Tibet 
4300 m), this is well after the maximum. Sophisticated fitting and extrapolation ts 
necessary to gain information about the shower and tlw primary particle. 

3.2 The HEGRA .air shower array 
The HEGRA air shower array has been built with the aim of df'tecting dirfft<'d /-
radiation from galactic and extragalactic point sources and cxtPIHlPd regions of /-
emission. It furthermore allows to analyze the chemical composition of t lw primary 
cosmic radiation [82] and to observe time variations. As a rather new and challt>nging 
scientific goal, the search for burst-like phenomena has !wen addPd, as a dPtrction of 
TeV counterparts might cast some light on the nature of 1-ray bursts [83. 8·1, 8G]. 
The array covers an area of 180 x 180 m 2 with a detector sampling drnsity of about 
3 % and comprises 4 sub-arrays measuring physically differrnt components of cxU•rn!Pd 
air showers. 

• The direction of the primary particle is reconstructed by a grid of 2·13 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. 

• The grid of 49 open Cerenkov counters AIROBICC (AIR shm\'f'r Observation 
By angle Integrating Cerenkov Counters) [86] is able to detect the atmosphrric 
Cerenkov light cone produced by the electromagnetic shower component and thus 
to reconstruct the direction of the primary particle and - to a certain dt>gree 
draw conclusions as to the nature of the primary particle. The CermkoY light 

1 Here and in the following analyses, the air shower simulation rndP COHSIKA [81] is ust>d. 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. 

• 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. 

• 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 ~1-rays 
from the Crab supernova remnant and the blazars Mrk 421 and Mrk 501 has been 
confirmed. In addition, 1-rays from the galactic source GRS 1915+ 105 [89] have 
recently been detected with a significance of more than 5 a [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 HEG RA scintillator matrix consisted 
of 167 counters on a grid with 15 m spacing and an additional matrix of 7G counters . 
interleaved to achieve a dense region of 10 m grid spacing iu the inner part of the array. 
Each scintillator counter consists of 1 x 1 x 0.04 m3 of scintillator coven•d by 4.8 nun 
of lead absorber which filters low energy electrons and converts a part of the incoming 
photons into e+e- -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 !wen 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 200ns. The scintillator trigger rate of 12 Hz (14 huts) is increased 
to 20 Hz in runs including AIROBICC. 
As the cable lengths vary due to temperature differences (1-2 ns for the 150 m cab!Ps). 
light pulser runs are performed every 20 min. The ADC pedestals are measured In' 
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 l\IIP: this allows thP det.Prmination of 
the conversion factor bet.ween ADC pulse height and the particle dPnsity in the dPtec-
tor. 



3.2. THE HEGRA. A.IR SHO\rER A.RR:-\)' 51 

HEGRA A1Tay 
La Palma 

I 00 mr 

00 00 00 ,,, 
• ., 

• • • • 

' . II) i • 00 0 
0 • • • ~ 

50 'K 'b D • CJ. K • • 
• • • • 

• • 
~ . Iii Iii 0 ii • D • ID o. c::::J • C:J 

• 
0 ii c:::J. ii ii ii ii ~ 

. o.'K· CJ o· 
• • • • • 

Iii . °" ~ ·o. •o '.0 • ~ 
~ D CJ . • CJ • • 

• • • 
-50 'Jr • .K • • 

"° ~ 00 ·o Iii ll Iii • ~ 

CJ 

• • • 

~ • ~ •o .., • •O • •0 

-JOO _ ____L__.._...._ _ _L_ 

-JOO -50 0 50 IOOm 

• Scintillation counter (I m 2 
) 

0 AIROBICC Detector ( <b 0.4 m) 
c:=i Muon Tower (18 m2 

) 

!;: Cherenkov Telescope 

Figure :3.2: Present layout of the HEGRA detector array at La Palma. 



52 CHAPTER 3. EXPERIJ\IENTAL TOOLS 

1m 
Lead 

I Scintillator / 

Light 
Collector 

0.5m 
Llghtpulser 

J 
Photo-
multiplier 

Figure 3.3: Schematic view of a scintillation counter [91]. 

Determination of shower properties 

The determination of shower properties by the scintillator matrix includes sewral 
steps [91] which are briefly des~ribed 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 GO x GO m2 square around 
this counter. The sum is weighted by the counter density to correct for the ditferPnt 
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 rnhw of thP 
particle density of the existing huts assigned to them. The accuracy of this method is 
a 633 '::::" 10 m 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 

( 3.4) 

with ti denoting the arrival time measured by hut i. w is a weighting function and J 
is called the shower front function. Whereas it was taken as a simple plane in earlier 
applications, the direction fit for the upgraded HEG RA array uses f and w dPJWIHling 
on the distance r from the previously drtermined shower core and the number X of 
particles detected by the counter. As an important improwment, f (r, N) and w(r, ;Y) 
are determined from the experimental data, a procedure which guarantees an optimal 
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Figur<' 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 II EG HA co11di tions. 
In at hi rd st(•p. t hi' numlH'r of electromagnetic show<'r partich~s is determined by fitting 
tlH' so-call(•d >JKG (Nishimura-Kamata-Gn~iscn) function [02} to the electron density 
p( r) in a dist arn·f• r from th!' shower con\ 

V 
( 

s-2 )"-~ 1 ,. r r 2 

p(r) rx :i -:-) (1 +-:-
'o ro ro 

(3.5) 

r0 is thP f\loli(~re radius (112111 at HEGHA altitud(~). which is the characteristic lat<~ral 
scalP oft he shmV<~r. It is df'pcndcnt on density and indicates the amount of multiple 
scat ti· ring in t lw at mosph<•n'. 
Both .\',. and s an· frf'(' paramdcrs. s is called shower age and has the value 0 at the 
liq1,inni11g ()f t !}(' ('ascad(•, 1 at th<~ maximum, and ~ 1 during th<~ dying out phase of 
t lw slimn•r dPn·lopmPlll. 

Tlw r('s11lt i11g a11g11lar n·sol11tion of ti!(' IIEGRA scintillator array can lw described 
as a fti1wt i()ll of t ll(' tot al 1111mbcr of electrons by 

(J . (' ( ,y ) - ( 10-1.5 ± 0.4)° 
fi.I lc. • P - !/\Ty 

y1"'fe 
(:3.G) 

Th11s. fl>!' a mi11im11111 Sr of 1() 000, the angular resolution is a 6:i% = 1.0°. 
Tlw rf'sol11tion has bf'f'll dwckf'd by various methods [01]. 01w of them, the search for 
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a deficit from the direction of the moon, is also applied in this analysis and descrilwd 
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 1 GO Geiger tu lws 
with quadratic cross section (1.5 x 1.5cm2 ) and 600 cm in length. Covering an ac:ti\·e 
area of 270 x 600 cm2 each, they are placed in the central part of the HEG RA arrav 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 layers are sPp-
arated by 10 cm of light concrete (density 0.8gcm- 3 ) a11<I 10 cm of air. Th(' first t\\'o 
Geiger tube layers are followed by 4.5 r. l. of lead absorber each, so the Geig<'f to\\'<' rs 
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 

r---
1 e an ~ 

:\\' I 
I' \i " r 

Figure 3.5: Front view of a Geiger tower. 

for the reconstruction of muon tracks and tracks caused by high energy e±, 'Y 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 G 1/h b.\· 
a central mixing facility. Past experience has shown that a small percentage of \·apor 
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 111..\ per Geig('r tube. 
The Geiger tubes together with the readout electronics are rrmnants from the disman-
tled Frejus underground detector, and parts of the electronic had to be re-<h'signed to 
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Fignr<' 3.G: Cross section of a Geiger octotuhc. 

acco1111t for the high rat<'S of the HEGRA experiment. As a very important upgrade, 
a11 addi t io11al Pdg<' sPnsi tivC' sPcondary readout dectronic [94] has been implemented 
to n•duc1• tlw accic!P11t.al background. This is 1wcessary since the typical duration of 
a C1·ig<'r pnlsP is about. 70 /LS a11d thus a considerable amount of Geiger pulses caused 
b~· partid<'s not bPlonging to th<• triggering air shower are additionally read out af-
tPr th<' t rigppr signal. To avoid this. each layer of a Geiger tower is equipped with 
an additional l0-cha111H•l readout board with one channel per bi-octotube. In case a 
GPigt•r pulse is dPtPctt•d 011 one of t.hP lG channels of a bi-oct.otube, a signal is send to 
this sPcondary readout board and triggers another 311s signal. Only in case this 311s 
signal is i11 coincidenc<' with tlw array trigger, a voltage level. is applied to an addi-
t io11al Cl\! OS shift registN. A part from th<> 1 GO-fold Geiger tu be status information 
of Pach lay<'r, additionally 10 cha1111els per layer now carry information about wlwtlwr 
at least one pnlsP 011 the corTcspo11ding bi-octotube is in .. coincidence with the trig-
g<'r signal. If only thP hits registered by these bi-octotubes are taken into account, 
the sensitiv<~ time period is shortened from 70 ps to 31is, thus considerably reducing 
accidental hits and tracks, which due to their high rate (2.5 kHz) else make the hit 
information valueless. Tlw tow<~rs haw~ been used to determine the integral muon flux 
at HEGRA altitude, and the exp<~rimental value (0.58 ± 0.05) min- 1 cm-2 ~;r- 1 [94, 95] 
is in good agreement with interpolations of measurements at sea level and 3000 ma. s. l. 

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 
thP relevant detector parts, additionally fine-tuned on experimental data, is further-
more essential for the development of reliable r /hadron s<~paration techniques. 
For t lw l\I C simulation of the Geiger tower array, a program based on the well-
establish<~d GEANT 3.21 [9G] co<if~ is used. Tlw GEANT code allows to describe tlw 
experimental setup by so-called geomPtrical 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 tmwr event sim-
ulation are summc-trized in Tab. 3.1 and Tab. 3.2. The threshold energies for differ<>nt 
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. 

I particle kinetic energy cuts [MeV] 
')' 
e± 
neutral hadrons 
charged hadrons 
µ± 

0.1 
0.1 
10 
10 
30 

Table 3.2: GEANT tracking medium parameters. 

I medium I density [gcm- 3] I radiation IPngth [cm] 
air (2200m a.s.I.) 0.986. 10-;i 37181 
ytong 1.0 33.7 
aluminium 2700 8.9 
argon 1.78. 10-3 11 000 
lead 11 350 0.56 

To test the reliability of the detector simulation, the Fr{•jus test dptector was imple-
mented in GEANT and the simulated detector response was comparPd to data takPn 
during the calibration in electron and hadron beams at DESY and Bonn. ExpPrimrnt al 
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 includPs 
the scintillator matrix to account correctly for the trigger condition. 

Tracks are reconstructed using an algorithm which first groups nPighboring 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 lying 
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 .x2 of tracks sharing more than one cluster with othPr 
tracks. 
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Thi' d!iciP1H·~· of this I rack finding pnJcPd11n.' natmally dPpPnds 011 tlw complcxit~· of 
t hl' hit pat t Prn. ."\s sho\\'n in [8 7], the rPconst met ion efficiency near the dense shower 
rnrt' region is 0111~· :JO to GO CJc,, but rxcct>ds 90 %1 at a distancP of mon' than 30 m from 
ti[(' rnre . .-\ t~·pical !'Xample both of tlw GEANT simulation of th<' Geiger array and 
t 11(' track finding algorithm is giw11 in Fig. 3.7 showing the hit pattprn of a GPiger 
t o\\'t>r ll!'<tr t hP ('OH' of a :JO Te\· proton induced showpr. The track finding algorithm 
has stll'!'l'ssfnlh· reco11st rncted two muons, characterized by a small number of hits per 
lawr. l 11 addition. a high c11Prgy electron, positron, or com·erting 'Y has prod llC<'d a 
s11hsho\\'er \\"II h a large 1111111lwr of hits in each layer. 

2 70 cm 

Figllr<' 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 r /hadron separation: Basic Ideas 
.-\s thP maiu aim of the s11hscq11e11t analysis is tlw search for point sources, it is impor-
t ant to kno\\' th<' d<'p!•11d<~11c<' of th!~ signal-to-noise ratio 011 air shower parameters like 
tllf' Pxpostir<' tillll' T and th<' siz<~ of tlw s<~nsitiw dd.cctor an~a A. 
C'lt>arl» t ll(' signal is ;i lin<'ar function of T and A, wlwrcas the noise also depends 011 

t l1f' angular n·sol11t ion ~n oft lw dett~ct.or. Diffon~nt spectral indic<~s rs aud "( for tlw 
~<>m<·r· a11d t ll(' o\·<·rall t'os111ic ray spectrnm have to b<~ considered. Ass11111i11g furtlwr-
111< 1rr· a -)hadron s<'parat io11 which n~d uces the hadronic backgro1111d by a factor f.had 

\\ hil<· k1·r·pi11g a fraction f'I of tlw signal, the signal-to-nois<~ ratio is 

signal £-'I.• A T f'I I 
-:x = E~-'f, J:4T - Q. 

1101s<' J E-'! A T (~n)2 fharl 6n 
(3.7) 

\\.h<•n•as signal to nois<' impro\'<'S only with tlw square root of obs<'rvation time and de-
t<'ctor ar<'a, it linearly dep<~nds on tlw angular r<'sol11tion 6n and the so-called 'Y/hadron 
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separation quality factor Q defined as 

Q=--2_ 
~' 

(3.8) 

which is used in the subsequent chapter for comparing different r /hadron separation 
techniques. In ac!dition, source spectra which are considerably flatter than the overall 
cosmic ray spectrum with r = 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 r /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 sJ10wer array KASCADE [97] in Karlsruhe and simulatPs 
the evolution of air shower cascades in the atmosphere. f(jr the electromagnetic part of 
the shower, the simulation is taken over by the well-established EGS4 [98] code, which 
treats e± and I· Muons do not undergo any nuclear reaction, but only decay. 
The simulation of low energy ( E ~ 80 Ge V) hadron-nucleus collisions and the cal-
culation of elastic and inelastic cross sections of hadrons is based on the G HEISHA 
code [99], and for the simulation of high energy interactions, the user may choosP lw-
tween routines based on the Dual Parton Model (DPM) [100] or the VENUS (\"ery 
Energetic NUclear Scattering) code [101]. Whereas the DPrvI 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 improye furthPr with IH'\\' 

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 N2 (78.1 %), 0 2 (21.0 %), and 
Ar (0.93) 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 overburdt>n 
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 wrsion 4.06. For all showC'rs, the 
full EGS simulation and the VENUS and G HEISHA options ar<' cl1osl'n. The Earth's 
magnetic field at La Palma (Bx = 29.5 G, Bz = 23.0 G) is implementrd to account 
correctly for the deflections of charged particles. Simulation tPnninates at HEG HA 
altitude (2200 m a.s.l.). 
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The full t-.1C simulation of air showers is a time-consuming process, and MC statistics 
\\'ill al\\'ays lw well behind experimental data statistics. As only a small part of the 
particl<'s reaching observation lewl an' actually detected, it is tempting to multiply 
\IC statistics by shifting the cor<' position 11 times and thus create 11 showers from one 
COHSIK . .\ grn<'rat<'d shrm·<'r. 
This m<>t hod ma~· lw j ustificd for certain typPs of analysis, but it is diflicul t to assess 
Pff<1cts rPsulting from this technique. In order to avoid any biasing on the neural net-
\\'ork based separation from this economical but dangerous procedure, every CORSIKA 
g<'IH'rat ed show{'r 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 1- and proton-induced air showers. 

3.3.2 The charged particle content 
In ~(-initiated air showers, muons arc produced at a significantly lower rate than in 
hadron-induced air showers, as the probability of muon production via processes like 

(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 
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Figure 3.9: e±, I reaching the HEGRA observation level lTl a 50 Te V 1- aud proton 
induced air shower. 

function of the energy of the primary particle for 1- and proton-showers: the muon 
content of 1-induced showers is only 1 % of the muon content of proton showers. F11r-
thermore, at least for hadronie showers, the number of 11111ous is a (weak) indicator of 
the primary energy. 
The detection of the muon content of air showers is the classical nwt.hod of //hadron 
separation, and significant hadron suppression has been achieved by sophisLicatPd 
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 H EG HA 
Geiger sub-array), thus only a small fraction of the mtwns (~ 1 %) can act11ally lw 
detected. 
Expecting only ~3 muons per hadronic shower, the rather larw~ eveut-to-event fluc-
tuations make the muon content a poor tool if taken alone. It is therefore nen~ssary 
to search for additional possibilities of separation. As a crucial advantag(\ t.he Gcig(~r 
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 t.o investigau~ 
further the c± and /-content of air showers which exceeds the muon content. by several 
orders. 
As said before, anisotropies in the shower development. label had ronic showers aud 
cause non-uniformities in the longitudinal and thus also in the lateral distribution of 
electromagnetic particles ( e±, /) reaching the observation level. Computer simulations 
of the distribution of e±, / reaching the observation level of the HEG RA array on au 
area of 200 x 200 m2 for a 50 TeV 1- and proton shower show differently shaped cores 
(F'ig. 3.9). In contrast to hadron showers, the core of 1-showers is more concentrated 
and the particle distribution is much smoother and without non-uniformities. 



3.3. ~,/HADRON SEPARATION: BASIC IDEAS 61 

io't 
'·· ... 

··········· ... > ••.••••••• 

proton showers ············ ... 
number of e;y ·· .. 
number of muons ·· .. 

, o 1-showers 
"· ............. . 

.. 
number of e,)' ······ ... 

· ··· ········· number of muons ....... ......................... .. - .. - .. - .. ,_ ... 
...... .. ......... . 

_;._ _ _. _l -- __ --------L - ____ ____. ___ ···--'---1------'-------" --~~-------~~----'--~.J.- .. -
10· 1 

E ... CGeVJ 

Figure 3.10: MC studies on the differences between 1- and proton-induced air showers: 
the number of electromagnetic particles (e±, /) and muons with energy greater than Ecut 

reaching the HEGRA observation level as a function of Ecut. in distances between 30 and 
100 n1 from the shower core for proton and 1-induced showers. 

Outside the dense core region with a radius of ".:::::'. 30 m the particle distribution in 
hadron-induced showers is rather grainy, and the hot spots in the distribution strongly 
correlate with high c1wrgy c± and 'Y· This is summarized i11 Fig. 3.10. The computer 
simulation shows the mean number of electromagnetic particles ( e±, "() and the mean 
1111111ber of 111uo11s with energies greater than a cut energy Ecut for 1000 MC "(- and 
1000 protou showers as a fouction of Ecu 1. Only particles reaching the HEG RA obser-
\'a tiou lend with in 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 
1·x1Hi111·11tial spectrum dN/dE rx E-'", with"(= 2.75 being the spectral index. There 
arl' Sl'\'l'ral n·sul ts: 

1. Thi· rn11011 co11tl'11t of proton showers exceeds the muon content of "(-showers by 
a\)()11( two ordl'rs of magnitude. 

'..!. Tlw 111111 d il'r of low c1wrgy electromagnetic particles (e±, 'Y) in 1-showers exceeds 
t IH' c<HTl'spo11di11g numlwr in proton showers. 

:~. For particl1· l'lll'rgiPs above -100 ;\le\', the number of e± and"( in proton showers is 
('OlllparalilP to the number of muons and higher than the corresponding numbers 
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in 1-showers. 

High energy e± and / 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 µ± and e± (so-called punch-throughs), is an advantage 
for I /hadron separation: high energy e± and - in addition - photons converting into 
e±-pairs are indicators of hadronic showers just like µ±. 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 r±, / carrying 
the same information. 
As the weak electromagnetic component which carries the major part of the energy of 
1-induced showers is almost totally absorbed in the 10 r. l. of lead absorber, only a few 
hits are expected in the lower layers of the Geiger towers with sufficient distance from 
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 t.he 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 r /hadron 
separation 

Detfftors likc the Geiger towers of the HEGRA array with their multi-layer structure 
and their rather moderate thickness of absorbing material (9 r. l.) are powerful tools 
for equally exploiting the calorimetric information contained in the electromagnetic 
particlPs and thc muon and high energy e±, 'Y content of air showers. 
Nevertheless, the 'Y /hadron separation criteria presented in the previous chapter are 
in fact rather limitC'd 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 1I1u011s from !wing detected. Exploiting the different energy distributions 
in a straight-forward cut suffers frolll the fact that single showers are subject to large 
fluctuations. Therdon~ 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 iu 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 h<'re, the criteria actually playing part in the network 'Y /hadron separation are 
estimated by artificially disabling input information and testing the resulting perfor-
m<HH'P. 

F11rthermore, methods from multivariate analysis, principal component analysis and 
discriminant analysis-, visualize the network learning process and help to construct the 

G3 
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Figure 4.1: Schematic of a neuron. 
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optimal network topology and therefore to minimize the number of arbit rar)' 1wtwork 
parameters. 

4.1 Network training 

4.1.1 General remarks 
In a typical classification problem like the separation of 1- and haclron-inclucPd atr 
showers, a set of p events with kmax observed variables Pach, dcscrilwd by th<• input 
vector 

(.1.1) 

has to be assigned to output categories Yi using a classification function 

ii= F(i). ( .J. 2) 

As an example, a separation between signal and background ew'nts may lw basPd on 
a one-dimensional output y1 with the desired value 0 for signal and 1 for all types 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-callPd neuron or 
node [105] (see Fig. 4.1). A neuron receives input signals v1 from neighbor IH'urons and 
computes the weighted sum of its inputs. compares the sum to a threshold value() and 
- in casf' of binary nodes - outputs either" 1" or "O" depPncling on the input sum: 

v, = e ( ~w,,v, - o.). (.J.3) 
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The \\"eights .J represent the strength of the connections between th(' neurons. The 
Heaviside fun ct ion (-j oft h(' binary neuron is usually replaced by a nonlinear activation 
function g. thus allo\\"ing a graded responsP instead of a simple "yps/no" decision. A 
common choice is t lw continuous diffnentiable sigmoid activation function 

_q(.r) = ~ ( 1 + tanh (;)) , (4.4) 

\\"hich for t lw limit T -+ 0 reduces to tlw Heaviside function 8. The parameter T is 
callt>d temperatun' and is usually set to 1. In a feed-forward neural network (as used in 
this analysis) with kma:r so-called input nodes, i.e. kmax dimensions of the input vector, 
1ma:r output nodes, and one hidden layer with )max nodes for th(' internal representation 
of .f by tlw network (see Fig. 4.2), F therefore corresponds to 

( 4.5) 

y and t herpfore F1 is n•stricted to values between 0 and 1. To simplify the deviation 
oft he l<·arning ml<' in the 1wxt subsection, thresholds arc consequently omitted in the 
description, as they can always br treated as weights (}i = Wio with Xo = 1. 
TIH' architt'cture of simple foed-forward neural nets as mathematically described in 
Eq. -t.5 with adjacent la>·ns fully co1111cctcd is unequivocally determined by the number 
of I}()dt•s JH'r layt'r. TIH•y an' rt•forrt'd to as kma:r - )mn:r - i 11rnr networks in the following 
sPct ions. 
ThP weights w,J, w Jk an' fret' paran l<'ters adjusted to a training data distribution by 
minimizing e.g. a mea11 squan' error. The whole training data sample is rnpcatedly 
pn'st'llt<'d to tlw 11<'1 work i11 a 11umbcr of trai11i11g cycles. After the network training 
an indepPndt•nt test data samplt• is used to check wlwtlwr tlw net is able to generalize 
t IH' dassificat ion to "unknown" data. 

4.1.2 The backpropagation algorithm 
Tl!(' applicat io11 of the 1wural network tedrnique in data analysis heavily depends 011 
w h<'t her it is possi hie to I ind a robust method of weight adj ustmcnt. The great success 
of l!Pural net works in t ht• last <kcade is mainly based on the deviation of an iterative 
lParn i ng a lgori th Ill has<'d on gradient descend, th<' so-called back propagation algorithm, 
IJY H11n1f'lhart in [~)8.'"1 [lOG]. 
Tlif' g<·rwral rdPa is to adapt ti!(' weights hy learning a traini11g set of input-out.put 
pairs (.r. t). Tlw input wctor i is propagated through the network to create an output 
wet "r .17 ""hi ch is t h<'n com pan~d to the desired "true" output vector f. If i does not 
!'<jllal r t Ill' \\'('ights are adjusted by minimizi11g c. g. the Euclidean distance If- xi. 
For a straight-forward de\·iation of tlw learning rule, the network shown in Fig. 4.2 is 
11s<·d. It is a t\\"o-layer fpcd-forward network with one hidden layer. The weights Wjk 

1·111111<·<·1 inp11t and output lay<'r. the weights wi1 comwct hidden and output layer. Th<~ 
act i\·at ion f111wtion of t lw input neurons is linear, for all other 1wurons, the sigmoid 
fu net ion ·I. ·I is usPd. Start \'al ues for t lw weights are chosen at. random 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 recciYcs the 
input 

h~ = LWjkX~ ( 4.G) 
k=O 

and produces the output 
(-4.7) 

The output neuron i receives 
hf= LWijV! 

j=O 

and produces the final output 

yf 

(4.10) 

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

1 
E(w) = 2 L (tf - yf)2 2: o. (4.11) 

p,t 

The optimal weight values w minimize E. As 

( 4.12) 
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is a continuous differentiable function of w, it is possible to apply gradient dt•sccnt: 

DE 
-17-, -

owi] 
DE 

-11--. 
Dw1k 

(4.13) 

(4.1·1) 

11 is the so-called learning rate and controls the speed of weight adjustment. It is the 
most import ant parameter of thP nPtwork learning process. 
Gradient dPscent giws 

6.w·· I] r7 L (tf - yf) g'(hnF! (4.15) 
p 

TJ L6fFf (4.16) 
p 

where 
( 4.17) 

is introduced. r5 is the Euclidean distance between the actual network output and the 
dPsirPd output value, multiplied by the derivative of the activation function (6-rule). 
For the weights between input and hidden layer, the chain rule is applied 

Using Eqs. -1.7 and 4.12 gives 

and 

oE 
D\l,, 

J 

Combining these results gives 

oE BFj 
6.wjk = -r1 L avp Dw k. 

p J J 

[)\/P 
_J_ = g'(hP)xP a J k' Wjk 

- I: (tf - vn g'(hf}wij 
p,t 

6.wjk = 11L6f wi1 g'(h~)x~. 
p,i 

Introducing 
f5P = o'(fiP) "'"""'W· JP 

J :J J L.......i l] t 

leads to th<' final formula 

6.w1k = 11 I: 6f:zt 
p 

( 4.18) 

(4.19) 

(4.20) 

(4.21) 

(4.22) 

(4.23) 

(4.24) 
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Apart from the definition of b, Eqs. 4.15 and 4.24 have the same form. In grncral, the 
backpropagation learning rule for a feed-forward network with m la)WS is thPrefore 

s;p - '(/P )~' rp ub,m-1 - g lb,m-1 LWab,m 0 a,rn· 
a 

Thus the backpropagation algorithm includes the following steps: at first. t hP input 
signal propagates through the network until the final output is calculat<~d. :.;uw t lw r5,,, 
for the output layer is Calculated by comparing X and r and tlW rlrn -l oft hP pr<•('('ding 
layer may be calculated by using c5m. Whereas the signal propagat<~s in forward di n·c-
tion, the error signal propagates backwards (hence the namP backprnpagn.ti;m). :\ft<T 
all c5 have been calculated, the weights are adjust<'d according to 

I wnew =wold+ ~w J ab ab ab· ( I. 2()) 

Although the learning rules imply that the weights an~ updated aftc•r <'ach tram mg 
epoch, i.e. after all p patterns x have been presented to the ndwork, this is not what 
is usually done. In practice, the weights are updated after every patt.<'rn or aft<'r a 
small subset of patterns (usually 10). Apart from being 111ud1 faster, this incrPnH•ntal 
or on-line method is more effective in case of regular or rP<hrndant training data and 
is thus superior in most physics applications. 
Depending on the problem, it rriay also be more appropriate to make tlH• learning rat<' 
TJ a function of time, i.e. to start with a high learning rate and gradually decreasP 11 
during the training to allow a fine-tuning of the weights. 
For a detailed description of the network tcchniqtw, thP backpropagat ion algorit h111 
and modifications of the learning rule, see e.g. [107]. A numlH'r of alternatin' al-
gorithms and network architectures haw been proposed in the last d<·cad<>, hut for 
standard physics applications, these methods have not ou tperforn1ed backpropaga t ion 
in robustness and efficiency. In fact, it has been shown early in n<'twork applicat io11 
that only one hidden layer is enough to approximate any continuous fun ct ion P [ 108]. 
and that with at most two hidden layers any function F can be fitted, with the accura('y 
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 f and correct output [haw 
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 shm\'Prs t hP 
MC code CORSIKA (version 4.06) [81] is used. 
10 000 CORSIKA generated air showers with primary energ~· E distrihut<•d lwtm'<'ll ~)() 
and 500 Te V (spectral index / = 2. 75) passed a full detector simulation basPd 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 zmit h and azimnt h angles H 
and </> are selected at random ( 0° ~ (} ~ 30°, 0° ~ <P S 360°), and the core posit ion is 
randomized over the array. 
The MC showers arc divided into a training sample (3000 showers) and a test sample 
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( 7000 showers). SincP tlw r /proton separation is expected to be thr most diflicul t 
task. t ht> training samplP only contains"'(- and proton showers in equal shares. Showers 
induced by hea\'y nuclri like hrlium, carbon, and iron also form a considerable pa.rt of 
t ht> hadronic background [80], but the restrict.ion to proton showers during the training 
phasP is justitit'd, as prown at the end of this subsection. 
:\s input Yariables for a standard feed-forward neural net [110] with sigmoid activation 
functions 4 values for each of the 17 towrrs are used: 

• the numbrr of hits in thr first layer above the lead absorber, 

• the number of hits in the second layer after the first 4.5 r. l. of lead absorber, 

• the average number of hits in layers 3 to 6 after 9 r.1., and 

• the number of reconstructed tracks (mostly muons). 

Table 4.1: Parameters of the network. 

network topology 68-17-1 
learning rate r/ 0.005 
decrease in r1 (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 the1mckpropa.gation algorithm 
to give tlw 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 11 = 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 
dPpend critically on the actual choice of these parameters. However, if the learning rate 
T/ is too high at the begiuning of the training process, a considerable number of showers 
;uP 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 I/ avoids this problem. 
Tht> 1111rnlH'r of hidden nodes is estimated roughly by a principal component analysis 
applif'd to the hidck11 unit activations. This is described in the next subsection . 
.-\ft Pr about :JOO training cycles the 1-shower efficiency reaches a plateau and the per-
forn1a11c·c· 011 t.c~st data does not improve any more. The learning process is stable and 
training and test data differ by only a fow percent (Fig.4.3(a)). Fig.4.3(b) shows the 
fl('t work 011! p11t for thP r- and proton showers of thP test sample . 
. \ l t lio11gh t ii<' training sample only contains "'(- and proton showers, the features of 
proton showers are transferred to showers induced by heavy nucl<~i. Fig. 4.4 (a) shows 
t lw d!iciency as a function of the cut in the network output for 1- and proton-induced 
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1-shower efficiency 
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Figure 4.3: The network perfor~ance: (a) shows the 1-effitiency and proton rejection as 
a function of the learning cycle for both training and test data, (b) shows the network 
output of 3000 1- 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 hidden 
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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Figure 4..t: (a) shows the network efficiency as a function of the cut ~ in the net output 
for proton- and 1-induced showers and showers induced by helium, carbon and iron. (b) 
shows the quality factor Q as a function of(. 

We 

on. As the network training is based on error minimization, 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 di 

(4.27) 

the covariance matrix C is an n x n matrix where the element Cij is the covariance 
of the activations of hidden units i and j, so Cii are the variances of the hidden unit 
values. C is calculated from the data matrix D 

(4.28) 

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

m = ( d11 + ·~· + d1p' ... ' dnl + ·~· + dnp) (4.29) 
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Figure 4.5: PCA eigenvalues for the hidden unit activations of the 68-20-1 network after 
0, 10, 100, 500 learning cycles. 

from each element of a column: 

As the covariance matrix 

v = ( ) 
C = _l_ \/\'T 

p-1 

( 1.30) 

(·1.31) 

is a real symmetric matrix, the eigenvalues are real and the eigenvectors are orthogonal. 
PCA is applied to the hidden unit activations of 4000 1-showers and 4000 protou 
showns for a network with 20 hidden nodes. Fig. 4.5 shows the 20 eigermdues for the 
hidden unit activation after 0, 10, 100, and 500 learning cycles. 3 eigm\'alues 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 lwst directions of discrimina t iou 
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 1wrfor111ance. 



.J.1. .\'ET\rORI\ TRAINING 73 

4.1.5 Optitnization of the net cut value € 

Proton H'JPction and /-l'fficiency depend on the cut value ~ in tht> network output. 
To find t hP optimal rnlur of~, it is com·enient to maximize the quality factor Q from 
Eq.:U~. 

) f,. 
(,:pro= ~' 

V fpro 
( 4.32) 

with t-r and f pro being the fractions of/- and proton showers passing the selection. The 
signifirann' 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, 

so Qpro is in fact only a lower limit to the actual quality of the hadron suppression. 
Fig. 4."1 (b) shows the quality factor Q as a function of the cut value~ in the network 
output. The maximum quality factor is Q = 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 Pstimation of Q is done using showers with energy above 30 TeV without consid-
Pring the arra:v triggf'r condition. The optimal cut value will change when the actual 
l'XJH'rimrnt al conditions arc taken into account. In the remaining part of this chapter, a 
cut valtu• ~mar = U.17 is chosen, but this value has to be modified in the next chapter. 
ThP PnPrgy dependenc(~ of both proton shower rejection and 1-shower efficiency is 
shown in Fig. 4.G (a). To cover the whole energy range, 1000 1-showers with energies 
between 10 and 500 TPV are add(~d to the test sample. Whereas the different behavior 
of 1- and proton showers is a conseqtwnce of the cut value being well below 0.5, the 
energy dcpPndcm·e of the 1-cfficiency reflects the information content of the events. 
Tlw mean number of towers having non-zero hit information increases with the energy 
of the primary particlP (Fig. 4.G (h)), and the 1-efficiency increases almost linearly with 
tlw nwan number of non-zero towers. This illustrates that the optimal energy region 
for an <'fficient use of the Geiger towers is above 50 TeV. 
As the Geiger towers an• not part of the HEGilA trigger conditions, there arc a number 
of events ( s; f>%) with only very marginal hit information. Events that do not con-
tain th<' !l('C<'ssary in format ion for r /hadron separation, mainly events with less than G 
nm1-z<'ro t o\\'(•rs, do not fake 1-showers but populate an uncritical intermediate region 
at ahollt O.G in tlH· network output which indicates neither "1-like" nor "hadron-like" 
show<'rs. This is also tnw for events with no hit information at all. 
Incl 11d i ng th<· t riggn con di ti on during day-time (at least 14 scintillator huts) in the 
dt•t<'ctor sirnulation and discarding events not fulfilling these conditions means increas-
ing tlw -,-dficicncy and thus the quality factor of the network analysis (see Fig. 4.6). 
Tlw -!-dlici<'ncy, proton n~jcction and the integral quality factor Q(E 2: Ecut) for MC 
sho\\·prs with simulated scintillator trigger condition is shown in Fig. 4.7. The inset 
shows that for sh()Wf'rs abovP an energy threshold of 50 TeV, the quality factor is bet-
t Pr than 3, pro\·ided 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 ')'-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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Figtirt• ·L 7: /-shower efficiency and proton shower rejection as a fund.ion of the energy of 
the primary particle. The scintillator trigger condition (more than 14 huts) is included. 
The inset shows the integral quality factor as a function of the minimum energy. 

:). wit It 110 fixPd assignment of towers t.o i11put nodes, but with th<~ ordPr of towNs 
1111 Prchang1•d at random for <'ach f'V<~11t ( nd 8). 

T1•sts (ii) to (iv) an· alt.<•rnativdy 1wrfornwd with 11ds 011ly n•ceivi11g tlw hit informa-
l ion (n<'IS ·l. 0, G. a11d 7) a11d with nets also r<~«<~iving ti)(' n11mh<'r of n~co11strnctcd 
tracks (11Pts 1, 2, and ;3). 
Comparing the quality factors Q of these 1wts (Table 4.2) yields several important 
rPstilts: eliminating the whole track i11formatio11 considerably deteriorates the perfor-
manc<\ showing that this criterion which signals tlw nurnlwr of muous is indeed crucial 
for separatio11. Nrverthrlcss, the explicit number of tracks is only one part of the rele-
vant information used by the net. This is not a surprise because tlw n11111b<~r of tracks 
ca11 to a c<'rt ain d<'gr<~<' he extracted from the 1111mber of hits in the lower lay<~rs. 
:\s a chf'ck for thf' p<'rformancc of th<' nd, Fig. 4.8 (a) shows the mean number of 
tracks p<'r <'Wilt as a function of the network output for tlw showers of the test samph~: 
P\·<•11ts with a larg<' numb<~r of tracks an~ correctly classified as proton showers. The net 
without a11.v track information shows almost the sarn'~ IH'havior, which indicates tlH' 
''xistP11n• of otlwr separation crit<~ria which an~ not totally i11<1'~1w11de11t from the track 
nit Pr ion. ThP slightly d iffrn•nt behavior shows that tlH' GS-17-1 m·t, which is abh~ to 
takf' a(h·a11tagf' <•xplicitly of tlw track i11formatio11. it1 fact mak<~s 111or<' llS<' of it. 
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Table 4.2: Quality factor Q for some nets with different input information. n is the 
number of input nodes. 

j net j n II CJ(~max) j ~max II input information 
1 68 2.8 0.17 hits and tracks ... 
2 68 2.4 0.17 .. ., hut I; hits/tower= 1 
:3 51 2.2 ().2;3 .. ., hut upper layer omitted 
4 51 2.1 0.17. hits ... 
5 51 1.5 0.37 .. ., but track hits subtracted 
6 51 1.5 0.33 .. ., but 1: hits/tower= 1 
7 34 1.4 0.43 ... , but upper layer omitted 

hits and tracks, hut towers assigned 
8 68 2.2 0.12 to input nodes in random order 

As the performance of nets 3 and 7 show, the nurnlH~r 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 i11stru-
mented part of the array itself. Certain information about the shower type like th(• 
Lateral distribution of high e11e"rgy particles strongly depe11d 011 the dista1;ce 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 th<> core position 
of 4000 test showers with an accuracy of a ~ 10 rn (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 tlH' differ-
ent options for "(/hadron separation providPd by the Geign towers: the track numlwr 
and the comparison between the layers before and after the lead absorber (what might 
be called the calorimetric signal) are indubitable parts of th<> separation. Furthermor(', 
the net intrinsically determines the core position to reconstruct a shower profile and 
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Fig11n• -l.8: (a) shows the mean 1111mher of tracks as a function of the network output 
for the 68-17-1 network and for the network without track information. (b) shows the 
performance of the 68-17-2 network used as a plain fitting machine for 4000 proton test 
showers. ~r is the difference between the reconstructed and the exact core position. 

to take into account th<' distancP from tlu~ con~ when a11alyzi11g the energy content and 
distribution as SPPn by individual towcrs. 

4.2.2 Uncertainties ir1 the MC sirnulation and their effect on 
the network performance 

:-\s in rnm·Pnt.ional data analysis wi.th cuts has1~d 011 MC studies, the quality of MC 
t rairn•d neural rwtworks necessarily dPpe11ds on how far the simulation actually de-
scri lws t Ill' expcriment.al data correctly: simulation artifacts may lead to st~parat.ion 
criteria \\'hich arP worthkss when appliPd to t~xperimental data. 
Till' s.\'st<·mat ic Prror on tlH' ~r-shower <'fficien('y r-y n~s11lti11g from two major tlIIC<~rtaiu
tiPs in tlw \IC simulation is analyz<'d: th<' unknown s1wctral inckx of 1-showers and 
th<' dPsnipt ion of tlH' first int<·raction of tlw c:osmic ray primary particle i11 tlw Earth's 
at mosphPn>. 
Tlw ll<'t\\'ork is t rain<'d with ~r- and prot.011 showers with <'IWrgi<~s following a11 PXpo-
nrn t ial law \\'it h sp<'C'I ral i11d<'x 2. 7S, which is t lw val 11<~ for proton show<~rs as <~stirnat<~d 
by a tit to <'XJH'rimP11tal data in the <'ll<'rgy n·gior1 from I 0 -:.! to l!f1 'fr V [ 80]. Tlw 
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spectral index for !'-inducf~d showers is a priori 11nkuown and may ra11µ,f' from '.2.0 to 
3.0. Testing the net with f'-show<~rs following a powPr law with sp<>ct ral indf'x lf'ss t hall 
2.75 increases the f'-dficicncy, since th<' rrwan <'IH'rgy of th<' t!'st sa111pl" illn<'asf's. 
The systematic error or1 Lr due to variations of tlw s1><~ctral i11d(•x for -.-shO\nTs ill t lw 
range specified above is G.2%. As the !'-shower dficicrH'y is a f1111C'I ion of t lw (•rwrg_\. 
and separating the low f~riergy showers is tlw most difficult task, t lw upt i111al d1oic1· 
for the spectral index of tlw training data sample is 2.7S, which nwa11s that th<' data 
contain <~qua! rmmhers of low energy /- and proton show!'rs. D!'creasillg th<' 1111111lwr 
of low energy !'-showers in the training sampl!' by using a sp<'ct ral illclPx 11f '.2.!J lf';ub 
to a cl<~tcrioration of the performance 011 low energy data. '.'\ot<· that tlw opti111al 1·111 
value~ docs not change with the use of test data with di!frn·nt SjH'clral ind!'x. 
The diffcwnt possibilities for the simulation of th<• first interaction of t lw rnsrnic ra\· 
particle in the Earth's atmosphere may yield anotlwr sysl!~lllatic <~rror. :\s d!'scri I wd 
in Chapter 2, this interaction may either be calculated using tlw VE:\l 'S program for 
ultra relativistic heavy ion collision, or t!H~ Dual Parton I\Iodd (DPI\1). Th<' systelllatic 
error of 4.1% on f.1 due to this uncertainty is estimau~d by applying a t!'st data samplP 
based on the DPM option to the network trained using the VENUS cod<•. Thc tra('<'d 
errors on f.1 concerning the uncertaintif~s in the MC simulation add up to abrn1t 81/c, 
which shows that the network generalization works to a satisfying d(•gn•e. 

4.2.3 Comparing neural network analysis and discri1ninant 
analysis 

An alternative method of parallel data analysis offered by multivariate statistical t h('()ry 
is discriminant analysis (DA). Applied to different data groups, it sPardws for t hP 
direction in data space that maximizes the separation of tlw groups and at tlw samP 
time minimizes the variation of the data points within each group ( S<'P [ 11 ~] for a 
detailed discussion of the method). Aftrr a projection of the !'- and proton showPrs 
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!'- and proton 
showers above the cut value on the discriminant axis as a function of the sPparat ion 
cut value. 
In contrast to neural network analysis, DA only allows linear cuts in data spacP. A 
comparison between DA and neural network analysis applied to t!H' same data sl't ma~' 
improve the understanding of the net performance by indicating wlwther non-linPar 
cuts are actually essential for the analysis. 
It is therefore important to test if DA is able to separate!' and protort-induced showprs 
by the Geiger tower hit information. Since the number of reconstructed muon tracks is 
a straight-forward criterion for separation, only the 51 hit numlwrs aH' usl'd as i11p11t 
information. The result therefore has to be compared with tlH' 51-11-1 n('t\rnrk (net 
4). 
DA furthermore is applied to the hiddPn unit activation of the 51-11-1 n<'twurk hPfor!' 
and during training. Fig. ~.9 shows the n•sult for both input data and hidden unit 
activations of net 4 aft<~r 0, 10, and 100 training r)Tles. For both t('sts 2()()() proto11-
and 2000 !'-induced showers arP ust>d. 
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Fig11n• -1.9: Results of discriminant analysis: the separation problem is reduced to one 
dimension by projecting the showers onto the discriminant axis. The plots show the 
fraction of •- and proton showers above the cut value on the discriininant axis. DA is 
applied to the 51 original net input values and to the hidden unit activations after 0, 10, 
and 100 learning cycles. 

Th<' JH'rforinaIH'(' of DA if appliPd to thP origiual i11p11t data is only poor. DA with its 
li11P;n rnt in data spa<"!~ doPs uot allow a11y spparat.iou usiug t.hP hit iuformatiou. As 
<'XJH'ct Pd, t lw rd!'\'aut i11formatio11 for I /hadrou sqmratio11 (apart. from th!~ 11111011 V<'to) 
d<H'S not din•ctly collH' from th!~ u11111'wr of hits in th<' G<'ig!'r tower lay!~rs, b11t has t.o 
lw (•xtractPd by arith11wtic combinatiou of tlw hit 1111111bers, which is impossible for DA, 
hut easily achiPwd by the use of multi-layer uctworks: after 011ly 10 h~arning cycles 
it has transform!'d the input information in a way that successfully allows //hadron 
separntio11. This illustrates that the analysis takes advantage of one of the main foatures 
of the nN approach, the possibility of having nonlinear boundari!~s in parameter space. 
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Chapter 5 

Application to data 

This chapt('r is t lw link b<'twPen thP dPscript.ion of th<' s<'paration method and tlw 
rPstil ts ad1 iPwd by its a pp! icat ion. 1 t aims at an 11ndPrstanding of the IH'11ral network 
b<'11a\·ior wlw11 confront<'d with cxp<'rillH'ntal data instead of MC simulated showers. 
The I /hadron st'paration t.PchniquP dPvdop<'d in the pn~vious chapter has only been 
tPsted with l\!C showers 11p to nmv. As in all data analysis based 011 MC simulation, 
it is not a priori cl Par whether tlu' <'X pcri IllPntal data are correctly described by the 
\IC to an Pxt t'nt that allows to exploit till' cri t<'ria 11sPd for s<~parat.ion. A part from 
"typical" shortco111i11gs oft hi' l\IC t<'d111iq11e, <'. g. pron'SSPs not. correctly taken into 
account or co111pl<'x calc11latio11s m·<•rsimplifi<'d dw' to limit<·d <'omp11ter pow<'r (or just 
our li111it<•d k11ow!PdgP), WP haw to consid<'r that th<' dd<•ctor sim11lation docs not yet 
i1l!'lt1d!' pffpcts n•s1rlti11g from th<' JH'rforma11c<' of t.lw GPig<'r array. Compared to an 
id('al dd('ctor with 17 x (i x IGO fully d!icimt GPiger tubes, tlw actual status of the 
array with a !'('rt ai11 1111111lwr of nor1-working tuh<•s, layPrs, or <'VPll towers will certai11ly 
af!Pl't t lw q 11al i t.y of t.11(' sPparatiou. It has to bP analyze<f in how far the separation 
q11ality d('n<•as1·s with G1·ig<'r tower quality and which crit<~ria allow to select runs of 
s11ffici1•nt quality. lfrn>, tlw track finding capability of tlw Geiger towers will help to 
PstimatP th<' quality of all array componPnts used in tlw following analysis. 
:\ft pr a st 11dy oft II(' 1·x1wri111cntal effects which irdluenc<~ tlw separation, t.Jw network 
out put of !'Xp('rinH~ntal data <~nd l\1C show<~rs is compar<'d, yiP!ding an upp<~r limit. 
011 t 111• isot ropi(' ~1-radiatio11. 111 ad di ti on, W<' s<'ard1 for an <'11hanc<~d 1-fl 11x from t.h<~ 

Galactic plan<•. 

5 .1 Understanding the data 

5.1.1 Network output and optimal cut value 

:\ cnwial param<'t<·r of any neural IH~t bas<'d analysis is t.h<~ cut ~,.,, 1 in tlu~ rn~twork 

out put which is chosPn to sPparate t lw data ty1ws. Although any ws11lt d<'rived from 
th!' analysis, <'. g. a ~,-flux from point souIT<'S, has to IH' iwlPpn1d<·11t. from ~mt aft,<'r 
corrfftion forth<' cut-dqH•nd<'nt ~t-dfici1·1w~'. t.11(' quality factor Q and t.h11s the sig11al-
to-11ois<' ratio rna:-· strongly dqwrnl 011 ~rnl· Tlw possibility of smoothly adjusting tlw 
l'fficiPnci('s to t hi' actual n•<111in'11wnts oft lw analysis by varying ~11, 1 may b1~ regard<'d 
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as an additional major a< h·a ntag<' of tlH' n<•11ral nl't, approach, as it allows tlw us<> of 
the sarn<' ll<'t for diff<'rent goals, but tll(' ckp<'lldPllC<~ of tlH' n~sults oil ~r·ut of cotuse has 
to IJP st 11di('(I. 
:\s shown in Fig. cl .. t, thc·n· is all optirnal valu<· for (,.111 which maximi:ws the quality 
factor (j. In ord<•r to allalyz<' wll<'t.lwr this valtw is stablP whPn data quality chang<'s, 
wP first study th<· !'ff Pct of missillg towc·rs on tlH' shap<' of tl11~ /-and protoll shower net-
work output distrih11tio11. Fig. G.1 illustrat<•s that f'Vl'll with as m11ch as 5 llOll-working 
tow<>rs, t II<' dist rili11tiolls n·rnain largely Ullaffected. This is very ifnportant, as for t.111~ 

data us<•d ill th<' followillg allalysis up to :3 tow<~rs JH~r run tunwd out to IH' compktdy 
i1wfficiellt du<• to hard wan~ problems during tlw collstructioll phas<' of tlw G<~iger tower 
array and d1H' to maintellaIH'P problems. Fig. 5.2 summ;irizes tlw chang<' ill /- alld 
protoll <'ffi<'i<'llC,V with fixed lletwork cut as a functioll of tlw n11111l)('r of noll-workillg 
to\\'crs .. .\s th<' actual decn~ase in 1-dfic:iellcy slightly dcpPnds on the positioll of tlw 
11011-working tow<'r within the array, Fig. G.2 shows mean values with tlw exdud<~d tow-
<'rs chosell at ralldom. 
\ \"hf'n•as t hC' lletwork JH~rfonnanc<~ remaills rat.her stab)<' i 11 <·as<' of rnrnplddy rni.c;.c;iny 
information, it is much mon~ difficult to Pstimatc tlw dfoct. of missing layers, octo-
tubes, or singlP tubes, as this may proYide t.hc rwt with wrong information. Irwfficicnt 
layers IH'low tlw )f'ad absorber may e.g. imitate• 1-show<·rs with tlwir small arno111lt of 
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Figure 5.3: (a) Network output' for MC 1-showers and (b) quality factor Q as a function 
of the cut ~rut in the net output after folding with the Geiger tube efficiencies of a high 
and low quality run. 

high energy particles penetrating the lead. On the contrary, events with noisy Geiger 
tubes in the lower layers may be interpreted as hadron showers. \Ve therefore ('Xpcct 
non-working parts of towers to be much more dangerous than simply missing tow('rs 
which do not fake separation criteria. 
To estimate the influence of the actual running conditions on t hr separation quality, 
we adapt the MC showers to the actual tower status by applying the following procc-
duw: for a pre-defined number of events (20 000), the rn1111bcr of hits of each GPigPr 
tube is compared to the number of hits expected for a fully efficient Gcig<'r tube. The 
expectation values are derived from the experimental data and naturally depend on t lH' 
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 ewnts, as a 
larger number of low energy events trigger data taking). These Geiger t ulw cfficiP1wies 
are tlwn included in the full Geiger tower detector simulation, so the !\IC data repre-
sent the actual status of thf' detector matrix as dosdy as possible, and th(' network 
performance can be checked for PvPry individual run. 
To illustrate the power of this method, Fig. G.3 (a) shows the nPtwork output distribu-
tion of MC ')-showers aftn folding with the' Geiger tu lH' pfficienciC's for a run with high 
and low data quality. As expected, missing parts of the' town information a ff Pct the 
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llt>twork sPparation hard<•r than complPtPly missing towPrs. In addition, the optimal 
cut vahw ~,.,, 1 and thP quality factor vary with data quality d1H' to the difforent shapes 
oft he ndwork output distribution. NPverthdess, Fig. 5.;3 (h) shows that <~wn for nms 
with low quality, 11Ptwork cuts at sufficiently high vahws of ~ are expected to give 
rat lwr st able results, which is not true for cut vahws bdow ~ = 0.2, when~ minor data 
quality allows no separation at all. As shown in Chapter 4, this is a ge1wral feature 
of th<' neural net based "(/hadron s<~paration. For events which an~ erro1wo11s dtw to 
bad GPiger tower performance the net shows the sanw behavior as for events with low 
information rnntPnt: th<~y populate an intermediat<~ output region at about O.G which 
nPither indicau~s ~1-likern~ss nor hadron like1wss. 
As in data analysis, changes in data quality to a n!rtain degn!e ca11not be avoi<kd, rwt-
work cuts at ~rut = 0.4 are more S<!nsible than cuts at low output values, although we 
los<' significance for those data with sufficient quality for a cut at small ~. To estimate 
thP stability of th<~ data quality, f 1 is calculatPd for 50 diffon~nt runs by adapting the 
\IC data to the actual Geiger tower quality. For a network cut ~,.,Lt = 0.4, the n!sult, 
is ratlwr stable, with a systematic error of kss than .S % (Fig .. S.'1). 111 contrast to this, 
the systematic <~rror 011 the "(-efficiency when choosing a cut value ~mt = ().()5 is of tlH~ 
order 20 o/c. 
Furthermore. dPaning t lw data from noisy C<·iger t 11 hes turns 011 t to I H~ crucial for a 
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Figure 5.5: Network output for~experimental data (solid line) and MC r showers (dotted 
line) and proton showers (dots with error bars). 

stable separation. All Geiger tubes which show more tha11 1.f> times th<> 1111111IH•r 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 experimrnt.al data. This is a first test. for t lH' rn•ural nPt.-
work separation, as the major part of the data is supposPd to be background. Fig. 5.5 
shows the network output for 4425 proton- and 4876 1-i11duced l\I C sho\\'rrs bPt \\'('<'II 

20 and 500TeV (differential spectral index 2.75) fulfilling the scintillator triggpr rn11-
dition and the Geiger tower cut (at least 6 non-zero towers) togethPr with tlH• output 
distribution for experimental data, normalized to the number of proton showers. Then• 
are two major results: 

• The MC proton showers describe the experimental data to a satisf~·ing dPgrct>. 

and 

• a description of the data is possiblc> without rnnsid<•ring 1-shm,·t·rs at all. 

The good correspo11dence between l\IC and ex1wri11H•11tal data i11dicat1•s that tl11• }.IC 
simulation based on conSIKA ge11eratio11 a11d GEANT towt>r and S('illtillator si11111-
lation gives reliable rc>sttlts at least in first order approximatio11. 111 fact. tlw lack of 
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corrcspondrncr brtween experimental data and pure l\lC (without trigger and espe-
cially without adaptation to the data quality) indicates that the network output is 
s<'nsit iw to inrnrrert and incompletP data simulation. 

5.1.2 Energy threshold 
01w of th<' most C'ritical aspects of air shower physics is the sketchy knowledge we have 
of a wry important shower property, the energy of the primary particle. The only way 
of g<'t ting an Pstimate on this quantity is to usf' thr loose correlation with the shower 
size Se. 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 <'1wrgy thn,shold of an air shower detector is a very important parameter which 
is IH'C<'ssary for flux (or flux upper limit) calculations and for the interprrtation of 
results in multifn'quency spectra. In this subsection, we will study the HEGRA eiwrgy 
thrPshold for proton- and )-induced air showers using tlw l\IC data sample descrilH'd 
abow: this sampl<' tries to imitate tlJP data as clos<'ly as possible, thus the zenith 
angle follows the distribution for <'XJH~rim<'ntal data, the core is distributed at random, 
and the <'1wrg.v follows a pow<'r law from 10 to 500 Te V (!·-showers) and 20 to 500 Te V 
(proton shmv<'rs). Alt hough the s1wct rnl ind<'x of )-shmwrs is unknown, 2. 75 is chosen 
both for proton- and 1-shm\'Prs. 
Four diff<'n'nt t rigg<'r c·o11ditioni-; whiC'h play a major part i11 tlw subsequent analyses 
an' st 11diPd: 

1. t hP basic ('<Jlldition with at lPast G non-zpro GPig<'r tow<~rs t.o allow for r /hadron 
sqiaration, 

2. th<· sci11tillator trigg<'r rnnditio11 (2 111 huts), 

:3. th<' scintillator trigger condition and tlw Geiger tower condition, and 

-t. an additional cut 011 tlw show<~r siw, logNe 2 4.0. 

Fig. 5.G shows t hf' trigger dfici<~ncy as a fu11ct.io11 oft he <~1wrgy of the primary particle 
for ~IC proto11 and )-sltowers. It is obvious that it is not. possible to talk about a 
''threshold e1wrgy", as the efficiency increases rat.her smoothly with energy. We follow 
th<' co11ve11tio11 of fitting a sigmoid function 

1 [ ( E - Et11re.9h)] ftrig = 2 1 + tanh T ( G.1) 

tot he trigg<'r efficiency i11 order to cfofirw t.lw 50 rYcJ-point with ftriy = 0.5 as t.lw threshold 
Pm•rg.v Eu,resh· \Vith this definition, wlietlwr se11sible or not, it is at least possible to 
rnmpan• proton and /-thresholds for differe11t trigger and cut conditions. Tab. 5.1 
summarizPs the n~sults for the four cuts described above. 

1. The intrinsic Geiger tower threshold is lG TeV for both s!tower types, showing 
that ru11ning tlw Geiger tower array in combination with the low thwsholcl dd1~c
tors of thr HEGRA array, like AIROBICC a11d tlw (;en~11kov telescopes, is phys-
ically spnsible: although r /hadron separation power is only maq~inal at thes<' 
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('n<>rgics, tlw GcigPr tower data may be used to cross-check thes<' inst rnmt•nts 
independently. This is a possibility of fixing the ill-understood syst<>mat.ics oft.he 
Cerenkov techniqtH' and its simulation to the robust track n'const.ruction and the 
t O\\'!'r simulation based on a well-established l'vl C code. 

2. lududing a simulation of the scintillator trigger condition yields c1wrgy thresh-
olds for 1- and proton-induced showNs which differ by about 20 % due to the 
diffrn'nt particle cont.{'Ilt, which on average is higher for 1-induccd showers (iwe 
e.g. Fig. 3.10). 

3. As mentionPd in Chapter 4, an additional cut on the rn1mbcr of Gciger towers 
d<ws not incrPase the threshold energy, thus this condition is not explicitly shown 
in Fig. 5.G. 

4. ThP cut on the shower size, logN,, 2:: 4.0, increases the 1-shower thn~shold en-
ergy to about 50 TeV, which is a region where a stable //hadron sl'paration is 
guarant<•ed according to Fig. 4.G. 

Tab!<• 5.1: MC estimation of the threshold energy (sec definition given in the text) for 
different trigger conditions and cuts. 

Erwrgy threshold E't11r 1",1i[TcV] 
prol.011 showers )'-showers 

2 (j Geiger towers 14 15 
scilltillator trigger 
(2 I ·1 huts) :rn 32 
sci11tillator trigger "' 
a11d > () Geiger towers 3!J :J2 
sci11tillat.or trigger 
am! logNc 2 4 G4 5:J 

Fig. 5.G furtlwrmore shows that E111r'"'" strongly depends on th<' zm1ith angle of the 
incoming primary. Due to the iucreasi ng atrnosph<~ric dq>t.h, Eiush increas<~s with (). 
It is important to interpret these results corn~ctly. A cut. in Ne is only a very weak 
Pnergy cut, Pspecially as due to the .steep sp<~ctrum a considerable amount of showers 
with Pnergy below EuirPsh pass the trigger. Fig. 5. 7 shows the corrdation bdw<~en log Ne 
and the primary particl<~'s energy for MC 1-showers. Although tlw mean values cl<~arly 
correlat<', fluctuations for siugle showers arc large, and it. is very dangerous to co111w<:t 
a cut in .VP directly to an e1wrgy cut, implyiug that<~. g. logNP, 2:: 4.0 11wa11s rcstrictiug 
t hP analysis to show<~rs a hovP GO Te V. 
\'<'\'<'ft h!'l!'ss. a mt in N,, to discard cw11ts with small shower siz<~ is just.ifi<~cl i11 onl<~r 
to guara11tPP a good r<'constructio11 quality awl a st.ablP ~f /hadro11 sqmration, as both 
depl'nd m1 t lw infornwtwn contoit of tlw 1•w11t, w!iiC"h is din·i·t l.v co11w~dcd to Np. To 
i 11 ust rat" t Ii is, Fig. ;j. 7 shows the ~(- a11d prot 011 dlici<•11cy of tlw 1wtwork as a function 
of .Yr instead of l'n<>rg_v (cornpan· to Fig. 4.G). As we hav1~ t.Jw sa1111• dqH~nd<~nc<~ on N,. 
as 011 1•11ergy. both approaches an~ equivah•nt. Only wlw11 co111u~cti11g tJw shower sizP 
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Figure 5. 7: Correlation betwe~n shower size N, and energy of the primary particle (a 
and b), and network 1-and proton efllciency as a function of the shower size (c). 

to a threshold energy, we have to bear in mind the shapP of the triggn effici('IH'Y in 
Fig. 5.6, and the large uncertainty has to be considered when giving syst<•mat ic errors 
on E1resh· 

5.1.3 Data quality checks 

Apart from ')'/hadron separation, the major ad van tag<' of t lw GPigPr t m\'('r snharray 
is the possibility of checking the pointing accuracy of thP scintillator and :\InOBICC 
array on a run-to-run-basis. In contrast to th<' analysis of tlw moon shad\lw, wlwr<' it is 
crucial to have sufficiently high statistics, thP large numlwr of fitted tra('ks 1·asily allows 
to see deviations in the pointing accuracy for each individual ru 11, i. P. Dll ti 11w-s('all's 
of hours. 
As a single Geiger tower only allows to measure the project ion of t lw t ra('k 011t o t lw 
plane perpendicular to the Geiger tubes, the checking oft h<> absolntt' point i11g oft lw 
scintillator and AIROBBIC matrix is diflicult and requirPs detailPd studi('s of systPlll-
atic biasing due to t}H• time-d('perHlent quality of tlH• Griger arra:i.- perforn1a1H'<' [115]. 
Nevertheless, information about the data quality can lw extract Pd from thP projl'ctPd 
track angles, too. Fig. 5.8 shows thC' diffPrr!lcr 6.B,,roJ betm•en all n•co11strnctPd a11glPs 
of Geiger tower tracks and the correspondillg projectioll of the showPr dirPct ion as dP-
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Fiµ;11r<' !"">.8: (a) Difference ~H1,, . .,1 between all reconstructed angles of Geiger tower tracks 
and the corresponding projection of the shower direction as determined by the scintillator 
array for a typical nm ( 503 275 events). ( h) Variance of !::.0111.01 as a function of the 
minimum shower size ,\'" with and without additional border cut. 

t<'nllill<'d hv tlH' sciutillator array for a typical run('.::::';)()()()()() showers IH'fore quality 
rn ts) with ·121 8SG tracks n'constrnct.ed by tlw track fin di 11g algori t.hm. Tiu~ distri bu-
t iou indicat<'s that onl.v a fraction of t.hcs<' tracks actually corrdat<' with the show('!' 
dir!'ctio11. It is fitt<'d b~' 

H'2 

N l\T ~" _ (/. (,'lL 
1 c,.o=,vo<' .. ' 1 ( S.2) 

with t hP para liola t <'rm approximately descri bi 11g the backgroum I. Tiu~ variance of 
th!' Gaussian is l.2S ± (J.(M. To estimat<~ roughly the contamination by liackgr01rnd 
tracks. W<' i11t.Pgrnt<' tlw parabola term: from tlw total number of 220 000 tracks which 
rnrrelate with the show1~r direction, i.e. f11lfill tlw condition ltiOproJ I :::; 2 rr = 2.S0

, 

.j,') ()()() tra<'ks, lwrH'P a fraction of 0.2, an~ bal'kground. This is in agwemcnt. with MC 
pn·di<'tions [87]. ThP backgro1111d is made up mainly of random tracks not. hdo11gi11g 
to t lw t riggeri 11g show!'r b11 t crossi 11g tlw tow<'r <1uri11g tlw S<'nsi ti w IH'riod of :311,s. 
ThP amount of d1'ctromagndic purn:h-thro11gh ( e 1 , ~() (which does 1101 corrdat<~ with 
thf' showf'r direction as closP!y as the muons) strongly dP(H'11ds 011 tlw distance of the 
tower from the shower con~ and ranges from '.::::' 10 o/c, for con~ distarw<•s of l<~ss than 20 Ill 
to below G Vr at higlwr distances [87]. 
A small fraction of tlw background is d111· to unavoidable shortc:omi11gs of tlw track 
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finding algorithm, which somctinws fits (~rr01ieo11s tracks, especially 1war tlw sho\\'(•r 
core where tlie hit patt<~rn is ratlwr cornplr~x. 
The variance of tlw Gaussian d<~pcnds 011 tl1(' c11t.s appli('d to tlw data. It cl<-cr<·asPs 
from l.3G ± 0.03 for all showPrs to l.2G ±().(Jct for show<'rs aft<·r q11alit\· <'Ith. \\"hich 
include a cut 011 tlw zenith angle, 0 S:: .l(J''. and a so-called bord<'r <·111 which <'xcl11df's 
events with a dista1we of !Pss than 20 111 from th<' (g<'o11wt rical) hordn of th<' arr a\·. 
Tlw border cut is introduc<~d to avoid a typical shortcoming of cor<' finding algurit hm:-.: 
showers with core outside tlw array are int<~rprct<~d as show<~rs withm th<· array. h111 
near tlie bordc~r. This !Pads to an inc:wasP in the 1111rnber of rcco11st met <'d c< m·s \\"it h 
decreasing distance to the array border which is considerably higher than exp<'<'t<'d 
on the basis of the geometrical increase~. For the Geiger tower ~f /hadron s<~parat ion 
the border cut is crucial, since the separation quality decn~ascs with distanc<· frorn th<' 
tower sub-array. 
Fig. 5.8 (h) shows the dependence of the ~BproFvariance 011 the lower cut in shower siw 
Ne· The accuracy of the shower reconstruction increases with shower sizP as cxpcctPd 
on the basis of MC and moon shadow analysis. The stablr~ value for N,, 2' 15 000 may 
either indicate that the angular resolution does not increase further with larger show<•r 
size or that the comparison between muon track and shower din~ctio11 is 110 longer S<'ll-

sitive to improvements, as the intrinsic limit of this met.hod is read1<'d. \\'it bout th<' 
border cut, the variance increases by ::::: 0.1° due to the larg<~r dista11<'<' of th<' m11011 

track from the shower con~. 
It is important to check the tinie varia11<'<' of the paranwt.<>rs of this Gaussian dist rih11-
tion for the data used in the following analysis, as df'viatio11s fro111 th<' a\'C'rag<' lid1avior 
may indicate deteriorated performancP of the Geig<'r towers or th<' scint ill at or array. 
The relevant parameters, mean value and variance of the Gaussian, an• shown for <>a«h 
run (and thus as a function of time) in Fig. 5. 9. Their distri bu ti on is shown additionally 
in the insets. 
As a striking result, the mean value does not center at 0, hut is significantly shifted. 
The actual value of this mean value strongly correlates with the status of the• GeigPr 
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 f<•w nms 3 tow<'rs 
wen• defect and the performance in general began to be instable. 
In contrast to this, the variance is only marginally affected by tlw st at us of the GPig<'r 
array. The large deviation from the mean value for runs 5 to 25 Parli<>r was t rac<>d 
as an error in the scintillator reconstruction program significant.I~, dPt<•riorating the 
angular resolution (these runs were added in Fig. 5.9 to illustrate the capability of th<> 
Geiger array in monitoring the resolution, but were excluded in the following analysis). 
In summary, monitoring the shape of the ~Bproi-distribution allows to check both t hl' 
quality of the Geiger array (mean value) and the scintillator reconstruction (variance). 
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Figure 5.D: Mean value and variance of the ilH1,ro; dist.rihut.ion as a function of the data 
run. The insets show the rnean value and variance distributions. 



94 CHAPTER. 5. APPLICATIOS TU DATA 

5.2 Search for diffuse cosmic ""'1-radiation 

As a first application, we use the neural llPt bas<'d ~./hadron s<'parat.i1JI1 t() sf'ard1 f<Jr 
diffuse 1-ray fl ux<~s of Galactic and <'X t.ragalact i(' origin. 
Diffuse fluxes of 1-rays aw expected from interactions of tlw high<'st 1·1wrg.\· rns111ic ra\·s 
with tlw cosmic backgrou11d radial ion a11d intcrst<·llar gas. If Cl Jill pact <·xt ragal;wt ic 
sources of 1-rays <~xist, a11 isotropic diff11s<' 1-backgro11nd 1J1ay r<'s11lt fron1 t hf• intf'J'a(·-
tion of high <~ncrgy protons with the photons oft he microwaw liackgro1md. \\'lwn·as 
a diffuse 1-Hux concentrated along tlie Galactic disc may aris<' frum i11t <'ract i()llS <Jf 
cosmic rays with gas and dust. 
In this section, we use Geiger data taken in November and Dec<'1J1IH'r 19!).J a11d IH·-
tween February and April 1995 to search both for diffuse isotropic -1-racliat ion a11d an 
enhancement of 1-showcrs from the din~ction of tlw Ga.lactic disc. 

5.2.1 Upper limit on the isotropic [-flux 

A very important conclusion from Fig. 5.f'>, which compares the 1wt work 011t p11t for 
experi11wntal data to the output for MC shmvPrs, is that it is not rn•cpssary to i 1w I 11df• -, -
rays in tlw cosmic radiation to explain th<' experinwnt.al dat.a, as t h<~y ar(' \\'f•ll f!Psnilwd 
by proton showers almw. 
The fraction f"I of 1-rays in the cosmic radiation in fact has not. IH'f'!l llH'asur<'d up f() 

now, and only upper limits iii different energy r<'gions haw IH'en dPri\'l'd [l IG. J(J:~]. 
The search for the isotropic /-radiation is nevertheless important as it might prm·idP 
an indirect step towards the explanation of the origin of cosmic rays and <'spPcially 
of the highest energy events above 100 EcV (see [117] and rcfon'll<'<'S t.h('l'<'ill) .. \part 
from shock acceleration in AG N, also exotic sccllarios like t.IH' collaps<' of so-call(•d 
topological defects are under discussion. Both modds differ ill th<' st <'<'prn'ss of their 
1-spcctra and thus in the total amount of 1-rays at high c1wrgi<'s. 
A rat.her high isotropic 1-flux is predict<>d by models based 011 rnllapsing topological 
ddects, which are the results of phase transitions ill tlH' Parly 1111iwrs<', caus<>d by 
spontaneous breaking of GUT symmetries [ 118]. They may show 11 p as cosmic st rings 
or magnetic monopoles which (!Peay or allllihilat(' in so-called X-partid<'s. '" g. ga11gp 
and Higgs bosons or superheavy fermiolls. As they typical!~· dPrn~· into a l<'pton and 
a quark with the quark hadronizi11g into nuckons and pious. th<' X-partidt>s ll'ad to 
inject.ion of 1-rays, clectrolls, and llcutrillos from pion dPcay. Th<' i11.i<'f't ion s1><·ct ra 
caused by topological dd<•cts are hard<'!' than those caused by F(•rmi shock i\(Telerat ion 
in AGN. thus high values of f"I would farnr a topological dPfoct origin of tll(' highest 
energy cosmic ray particles rat.her than acceleration by shock waws in :\G>i. f, ::::= ll.O I 
at HEG RA energies is predicted in certain topological dPfoct scPnarios [ 11 D], w h<'n'as 
more conventional models extrapolating the obs<•rwd cosmic radiation a how I() 1 ~ <' \ · 
to higher energies derive values of about 10-5 [120]. 
New calculations of the expected 1-ray flux for sPwral topological dl'f(•ct S('<'narios 
based on cosmic strings [121] and annihilation of magneti(' monopol<'-antirnunopolP 
pairs [122] are given in Sig! Pt al. [123], and thPir predictions an' sho\\'11 in Fig. :J.lO. 
Depending on the strPngth of thl' Pxtragalactic magnl'tic fiPlds. f, ::::= 0.1 is prPdictt>d at 
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Figun~ ;J.10: Differential flux of nucleons all(! ')'-rays in topological defect models based 
011 cosmic strings or monopole annihilation. For the dash-dotted line, the infrared-to-
optical background has been neglected. Experimental data ahove 10 EeV (Fly's Eye [124], 
AG ASA [ 125]) and power law fits to the rharged cosmic ray flux (thick solid line) are 
added. Upper limits in the GeV region (SAS-2, EGRET) are indicated as dotted lines, 
a11d the arrows show the IIEGRA upper limits. Taken from [123]. 

I() EPV, when~as at 'foV P1wrgics, J, is of tlw order 10 :i t.o 10 1, taking into account. 
tl1P inevitable infran~d absorption . 
.'\It.hough the higlu~st values for tlw isotropic 1-flux arc thus pn~dict,(~d at cucrgi(~S above 
I·> V, t.lw IIEC H.A (~nergy n~giou also is of special importaBcc~, as below 100 TeV the {-
radiation of electromagrietic cascades produced by cosmic rndiatiou above the Grciscu 
rntoff is supposed to pile up. The Gn~is(~ll cutoff at fj · 10 1'1<N is I.he energy whew the 
u11ivf~rse bcconws opaque for baryons as they suffer piou photo-production with t.lw 
111icrowaw~ background photons 

[J{:!K --t 7r N ( 5.:3) 

(thus the Gn~iser1 cutoff is the baryouic (~quivalent t.o the 1-cutoff due t.o microwave 
lJackgro1111d photo11s at about lOOTcV). As tlw pions decay into i's, e±, and rw11tri-
11os, electromagnet.ic cascades develop and produce a considerable rrnmbcr of photons 
at. lower energies. As soon as the photon energy drops below the lOOTeV threshold, 
lllteraction with the microwave background is not possilJJ,~ any more, and the photons 
should therefore pile up iu the energy region just below lOOTeV. Any detection of tlw 
isotropic /-radiation at energies between 50 and 100 Te V (the "cosmological window") 
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Figure 5.11: (a) Network ouf'put for the events passing the quality criteria for the 
source search analysis. (b) 90 % confidence level upper limit on the fraction of 1-induced 
showers to the integral cosmic ray background as a function of the cut in the neural 
network output. 

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

To derive an upper limit on the isotropic 1-ray fiux in the e11Prgy rPgion lwtm'en 
50 and 100 Te V, we apply the neural network 1 /hadron separation to 9 4% 10 l t>wnts 
chosen for their high data quality. Showers with zenith angle() 2 40° and a shower size 
Ne 2 10 000 are discarded as well as showers with a distance of less than 20 m from 
the border of the array. All cuts guarantee a stable 1 /hadron separation. 
We assume that all showers with net output below the rnt value ~cut are 1-showers. 
This is a very conservative assumption, as l\IC studies show that ('Wn for n~ry small 
values of ~cut the region below (wt is dominated by hadron shmvprs. NPwrt IH·h·ss, t lw 
number of Pxperimental showers exceeds the MC samplP which may be ust>d to calcu-
late the hadronic contamination below ~mt by more than 3 orders of magnitude and 
thus does not allow to give reliable rPs1ilts. Furthermore, PxtrenH' nt'twork cut ,·aliws 
are supposed to leave behind rather untn>ical "1-like" hadron showers. 
Using the 1-etficiency as a function of ~mt as shown in Fig. 4.4, but aftn folding with 
the actual Geiger array performance, the 90 % confidenc<' levd uppt>r limit [126] on 
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f, = <P 1 /<I> 1111 can be calculated as a function of ~mt (see Fig.5.11 (b)). For ~cut-+ 0, a 
value of 

1;0 3 ::; 0.033 (5.4) 

is deriwd. This value is higher than the present limit of J~0 3 ::; 0.010 published by 
HEGRA [1 lG], which is based on the analysis of 2 796 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'Y [119], but it should be 
strPssed that this interpretation is dubious as long as the infrared background is not 
takrn into considnation. If it actually has the strength given in Fig. 2.8, the "cosmo-
logical window" lwlow 100 Te V in fact d(WS not exist. This is illustrated in Fig. 5.10, 
when~ the 1-ray flux at energies from GcV to lOOTeV 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 1-tlux by 3 or-
ders of magnitude. As a consequence of cascading processes, the absorbed TeV 1-rays 
pile up below lOGe\', thus upper limits in this energy region, e.g. by SAS-2 [127] 
and by EGHET [128, 129], are of gn~at. importance. I3y now they rule out models 
predicting high valu<'s for f, [130, 131]. NevPrtll('less, as shown in Fig. 5.10, scenar-
ios likP magnPtic monopole' annihilation are still unconstrairH'd by current upper limits. 

5.2.2 Search for 1-emission frorn the Galactic plane 
:\part from tlw isotropic <'mission of extragalactic origin, .tlw most prominent diffuse 
/-ray flux corrPlates with th<' disc of our Galaxy. 
In almost all cn('rgy regions, the Galactic plane shows strong large scale emission, which 
is supposed to arise from tlw interact.ion of primary cosmic rays with interstellar gas 
and the inu~rstellar radiation field. Bremsstrahlung and inverse-Compton scattering 
arc thus t.lw main processes. As a consequence, the 1-ray flux should reflect the dis-
tribution of interstellar material, and early nwasurenwnts of COS-B and SAS 2 have 
bPen used to derive the Galactic hydrogen density [132, 133]. 
l\Iore recently, the Galactic plane h<;ts been subject of intense studies with the instru-
nwnts on board the CGRO. Siwctra taken with the Oriented Scintillation Spectro-
nH~ter OSSE (50 keV to 10 MeV), the Imaging Compton Telescope COMPTEL (1 MeV 
to 50 l\leV), and EGRET (30 MeV to 30 G'~V) cover the hard X-ray to 1-ray region. 
Apart from tll(' bright continuum '~mission from the disc, a fow point. somces like the 
Crab s1qwmova r!'mnant can be resolved. 
The spectra oft h<' thr<'e <'Xperiments is found to lw cor1sist<~nt with combirn~d lm~ms
strahlung awl invc~rse-Compton scattering [134]. \Vhereas tlw brm11sstrahl11ng compo-
nPnt drops off quickly at higher Galactic latitudes, t.IH~ invers!'-Cornpton comporwnt. has 
a liroad!'r latitudP profile than the gas com[H>1Wnt and thus domi11ates for lbl ~ 5°. At 
high<'r <'Il<'rgies, t IH~ inverse-Compton radiation is expected to IH~conH~ more dominant, 
becaus!' of its harder spectrum, and EGRET in fact observes a flattf~lling of the diffuse 
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-y-ray spectrum above 1 Gf~V [l ;35]. 
Searches for au enhanced ~r-flux from thP Calactic disc at 1·1wrgil's alHm· T"\' ha\-e 11p 
to now only placed upper limits 011 thP ratit'l of ~1-rays to hadronic cosmic ra\·s. 1-./ 11· 11 . 

The Whipple group [1:3G] gives a limit of /.1/ le·// < 0.01 at 1 'fr\". and th<' C:\S.\-\11.\ 
air shower array placf~s a limit of 1-r/ lr·u < 8 · 10 _,, for E > '.200 Te\· a11d I/JI ~ l (J lJ\ 
making use of their muon-based -y/hadro11 sf~paratio11 [lo:3]. 
We use the Gf~igf~r tower data sample to seaffh for diffiise Calact it' ~1 -ra.\· 1·111issi()J1 i11 
the HEGRA erwrgy region above JOT<~V. Duf' to tlw latit.11dP of 28.8', llFCIL\ prnlH's 
the Galactic disc in the region :30° < l < 220° in Galactic lo11git11dl' and tlwrdCJr1· dc)('s 
not observe the Galactic center region. In contrast to the analysis oft h!' isCJt ropi" radi-
ation in Sectio115.2.l, we can now considerably irnprov<~ 011r se11siti\·ity IJ.\' using 1•\·1·11ts 
of non-Galactic origin (lb! > bplaw~) to estimate and su btrac:t. the had rn11it' backgrn1111<1 
(the so-callf~d ON-OFF method). 
It is crucial to avoid systematic errors due to the d<~pe11dencP of th<' dc•ti•ctor 1wrfor-
mance and the /'/hadron separation on local coordinates (O,!p,f), with t liPing the hour 
of the day. In order to obtain the same (O,r/;,t)-distrib11tion for on-so111Te and uff-s011rcP 
data, we apply the following method: for <~ach <~vent with lb! < 1>1,111111 ., a backgrnund 
event with approximately the same local coordinates is tak<•n at random from a back-
ground pool with events meeting lb! > b,,1a 11 , .. Tlw same cuts an~ applied tot lw so111'<'1' 
<~vents and the generic background event. As 111otivatf·d in S<•dion G.1.1. a 1w11ral llC't-
work cut ~cut = 0.4 with a -y-dficiency of <'-r = 0.83 is chose11. 
Fig.5.12 shows the significance of the excess as a function of tlw Galactic latitude /J. 
There is no evidence for an enhanced -y-flux from tlH' direct ion of t lw disc. Tali. G.2 
gives the number of on-source and background f~vents as a function of t lw ddinit ion 
of the Galactic disc size, together with the 90% confidP1H·e l<'wl uppN limit [l2G) 011 
1-r/ Icli· For bpl<me = 10°, the Galactic disc definition adapted by CAS:\-i'dl:\ fort h<'ir 

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. I. upper limit on 
the ratio of 1-ray flux to hadronic cosmic ray flux are given for various definitions of the 
Galactic disc size bptane• The 1-efficiency of the network separation is taken into account. 

bptaue ON OFF exrPss 11. I. total !1/!<·11 
(90%) [10 -·I] 

50 420 212 420 289 1072 15H290 8..1 
100 833387 833863 1312 3 072 748 5.1 
15° 1 238146 1237937 2052 458·1201 5.-1 
20° 1628 927 1630 23·1 1549 6 06:J627 :u 
25° 2 003 392 2 005 396 1517 7 490 220 2 .. 1 

limit, we obtain 

!.J_ < :J. l · 10-·I 
fcli -

( ,-) . :») 

In Fig. G.12 (b), this 11p1>N limit and the Whipple and CAS:\-:'dL\ limits an• rn11frontc•d 
with theoretical predict ions of the di ff us<' 1-ra.v sp<'ct rum by Port <'rand Prot h<'rn<' [ 1 Ti"]. 
The propagation of Plectrons in the Galaxy is cak11lated using models oft he Cala('t i(' 



5.2. SEARCH FOR DIFFUSE COS/\HC 1-RADIATION 

significance Col 

0 

log C_E,' l,/((;ev' cm·' s·')I 
f 

99 

Fig11rP .).1 :Z: (a) Significance for a ')'-excess as a function of Galactic latitude. (b) Diffuse 
•-ray spectra for two inverse-Compton injection spectra (J~- 2 .4 and E- 2 ) as calculated by 
Porter and Protheroe [137]. The lower branch of each curve includes a cutoff at lOOTeV. 
Upper limits from Whipple [136], CASA-MIA [103], and HEGRA (this analysis) are 
induded. 

mattPr distribution, the magnetic fidds and the intcrst.dlar radiation fields. Both 
im·<·rsc-Com pt 011 scatt<>ri ng and bremsst.rahl 11 ng are taken i nt.o account. As a main 
result., Porter and Proth<~rnP find that. tlw contribution of inversP-Cornpton scatt<~ring 
dominat<>s O\'Pr ne11t ral pion decay fro111 tlw interaction of cosmic rays with matter (sec 
e.g. [1:38. 1:39]). Ir1vPrsc-Compton scattering as an additional component csp,~cially at 
higlwr <>n<'rgiPs may be an <~xplanation for th<' flattening of the spectrum as ohs<~rw~d 
by EGHET. 
The model is calculated using <liffen~nt electron injection spectra. An iniprovement 
oft h<' sensitivity of air shower arrays hy at least one orci<~r of magnitude in the near 
futur<' may place constraints on the inverse-Compton model and thus allow to actually 
<•st imat<' t lw inject ion spectrum. 
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Chapter 6 

Blazar search 

As th<' 1m'Yious chapt<'r has shown, 1-showcrs only make up a small part of the overall 
cosmic radiation. Tlwy arP accompani<>d by an overwhelming amount of hadron show-
ers without \·alid information about their origin. //hadron-separation considerably 
reduces this background and thus increasPs tlw signal-to-noise ratio, but nevertheless 
it remains substantially smaller than 1. Even a sophisticated estimation of the back-
ground with small statistical error aJl(I a subtraction of the expected background from 
the data (thP ON-OFF-rndhod) tht>rdon~ may not giw significant results on single 
SOii !"('I'S. 

I3Paring in mind th<' disappointing n~sults of previous s<•ardics with high statistics, all 
of tht>m n·s1ilting in uppPr flux limits, only a marginal flux from a single source is ex-
pectPd Pwn aft.Pr I' /hadron sqmratioll. It is therefore crucial to increase the sensitivity 
oft 11<• d<>t<>ctor array by additional methods. 
In this d1aptn, the so-callPd stackillg method for tagging weak sources is applied to 
t lw hlazar sampl<' c·ompilPd ill Chapter 2 awl additional s<)urce samples with diffewllt 
physical charactPristics. Aft.Pr a gmwral ckscript.ioll of th<~ stackillg method, the neural 
rwt.work ted111iq1w is applied to Geiger towt~r data takell ill November alld December 
19!H and lwtwf•pn February and April 1995. 
\ \'p th ell extPnd the SC'arrh to data taken with the HEG HA scintillator array between 
1989 and 1992, i. ('. in tlw first 3 years of stable running. No 1/hadron separation is 
possible for this data set, but t:Jic large statistics should compensate this. 
In tlw last sectio11, the results are summarized and compared to theowtical predictions. 

6.1 The stacking method 

6.1.1 General remarks 

01w of t hf> main aims of the hlazar compilation in Chapter 2 is the creation of a sam pie 
of lik<>ly candidates for Te\'-ernission, all of them physically equivalent. This allows to 
s1qwrirnpose t hP sources of the sarnph~ to search for a cumulative signal from hlazars 
as a class. This stacking method imitates a prolongt!d observation of a single source: 
pro\·idPd th<> ohsPrvat ion ti mes an! equal, tlw su pPrposi ti on of n objects corresponds to 
an 11-fold obsPrvat ion of a single "gew•ric" object having tlw properti<!S of the samph!. 

101 
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This may increase tlw significance a of a positive ddcction by a factor fo. as 

Tl 

L.::1~,/J.s,1, ((i. l) 
t=l 

with Tobs,i denoting the observation times of the single sou re l's. Th!' flux or flux l i Ill it 
derived from such a superposition cannot he assigned to a sing!!' sotllTP IJ11t r!'f!ec·t s 
the average flux from the class of objects in th!' samp!P. Thi~ stacking lll<'t hod is a 
well-known tool in astronomy applied at almost every wavd<'ngt.h (s<'<' c>. g. [J.l(). 111] 
and rcforences therein). 
To avoid any bias, it is crucial that the source catalogues analyzed in this way Itl!'<'I 
two requirements: ( 1) the sources have to be equivalent and ( 2) th(~ sam pli' sho11 ld I H' 

as complete as possible. The source sample and the selection critPria an· dPscrih<'d in 
detail in Chapter 2. 
Obviously it is hardly possible to fulfill the second requircnwnt. Fut.me catalog11e 
updates and redshift measurements hopefully will enlarge the sample, which at th<' 
time of data analysis com prises 12 sources. 
Note that the superposition of sources at different distances does not a priori g1iarant('<' 
an increase in significance in cases where a large backgro11nd cont.arninat ior1 is <'XJH'ct <·d. 
Assuming we deal with "standard candles" and the fl 11x dccn~as<'s with the• distaIH'<' 
squared, the source with the smallest z will dominate the sarnpl!'. If th<' so111Tc's ar<' 
distributed homogeneously in..z, the nearest source is in fact th(' 011ly 011<· rn11t.rib11ti11g, 
and a superposition of sources farther away will decrease the sig11ifica11c·<~. 
Nevertheless, in the case of the blazar sample, trying a superposition S<'l'lllS pro111isi11g 
for several reasons: first, the sources an• not homogeneously distri bu f(~d i 11 ;:; but. for111 
two clusters at z '.:::::'. 0.03 and z '.:::::'. (l.055. In addition, blazars an~ known to be rapidly 
and violently variable even at the highest observed energies [142]. \Ve then•fore cannot 
expect them to be "standard candles", especially as typically the mor<' dista11t somccs 
have a higher luminosity (else they would not have been d<'tPct<'d with flux limitPd 
detectors). The main dependence on distance will aris(~ from the expon<'ntial cutoff b.v 
infrared background absorption, and where exactly this rntoff ta~c·s !'ff<'cl is unk11ow11. 
Superimposing means to average both in flux and in time, and this 111ay IH' on!' of th!' 
main advantages of stacking at Te V energies. 
It is self-evident that source stacking must in the first place be n•gard<'d as a makrshift 
solution. When analyzing small data samples, e.g. the Geiger to\\'C'r data s11it<'d for 
f' /hadron separation, it is a powerful tool for improving t hl' s<'nsi ti ,.it>" b11 t w IH'11 
analyzing larger data sets (as in the second part of this chapter), \\'<' l'XJl<'l't a differ<'11t 
behavior: On a long-term basis, individual sou1TPS will domi11ate. wh<'rPas otlwrs will 
show no significant flux on all tinH' scaks. 

6.1.2 The source sa1nples 
Nearby blazars 

The sourc<'S of the blazar sample arr s11111111;uiz<'d in Tali. 2.1. Fig. G. l shows t lwir 
position in equatorial coordinates togPth<'r with th<• dail>· obserrnt ion t i11w Tlw t i111c• 
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Figllrt' G. l: Stacking of the 12 hlazars: the upper plot shows the source positions in 
equatorial coordinates with the bars indicating the daily on-time for HEGRA (zenith 
angle (} 'S ·Hl0

), the lower plot shows the total number of stacked sources as a function of 
right ascension together with the mean value (dotted line). 

of \'isibility with Z!'llith angle bdow 40° strongly depends on tlw dedi11ation of tlw 
sourcf•: it ra11g!'S from G homs per day for somccs at declinations which approximately 
rqual th<' IIEGH.A latitude to 4 homs 1wr day for sources culminating at high zenith 
ang!Ps, likP 1Gl4+004. The lower plot of Fig. G.l shows the total number of stackf~d 
sources as a function of right ascension and thus for 24 hours of observation. On tlw 
average, '.::::'. 3 sources are permanently stacked. 

Additional source samples 

In ordPr to check whether the main seif~ction critf~ria for tlw source sample, the blazar 
classification and the small distance, arc inch~cd crucial for df~tcction with llEGRA, the 
S!'arch is ext (•nc!f•d to t lm~e ad di ti on al sam pies with partly diffon~nt properties, called 
rmti-sampfrs in tlw subsrqucnt analysis: 

(i) 19 BL Lac obj,~cts with O.OG9 < z < 0.2():3 sPh~ctPd from t.lw catalog1w of y,~ron
Cetty&:-Vfron (199G) [18]. 

(ii) 31 fiat-spr•ctrnrn radio sourcPs with 0.1 < z < 1.04 srdPct.r~d from Kiihr pf al. 
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(1981) [62] with 5° S t5 s 51°. 

(iii) 4!J nearby (z s 0.1) stcep-spect rnrn radio sotJIT!'S s!'!!'ct!'d fr(JJll h: ii11r t·t al. 
(l!J81) [62]. 

The sourn~s an~ list<~d in Tab. G.l - Tab. G.:~ togPth!~r with tl11·ir n·dsliift~. 

Table G. l: 19 BL Lac objects with O.OG9 < z < 0.203 from the rntalog1w of V fro11-
Cetty & Veron [18]. 

j source z II source z II SOllfCI' 

2200+420 0. 069 lES 1212+078 ().} :w 1 ES mJ27 +.'iOO o. ms 
1404+286 0.077 lES 0229+200 0.140 .i\IS 0:1170+18:11 o. EJll 
1 ES 1741+ 196 0.083 lES 12.'i.'i+244 0.141 22.'i4+074 l J. I !Jll 
1219+285 0.102 lES 1239+069 0.150 1402+042 0 20() 
EXO 1118.0+4228 0.124 1418+546 0.152 lES 044G+H9 0.20:1 
lES 0145+138 0.125 lES 1440+ 122 0.1 G2 
1426+428 0.129 0829+046 0.180 

Table 6.2: 31 flat-spectrum radio sources (0.1 S z S UJ4) selected from Kiihr et al. [62]. 

I source z II SOllJ'CP z II SOIJfCI' z 
0235+164 0.940 1328+307 0.849 2201+31[1 0.297 
0428+205 0.219 1345+ 123 0.122 2209+080 0.484 
0738+313 0.631 1354+195 0.720 2209+236 
0748+126 0.889 1604+159 0.357 2230+114 1.037 
0812+367 1.025 1641+399 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 0.85!) 
0953+254 0.712 1800+440 0.663 2344+092 0.677 
1150+497 0.334 1828+487 0.692 2352+493 0.2:37 
1252+119 0.871 1830+285 0.594 
1308+326 0.996 2145+067 0.990 

6.2 Pre-analysis: cuts and methods 
Thr following analysis is based on 48180 324 events taken with the HEGHA array in 
two periods of stable Geiger tower performance betwt>en October and Dt>cP111lwr l 99-1 
and bet.ween February and April 1995. 
As described in Chapter 3, the core position and the i11cidt>11t angl<'s arP ddt•r111i1wd liy 
making use of the scintillator information. In order to haw stable ru11ni11g rnnditions. 
fulfillment of the scintillator trigger con di ti on is therpfore also n'qu in'd in ru11s w her<' 
the AinOBICC matrix contributes to the trigger. 
In addition, seVPral cuts arc applied to thP data to achiP\'P a high quality oft he> analyzt'd 
data sample. They can roughly be divi<kd i11to thrc>e catt'gories: 
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Tab!(' 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). 

I so11rcP z II sourcP 
3C 31 (0104+32) 0.017 3C277.3 (1251+27) 0.086 
3C33 (0106+13) 0.059 4C 29.47 (1316+29) 0.073 
3C 35 (0109+49) 0.067 3C285 (1319+42) 0.080 
4C 18.0G (0124+18) 0.044 4C 36.24 (1322+36) 0.lH8 
4C 35.03 (0206+35) 0.037 4C 31.43 (1350+31) 0.045 
3C66 (0220+42) 0.021 3C296 (1414+ 11) 0.024 
3C75 (0255+05) 0.023 (1422+26) 0.037 
3C 76.1 (0300+16) (l.032 3C306 (1452+16) 0.042 
3C 83.1 (0315+41) 0.025 3C310 (1502+26) Cl.054 
3C8-1 (0316+41) ll.018 3C317 (1514+07) 0.035 
3C98 (0356+10) 0.030 3C321 (1529+24) 0.096 
3C 109 (0410+11) 0.033 3C326 (1550+20) 0.089 
4C 56.16 (0745+56) 0.036 4C 35.40 (1615+35) 0.029 
3C 189 (0755+37) 0.043 3C338 (1626+39) 0.030 
4C 32.25 (0828+32) 0.051 (1743+55) 0.031 
4C 31.32 (08-14+31) 0.067 3C386 (1836+17) 0.017 
3C227 (0945+07) 0.085 3C388 {1842+45) 0.092 
3C236 ( 1003+35) () .099 3C402 (1940+50) 0.025 

(I 040+31) 0.036 :JC442 (2212+13) 0.027 
-IC 2!J.·11 (J 113+29) () .0-18 :~c ,149 (2229+39) 0.018 
:l(' 2G·I (11·12+19) 0.021 :!C 4G2 (22.1:1+:!!J) 0.082 
·IC 22.:1:1 (lW1+22) O.OG:i ·IC:!G.·17 (221-l+:Hi) 0.081 
:w 270 { 12 IG+OG) 0.007 -IC 11. 71 (22"7+11) 0.026 
3C 272.l (1222+ 1:3) 0.00:1 :3C .t<;:; (2:335+26) 0.030 
3C 274 (1228+12) ll.004 

• cuts increasillg tlu~ data quality, 

• cu ts ll<'cessary to obtain a stahl<~ r /had rou separation, aHd 

• physically motivated cuts to increase the sc11sitivity of the 1-sourc<~ ::-;carch. 

The quality cuts include a cut hn the zrnitl1 aHgfo of tlw i11cidc11t sltow<!r (fl::=; 40°) a11d 
a bordPr cut restricting tltP core positiou to a11 area of 150 x IGO m 2 arouHd the ceutf~r 
of the array. . 
ThP accept.Pd zenith angle range is larger than in the network training where () :::; ~30° 

is chosen. The 40°-cut for the experiment.al data is sc!nsiblc to achieve a smooth angu-
lar distribution even for those sources with dcdi11ation above 50° and IH~low 6°. The 
network cfficiPncy only slightly dPcrcas<~s for zenith angles up to 40°. 
The• hord1T rnt is furthc!r illustrat<~d in Fig. G.14, wh<'re the! con~ position of acccptl!d 
<'\·ents is sliow11 together with the positioll of t.lw scintillator huts. In addition to im-
j>l'O\'illg the a11g11lar resolution, this cut is rwn·ssary t.o increas<~ tJw 1/hadron separation 
quality. as for showNs with core far 011 tside tlJ1• C1•ig1•r s11 b-array, tlw towers do not 
carry P11011gh i11forma~ion for an eHiciPnl sPpara1.ion. For tlw sa11w rea.son, PV<~nts with 
a showl'r size Xe ~ 10000 arP discard1~d (s1·c· Fig. 5.7), thus t.hP <'IH'rgy thrcsliold for 
/-showers is aho11 t 50 T<' \'. A part from g11ara11 te<~ing a st.ab!<~ s<~paratio11 powPr, this 
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cut also improves the angular resolution, as a(j:J% rx: l/yll\I; (see Eq. ~U3). 
Before neural network processing, noisy Geiger tulws an• Pxclud<'d as t ll!'y ot ll!'rwise 
considerably deteriorate the network perfortrtance. An additional cut has to I H' a ppl i<·d 
to account for tlw fact that a 1/hadron separation using th<· GPig<'r tow<'rs cannot lw 
achieved in events where less than 6 towers record any hit information at all. As shown 
in Chapter 5, this con di ti on docs not incn~asc the threshold <'11ergy sig11 i fican t I:>. 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 ~1-showPrs an· <'XJH'<'tt>d 
above 100 TeV due to absorption in the cosmic microwave background. \\'e t ll!'r<'i'or<' 
discard events with a shower size Ne 2:: 30 000. Due to the rather loosl' rnrrdat ion 
between the shower size and the primary energy, this is a rather da11g<•ro11s cut, and in 
order to assess its influence, the analysis is also p<~rformcd without it. J\'pvert lwless, if 
a 1-like excess is actually observed, its significance inevitably rrwst increase wlwn largP 
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 reducc~d to 12 529 705 events. 
The runs used for this analysis arc selected for their rather high quality Gcig<'r JHT-
formance. Runs with deteriorated neural network separatioll due to bad tow<'r pPrfor-
mance arc consequently excluded from the data sample. This procPdun• g11arant<'('S a 
quality factor which is stable within 20% for all accepted runs. Ncv<•rthdess. d1w to at 
least two missing towers and ~trio us indficient layers, tiH' PXJH'('l.Pd quality fact or Q 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 ill air shower 
physics. The easiest method is to simply extrapolate the number of entries ill n<'ighbor-
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 mPthod, as it does 
not take into account that the acceptance of the detector array is not uniform in hori-
zontal coordinates 0 and <P (and thus not uniform in right ascensio11 n and dPcl i nation 
c5 either). Fig. 6.2 shows the total numlH'r of showers both ill horizontal rnordinatPs 0 
and <P and in equatorial coordinates n: alld c5. The non-nniformi t .\' i u right as('('llsion 
partly reflects the interruptions in observation time of the G l'igPr s11 h-arra:\' d tH' to 
detector maintenance and deteriorated p<'rformance. Any procedur<' for background 
estimation has to take into account the dependence of thl' dl'tcctor dficicncy and t lH' 
I /hadron separation on local coordinates. A method which automatically n•mows such 
systematics has been proposed by Alexandreas !'t al. [ 143]: the numlH'r of ('X 1wct ed 
background events in the source bin is determined by conrn•ct i11g t hl' actual ('\'('lit t illll' 
with incident angles taken at random from the (0, ¢)-distribution of thl' data. In the 
following analysis, typically 50 000 events from t lw sam<' (or a 11PighlHlring) rnn ar(' 
stored to create a background pool. For each event, a number of 11 background ('Wilts 
are taken from this pool, a11d right ascension and dedina t ion ar<' cakula t Pd using the 
horizontal coordinatc>s of tlw pool c>vent and the actual <'Wilt tim<'. For both original 
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Fig11n' G.:2: Total number of showers in horizontal coordinates fl and <jJ and equatorial 
coordinates n and J. The latitude of the HEGRA array (28.8° N) is indicated. 

P\'1'111 and hackgro1111d <'Wilts, the s;UJH' cuts (neural lid.work out.put., lllinillllllll 11urnhcr 
of t.m\'('rs, <'tc·.) an' appl i<1d. As a major ad va11tage this method g11ara11t.ccs that. the 
(0. <f>)- distrih11tio11 for original data a11d hackgro1111d are id<~11t.ical, so it. automatically 
a<"co1111ts for systP111atics in local ckt<~ct.or c:oorclinatPs, c. g. t.hc dcpc~11dc111c:c of rcco11-
st ruction a 11cl separation on t.he zenith angle. 
The cak11latio11 of tlw significance of a11 cxc:<'ss or ddicit in tlH' source bin dqwnds 011 
th<' rn1111'><1 r of random cvPnts n used for tlw hackgro11ncl estimation. Choosing n = I 0 
or 11 = 20, as in thP following analyses, rncans that. the background 1~st.i111at.c N 0 1 I 
has a srnallN statistical ''rror than the n1n11hcr of source bin events N 011 • This has t.o 
IH' taken into acrnunt when calculating significances. Tlw method appliPd hew has 
lwrn proposed hy Li and l\·1a [144] and ''valuates the significance of an ohs,!rvat.ion 
(.\'on· N 0 /!) by a maximum likelihood ratio test. \Vith n = l/n, the signific:ancf! of the 
PXC'f'SS IS gl\'f•n \Jy 

S = J2 {son In [
1 + 0 

(N N01~ )] + N,,11 111 [(I+ n) (, Noff -)] }IL!i 
0 '"' + "I I · V"" + N" I I 

(u.2) 
TliP forrnula giws rcliab!P n~sults compatible with Gaussian proliabiliti,~s at. least. for 
.\'on· So// 2 10. 
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Figun~ G.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 BEG RA scintillator array has bcc~n d('t<>rn1i1wd 
to 

(104.5 ± 0.4) 0 

a6:l% = ------./!Ve 
(G.3) 

(see Eq. 3.G) with respect to the total number of electrons Ne. This implies an angular 
resolution of a 633 = 1.0°, containing 63% of the source events. As the angular n'so-
lution for 1-showers is '.:::::'. 10% better than for hadron showers, the following analysis 
is based on an estimated resolution of a6:i% = 0.9°. If the source is point-like, the 
dispersion of the signal is solely a result of tlw finite angular resolution of the d('t('ct or 
and may therefore be described by a Gaussian. In this case, the optimal source bin 
size, i.e. the source bin size which maximizes signal-to-noise, is a 7'.2'Yr (see<'. g. [1·13]). 
\Ve thus choose a 723 = 1.0°. so the corn'sponding solid anglP is 

( G.·l) 

If the 1-ray spt>ctrum of point sources is flatter than t IH' m·prall rnsmic ray flux, t hP 
amount of higher energy 1-events in the data is enhanrl'd and thr optimal so111T<> hi11 
sizr is in fact smaller t hnu the val uc drriwd abon>. As the spectral i11d('x is 1111 known 
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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 9, ¢-reconstruction 
of the HEGRA array, and within 5 months of data taking, a deficit at the 5.5 er level 
has been found [91]. 
To check the moon shadow for the 12 529 705 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 optain equal solid angles for each 
radial bin. 
Fig. 6.3 shows a deficit of showers from the moon direction of 3.0 er. Within the sta-
tistical errors, this is in correspondence with expectation: the moon with a radius of 
0.25° covers a fraction of 

1 - cos 0.25° 1 
-----~o. 
1 - cos0.8° 

(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 Section 6.2.1. 
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 s~all, 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 
<I>(E > Ethresh,-.,) are commonly calculated by comparing the number of excess events 

N _Non - a.No// 
excess - ' 

f.-., 
(6.6) 
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Figure 6.4: (a) -y-threshold ene;'gy 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 Nexcem to the total number of events Nsb in the source bin. As 
N 11b is produced by the total cosmic ray flux above the threshold energy of the detector 
and Nexcess is produced by the ')'-flux, 

<I>(E > Ethresh,-y) 

<I>cn(E > Eeff,CR) 

Nexcess (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, 

<I> (E > E ) = n · (1 52 ± O 01) · 10-5 E-i.57±o.o2 cm-2s- 1sr- 1 
CR ef f,CR · · TeV ' (6.8) 

with n denoting the solid angle of the source bin. 
Application of Eq. 6. 7 requires the knowledge of the threshold energy Ethresh for /-
showers. As shown in Section 5.1.2, Ethresh strongly depends on the zenith angle 8, 
thus the 0-distributions of the sources differ due to the different declinations <5. In 
order to derive Ethresh 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 0-distribution 
of the MC 'Y-showers to the 0-distribution of each source. 
In the first step, we simulate the expected 0-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 0- distribution. As usual, 
core position and energy (10 to 500TeV, 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: 1- and proton threshold energies (Ethresh.-r resp. Ethresh,p) of the generic 
sources as derived from MC simulations. 

source Ethresh,-r Ethresh,p 
[Te VJ [Te VJ 

blazar 55 65 
BL Lac 56 66 
flat-spectrum 54 65 
steep-spectrum 55 65 

systematic error on Euiresh· 
\Ve 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 r /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 slwwers above 50 Te V. 
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 Ethresh 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)). Ethresh 
ranges from below 50 Te V for sources culminating near 0 = 0° to more than 70 Te V for 
1514+004 with o ~ 0°. As expected, Ethresh has a minimum for sources with o ~ 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 'Y /hadron separa-
tion and the steep energy spectrum of the sources, this MC method allows to estimate 
the expected energy and Ne-spectrum of the 'Y-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 1-shower energy is between 30 and 35TeV. 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 Ethresh 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 /-rays. A flatter spectrum will shift the 
threshold energy to higher values. 
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Figure 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 Chapter5.l.1, a network cut at ~cut= 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 {-shower efficiency of more than 
0.8. 
Before applying this cut to experimental data, we first study the significance as a 
function of ~cut for the four generic sources described in Section 6.1.2. As shown in 
Fig. 6.5, 

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

In a striking contrast to this, 

• the generic nearby blazar shows an excess ~ 3 a for any ~cut ::; 0.5, i.e. in the 
region where {-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 3.5a is below 0.05, i.e. in 
the region where the major part of the 1-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 1-shower distribution and the effect 
which runs of deteriorated quality have on the network output. The break-in of the 
significance at network cuts ~cut '.::::: 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 1-detection and hadron rejection 
are actually achieved, we treat the excess as a signal and calculate the efficiencies as a 
function of ~cut· 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). I) is the upper limit on the 
integral flux above Ethresh· 

no separation separation ~~~F(> Ethresh) 
source Non 10 ·Nolf I sign. [a] Non 10 ·Nolf I sign. [a] [cm-2s-1] 

10000 S Ne S 30000 
BL Lac 38895 389997 -0.5 9911 98688 0.4 
flat 69456 694419 0.2 17703 176135 0.7 
steep 115002 1150932 0.0 28428 285494 -0.7 
10000 S Ne 

& 

BL Lac 55017 554165 -1.7 13944 139232 0.2 8.6 10-14 

flat 98244 984243 -0.5 24938 248635 0.4 7.2 10-14 

steep 162 537 1626206 -0.1 40262 402416 0.3 4.8 10-14 

Flux limits and significances 

For the further analysis of the source sample, we apply a network cut at ~cut = 0.4, 
regarding all showers with ~ ~ 0.4 a8 1-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, 903 confidence level upper limits on the flux are calculated using 
the method of Helene [126]: 

<l>BLLac(E > 56TeV) 903 -

<l>flat-sp.(E > 54T V) 
903 - e 

<l>steep-sp.(E > 55T V) 
903 - e 

8.6 · 10-14cm-2s- 1 

7.2 · 10-14cm-2s- 1 

4.8 · 10- 14cm-2s- 1. 

(6.9) 
(6.10) 
(6.11) 

As these upper limits ref er to the integral ft ux above 50 Te V, they are calculated using 
the event numbers without restrictions on the upper shower size, thus without the cut 
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Figure 6.6: (a) Network output distribution for the source events and the background 
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in u as a function of the net output. (c) Quality factor Q and (d) 1- and hadron-efficiency 
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. 

Ne~ 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 'Y /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 
6 884 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: 2.2 a 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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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 (c) and (d), 7/hadron-separation is applied. 
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Table 6.6: Results for the hlazar sample (n = 20). 

source Ethreah,-y time no separation separation 
[Te VJ [s] Non 20 · Nolf I sign. [er] Non 20 · N 0 11 I sign. [er] 

10000 s Ne s 30000 
0055+300 49 1154836 2804 55826 0.2 714 13637 1.2 
2201+044 67 838931 1083 20784 1.3 343 6229 1.7 
1101+384 52 1186793 2788 56931 -1.1 710 13291 1.7 
0430+052 63 894245 1082 21193 0.7 317 6214 0.3 
1652+398 53 1177671 2951 57990 0.9 721 14389 o.o 
2344+513 60 1091607 1691 32811 1.2 489 9527 0.6 
1514+004 75 741659 722 14183 0.5 248 4514 1.4 
0402+379 55 1206493 2769 55163 0.2 711 13288 1.7 
1727+502 61 1122608 2039 39994 0.9 588 11103 1.3 
0116+319 53 1171718 2766 54970 0.3 705 12998 2.1 
0802+243 48 1129836 2631 52313 0.3 635 12176 1.0 
1214+381 52 1198954 2962 57512 1.6 703 13528 1.0 
l: blazars 55 12 915351 26288 519670 1.8 6884 130894 4.1 
10000 s Ne 
0055+300 3913 78097 0.1 987 18830 1.4 
2201+044 1605 31025 1.3 506 9405 1.6 
1101+384 3961 79812 -0.5 959 18504 1.1 
0430+052 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 
1514+004 1048 20807 0.2 342 6552 0.8 
0402+379 3838 77762 -0.8 977 18799 1.2 
1727+502 2914 57337 0.9 819 15886 0.8 
0116+319 3857 77747 -0.5 969 18681 1.1 
0802+243 3720 72675 1.4 899 17196 1.3 
1214+381 4116 81701 0.5 . 964 18885 0.6 
I: blazars 55 12915351 37074 736085 1.4 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, 

• the upper limit on the shower size, Ne ::; 30 000, and 

• 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 Ne only loosely correlates with the energy and the 1-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 

• 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 a 723 = 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 Ne is motivated by our knowledge of the absorption of 1-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 Ne 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 Ne. As shown in Fig. 6.11 (a), the superposition yields an excess at the 
3. 7 a level with 9 626 on-source events and a background estimate of 185 245 ( n = 20). 
This is about 0.4 a less than achieved in the analysis where events with Ne ~ 30 000 
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 Ne-distribution of the excess events, i.e. 
the Ne-distribution of the source bin events after subtraction of the distribution for the 
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events making up the background estimate. The excess is clearly produced by showers 
of small size, and showers above Ne = 30 000 mainly increase the background level. 
We can now directly compare the Ne-spectrum of the excess events with the MC 
Ne-spectrum generated for the generic blazar applying the method described in Sec-
tion 6.2.3. F.ig. 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 40TeV. 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 z 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 Noff = Non.' 
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 ~z = 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.e. 
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 z '.::::'. 0.07. 
It is tempting to interpret the decrease in significance and the non-detection of BL Lacs 
above z '.::::'. 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 



122 CHAPTER 6. BLAZAR SEARCH 

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 ex 1/d2 , 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 1 TeV, 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 Te V. 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 1-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 ex e-rn with r ex 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 Section 6.2.2 we have shown that from MC predictions and moon shadow analy-
sis, the angular resolution of the HEGRA scintillator array for 1-shower sizes above 
Ne ~ 10 000 is expected to be a 633 = 0.9°. Hence the optimal source bin size yielding 
maximum sensitivity is a 723 = 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 a max = 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(a ~ asb) 1 - e-~ 
~~ex ex~~~-

noise ~ asb 
(6.12) 

(see Eq. 3.7) with asb being the source bin size and Osb = 27r(l - cos a8b)( ex a;b for small 
a.,b) 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 1-ray spectrum flatter than the overall cosmic ray 
spectrum leads to a better angular resolution for )'-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 Section 2.2.4) 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 

<I>(E 2'.: Ethresh,-y) = (1.52 ± 0.01) · 10-5 Ei-e\,67±0·02 n Nexcess cm-2s-1sr- 1 (6.13) 
0.72 Nsb 

with 
N _ Non - Q' No/ f 

excess - ' 
(_'Y 

(6.14) 

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 2'.: Etresh,"f we have 
to use the values for Nexcess and Nab determined without upper cut on Ne. 
Apart from the error in <I>cn two other quantities enter with a systematic error, f.'Y and 
Nexceas· The systematic errors on f.'Y were analyzed in Chapter 4 and 5 and add up to 

f.-y = 0.83 ± 0.01 ± 0.09 (6.15) 

for a network cut (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 Nexcess on the cut value ~cut 
in the network output. Whereas the quality factor and the significance of the excess 
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depend on ~cut in a way consistent with MC expectation, the flux and therefore the 
number of excess events should be independent from ~cut· The spread of Nexceu is 
an intrinsic error of the neural net analysis and by far the most important systematic 
error on the flux. To determine Nexcess and its systematic error due to the ambiguity 
of the network cut, we histogram Nexcess 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 %: 

Nexcess = 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 ~cut being included in the systematic 
error. 
Summarizing all values derived above gives an integral flux of 

(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 (150x160 m2) and the total observation time after correcting 
for the dead time gives a flux of 1.2 · 10-13cm-2s-1 . 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 4 a with 50 000 000 events and a 
1/hadron separation quality factor Q ~ 2 has been achieved. As shown in 3.7, signal-
to-noise in air shower analysis behaves like 

sig~al cc VAT _1_ Q , 
noise ~a 

(6.18) 

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 (60243598 s), during which 250000000 
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 
Mrk 421 with an upper flux limit <P(90%) = 1.8 · 10-13cm-2s- 1 and Mrk 501 with 
4>(90%) = 9.9 · 10-14cm-2s-1 [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 ~ z ~ 0.203. If the excess obtained after 
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application of the Geiger tower r /hadron separation is in fact due to a !-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 a deficit. Including an absolute 
pointing error of 0.2° to 0.3° derived from the moon shadow position, a 633 = 0.99° at 
log Ne 2: 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: 

• 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. 

• The shower size is restricted to 10 000 ~ Ne ~ 30 000. 

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(} ~ 40° from the Geiger tower analysis. The larger zenith angle range 
gives fiat 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, 

• 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 min [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 :::::: 20 m. 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 S z S 
0.203 (b) (1989-1993 scintillator data). Dots with error bars indicate the result for the 
superposition of pseudo-sources with apaeudo = a + 3.6°. 

generic blazar is 3.2 a for Ne 2: 10 000 and increases to 3. 7 a if the shower size is 
limited to 10 000 ~ Ne ~ 30 000. 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 a for 
Ne 2: 10 000 and 3. 7 a for 10 000 ~ Ne 2: 30 000. The integral flux 

(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 S z S 0.203 
for (} ~ 40° with and without upper cut on the shower size (Ne S 30000). 

source 
blazar 
BL Lac 

10000 ~Ne S 30000 
Non No sign. [a] 

137250 3.7 
201466 -0.5 

10000 ~Ne 
Non No sign. [a] 

290 791 288 977 3.2 
430 520 430 130 0.5 

«I>u.i.0 (> 50TeV) 
[cm-2s- 1] 

7.4. 10-14 

'Y /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 O:paeudo = o: + 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 
5.5a, 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 a and thus dominates the overall excess. 

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

10000 ~Ne ~ 30000 10000 ~Ne 
source z Non No/ f I sign. [u] Non Noff sign. [u] 
0055+300 0.017 15287 15220 0.5 32058 31808 1.3 
2201+044 0.028 4967 4864 1.4 11184 11169 0.2 
1101+384 0.031 15288 14977 2.4 31874 31498 2.0 
0430+052 0.033 5053 5114 -0.8 11315 11459 -1.3 
1652+398 0.034 14778 14699 0.6 31507 31366 0.8 
2344+513 0.044 8529 8522 0.1 18991 18641 2.4 
1514+004 0.052 3175 3008 2.9 7285 7070 2.4 
1727+502 0.055 9699 9712 -0.1 21231 21209 0.1 
0402+379 0.055 14691 14665 0.2 30682 30616 0.4 
0116+319 0.059 16206 15622 4.4 33647 32801 4.4 
0802+243 0.060 14342 14497 -1.2 29340 29694 -2.0 
1214+381 0.062 15235 14937 2.3 31677 31646 0.2 
E 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+3Hl, 1101 +384, and 1514+004 
are the most significant sources: the combined significance of 0116+319 is 4.9 a. We 
will review this result after a short summary of additional analyses of the blazar sample. 

Summary of further hlazar searches 

Following the discovery of small evidence for 2: 50 Te V 1-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 30TeV for 1-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 a 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 ofredshift. The inset shows the individual significances 
of both data sets. 

this analysis include a restriction of the light density L90 at a distance of 90 m from 
the shower core to 8000 photons/m2 

::::; £ 90 ::::; 22000 photons/m2 corresponding to the 
50 to lOOTeV energy window also chosen for the Geiger tower analysis. No 1/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 Te V or less. This behavior is not yet fully understood, but a possible 
explanation may be the lower quality of the detector performance below 50 Te V. 
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 1/hadron separation techniques [147], the excess is 1.7 a. 2.4a 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. 

I time period I 0"723 I Q I sign. [a] I 
scintillator 
and Geiger array 11/94-3/95 1.00 ::=2 4.1 
scintillator array 8/89-6/92 1.12° - 3.7 
scintillator array 3/94-4/95 1.00 - 1.2 
AIROBICC 3/92-3/93 0.40 - 3.9 
AIROBICC 12/93-9/95 0.41° ::=2 1.7 

1.00 ::=2 2.4 

6.5 Discussion 
The evidence for 2: 50 Te V 1-emission from a sample of blazars with moderate redshift 
is a remarkable result for several reasons: 

• 1-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 /-energy of lOTeV is the "demarcation line" [148] between 
models based on synchrotron-self-Compton emission of electrons and the proton blazar 
model. In order to produce 2: 10 Te V 1-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 1-rays to quit without severe energy loss. 
In contrast to this, Te V /-emission is a compelling attendant of proton acceleration. 
In Fig. 6.18, the flux estimation for 10 of the 12 blazars is cd'bfronted 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 /-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 2:50TeV /-emission and the striking fact that the observed Hux equals 
the non-absorbed proton blazar prediction has another important implication: 

• 1-ray emission of the observed intensity at 50 Te V 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 v~lues 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, H0 = 75 km s- 1 Mpc- 1) 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 1-rays detected by HEGRA pile up 
at low energies, thus HEGRA actually probes the infrared background at t '.::::'. 0.01 eV. 
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 a 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 Tn = 1 in Fig. 2.10. As the 
mean 1-ray energy is 35 TeV, Tn < 1 for z = 0.059 requires a background radiation 
density t:2n(t:) ,:S 2·10-4 eVcm-3 at t: = O.OleV, thus a detection of0116+319 implies 
that t:2n(t:) at 0.01 eV is a factor of 3 lower than given in Fig. 2.10. This is of course 
neither a measurement of t:2n(t:) nor a confirmation of models predicting low values for 
t:2n( t:): it only shows that a detection of nearby 1-ray sources above 30 Te V 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 3 K 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 1-rays may also come from the decay channel 

(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 1-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 1-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 (Mrk421 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-1-astronomy. There is 
no established source above 10 Te V, 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 espe~ially 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 r /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 50TeV 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 0116+319 

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 a 
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 ftat-
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. 
1214+381 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 Te V 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 Te V 
1-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 :S 0.07 
(n = 10) with and without the upper cut on the shower size (Ne :S 30000). 4> is the upper 
limit on the integral flux above Ethresh· 

source I no separation I 
Non 10 ·Nolf I sign. [a] Non 

separation 1 c1>~y0 (> 50TeV) 
lO·Noff I sign.[a] [cm-2s-1] 

10000 :S Ne ~ 30000 
X-ray AGN I 50 770 507354 I 0.1 I 12290 122113 I 0.6 I 
10000 ~ Ne 
X-ray AGN I 71 713 111118 I 0.0 I 11309 112 581 I 0.4 I 8.0. 10-14 

As a summary of the results on the blazar sample, Tab. 6.11.shows 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 2.4 keV 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 a, 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 [-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 a 
excess of 0116+319 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 r /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 Te V 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 1.5 krri spacing, thus covering an area of 5000 m2 . 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 8 m3 , 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, [-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 Ev,max ~ (108 - 1010) GeV [157]. Observing neutrinos at GeV to 
PeV energies thus complements [-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 Chapter 2, 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 -y-ray horizon Tn = I at different energies by 
measuring the maximum redshift Zmax 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 17 m 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 Te V 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 whil~ -y-rays traverse the cosmic 
ray background radiation. These processes may help us to gain information about 
external radiation fields and intergalactic magnetic fields. 



138 CHAPTER 6. BLAZAR SEARCH 

Table 6.11: Summary of blazar properties and results. 

source z ~(4.85GHz) ROS AT EGRET Whipple 
[Jyl 110-1oerg cm-2 s-11 110-1cm-2 s-1] 110-12cm-2 s-11 

0055+300 0.017 0.91 - < 0.8 
2201+044 0.028 0.75 0.03 < 0.5 
1101+384 0.031 0.72 29 1.57 
0430+052 0.033 3.49 1.1 < 1.4 
1652+398 0.034 1.37 1.2 < 1.0 
2344+513 0.044 0.23 - -
1514+004 0.052 1.63 0.03 < 0.9 
1727+502 0.055 0.16 0.34 < 3.9 
0402+379 0.055 0.94 - -
0116+319 0.059 1.57 0.01 < 1.1 
0802+243 0.060 1.86 (nd) < 1.1 
1214+381 0.062 - 0.03 < 0.5 
Radio fluxes at 4.85 GHz from the Green Bank Catalog of Radio Sources [154l 
ROSAT fluxes between 0.1 and 2.4 ke V taken from [11 l 
EGRET integral fluxes > 100 J\JeV from [3, 4, 5l 
Whipple integral fluxes > 300GeV from [142, 7l 

HEGRA 
source telescope 94/95 89-92 flux 

110-ncm-2 s-11 [a] [al 110-13cm-2 s-11 
0055+300 1.2 0.5 < 2.2 
2201+044 1.7 1.4 < 3.1 
1101+384 0.8 1.7 2.4 < 3.8 
0430+052 0.3 -0.8 < 1.5 
1652+398 ('.'.:::'. 5 a) 0.0 0.6 < 2.0 
2344+513 0.6 0.1 < 1.7 
1514+004 1.4 2.9 3.0 
1727+502 1.7 -0.l < 1.7 
0402+379 1.3 0.2 < 1.4 
0116+319 2.1 4.4 3.4 
0802+243 1.0 -1.2 < 1.2 
1214+381 1.0 2.3 < 3.7 
telescope: integral flux above 1 TeV, taken from [48] 
89-92 Archival scintillator data, [74l and this analysis. 
94/95 Geiger tower data, this analysis 

-

" 

15.9 
-

8.1 
('.'.:::'. 3 a) 

-
< 6.9 

-
< 13 

-
-



Chapter 7 

Summary 

In this thesis, a theory-guided search for extragalactic sources of cosmic rays with 
energies above 50 Te V 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 {-ray emitters above 30 Te V 
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 iime, a r /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 (e±, r) 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 e±, r, and µ± content. 
The analysis of the data used for r /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. 
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The 90 % upper limit on the ratio of the 1-flux to the overall cosmic ray flux, 

(7.1) 

derived from the network output distribution of the experimental data, shows that a 
diffuse isotropic 1-ray component in the cosmic radiation cannot be detected even with 
1/hadron separation. The ratio of the flux of Galactic 1-rays (lbl ::; 10°) to the cosmic 
ray flux is less than 

I· 
_'Y < 5.1. 10-4 

fen -
(7.2) 

(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 a excess for the generic blazar after r /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 1-rays per day from the generic source 
and shows 1-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 lOOTeV turns out to be the region where the excess is accumulated. 
The estimated flux of 

(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 2: 50 Te 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 ::; z ::; 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 
z '.::: 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 r /hadron sepa-
ration, also the pure scintillator data taken between 1989 and 1992 show evidence for 
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1-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 6 a 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 a 
('.:::::'. 6.1 a 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 /-astrophysics in the near future. 
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