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Abstract

In this thesis, some of the consequences of acceierating protons to high energies via

shock acceleration in diffuse matter and radiation fields are examined. In particular

particle production in active galactic nuclei is investigated. In the central region (or

nucleus) of an active galaxy protons primarily lose energy via proton-proton interac-

tions with the accreting matter, and pair production and pion photoproduction on the

radiation field. The decay of pions produced from proton-proton and pion photopro-

duction intcractions results in a neutrino flux from the nuclei of active galaxies. While

inclividual AGN are not observable with the proposed high energy neutrino telescopes,

the diffuse neutrino background produced by all of the active galactic nuclei may be

observable.

After a brief introduction to the field of high energy astrophysics in Chapter 1,

cosmic ray physics relevant to particle production in active galactic nuclei is discussed

in Chapter 2. Cosmic ray propagation is discussed in terms a transport equation

similar to that suggested by Ginzburg and Syrovatskii (1964). Shock acceleration is

introduced using the basic ideas of Fermi (1949) and is also discussed in the context of

an infinite planar shock with a parallel magnetic field. The chapter is concluc{ed with a

description of how shock acceleration may be visualised in terms of a leaky box model.

High energy interactions (exclusive and inclusive) and decays (two and three body)

are clescribecl in general terms in Chapter 3. In addition, some of the reference frames

used in the modelling of high energy interactions are tliscussed along with a derivation

of the mean path length fol interaction of a particle in a relativistic gas. The techniques

described in Chapter 3 are applied to pion photoproduction, pair production, proton

proton interactions and pion and muon decays in Chapter 4. Monte Carlo simulations

of pion photoproduction and pair production are described along with a discussion of

how proton-proton interactions may be modelled.

In Chapter 5, the techniques used for the observation of high energy neutrinos are

discussed. Some of the proposed neutrino telescopes are described and their present

status (or at least their status as of early in 1992) is reviewed. The method of calculat-

ing the neutrino signal in a neutrino telescope is described, and is applied to estimate
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the neutrino signal from SN 19874 using the rnodel of Harding et al. (L997) for particle

acceleration in the supernova remnant.

A simple model of an active galactic nucleus involving accretion onto a super-

massive black hole is used in Chapter 6 to investigate the consequences of high energy

particle production within the central region. Particle acceleration is assumed to take

place via the first order Fermi mechanism at a shock front which forms in the ac-

cretion flow, and be supported by pressure from high energy protons. Observations

of the continuum radiation from active galactic nuclei are briefly reviewed and two

"generic" photon spectra are developed. Particle production by pair production, pion

photoproduction and proton-proton interactions is investigated both during and after

acceleration of the protons. The question of neutron escape from the core region of

the active galaxy is examined and the consequences are discussed. Calculation of the

neutrino flux at Earth resulting from individual active galactic nuclei is described a,long

with the cosmological integration to find the contribution to the neutrino background.

The prospects for observing both individual active galaxies and the diffuse background

with the proposed neutrino telescopes are discussed. The results are compared to recent

work by Stecker et al. (L992), Biermann (1992) and Sikora and Begelman (1992).

Chapter 7 summarises the work presented in this thesis and briefly discusses some

of the other consequences of particle acceleration in active galaxies. The application

of this work to other astrophysical objects is also briefly discussed.
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Chapter 1

High Energy Astrophysics-An

Overview

1.1 Introduction

The term high energy astrophysics encompasses several fields of physics, including

cosmic ray astrophysics, l-ray astrophysics and high energy neutrino astrophysics. Of

these, cosmic ray astrophysics is the best established with an eighty year history of

experirnental and theoretical advances. Gamma ray astrophysics has a shorter-history,

and progress really accelerated with the launch of satellite borne l_tay telescopes, the

most recent of which is the Compton Gamma Ray Observatory (GRO) launched in

1991. In contrast, high energy neutrino astrophysics is a relatively new field. \Mhile a

nurnber of small detectors capable of being used as neutrino telescopes have alread5'

been built, a large neutrino detector is required to make meaningful observations of

astrophysical sources. There are several promising proposals for high energy neutrino

telescopes and some of these may begin operating within the next few years.

The iciea that active galactic nuclei (AGN) may be a soulce of high energy neutrinos

and 7-rays was first suggested more than a decade ago. Since this time there has been

steady theoretical progress. Early work was focussed on neutrino and .l-ray production

from the decay of pions produced in proton-proton interactions. However, it was soon

realised that proton interactions with the radiation field may also be an important

loss mechanism in AGN. In fact proton-photon interactions are found to limit the

maximurn energy achievable by shock acceleration in AGN. Initially the neutrino flux

1



from individual AGN was emphasised. However, despite the high luminosities of these

galaxies, inclividual AGN (with the possible exception of some nearby AGN with jets)

are not thought to be observable with the proposed high energy neutrino telescopes.

However, in recent times much of the focus has shifted to the diffuse neutrino flux

produced by the sum of all AGN.

In this thesis, some of the consequences of proton acceleration at a shock front

in diffuse matter are cliscussed. In particular with relation to high energy particle

production in the central region of active galaxies. First order Fermi acceleration at a

plane shock, along with a simple leaky box model of shock acceleration, are discussed

in Chapter 2. Fot AGN pion photoproduction (pl -, rX, where X represents all

of the other particles produced), pair production (pl -- pe-e+) and proton-proton

interactions (pp -- rX) are found to be the dominant loss mechanisms. Each of these

interactions along with pion and muon decay are examinect in detail in Chapter 4.

Pion photoproduction has been modelled exclusively near threshold using the fits to

the clifferential cross section of Genzel, Joos and Pfeil (1973). At higher energies, pion

photoproduction has been modelled inclusively using the concept of scaling and the

data of Moffeit et al. (1972). For pair production, the interactions have been modeiled

a,ssuming negligible proton recoil in the proton rest frame, and using the formulae for

the differential cross sections given by Motz, Olsen and Koch (1969). Proton-proton

interactions have been modelled using the fits to the inciusive data of Hillas (1979).

A simple model of AGN involving accretion onto a supermassive black hole (de-

scribed in Chapter 6) has been used to calculate the flux of neutrinos expected from

individual AGN. In the model proton acceleration takes place via shock acceleration.

The leaky box model of shock acceleration discussed in Chapter 2 has been used to

calculate the spectr:um of neutrinos produced during and after acceleration. Neutrons

produced from charge exchange interactiont (p -- n) are not confined by the magnetic

field in AGN and so may escape from the central region. For the present work, the

approximation that all of the neutrons escape from the central region of the AGN has

been used. Flowever, a more detailed analysis of neutron escape and the possible AGN

origin of high energy (> 10tu eV) cosmic rays has been discussed by Protheroe and

Szabo (1992). The procedure for scaling the resulting neutrino spectra for individual

AGN is described. The contribution to the diffuse neutrino background from AGN has

2
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also been calculated by using the observed X-ray luminosity function and performing

a cosmological integration over all AGN. The prospects for observing both the indi-

vidual AGN and the diffuse AGN background with the proposed high energy neutrino

telescopes are discussed.

In the rest of this chapter, a brief overview of cosmic ray, ?-ray and high energy

neutrino astrophysics is given. Emphasis is placed on neutrino astrophysics and what

the observation of high energy neutrinos may be able to tell us.

t.2 Cosmic Ray and 7-Ray Astrophysics

The observed spectrum of cosmic rays is shown in F igure 1.1. The spectruml is domi-

nated by two features, the "knee" at 1015-1016 eV, and the "ankle" at approximately

101e eV. Below the "knee", the spectrum may be understood in terms of the acceler-

ation of particles at shock fronts in galactic supernova remnants, along with diffusion

in the galactic magnetic field and modulation of the cosmic ray flux due to the solar

wind. However, above the "knee" the origin of cosmic rays is less well understood. For

energies greater then 101s eV the cosmic ray spectrum is thought to be extra-galactic in

nature as even heavy particles, such as iron nuclei, might not be confined by the galac-

tic magnetic field. The production of cosmic rays with energy above the "knee" by jets

in AGN has been the focus of several recent papers (Biermann and Strittmatter 1987,

Ip and Axford 1991, Rachen and Biermann 1992). Between the "knee" and the "ankle"

the origin of the cosmic rays is even more unclear. If the cosmic rays in this energy

range are primarily heavy particles then they could be galactic in origin, produced by

young supernovae and galactic compact objects. Alternatively, most of the cosmic rays

with energy above 1015 eV could be extra-galactic. For example, Protheroe and Szabo

(1992) have calculated the flux of cosmic rays expected from AGN, and have shown

that AGN may be a source of the observed cosmic rays above the "knee". Cleariy, the

situation would be clarifiecl if the sources of high energy particles could be observed

directly. Some aspects of cosmic ray astrophysics, including first and second order

Fermi acceleration, are discussed in Chapter 2. For reviews of cosmic ray astrophysics

lNotice that the spectrum has been multiplied by a factor of 82 5 to reduce the dynamic range of

the plot
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PDK
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Table 1.1: A table showing the neutrino telescopes which have been built or are in
the process of being built, and the purpose for which they have been designed. PDK
detectors refer to proton decay experiments. Also shown is the approximate detector
area. From Sobel (1991).



see Flillas (1975), Longair (1981), Hillas (1984), Gaisser (1990) and BerezinskiY eú ø/.

( 1eeO).

In contrast to cosmic rays, 7-rays are not scattered by the galactic and extra-

galactic magnetic fields. Therefore, ?-rays travel directly to the Earth and may be

identified with specific sources. At high energies, 7-rays are primarily produced by

the decay of neutral pions which are produced in hadronic interactions. Hence, ,y-ray

emissions may be used as a tracer of high energy protons and nuclei. Unfortunately, if
the source is shrouded by diffuse matter (such as an accretion flow) or by low energy

radiation, then the 1-rays may be reprocessed before they reach the Earth. Gamma

rays may suffer several interactions before escaping from the source, rnaking it difficult

to reconstruct the details of the primary cosmic rays. A natural by-product of the

hadronic interactions producing ?-rays are high energy neutrinos produced by charged

pion decay. High energy neutrinos are also tracers of high energy cosmic rays. How-

ever, because they interact weakly with matter, neutrinos have the additional benefrt

that most of them are not reprocessed between production and arrival at Earth. Thus,

neutrinos may be one of the only means of directly 'observing' cosmic ray acceleration

to ultra high energies. Many of the early estimates of the neutrino fluxes from astro-

plrysical objects were made by scaling from the observed 1 ray flux. However, a lack

of knowledge regarding the reprocessing of the l-ray flux can can lead to large uncer-

tainties in these types of calculations. For reviews of 7-ray astrophysics see Stecker

(1971), Trombka and Fichtel (1983), Hillier (1934) and Weekes (1988).

1-.3 High Energy Neutrino Astrophysics

While the construction of neutrino detectors began in the early 1960s with experiments

to measnre the flux of atmospheric neutrinos (Achar et al. Ig65, Reines et at. lg65),

it is only in the last two or three decades that people have seriously thought about

building high energy neutrino telescopes. As yet, no telescopes designed specifically

for high energy neutrino astronomy have been built. However, a number of detectors

which can detect neutrinos have been built for other purposes, e.g. as proton decay

experiments. In Table 1.1 a list of these detectors and the purpose for which they were

designed is shown. It was from some of these detectors that our first taste of neutrino

4



astronomy was obtained. In 1987 a supernova in the large magellenic cloud, SN 19874,

was observed by neutrino detectors (see Arnett et a\.7989 for a review of SN 19874 and

the neutrino observations). While the number of neutrinos observed was small, only

20 events over approximately 12 seconcls in IMB and Kamiokande II, with possibly

a further 5 events from Baksan, this was sufficient to conflrm conventionai wisdom

regarding stellar collapse. The neutrino observations of SN 19874 also provided limits

on the neutrino lifetime and magnetic moment, and gave a limit to the neutrino mass

similar to that obtained in terrestrial experiments (Halzen, Learned and Stanev 1989).

This has given us an insight into what may be achievable with a telescope designed

specifically for neutrino astronomy.

In the late 1970s, the first high energy neutrino telescope (DUMAND) was proposed.

The proposal was for a detector composed of a large amay of photomultiplier tubes

which were to be placed in the deep ocean off the coast of Hawaii. Subsequently, there

have been a number of other proposals for neutrino telescopes, including BAIKAL,

GRANDtr, AMANDA, the SINGAO neutrino telescope and RAMAND. In Chapter 5

each of these proposals plus the high resolution Fly's trye (HiRes) are reviewed. The

status of the experiments as of early 1992 is also given. For a recent review of neutrino

telescopes see Sobel (1991).

1.3.1- Possible Sources of High Energy Neutrinos

As discussed earlier, high energy neutrinos are produced as a result of the same hadronic

interactions which produce 7-rays. Therefore, the necessary ingredients for a high

energy neutrino source are a population of high energy protons or nuclei and sorne

matter or radiation on which the energetic particles can interact. This has prompted

someauthors (seee.g. Halzen, Learned and Stanev 1989 and Gaisser 1990) to describe

a high energy neutrino source as a giant particle/nuclear physics experiment in which

a beam (high energy protons and nuclei) interacts with a target (diffuse matter and

radiation) yielding pions which decay to neutrinos.
'Where might such a cosmic accelerator exist? One possibility is a galactic binary

system in which one of the stars is a compact object, such as a neutron star or a

black hole. Particles accelerated near the compact object (by whatever mechanism)

could interact with the binary companion producing 7-rays and neutrinos. However,

,{

Éf-

¡

t
t!
l,

i

'

I'

i

I

I

I

I

l¡

Ii

i

I

I

t)



ACCELERATOR

compocl
slor

LIGHT CURVE

to Eorth -* \

-- --{> t\X
\
/

/
/

v
v

T
\ v
\

v

DETECTOR

Figure I.2: A schematic diagram illustrating the mechanism for the production of high
energy 7-rays and neutrinos in galactic binary star system. Only protons interacting
in the limb of the companion star will produce 7-rays observable at Earth. Also shown
are the 'l-ray, X-ray and neutrino light curves, and a schematic diagram illustrating
the interaction of a neutrino within the Earth and the passage of the produced muon
through a detector. From Halzen, Learned and Stanev (1939).

\

T

I
I
I
I

I
\
\
\

/
/



only 7-rays produced in the limb of the star would be seen at Earth. The scenario is

showrr schematically in Figure 1.2. It is possible to imagine a number of scenarios in

which a galactic compact object is in an environment conducive to neutrino production.

Clearly, they are variations on the theme described above.

In the late 1970s it was suggested that active galactic nuclei may be sources of

7-rays and neutrinos (see e.g. Berezinskii and Zatsepin 1977 and trichler 1979). It

was quickly realised that complementary l-ray and neutrino observations of AGN

may be able to give us important information about the acceleration of high energy

particies (Shapiro and Silberberg 1983, Silberberg and Shapiro 1983) and may even be

able to differentiate between models of AGN (Berezinsky and Ginzburg 1981). Since

then there has been steady theoretical progress. A review of most of the theoretical

contributions may be found in Chapter 6. See also Stanev (1992) for a recent review

of the current theoretical status of high energy neutrino astrophysics with emphasis on

neutrino emission from AGN.

Recentiy, Stecker et al. (1991a,b) have calculated the contribution to the diffuse

neutrino background from AGN. They used a simple model for the AGN and shock

acceleration, and only considered pion photoproduction interactions. Fits to the X-ray

Iuminosity function were used to integrate over the contribution to the total neutrino

flux from ali AGN. Several authors have subsequently pointed out that the predictions

of Stecker et al. are inconsistent with their results and the observed energy density

of the diffuse X-ray background (see e.g. Berezinsky 1991,1992; Szabo and Protheroe

1992a; Biermann 1992; and Berezinsky and Learned 1992), resulting from a typograph-

ical error in the published X-ray luminosity function. See Chapter 6 for more details.

In a revised calculation using a more appropriate X-ray luminosity function, Stecker

et aI. (1992) found the diffuse neutrino flux from AGN to be reduced by a factor of

- 40 compared to their original prediction.

In Chapter 6 an independent calculation of the flux of neutrinos from individual

AGN, along with the diffuse flux of neutrinos produced by ihe sum of all AGN is

described. A model based on the supermassive black hole model of Protheroe and

Kazanas (1983), together with the developments of Kazanas and Ellison (1986) has

been adopted for AGN. In this model proton acceleration takes place via the first

order Fermi mechanism at a shock in the accretion flow. All relevant loss mechanisms

6
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rìhave been considered, and the dominant loss processes are found to be synchrotron

radiation and proton-proton, pion photoproduction and pair production interactions.

Proton advection onto the black hole is found to be important at low energies. Two

generic radiation spectra based on the observed AGN continuum emissions have been

developed. Interactions of the high energy protons with the radiation and matter in

the AGN are modelled exactly. Particle production both during and after acceleration

has been considered, and the question of neutron escape from the central region of

the AGN has been examined. Particle production by neutrons which have escaped

from the central region of the active galaxy has also been included. Scaling of the

results to calculate the flux of neutrinos from individual AGN is described, along with

the the cosmological integration which has been used to calculate the contribution

to the diffuse neutrino background from AGN. The results are compared to those of

Stecker et a,l. (1992). Biermann (1992) and Sikora and Begelman (1992) have also made

independent calculations of the diffuse flux of neutrinos from AGN, and comparisons

with their results are made. The prospects for observing the diffuse emissions from

AGN by ihe proposed neutrino telescopes is discussed.

While such calculations of the neutrino flux from astrophysical objects are at best

order of magnitude estimates, they none the less indicate the scale on which neutrino

telescopes have to be built to have a good chance of observing sources. From the

calculations presented in this thesis it can be seen that AGN are a good candidates for

observation with the proposed neutrino telescopes.
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Chapter 2

Cosrnic R.y Physics

2.L Introduction

In this Chapter some aspects of cosmic ray propagation and acceleration are discussed.

l\{uch of the discussion is based on the transport equations. A simple homogeneous or

leaky box model of cosmic ray propagation within the galaxy is also briefly discussed.

The Fermi mechanism for accelerating particles to high energies is introduced using

the scenario originall¡t envisaged by Fermi (1949), namely scattering from gas clouds

in the galaxy. Shock acceleration is a very promising mechanism for the acceleration

of cosmic rays, and so first order Fermi acceleration at a plane shock front is discussed.

The Chapter is concluded by examining a simple idealised picture of shock acceleration

in which the accelerator is visualised as a leaky box, and only energy gains due to

acceleration are considered. This idealisation of shock acceleration will be used in

Chapter 6 to model particle acceleration in AGN.

2.2 Cosrnic Ray Propagation

The propagation of a cosmic rays through the interstellar medium (ISM) or the inter-

galactic medium (IGM) may be described by the transport equations (Ginzburg and

Syrovatskii, 1964)

# :y . (D¿yN; - úN) + frru,nrl* e¿ - p¿N¿

+ 
-Ð-l 

tf çu', E)'tv¡(E',r-,t)d,Et. (2.1)
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Figure 2.1: A schematic diagram of energy interval E to E + LE, in which the number
density of cosmic rays is N;(E)LE. For energy losses, cosmic rays enter the interval
from above at a rate, b¿(E + LE)Ali(E + AB). Sirnilarly, cosmic rays leave the interval
at a rate, b¡(E)Af;@). In each case, only the dependence of Af; on energy is shown
explicitly.



Here "4,/¿ 
: N¿(E,r-,f) is the differential number density of cosmic rays (number of

cosmic rays cm-3 "V-t) of type i with energy E at position r- at time f . The physical

significance of each of the terms in Equation 2.1 is now discussed.

The first term on the right hand side (RHS) of Equation 2.7, accounts for diffusion

of cosmic rays and also for an¡t bulk motion of the medium, such as convection of the

ISM or IGM. If the particle current density is defined ur, J-: ú,Al¿- D¿VAl¿ (number

of particles cm-2 s-1 eV-l), where t7 is the convection velocity of the medium and D¿

is the diffusion coefficient, then conservation of particles gives,

: -V 'J-

: V.(DoNl'o-¡Nr). (2.2)

The second term describes any energy gains or losses made by the cosmic rays,

where b¿ : dE ldf is the mean energy loss rate. This can be seen from a derivation

similar to that given by Longair (1981). Consider the flux of cosmic rays entering and

leaving an energy interval E ---+ EILE, as shown in Figure 2.1. In the case of energy

losses, the rate at which particles enter the interval is b¿(E + LE)I/1(E ¡ A,E,r',t).

Similarly, the rate at which cosmic rays leave the energy interval is b¿(E)Al;(E,r',t).

Hence, the net rate of change of the number of particles in the interval is

ñ
*(N¿@,r',t)A,E) : bi(E+ LE)A1;(E + LE,r',t) -b¡(E)Al¿(E,f,t)ot'

: (u^",+ffirc. )?,ru,r',t)*#ot- )\
-b¿(E)Af,(E,r',t)

ru Aú(8,,r',t¡ffinn + trçn¡ffirc
ru *þo@)/Vo(E,r-,t)lL1, (2.8)ðEL ú\- /-

where only the first two terms of a Taylor expansion for both b¿(E + AE) and Al;(E +
L,E,r',f) have been retained. Thus, # - Slb¿@)lú,(E,,r',,t)].

The source term, Q¡: Q¿(E,r-,f) (number of particles cm-3 eV -t .-1), gives the

rate at which particles are injected into the ISM or the IGM. Cosmic rays may also

suffer catastrophic losses due to processes such as radioactive decay and processes in

which a large portion of the energy of the particle is lost per interaction. These losses

are accounterl f'or by the terrn p¿J{¿, where p¿ is the rate at which catastrophic losses

oJ{¿

At

I



occur. For example, if the catastrophic losses occur with time scale 7¿ : Àlu, where À

is the mean path length for the interaction and u is the mean velocity of the particle,

then p¿ : T;t : úl},.

The final term in Equation 2.1, gives the rate at which cosmic rays are produced

by catastrophic losses such as spallation. The function P!(E',8) is the rate at which

a cosmic ray of energy E' (type k) interacts to produce a particle of energy E (type

i). The summation is over contributions from all cosmic rays which can interact to

produce a particle of type i.

Solution of the system of equations represented by Equation 2.1 is not straight-

forward ancl examples of how the transport equation may be solved for a variety of

boundary conditions can be found in Ginzburg and Syrovatskii (1964), Berezinskii et al.

(1990) and Gaisser (1990). However, for most applications not all of the terms in the

transport equation need to be included. For example, in the homogeneous or leaky box

model, cosmic rays are assumed to be uniformly distributed throughout the galaxy. In

addition, if there is no convection, then the first term on the RHS in Equation 2.I can

be replacedby AllT."", where 7""" is the time scale on which cosmic rays escape from

the galaxy. In the absence of catastrophic losses or spallation, Equation2.l becomes,

AAr N( E.t\ A . -.

ôt à": 
. + allbM)+Q. (2.4)

l-or a ó-function source and no acceleration or energy losses the solution of Equation

2.4 results in an exponential age distribution of cosmic rays. This somewhat unrealistic

model is often used for cosmic ray propagation because of its simplicity, and because

the low energy abundances of cosmic rays may be approximately understood in terms

of a leaky box model.

2.3 Shock Acceleration of Cosmic Rays

The mechanism by which cosmic rays are accelerated to high energies with a porser

law spectrum is one of the most important unresolved issues in cosmic ray physics.

In recent times much emphasis has been placed on first order Fermi acceleration at

shocks, because it naturally gives rise to a power law particle spectrum. In supernova

remnants for example, shock acceleration is thought to produce the low energy (less

than - lgrs-1¡ro eV) cosmic rays (see e.g. Gaisser 1990 and Berezinskii et a\.1990).

10
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Figure 2.2: A schematic diagram of a "collisionless" interaction between a cosmic ray
of energy E¿ and, a gas cloud moving with speed V, (") the interaction viewed from
the LAB frame and (b) the interaction when viewed from the rest frame of the cloud.
Adapted from Gaisser (1990).



An introduction to particle acceleration by the Fermi mechanism is given below. Simple

discussions of particle acceleration may be found in Longair (1981) and Gaisser (1990).

2.3.1 Fermi Acceleration

In 1949, Fermi suggested a mechanism by which cosmic rays could be accelerated by

"collisioniess" interactions with clouds of gas within our galaxy. While this is not shock

acceleration as such, it serves as a useful illustration of how particle acceleration can

occnr via scattering from magnetic fields, which are frozen into the plasma of the gas

cloud.

Consider a cosmic ray of energy E¿, which interacts with a gas cloud moving with

speed V (to the left) as shown in Figure 2.2. The interaction must be collisionless in

the sense that the energy of the particle is unchanged during the collision when viewed

from the rest frarne of the cloud. Fermi envisaged this occurring in two ways. If the

magnetic field lines are bent in a semi circle (see Figure 2.3a), then a cosmic ray which

is spiraling about the field lines will have its mean direction changed by an amount

roughly corresponding to the angle through which the fleld is bent. Alternatively, if

a cosmic ray moves into a region where the magnetic field strength is increasing (see

Iligure 2.3b), it may be reflected due to conservation of the particie's magnetic moment

(the magnetic mirror effect). Hence, in the rest frame of the cloud the energy of the

cosmic ray after the interaction is E'¿+r:,Ðj, where E! - 1E¿(L- B cosd¿) is the energy

of tlre cosmic ray before the interaction. The incident angle of the cosmic ray, 0¿, is

defined in Figure 2.2, and þ:V|.,7: (1 - þ')-tt' is the boost of the cloud. Thus,

the energy of the cosmic ray when it emerges from the cloud is

E¿+t = 
.y2 EilI - B cos 0¿ -f þ cos 0'n*, - B2 cos 0¿ cos 0'o*r], (2.5)

where 0l*, is the angle at which the particle leaves the cloud, measured in the cloud's

rest frame. In his original work, Fermi calculated the energy gained or lost in head on or

following collisions, respectively. He attributed the net gain to head on collisions being

more probable than following interactions. However, the version of Gaisser (1990) is

followed below.

The probability of an interaction occurring is proportional to the reiative velocity

between the cloud and the cosmic ray, (c- I/ cos 9¿). Hence, the mean interaction angle

11
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cloud

(b)

particle's path

Figure 2.3: The schematic diagram of the magnetic field configurations within the cloud
envisaged by Fermi (1949) which could lead to a "collisionless" interaction between the
cosmic ray and the cloud.
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(cos 9¿)

v
3c

The average fractional energy gained per collision is

t7 (c - V cos 0¿)

J_rËcosï¿dcos0¿
(2.6)

E¿+t - E¿
È

E¿

N ^t'lI - B(cos 0¿) ¡ Bþos0'o*r) - B2(cosd¿)(cos |i+r)l - |
,- np'=-

3(r - pr)' (2'7)

where the direction of the cosmic ray in the cloud is assumecl to have been isotropised

<lue to multiple scatterings, and so (cos df*r) : 0.

If 1iv"r" is the time scale on which interaction with the clouds occur, and the cosmic

ray is injected with energy Eo, then its energy as a function of particle age is,

E(t): E.(I + ()t/r'va". (2.8)

If cosmic rays suffer catastrophic losses on an energy independent time scale Z, due

to particle escape from the galaxy or spallation for example, then they will have an

exponential particle age distribution, p(t) : T-r exp[-tlT]. This can be seen by

substitutinEb :0 and Q : 6(t) into Equation2.4 and solving for //(f). The probability

of a cosmic ray having an energy in the range E --+ E*dE is the same as the probability

of the cosmic ray having an age in the range t -+ t ! dt, and hence e(E)dE -- p(t)dt.

Therefore the spectrum of cosmic rays produced is,

p(E):
ryi n?.v.1"/ I¡(r*€)?
I cycle l)o

(2.s)ln(l * t)T Et+(r"v.r"/ln(l+€)?)

From Equation 2.9 it can be seen that the Fermi mechanism naturally gives rise to a

po\4/er law particle spectrum with index -(1 + (T"""t"lln(1 * 4)f)). This is an example

of second order Fermi

acceleration, as the the mean energy gained per interaction is proportional to the

square of the cloud's velocity. An example of first order Fermi acceleration is described

below.

t2
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I
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Figure 2-4: A, schematic diagram of a shock in a plasma flow viewed from the shock
front rest frame, the upstream rest frame and the downstream r.est frame. The shock
front is situated at r -- 0 with upstream and downstream flow velocities u1 and u2 in
the shock rest frame. The upstream and downstream rest frames are analagous to the
LAB and cloud rest frames shown in Figure 2.2.
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2.3.2 Shock Acceleration at a Parallel Shock Flont

Acceleration of the cosmic ray would be much more efficient if the particle experienced

alr. energy gain on each interaction. This is possible in the convergent fluid flows

which occur near a shock front. The mechanism of cosmic ray acceleration at a parallel

shock front was examined almost simultaneously by Krymsky (1977), Axford, Leer and

Skadron (1977), Bell (1978a,b) and Blandford and Ostriker (1978). In the following,

the microscopic approach of Bell (197Sa) is used to derive the spectrum of cosmìc rays

produced by shock acceleration, rather than the statistical approach adopted by the

other authors.

Consider an plane shock front situated at r : 0 in an fluid flow as shown in

Figure 2.4. Assume that the magnetic fleld is perpendicular to the shock front, ancl

let the upstream and downstream flow velocities be u1 and u2, r€spectively. Notice

that while the field is perpendicular to the shock, it is parallel to the plasma flows,

upstream anci downstream, and hence this is referred to as a parallel shock in the

literature. Let the cosmic rays have diffusion coefficients D1 and D2 in the upstream and

downstream regions respectively. The ingredients required to calculate the spectrum of

cosmic rays are the probability of escape from the shock and the number of acceleration

cycles (upstream--+downstream-+upstream) required to accelerate from Eo to energy

E. Derivation of these quantities is described below.

Cosmic rays upstream of the shock front are all convected back to the shock, whereas

particles downstrearn tend to be convected away from the shock front and so have prob-

ability 17 of escaping to t : æ. The probability of escape is calculated, by comparing

the rate at which cosmic rays are convected to r : oo to the rate at which they are in-

jected into the downstream region. If only convection and diffusion in the downstream

region is considered then the transport equation becomes,

dN u= (o,Y- ,,¡/) , (2.10)m:-b*y ox) )'
which has only one physical solution , N (E , r ,t) : constant, for static equilibrium (Belt,

1978a). Hence,therateatwhichcosmicraysareconvectedlor:ooisz2,A,f(Er}rt),

where N(8,0,f) is the differential number density of particles at the shock. The rate

at which ultra relativistic cosmic rays cross the shock, assuming an isotropic particle

13



distribution, is
r cos0;J\l'(8,0,t)c AT

(2.11)
2

d,cos 0¿ :
4

Thus, the probability of escape is, ? : 4u2f c.

Consider the reference frame in which the fluid upstream from the shock is at rest.

In this frame, the downstream fluid is moving towards the left with velociíy u1 -'r12t

(see Figure 2.4). When viewed in the downstream rest frame the cosmic ray's energy

remains constant during scattering. Thus, the energy of the cosmic ray after the (i+1)th

cycle is

E¿+t:u'1*þcosï¿= ø¿ t + 0.*g+,'' (2'12)

where li : (ur-ur)1" and 0¿ and 0¿.,.1 are defined as in Figure2.4r. Hence, if particles

are injected with energy Eo, after n cycles thev will have energy,

En:E"Tì l t*,P"o',Po). 
(2.13)lj \t t Bcosoo*')'

Therefore,

l"
t)0E

^l?l: i'l+531
ru "h(ffiY,¡, Qr4)

where the average of the fractional energy gained per interaction has been taken. The

average value of d¿ is found by assuming an isotropic particle distribution and integrat-

ing over the probability that a cosmic ray crosses the shock front with d¿ in the range

0¿---+0¿*L0¿. Thus, (cosd¿) :213 and (cos0¿+t):-213, andso

^l+l ru "^l#]
ñ "1rc.#. )-(+.# )l

4 ut -'ttr2i""' (2.15)

where a Taylor series expansion for ln(l * z) has been used and only the two highest

order terms have been retained. The mean fractional energy gain per interaction may

be calculated by substituting the mean values of 0¿ and g¿¿1 into Equation 2.12, giving
p cos 0¿ - (cos 0¿+t))

ñ

t-
1 f É(cos d¿+r)

lnote that the angles are not defined in the same way as in Section 2.3.1

4

,þ,
ru

l4

(2.16)



for B ( 1. Shock acceleration is an example of a first order Fermi mechanism as the

mean energy gained per cycle is proportional to velocity of the plasma in the upstream

rest frame (c.f. the second order Fermi mechanism described in Section 2.3.1).

The probability of the cosmic ray completing n acceleration cycles is P" : (1 -
4)', where Equation 2.15 can be used to express r¿ as a function of energy. The

integral cosmic ray spectrum (the number of particles with energy greater than E,) is

proportional to Pr. Hence, the differential spectrum of cosmic rays produced is

Al(8",t) x En -(zuz+ut) /(ut-uz)
(2.r7)

(2.1e)

Eo

Once again a power law cosmic ray spectrum is a natural consequence of the Fermi

mechanism. However, in this case the spectral index is set by the parameters of the

shock. For exarnple, for a shock in which the flow velocities are much greater than the

speed of sound in the plasma (the Mach number is large) ur: 4uz. This is described

as a strong shock, and in this case the spectral index is -2.
To calculate the rate at which cosmic rays are accelerated, the time scale for one

acceleration cycle, T"y.t", is required. Considerfirst the upstream region. In the steady

state, the transport equation becomes

#("#-"¡/) :o' (2 18)

and hence the number density as a function of z is

N(*): ,7t/(0) ""p
utr
D,

forz<0,

where ¡/(0) is the number density at the shock and only the dependence on r is shown

expiicitly. Thus, the total number of cosmic rays in the upstream region per unit area

or shock front is,

l_*nrot""rfi:] o*:'4y ezo)

From Equation 2.11, it can be seen that the rate per unit area at which cosmic rays

cross the shock is cf{Q)la. Hence, the mean residence time in the upstream region is

@rNl(0)l"t)lk-^[(0)14) : 4D1lþuy). An analysis of the downstream region results

in a mean residence time with the same form (Drury, 1983), and therefore

r.y"t ::(i .';) . e.zr)

15



I

I

I

I

I

I
I "[æaky Box" accelerator

P(E)=E.lE-2

Figure 2.5: A schematic diagram of the simple idealised picture of shock acceleration
discussed in the text. Protons are injected into the leaky box with eneÌgy ð,. While
within the box they accelerate at a constant rate, d,Ef dt : dt with a time scale for
escape' 4"" : Ef a. Protons escaping the accelerator have an E-2 distribution, typical
of shock acceleration at a strong parallel shock.

acceleration rate: dÛl dt=a

timescale for escape: T"".=E/a
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h-Hence, the acceleration rate is

dE
dt
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E(u1- u2) D2 -1Dr

Uy3 U2
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¡

t
lt,
t,

,.]

)

I

I

t

+ (2.22)

(2.23)

In the discussion above, a very simple version of shock acceleration is described. For

this derivation, it has been assumed that the cosmic rays do not effect the upstream

or downstream flows or the shock (the test particle approximation), that the shock

is a plane with parallel magnetic fields, and that all of the flow velocities are non

relativistic. In practice, any or all of these assumptions may not be appropriate and

effects such as energy loss may also need to be included. Recent comprehensive reviews

dealing with these and other issues have been written by Drury (1933), Blandford and

Eichler (1987) and Jones and trllison (1991).

2.3.3 A Simple Idealised Picture of Shock Acceleration

Consider a piane shock which is strong (u, : 4u2), and for which Dt = Dz = brncf 3 :
D, where ó ) 1 is the ratio of the cosmic ray's mean free path length to its gyroradius,

rn - Ef (ZeBc). The acceleration rate (using Equation 2.22) becornes

E"?

I

dE
dt

N

N

20 b

where Ze is the charge of the cosmic ray and B is the magnetic field at the shock. As

the diffnsion coefficient is proportional to the cosmic ray's energy, dE ldt is independent

of energy and shock acceleration occurs at a constant rate, dEf dt: a. Hence, one

could imagine the accelerator as being a region in which particles gain energy at a

constant rate. If one also assumes that there is no additional diffusion or convection,

and that there a,re no loss processes aside from escape from the acceleration region,

then the accelerator may be visualised as a leaky box (see Figure 2.5). If there is a

source A@) : N"6(E - E,) injecting cosmic rays with energy Eo at a rate of A[,

particles s-1, then the transport equation becomes

AN A. N
E:-*laN)- T,"" 

+JV"6(E-Eo), (2.24)
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where 7.". is the time scale for escape. Clearly, for equilibrium, particles must be lost

at the same rate as they are produced and so

T^"": T"'": # : +, Q.25)
dtu

wlrere T^"": T"va"lt is the acceleration time scale. For static equilibrium dN f dt : 0,

and hence Equation 2.24 gives the spectrum of cosmic rays in the accelerator as

N(E):*iu". (2.26)

Therefore, the probability that a cosmic ray reaches energy E is P(E): N(E)lJtf .:
E.l E. However, all particles eventually escape and so the integral spectrum of escaping

cosmic rays is,Â/"""() E) : N(E): N"EolE. The differential spectrum of cosmic

rays escaping the accelerator is

dN""" NoEo
(2.27)dE E2

or alternatively cosmic rays leave the accelerator with an energy distribution p(E) :
EoE-2'

This simple picture of shock acceleration will be used in Chapter 6 to model particle

acceleration in active galactic nuclei.
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Chapter 3

The Description of High Energy

Processes

3.1 Introduction

In this chapter a brief description of high energy processes is given. The discussion

is purposefully kept as general as possible so that formulae and results can easily

be applied to a variety of interactions and decays. Specific examples of high energy

interactions and decays relevant to particle acceleration in active galactic nuclei will be

discussed in Chapter 4. It is intended that this Chapter should be used as a reference

for the discussion in Chapier 4.

When rnodelling interactions and decays it is often advantageous to work in either

the centre of momentumframe of the particles or the rest frame of a particle. In Section

3.2, ea,ch of these frames are defined and the boost required frorn the laboratory frame

is derived.

Two body decays are examined in detaii. The spectrum of particles which result

from the decay of a given spectrum of primaries is derived. Two body decays are

very similar to exclusive interactions which produce two particles, and these similar-

ities ar-e highlighted. Multi-particle decays and exclusive interactions are discussed

qualitatively.

For interactions in which the final state is too complicated to describe exciusively, an

inclusive description is often used. In this case, only the details of one type of produced

particle are measured, and so the final state of the interaction is not exclusively defined.

lt
à',,

fl
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Figure 3.1: A schematic diagram of an interaction when viewed from (a) the laboratory
(LAB) frame, (b) the centre of momentum (CM) frame, and (c) the rest (R) framl
of particle 1. The boost required to get from the LAB frame to the CM frame (0.,,¡,
and the R frame (0,),, ur. also shown. Starred (*) quantities are measured. in the CM
frame, and primed (l) quantities are measured in the R frame.



The concept of scaling is particularly useful when modelling interactions inclusively.

It enables the inciusive distributions of products to be reconstructed at any energy

where scaling is valid, without requiring data for all energies. Some of the variables

commonly used when describing inclusive interactions are also reviewed.

The chapter is concluded by a derivation of the mean path length for interaction

when a particle traverses a relativistic gas.

3.2 Sorne LJseful Reference Flarnes

The position of an event in space-time may be described by a 4-vector rr: (ct,fl, (see

e.g. Bowler 1986). The quantity g*rrr,: c2t2 -r'.r-is an invariant, and any quantities

which transform in the same manner as r* and f also have an analogous invariant

quantity. I{ere, gp,is ametrictensordefinedsuchthat goo:l,gtt:grr:gzs:-1,
atdg¡",:0for plu.

Consider a particle with energy E and momentum F: (p,,p,p"). The momentum

and energy transformations from the laboratory (LAB) frame to a primed frame moving

with velocity Bc along the x axis are (see e.g. French 1968),

P,, t(p, - 0E lr)

E'1" t@1"- þp"), (3.1)

where 7: (1 - P\-t/2 is the Lorentz gamma. The quantitiesf and, Ef ctransform like

fl and cú, and the 4-momentum of the particle can be defined as prt : (E l",p]. In this

case, the invariant gpupt.p, : E2lc2 - i.i: rn2 may be interpreted as a statement

of the invariance of the rest mass of the particle, rn. Similally, the total energy and

momentum of a system of particles also transform like r- and cf . The invariant in this

case, when multipliecl by a factor of c2, is the square of the total centre of momentum

(CM) frame energy, s : c2(E?orl.' - lp-,"r1'). This invariant is used extensively to relate

quantities in different reference frames when modelling interactions and decays. Hence,

s in terms of quantities measured in the LAB frame, the CM frame and the rest frame

of a particle a,re clerived below.

P'o : Pv

P,, : P,
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Figure 3'2: A schematic diagram illustrating the quantities used to derive the boost
required to go from the LAB frame to the CM frame.



Consider two particles of energy E1 and E2 and rest mass m1 and rn2 which interact

in the LAB frame, as shown in Figure 3.1. The square of the total CM energy in terms

of quantities measured in the LAB frame is

s : n-L?c4 + m\cn + 2(hE2 - ""lirlk-rl cos 0¡, (3 2)

where p-1 and f2 are the momenta of particles 1 and 2, and d is the angle between p-1

and f2 as shown in Figure 3.1.

The CM frame is the reference frame in which the total momentum of the particles

which interact or decay is zero. It is obtained from the LAB frame by applying a

boost 0" at an angle /"- relative to the momentum of particle 1, as shown in Figure

3.1. The tioost expressed in terms of the total energy of the interacting particles,

Etot : 1" t/î : 1[Frrl' + ,, i"

0"

"li*rl (3.3)

The magnitucle of the total momentum of the interaction in the LAB frane lp-¿o¿l is

given by (see Figure 3.2)

li,"l' : li'l' + lirl' + zli'llf2lcos o

Etot

(3.4)

sinS. : . (3.5)

The momentum and energy of particle 1 in the CM frame are given by 1

lpll cos ót* : %^(lirlcos S" - 0" Etlr) (3.6)

EI : %*(E1- þ.*"lF lcos þ"*), (3.7)

where 1.* : (1- P7à-1l2 is the Loretrtz 'y, and the angle ót*i" given by the aberration

formula (see e.g. Rindler 1969),

sin /j- : - sild"-' 
(3.g)

1"^(l - þ" cos /"-)'

Tlre angle S" can also be found by using Figure 3.2, and is given by

lThroughout this thesis starred (*) quantities are measured in the centre of momentum frame and

primed (l) quantities are measured in the rest frame of a particle, unless indicated otherwise.
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Figure 3.3: A schematic diagram of the decay of a particle with energy E¡a and rest
mass M, viewed from (a) the LAB frame, and (b) the R frame of M. In this case the
R frame is equivalent to the CM frame.



In the centre of momentum frame, the total momentum of the system is zero by defi-

nition, and hence the square of the total CM frame energy is simply

": (Ei + EÐ, (3.e)

The CM frame will be used in Chapter 4 to model pion photoproduction and proton-

proton interactions.

The rest frame of a particle is often used, particularly when considering particle

decay. The rest frame of particle 1 is obtained from the LAB frame by applying a

boost 0, : "litll$ in the same direction âs p-1, as shown in Figure 3.1. The square of

the total CM frame energy in terms of quantities measured in the R frame is

s : nù?c4 + m2zc4 I2myc2Û'r, (3.10)

where EL : %(82 - 0,l[rlccosd). In Chapter 4, the R frame will be used when

moclelling ordinary pair production, and the decay of pions and muons.

3.3 Two and Three Body Decays

Consider a particle of rest mass M and energy E¡a which decays into two particles

with rest masses rn1 and rn2 respectively, as shown in Figure 3.3. In the R frame of

the primary particle, which is equivalent to the CM frame in this case, the energies

of secondary particles are uniquely defined by the total CM frame energy ¡ß : Mc2.

The CM frame energy of particle 2 can be expressed in terms of Ef using conservation

of momentum, lpljl : lp?l : Ei" - *?"n, and is given by

ET' : 
^7.n + Ei' - *?"n. (8.11)

Substitution into Equation 3.9 and using s: M2c4 gives (see e.g. Stecker 1g71),

2Mc2
(3.12)

with a similar equation for the energy of particle 2 given by interchanging indices.

By transforming the CM frame energy of particle 1 to the LAB frame, it can be

seen that Z1 is only a function of cos 0* as Ei is a constant for a given Mc2,

E1 : y(Ei + p,rlii lcos 0*),

ca-m2"ca+*?rn¡42Ei

2t

(3.13)



and hence

dÐr:f/,"liildcosd*,

where .y,: E¡wlMc2. Hetce, the probability of finding a particle with energy in the

range Et ---+ Et + dÛt in the LAB fram e, 7t(81)dU1 , is equal to the probability of finding

a particle in the interval cosd* --+ cos 0* + dcosd* in the CM frame, p(cos 0*)dcos?*.

Thus,

p(Et,EM)dh : p(cos 0*)dcos0*
. d,cos0*

p(cos 0-) d*r dUj

p(cos 0*) ,-
ffian'' (3'14)

for y(Ei - P,dFiD < Er <'y,(Ei + p,.lii), where the energy bounds correspond to

cos d* - -1 and cos 0* : 7. Hence, if the angular distribution of particle 1 in the CM

frame is known, then the corresponding energy distribution in the LAB frame can be

calculated. For example, if particie 1 is emitted isotropically in the CM frame then

p(cos 0*) : If 2, and

p(Et,Eu): ,;Mfl. (3.1b)

This distlibution is appropriate for the decay of particles such as pions which have no

spin. Notice that p(Ey) is independent of E1 and therefore secondaries with energy

bounded by t(Ei + P,dfi) are produced with equal probability.

Consider the decay of primary particles which have a spectrum Qu@¡n¡. The spec-

trum of secondary particles produced can be calculated by considering primaries with

energy in the range Em - + Euld,Em. The number of secondaries produced with energy

in the range Et --+ Etld,Et by primaries in this energy range is p(El)dUtQm(Eu)dÐu.

Thus, the total spectrum is given by

Qt(E,) : [:::' p(Et, Em)Qnr(Eut)d,E* (3.16)
JEffi'

where Ðff" and Eir"" are found as follows. Consider a secondary particle with energy

-81. The lowest energy primary which could have produced this secondary must satisfy

the eqrration, E1 : .'6(Eu)(Ei + þ,@u)dii). Therefore, Ey" is given by solving

the equation

Er : ^¡(Ûff")(Ei + p,(Ûff")"lpîl)

: T(Uff")Ei + "lpil
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.vl@ffi") - | (3.17)



EI

þ,^

E1

0r*

E4

Er*

(a)

(b)

E2

LAB Frame

Er*

E4
El

CM Frame

Figure 3.4: A schematic diagram of an interaction between palticles with ener-gies E1

and Il2, producing particles with energies .Eg and Ea, viewed from (a) the LAB frame,
and (b) the CM frame.



Squaring Equation 3.17 and rearranging gives a quadraticin y(Uff"),

ú(Ûff")*lc4 - zUtEh,(Ûffi") + E? + Ei' - mlca :0. (3.18)

The same equation results when considering the maximum energy, and has solutions

Ei;" -hÐi + E?Ei" -mlca(El+ Ei" -*?"n) (3.1e)
Mc2 *?"n

Þ-or exarnple, in the case where secondary 1 is massless (e.g. a photon), the minimum

bound is given by solving Equation 3.18 with IrL1c2 :0, giving

EW" nl + n72
(3.20)Mcz zhEi

As the energy of the primary becomes large the minimum energy of the secondary

tends to zero, and hence Eif' : oo. The above description of two body decay will be

used in Chapter 4 to model charged and neutral pion decay.

For three body decays the situation is some what more complicated. In general the

energies of the secondary particles are no longer uniquely defined in the CM frame by

the rest mass of the primary particle. However, if ihe distribution of the secondaly

pa,rticles in the CM frame is known, then it is possible to Lorentz transform the dis-

trjbution to the LAB frame. For a description of how this can be done for the decay

of muons see Gaisser (1990).

3.4 The Exclusive Description of Interactions

Consicler an interaction between particles 1 and 2 which produces particles 3 and 4,

as shown in Figure 3.4. The energies of the secondary particles are uniquely defined

in terms of the total energy available for the interaction, 1Æ. Hence, the final state of

the interaction may be defined exclusively in terms of the distribution of the particles

directions in the CM frame. Clearly, the situation is directly analogous to two body

decays described above. The distribution of particle directions in the CM frame can

be clefined in terms of differential cross section for the interaction do ldQ!,

P(ç¿ä, ") 
: -l-9(nt. "), (3'21)

on(s) d05'""r' "'

naÍ
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where orz(s) is the total cross section for the interaction given by integrating the

differential cross section over solid angle Qj,

otz(s) : I ffifni, 
s)drli. e.z2)

Here p(f)j)dflj is the probability of particle 3 having a direction in the solid angle

f)ä * 0ä + dCIä. The energy of the produced particles in the CM frame is given by

Equation 3.12 substituting 1/3lor Mc2.

For example, if the interaction is cylindrically symmetric (e.g. the differential

cross section may be symmetric about a beam direction), then d0j : dóädcos df :
2rdcos dj. Hence, the total cross section becomes

orr("):rn lffitø,s)dcosái, (3.23)

and the particle distribution,

p(oä,") : *-^uffi(oä,")
ldo

;;or*$(cos di, s), (3'24)

is a function of cos dj and s only. By analogy with two body decay the distribution in

energy of particle 3 in the LAB frame is given by,

p(Ez): 2tr do
(fiå, 

")
(3.25).t" þ" cl{ï| o12(s)df lj

wtLh E{''" : 1.,-(E! L þ.,-"l{i l). Pion photoproduction interactions are cylindrically

symmetric and the example above will be used in Chapter 4 to model pion photopro-

duction near threshold.

It is possible to exclusively define the flnal state of an interaction with more than two

particles. However, in practice it is often infeasible because the interaction becomes too

complicated. Hence, other approaches are often used unless simplifying approximations

can be made. For example, consider theinteraction I+2---+ 1+3+4, where particle

1 experiences negligible recoil in its rest frame. In this case, the interaction has been

effectively reduced to the two body decay 2 --+ 3 * 4. For a practical example of

such an interaction see Chapter 4, where this approach is used to model ordinary pair

production interactions.
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3.5 The Inclusive Description of Interactions

If the final state of an interactions has more than three particles, it is often not feasible

to exclusively define the interaction. However, useful information about the interaction

may still be derived by adopting an inclusive clescription of the interaction, where only

the momenta of one or more types of particles are measured. For example, consider

an interaction between a beam of particles of type 1 and a target of particles of type

2 proclucing particles of type 3, which are measured by a detector. The reaction is

signified by 1 * 2 ---+ 3 * X, where X represents everything else which is produced.

The distribution of particles of type 3 can be defined in terms of an inclusive differ-

ential cross section, dof df3, in a manner directly analogous to exclusive interactions.

However, because do ldfs is defined so that only the details of particles of type 3 are

measured, there is a summation over multiparticle final states. Hence, integrating over

the inclusive differential cross section gives

[ *fø",s)d,f": (n3(s))o12(s), (s.26)J dpz'

where (".(")) is the mean number of particles of type 3 produced in the interaction,

anrl ø12(s) is the total cross section for the interaction.

To make use of the inclusive description of an interaction, the inciusive differential

cross section is required at all energies of interest. Fortunately it is not necessary to

have data at all energies because of the concept of scaling. Scaling was developed

a,s an approximate means of describing the accelerator data. In one forrn of scaling

attributed to Feynman (1969), the invariant cross section Esdoldfs: Eidoldii be-

comes dependent only on the transverse component of momentum p1 : p7, and the

Feynnran r variable r -- pi lpï,,, o 2pf I ,ß at high energies, i.e.

n"ff¡nf , P2t, s) "* u"#(' , p")', (J '27)

where p¿* is the longitudinal component of momentum measured in the CM frame.

Feynnan scaling means that, at sufficiently high energies, the shape of invariant cross

section does not change. Hence, for energies where scaling is valid, the invariant cross

section is only needed at one energy to be able to generate the inclusive differential

cross section at all energies. Clearly, scaling will not be a good approximation to the

low energy data. It is also thought that at very high energies, scaling will not be valid

because of jet events.
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Another variable which is used to present data is the LAB frame rapidity g of the

particle clefined as,

y ::r" lg + p'l 
lr rr;2--- lE - p'l

where E and pr ate the LAB frame values of the particles energy and longitudinal

component of momentum respectively. When the invariant cross section is expressed

in terms of y, it may be roughly be divided into three regions. At low values of y,

particles are are associated with the target particle and so this is called the target

fragmentation region. Similarly, at high values of y produced particles are in the

beam fragmentation region. In between these extremes is the central or plateau region.

When scaling energies have been achieved, the effect of increasing the total energy of

the interaction is to lengthen the central region so that it forms a "plateau" between

the beam and target fragmentation regions. The shape of the distribution in the beam

and target fragmentation regions stays constant with 1Æ. Similarly, beam and target

fi'agmentations regions as well as a central region can also be defined when the invariant

cross section is expessed in terms of the Feynman r variable.

In Chapter 4, pion photoproduction interactions which occur at energies above the

resonance region are modelled inclusively. For reviews of inclusive interactions see

Fra,zer et al. (1972), Gaisser (1974), and Bpggild and Ferbel (L974), and more recently

Collins and Martin (1934) and Halzen (1990). A recent discussion of particle physics

and accelerator data relevant to cosmic ray physics may be found in Gaisser (1990).

3.6 Mean FYee Path Length

A derivation of the mean path length for interaction in a relativistic gas following Gould

(1971) is given below. Consider a particle (of type 1) which is traversing a gas made up

of particles of t;rpe 2. The mean path length for interaction is found by comparing the

rate at which interactions occur in the LAB frame with the particle's velocity (u - "
for relativistic particles). In the rest frame of particle 1 the interaction rate is

dN,

--1,
d,tl

oed,n|,I (3.2e)

where o12 is the total cross for the interaction, and n!, is the number density of the

gas in the rest frame of particle 1. The number density of gas particle 1 sees in the
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LAB frame can be found by using the invariant cdn2f Ez (see e.g. Blumenthal and

Gould 1970), giving dntr: E'rdn2lE2). Using the time dilation formula t:1,tt,the
interaction rate in the LAB frame is

,t

¡

¡-
l:,1

)

I

)i

'I

I
f'

I'

ù

I

i.
iì
il
I

dN
dt

Jr

-" I
-" I
-, I

odn',

EL,
o 
*anz

:1, (3.30)

where E| : y(Er-l|rlcB, cosd) is the energy of particie 2 in the rest frame of particle 1.

In general the number density will be a function of both particle energy and direction,

d,n2 : r,(Er,A)dE2dA. However, if the gas is isotropic then d0 : dódcos0 :2rdcos0

and the number density becomes

dn, : n(82)dÐ2P(CI)df¿

: n(Ez)dU2P(cos 0)d cos d

: n(Er)d+rry, (3.s1)

wlrere n(t,2)dÐ2 is the number of particles with energy in the range Ez ---+ E2 ! d,E,2,

and p(cos 0)dcosd is the probability of of a particle having a direction in the range

cosd ---+ cosd+ dcosï. In this case, the mean path length for interaction À is given by

r.-'1ø'¡ : !0rry,
car

: l,@")t;Wd,cos,,d,E2 (382)

For example, if particle 1 is traversing a uniform soft photon field then the mean path

length for interaction is given by

r-'(s,) :l,G)lryd,cosl,d,e, (3.33)

where ø(s) is the total cross section, E2:lfizlc: s is the photon energy, and s given

by equation 3.2,

" 
: *?"n * 2e(ft - "l4rl 

cos d). (3.84)

The nrean path length can be expressed as an integral over s by rearranging equation

3.34 (see e.g. Gould and Schréder 1967, and Protheroe 1986),

cosd: ! -=#, (3.3b)li,l" 2elfilc '
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and hence

d, c -d'sosd: rffi (3.36)

Using 0, : lfrl"lE, Equation 3.33 becomeò,

r-'(¿,): I"rql+=#ffiu,
- I #ñl "ç"¡1"- mlca)d'sd,e. (3.37)

The advantage of expressing the mean path length in this way is that the integration

over s only depends on ,81 and e through the integration bounds and so need only be

calculated once. The mean path length for protons traversing both black body and

power law radiation fields is calculated in Chapter 4.
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Chapter 4

Modelling High Energy

Interactions and Decays

4.L Introduction

The generalisations of Chapter 3 are now used to describe how a number of high energy

interactions and decays may be modelled.

The production of pions when a photon interacts with a proton, is called pion photo-

production. I have calculate the mean path length of protons for pion photoproduction

in both power law and black body photon fields. The spectrum of photons which in-

teract with the proton has been calcuiated, and the method of sampling the photon's

initial energy and direction is also discussed. At low energies, the exclusive data of

Genzel, Joos and Pfeil (1973) has been used to model the interaction. The sampling of

the pion's energy and direction in the CM frame, and the subsequent transformation to

the LAB frame are discussed in detaii. At higher energies, the inclusive data of Moffeit

et al. (1972) and Feynman scaling have been used to model the interaction. As a test

of the modelling algorithm, I have calculated the mean inelasticity for pion photopro-

duction using a Monte Carlo simulation, and compare this to the mean inelasticity

calculated by Stecker (1968) and Begelman, Rudak and Sikora (1990).

Pair production in the field of a proton is modelled assuming that the proton does

not experience any recoil in its rest frame. I have used the cross sections given in a

review of pair production by Motz, Olsen and Koch (1969). Once again, the mean

path length for interaction in both a power law and a blackbody photon field has been
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Figure 4.2: L schematic diagram of a pion photoproduction interaction, \Ä'hen viewed

from (a) the laboratory (LAB) frame, (b) the centre of momentum (CM) frame, and

(c) the rotated centre of momentum (RCM) frame.



calculated. Sampling of the initial and fina1 states of the interaction are discussed in

detail. The mean inelasticity for the interaction has been calculated and compared to

the numerical calculation of Chodorowski and Zdziarski (1990).

The modelling of proton-proton interactions is discussed using the particle distri-

butions derived by Hillas (1979). Neutral and charged pion decays are also discussed.

In each case, I calculate the spectrum of particles produced when a power law spectrum

of pions decay. Finally, a description of muon decay is given using the approximation

that the muon is unpolarised.

4.2 Pion Photoproduction

The total cross section for pion photoproduction, olrG), is shown in Figure 4.1. At

low energi"t (\Æ < 2 GeV) the cross section is characterised by a resonance region

due to the channels p7 -_+ A* --, piro and p1 -- A* -- nr*. At higher energies

(rß > a few GeV) the cross section becomes approximately constant with a value

of a{r(s) - 116 pb:1.16 x 1¡-sz -2. It has recently been suggested that at high

energies (^,ß > 100 GeV) the total cross section rises due to the dominance of jet

events (Drees and Halzen, 1988). However, for the astrophysical applications discussed

in this thesis most of the pion photoproduction events occur near threshold. Hence,

I have made the approximation that the total cross section is constant for energies

above the resonance region. The energy threshold seen in Figure 4.1, corresponds to

the production of a proton and pion at rest. This occurs for a total CM franre energy

of Egtur : \/""ri": rnnc2 I rnpc2 - 1.08 GeV, where mn and Tnp are the mass of the

pion and proton respectively.

Consider a proton of energy Eo which interacts with a photon of energy e , as shown

in Figure a.2þ). The square of the total CM frame energy for the interaction is (c.f.

Equation 3.2),

s : m\ca -l2e(8, - clfirl cos d), (4.1)

where d is the angle between the proton and the photon as shown in Figure 4.2(a). The

lowest energy photon, efl¿, which can interact with the proton is given by equating smin

with s for a head on collision, i.e. *'r"n + *'rrn + 2moc2mnc' : *,rrn -l2e[¡(8, -l liolÒ,
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and so

- mnc2(mnc2 l2mrc2)'[n:ffi' (4'2)

If the proton is traversing a photon field with differerrtial number density, dtzf de :
n(e) (photons cm-3 "V-t), then the mean path length for interaction is given by (c.f.

Equation 3.33),

l¡!,,@,)l-' : l.;,G) 1."""^",:::' 

(r - 1'cos 0) 
oi,G) d' cos ud,e. (4's)

The lower integration bound corresponds to a head on collision and so cos0^¿n - -1.
However, the upper bound is governed by the thresholcl for pion photoproduction and

so is given by rearranging Equation 4.1 with s : smin.¡

cos 0^o"
Ee s*¿n - mf,ca

2elf,lc
*'r"n + 2mrc2mnc2

l "'::' 
ø{o (s) (s - m2,ca)d'sd,e

Qn(s^o,)de,

lú,l"
Ee

(4.4)lFÀ" Zelfolc

As in Section 3.6, one can rewrite Equation 4.3 in terms of an integral over s, giving

l-^;,(Eòr'
Be2 Erlfrlc

"(e)

: 
l";,

: 
I";,

"(e)

(4.5)
8e2 Eolfrlc

where smar : *'orn + 2e(8, + lirl") is the square of the total CM frame energy for a

head on collision. The function O,,(s-o,) is shown in Figure 4.3, allowing the mean

path length for interaction for protons in a variety of photon fields to be calculated.

For example, consider an 6-o power law photon spectrum with e in the range 6*in I
e 1€,no,. The mean path lengths for spectral indices of a:1.7,2.0 and 2.3, and with

€rnin : 10-2 ev atrd €*o, : 106 ev are shown in Figure 4.4. Her"\lr(Er) has been

multiplied by the energy density of the radiation fieId U,o¿, to enable the result to

easily be scaled for an arbitrary radiation density. In each case, one can see that while

€^in 1 €în 3 e mo,¡ )-å o E-o+t. This occurs because the integrand of Equation 4.5 is

dominated by contributions from enetgies near threshold. For higher proton energies

where €in 1 e*¿n, the mean path length for interaction is approximately constant.

This is because the entire photon spectrum is available to the proton, and because

Qn("*o,) o E?,, cancelling out the factor of - Er' in Equation 4.5. The effect of

changing E*¿n ãrrd emar rnay be seen from the dotted and dashed curves in Figure 4.4.
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Another usefui example, is the mean path length for interaction on a black body

photon fleld of temperature ?. Figure 4.5 shows U,,aÀio(Er) for T :2.5x 103, 5.0 x 103

and 1.0 x 104 K. All three curves exhibit similar features to those seen for the power law

case. While the photon threshold energy is greater than - kT,X;o(Er) is dominated

by photons with energy near e[¡. Whereas, lor ef¡ K kT, the mean path length for

inter¿ction is approximately constant as most of the photons in the distribution are

available to interact with the proton.

While traversing the photon field, protons will interact with photons whose energy

distribution will differ from that of the underlying field. This can be seen by consiclering

the contribution to the mean path length for interaction from photons with energy in

the range e --+ e * de (see Equation 4.5). Normalising these contributions to 1 gives

the energy clistribution of photons which interact as,

p(e):t:,fu,l#ño,("-o,), (4.6)

lor ef¡ { e ( oo. An alternative way of arriving at Equation 4.6, is tÒ consider the rate

of interaction with photons whose energy is in the range € --+ e * de and to compare

this to the total rate of interaction, dNldt : clr,;e(Eò.

Photon energy distributions for a power law photon field (o - 2.0,€min: 10-2 eV

and e,no* : 106 eV) are shown in Figure 4.6, for Ep : 1012, 1015, 1018 and 1021 eV.

For the three lowest Eo values, the effect of the resonance region in the total cross

section is clearly evident. For the Ep : 1021 eV case, ef¡ 1 €*in and so the entire

photon spectrum is available to the proton. The spectrum of photons which interact is

now the same as the underlying photon field and most of the interactions occur with

€ - €min. For each of the proton energies, one can see that most of the interactions

occur near threshold. For both po\¡/er law and blackbody photon fields, I use the

rejection method described in Appendix A to sample a value of e from Equation 4.6.

The distribution of the square of the CM frame energies for the interaction, found

using a similar argument to that above is,

p(t) : Q;r (s*",)olo(r)(" - *3"n), (4.7)

for s^¡, ( s I sroor. It is interesting to note that most of the interactions occur with

s - s*o,. This arises because head on collisions are more likely to occur than following

collisions, and so the proton 'sees' more photons c.oming towards it than going in the
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curve), defined in the text.
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same direction. One can see from Equation 4.7 T,hat p(") o s for s Þ s^in, as oi(s)
becomes constant. Hence, I use the rejection method with the function/(s) o< ø{r(s)s

to sample p(s) quite efficiently.

Genzel, Joos and Pfeil (1973) have compiled the data for the exclusive channels

p l ---+ ptro and p1 -- ntr+. They have made fits to the differential cross section for

these reactions, and I have integrated over these fits to calculate the cross section for

each channel. Both of these cross sections, signified by o¡" ard dr+ respectively, along

with a digitisation of the total cross section are shown in Figure 4.7. By subtracting

o*"(s) and ø,.+(s) from oioG), one can see that the resonance region is due mainlyto

these exclusive channels. The portion which remains, dx(s) : oio\) - on"(") - o,+ (s),

is due to multiple pion final states. The separation of the exclusive contributions to

the total cross section is in qualitative agreement with a similar decomposition found

in a very recent review by Drechsel and Tiator (1992), shown in Figure 4.8.

Insufficient data exists to model the multi pion final states exclusively. Hence, I

have used the inclusive data of Moffeit et al. (1972) to model these events. At a gìven

value of s, I decide which whether an exclusive or an inclusive interaction takes place,

based on the ratio of the cross sections. For example, if one samples a random deviate

{ and ( < on"(s)loloG), then the interaction p^l --+ pro is modelled. Similarly, if
on"(s) 3 €oio\) < (o-"(") I on+(s)) then the interaction p7 -' ¡r*n is modelled.

Otherwise, the interaction is modelled inclusively. Both the data and the means of

modelling the interactions will be discussed in detail in ihe following sections.

4.2.L Exclusive Pion Photoproduction

The compilation of Genzel, Joos and Pfeil (1973) contains data for photon beam en-

ergies (e') less than 1.5 GeV. They have made fits to the differential cross sections for

the channels p1 ---+ piro and p1 - ntrl of the form,

'tp ---+ ltop , ffi{r',,cos0},): å o*(e')cosn 0}, (4.s)
n=O

1çt ---, r+n ' ffi{r', cos d}") : 
(1 _ B}kiry å 

r,,r', cos, 01,, (4.e)

where 0|, is the angle between the beam direction and the produced pion's direction

(see Figure a.2þ)) and Bi is the velocity of the pion in the CM frame. The coefficients
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photoproduction channel lp ---+ rop, given by Genzel, Joos and Pfeil (1921). The fits
are in terms of the photon beam energy, 6/, and the angle at which the pion is produced
in the CM frame, relative to the beam direction, cos0n = cos 0|,. The large spike at
e' : 0.69 GeV, is assumed to be caused by a typoglaphical error and the fit fo¡ this
eneÌgy is not included in the simulation.
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Figure 4.10: The fits to the differential cross section for the exclusive pion photopro-
duction channel ^lp -, zr+n given by Genzel, Joos and Pfeil (1971). Variables are
defined as in Figure 4.9.



o^(r') are given in Appendix B, as a function of the photon's energy in the proton rest

frame, s'. The flts give the direction of the pion relative to the direction of the photon

in the CM frame. For astrophysical applications one usually has a high energy proton

interacting with low energy photons, and so it is more meaningful to define directions

relative to the proton's direction. However, to simplify the sampling procedure for the

pion's direction I define a rotated centre of momentum (RCM) framel in which the

photon's direction is aligned with the ¿-axis , as shown in Figure a.2@). The fits to

the differential cross sections are shown in Figures 4.9 and 4.10, as a function of both

e/ and cosîf,. One can see that for e/: 0.69 GeV there is a large spike in Figure 4.9,

which is not consistent with the rest of the plot. Hence, I have ignored the fit for this

beam energy and conjecture that there may have been a typographical error in the

published coefficients. To calculate values for the differential cross section at all s and

df, values, a linear interpolation in both variables is used. For example, consider the

interaction 1p ---+ nop which has fits to the differential cross section for values of the

square of the total CM frame energy given by, 
"¿ 

for i : I to n. If s¿ < s ( s¿-,c1 and

cos df ( cos 0*, < cos 0l*r, where 0i and 0l*, are the angles at which the differential

cross section has been digitised, then a linear interpolation in the variable cos 0f, is

used to find ffi(e'(s¿),cosdf,) and #(r'("n*r),cos e:). Ã linear interpolation in s

is then used to find ffi(e'(s), cos df,).

The CM frame energies of the nucleon and pion produced in the interaction, are

only dependent on the total CM frame energy, 1Æ. Hence, by analogy with two body

decay (see Section 3.3), the CM frame energy of the pion is

,.* _ " -*?ro +*'*rnt!ì : --- ,G----,t-. (4.10)

Conservation of momentum gives the CM energy of the produced nucleon as

Eiv: Ei'-*?*"n+^?rn. (4.11)

The direction of the pion in the RCM frame is given by sampling angles 0|, and þ1,,

defined in Figure a.2þ). f assume that pions are produced symmetrically about the

beam direction, and hence 0|, and $1, are sampled from the distributions

p(cos 0i-\: J!=!2tcosáf,), for -1 ( cos 0*, SI, (4.t2)" "'rr't ø¿(s) d0*\

lquantities measured in the RCM are denoted by the sub-script r
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and
1p(ó1):;, for 0 ( þ*,12tr, (4.13)

where the subscript i refers to either of the two exclusive channels. The rejection

technique (as described in Appendix A) is used to sample cosî|,, and the formula

óL :2r( is used to sample /f,.
To transform from the RCM frame to the CM frame, I apply a rotation through

angle Sf;^ aboú lhe zl axis, as shown in Figure 4.2(b). The angle at which the pion is

ernitted, relative to the r* axis in the CM frame is

I

rì'

l
t,?

I
+

t

I

cos 0| - - [cos 0], cos ót^ + sin d], sin /f, sin /]-], (4.r4)

(4.16)

where ót* i" given by the aberration formula, i.e. Equation 3.8. Hence, the energy of

the pion in the LAB frame is

En : %*(EI + 0. "|Fïlcos 
df ) (4.15)

Similarly, the energy of the nucleon is

EN : .t. (Eh - þ. .lirtl cos df ),

where pï is the nucleon's momentum in the CM frame

4.2.2 Inclusive Pion Photoproduction

At high energies (for beam energies greater than 1.5 GeV) one must resort to inclu-

sive data to model pion photoproduction. The concept of scaling makes the inclusive

modelling of interaction feasible, as one only needs the invariant cross section at one

energy to be able to construct the inclusive differential cross section at any energy for

whiclr scaling is valid. Moffeit et aI. (1972) have measured the inclusive cross section

for the reaction p^l ---+ T=X, for beam energies o1 €' :2.8,4.7 and 9.3 GeV. While

scaling does not hold at these energies (Moffeit et al. 1972), the 9.3 GeV data is the

highest beam energy available for which the transveïse momentum distributions have

been measured. Thus, the 9.3 GeV data have been used as the best approximation to

the invariant cross section.

The transverse momentum data for a beam energy of 9.3 GeV are shown in Figure

4.11, ancl the structure function for all three energies used by Moffeit et aI. is shown in
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4.12. Longitudinal and transverse components of momentum are defrned with respect

to the beam direction, and hence, once again, the pion's direction is sampled in the

rotated centre of momentum (RCM) frame, defined in Section 4.2.1. However, for

ciarity I will adopt the same terminology as used by Moffeit et al. when discussing the

data. Notice also that Moffeit et al. have obtained their data by having ?-rays interact

with a stationary proton target. Hence, the beam fragmentation region will correspond

to the photon fragmentation region.

To construct the inclusive differential cross section, d3of dsp, I assume that the

function

fz(r, Pzt¡
d.3 o

EI 
d%.dn

: 
lo,
I Ei L2o
T påo, L,rL,p2,

is separable into functions of r and p2t, i.e fz(r,'pzr¡ : f @)p(pl ), where p(p]_) i.

normalised such that ti p@I)dp't: l. Moffeit et al.have examined the data to see if

it can be factorised in this way. They have done this by averaging the structure function

over intervals in the squa e of the transverse component of the pion's momentum, pl,
by calculating

F(r, (p")) : ! [o 1i ,o'Ï 
^ 
or', (4.18)r Jo pfto,drdp2,

for ¿ ( pI < ó. Their results are shown in Figure 4.13. As the shape of the structure

function changes from interval to interval, Moffeit et al.have concluded that ft(r,p2r)
cannot be factorised into functions of r and p2t. However, the variation in shape is

relatively small, and so for astrophysical applications one can make the approximation

tlrat /3(r, p2¡) can be factorised.

From Figure 4.11 one can see that the dependence on p] is approximately expo-

nential. Hence, distributions of the form,

p@I)=(p,,("))-'""ri,,å] , (4 le)

have been fitted to the data, wher. (p"(")) is the mean transverse momentum squared

for the distribution. 'Ihe values of (pl(r)) obtained from the fits are given in Table

4.1.

I integrate lz(r,pzr¡ over pl to calculate the structure function F(r)

F(r) : lo" fr{*,prr)dpr,

ñ (4.r7)
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Interval (p

-1.0<z<-0.3
-0.3<z<-0.1
-0.1 <r<0.0
0.0<r<0.1
0.1 < r <0.2
0.2<r<0.3
0.3<r<0.5
0.5 < r <0.7
0.7<r<1.0

0.225
0.161

0.129
0.128

0.161

0.155
0.181

0.218

0.109

I

Þ-

¡

t
tl
li

i
I

l
I

Table 4.1: A table of the mean transverse momentum, (p"), obta,ined from fits to the

data of Moffeit et al' (1972)'
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r@), (4.20)

where the normalization of p@ï) has been used. Hence, with the data for the structure

function (see F'igure 4.I2) one has all of the ingredients required to construct the

inclusive differential cross sections. Rearranging Equation 4.17 gives,

d3o ñ f @)p(p")
d3p* Ei

,F(z)exp
(4.2t)

| -p', l
L<p1t'lll

øiþi@))

To calculate the pion distribution in r, the inclusive differential cross section is inte-

grated over p2t, giving

p(")
1 /- d"o ''

GGÞ;G) ¿ d%.dei
* F(*) expl-p|l (p'r@)ll

dp", (4.22)Eiþ",(*))

where ("(")) is the mean multiplicity for the interaction.

In reality, the structure functions shown in Figure 4.12 will consist of two compo-

nents, from ieading and central region pions. To separate these components, I have

assumed that the distribution of central region pions is symmetric about r : 0, i.e.

no leading pions are produced with r ( 0. The resultant central region and leading

particle distributions are shown in Figure 4.14. As the square of the total CM frame

energy increases, the distribution of central region pions becomes sharply peaked near

r : 0. However, the leading pion distribution becomes independent of s, as s in-

creases. This is consistent with the production of a leading particle which decays to

produce the leading pions. To simplify the simuiation of inclusive interactions, p(r)

has only been calculated for ten values of the square of the total CM frame energy,

s¿ : 1018'2u, 1Ott'u,..., 10'o'u. I have also assumed that for s¿ ( s ( s¿..,.1, the distribution

is independent of s, and so p(x) remains unchanged over the interval [r¿, r¿+r].

To decide if the pion to be sampled comes from the central or leading particle

distributions, the mean number of pions (or the mean multiplicity) contained in each

has been calculated. Ilence, if one samples arandom deviate 4 ( (nr".¿i*(s))/(n(s)),

where (nr".¿ios(s)) is the mean multiplicity of the leading pions, then the pion comes

from the leading particie region. In this case, a value of r for the pion is sampled
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from the leading distributions using the rejection technique described in Appendix A.

Similariy, if € > (nr"u,ai.g(s))/("(")) then I sample a value of r from the central region

distributions. In each case, a transverse momentum for the pion is sampled from the

function g(pï) for an appropriate value of (pl(r)), using the rejection method.

The maximum energy that the leading nucleon can have in an inclusive pion pho-

toprodnction interaction is Eî"' = tß12. Thus, pions are selected in the method

described above, until the energy which remains for the proton is less than E["'. Pi-

ons which are produced in the photon fragmentation region are assumed to be r'+

and zr- produced in equal numbers. This is hased on a simple argument in which the

leading particles are assumecl to be produced by the decay of a p meson. The decay

channel p" - rrr- has a branching ration of i00% (Particle Data Group 1990). In

the central region, all three charge types of pions are assumed to be produced in the

same ratio. A simple consideration of the interaction at the quark level, gives the ratio

of protons to neutrons in the proton fragmentation region as 3:2.

As a simple test of the sampling algorithm for inclusive interactions, one can cal-

culate the rapidity distribution, do f dy, of the produced pions and compare this to the

clata of Moffeit et al. (1972). I have used a Monte Carlo simulation to model a large

number of inclusive interactions, and bin the pions in rapidity,

a:t^lm], Øzr)

where En and pt are the LAB frame values of the pion's energy and longitudinal

momentum respectively. The results are plotted for beam energies of 2.8, 4.7 and

9.3 GeV, in Figure 4.15. Also plotted, are the results from Moffeil, et al. As expected,

the 9.3 GeV data are best reproduced, although the results become worse for lower

beam energies. This is not surprising, as scaling is only hypothesised to work at

high energies (as s --+ oo). Clearly, scaling is not a good approximation at these

low energies. However, for the purpose of an astrophysical calculation the modelling

algorithm described above is adequate.

4.2.3 Mean Inelasticity for Pion Photoproduction

The mean inelasticity for pion photoproduction, (Kr(r)), gives a measure of the mean

fractional energy lost by the nucleon during the interaction. I have calcutated (K7y(s))
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as a function of the square of the total CM frame energy, using a Monte Carlo sim-

ulation. The results are shown in Figure 4.16. For comparison, the mean ineiasticity

calculated by Stecker (1968) for the single pion channels,

(Iro(s)) :å('-úry), Ø24)

and Begehnan, Rud.ak and Sikora (1990)

(r{o@)): (4.25)

are a,lso shown, where r is the photon's energy in the proton rest frame in units of

electron rest masses. Near threshold there is reasonabie agreement between my calcu-

lations and those of Stecker (1968) and Begelman, Rudak and Sikora (1990). However,

at energies above !ß - 1.3 GeV the results diverge. In my caiculations multipie pion

final states are included whereas in the other calculations they are not, and this may

account for the departure. Also, as pointed out earlier scaling is not appropriate at

low energies and this may canse inaccuracies in the calculation of the mean inelasticity.

Fortunately, as most of the interactions take place near threshold for the astrophys-

ical applications of interest in this thesis, the effects of uncertainties in the inclusive

interactions should be minimal.

4.3 Pair Production

The total cross section for pair production in the field of a proton is shown in F igure

4.17, and is based on the parameterisation of Maximon (1969). Threshold for the

interaction is t/s^r" : Til,pc2 | 2m.c2 - 0.939 GeV, and this corresponds to a beam

energy of.2m.c2 :I.02 MeV in the proton rest (PR) frame. Prior to the interaction,

the situation is identical to that for pion photoproduction, as can be seen from Figure

4.2(a), and hence the square of the total CM energy is given by Equation 4.1.

The lowest energy photon which can interact with a proton of energy Eo via pair

production is

€ln:2m.c2(rn"c2 
+ mrc2) 

Ø.26)E, + lflrl' '

where a similar argument as for the calculation of eflnin Section 4.2 has been used. The

mean path length for pair production in a photon field with number density n(e) is

9.78 x 1¡-310'4756 for r < 3913

0.5 otherwise
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given by,

l\Í,,(ø,)l- : l": #ñ 1""::' 
o{o(s)(s - m2,ca)d,sd,e

: ¡* 
-n'(c\l'i^ ve'Er\ ÑQ"(s*o')de' 

(4'27)

where once again s*o, is the square of the CM frame energy for a head on collision.

The function O"(s-o,) is plotted in Figure 4.3 and one can see that while the threshold

energies are similaÍ, O" - 1000,,. This reflects the ratio of the total cross sections,

as can be seen from Figurc 4.77. As for pion photoproduction, I calculate the mean

path length for interaction on both power law and black body photon fields. These are

shown in Figure 4.19, and they behave in a similar manner as the mean path length

for pion photoproduction, described in Section 4.2.

The energy distribution of photons which interact with the proton is,

p(e) : X:,ta,)#ø*e.("*o,), (+.2s)

for eio ( e ( oo. I have calculated p(e) for a blackbody photon field of temperature

T : 5.0 x 104 K, which I plot in Figure 4.20 for Ep: I0t5-1021 eV. When the photon

threshold energy is greater than - kT $or Ep : 1015 eV) most of the interactions

occur near threshold. However, when ein K kT (1or Ep : 1¡re-1gzr eV) most of

the interactions are with photons with energy e - leT. I have developed routines

for sampiing photon energies from Equation 4.28, for both power law and black body

photon fields. In each case, the rejection method described in Appendix A is used.

The distribution of total CM frame energies for the interaction is,

p(s) : Q;r (s,^^,)olr(")(" - *'o"n), (4.2e)

for s^¿n 1 s 1 s^o,. As for pion photoproduction, the rejection method is used to

sample values of s from this distribution.

Pair production interactions have been modelled exclusivel¡ making the approxi-

mation that the proton experiences negligible recoil in the PR frame. Motz, Olsen and

Koch (1969) have compiled formulae for the cross sections for pair production, and I

have used Equations 3D-1000 and 3D-2000 for the differential cross sections do ldE|
and d2o f dÐ'+ddl'+, respectively. Here Ei is the energy of the positron in the PR frame,

and 0'*, is the solid angle containing the positron's momentum measured with respect
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to the photon's direction. The differential cross sections are plotted in Figures 4.21

and 4.22. As the differential cross sections are expressed in the proton rest frame with

directions given with respect to the photon direction, I model the interaction in the

rotated proton rest (RPR) frame (c.f. the RCM frame used for the pion photopro-

duction), shown in Figure a.18(c). The energy of the produced electron and positron

are then transformed to the LAB frame. The reference frames used to model pair

production are all shown in Figure 4.18.

Positrons are produced in the PR frame with an energy distribution (c.f. Section

3.4)

p(E+) : 
;þ:#rG"E1) 

rot m'c2 < E'+ I ('' - rn.'c2)' (4'30)

where e' : (" - mlca)l2Tnrc2, and the assumption of negligible nuclear recoil has

been rnade to calculate the electron's energy and momentum, i.". i! : d' - lif and

E'- : ,' - E'+. Once again, the rejection method has treen used to sample a positron

energy from this distribution. A direction for the positron is selected in the RPR frame

by sampling angles 0'*, and, ó'¡,,d"frn d in Figure 4.18(c), from the distributions,

p(cos 0'*,): 
#Sffiq(cosd!,, 

E'+,€') for -1 ( cos 0'+, < l, (4.31)

and
1

P(Ó'+,): ; for 0 ( Ó'¡, 12n. (4.32)

using the rejection technique for cos 0'¡,, and using the inverse function method for $'*,

(see Appendix A). As I have assumed that the proton does not recoil in the PR frame,

once the energy and direction of the positron have been sampled, one can solve for

the energy of the electron. Conservation of transverse and longitudinal components of

momentum, relative to the photon's direction in the RPR frame gives the equations,

lPi, I sin 0'*, : l{'-,lsin0'-, (4.33)

e' : lFI,l cos 0'¡, + li:,1cos 0,_,, (4.94)

where F!, is the electron's momentum in the RPR frame, and 0'-, is the angle between

p1, and the n', axis. These Equations are solved for 0'_, and lp-], I resulting in

lp1i, I sin 0'+,
(4.35)

€' - liílcos 0!,
tanï' -:
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and

li:,|: lll,fl* (4.36)' sln y_r

In the RPR frame, the transverse components of the electron and positron's momentum

are equal and opposite, and hence ó'-r: r * ó'+r.

To transform from the RPR frame to the LAB frame, I first transform to the PR

frame by applying a rotation through angle d' about the zf axis. Thus, the angle

between the positron's momentum and the r' axis (aligned with the boost 0,) i"

cos 0'* - -lcosï'*, cos 0' * sin d!,- sin d' sin /'*,],

where d' is given by the aberration formula (see Equation 3.8),

(4.37)

(4.38)sing': , tild
T(1 - þ, cos 0)'

A similar equation can be found for the electron. Hence, the energy of the positron in

the LAB fi'ame is

E+:.t,@'++l|+lcB,cos0\), ; 
1+.aO¡

with a similar expression for the electron. Conservation of energy gives the final energy

of the proton as,

E:Eple-E+-E_. (4.40)

4.3.1. Mean Inelasticity for Pair Production

As for pion photoproduction, I have calculated the mean inelasticity for pair production

using a Monte Carlo Simulation. The results are shown in Figure 4.23. Also shown

is the mean inelasticity calculated numerically by Chodorowski and Zdziarski (1990),

represented by the analytical fit

(t{r(r)l :4?3*-t[1 + o.gg¡zln(r - 1) + 0.nn2(ø - 1) + 0.002s1n3(r - 1)], (4.41)
rnp

where r : et lm"c2 is the ratio of the photon's energy in the PR frame and the electron's

rest mass. Iror .yÆ greater than - 0.95 GeV, the curve and the histogram are in

agreement. Ilowever, at threshold there is a departure of a factor of - 2. As the

results of Chodorowski and Zdziarski (1990) have not yet been published, it has not

been possible to account for this apparent discrepancy.
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4.4 Proton-Proton Interactions

In contrast to pion photoproduction and pair production, proton-proton (pp) interac-

tions are straightforward to model. Consider a proton of energy Eo traversing diffuse

matter consisting of relatively low energy protons. In this case, the mean path length

for interaction is given by l\*(Er)]-t : noorr(s), where n, is the number density

of the diffuse protons, and aoo(s) is the total inelastic cross section as a function of

s : rn2pc4 l2Ûrmrc2. The total cross section is shown in Figure 4.24.

Hillas (1979) has made flts to the data and assumed radial scaling to produce the

differential spectrum of particles, dnf dr, resulting from a pp interaction,

dn

"ñ: Frr-.(r)H.(E), (+.42)

where u is the ratio of produced particle's energy to the beam energy E'r. The functions

For-.(r) and II.(E) are given below for pions,

I.22(t - r)s's + 0.98 exp(-1Br)

(4.43)

Thus, to calculate the total spectrum of particles, it is simply a matter of convolving

the spectrum of protons which interact with the spectrum of particles produced per

interaction, given above.

4.5 Pion Decay

Neutral pions decay into two 7-rays (no - 27) with a branching ratio of 98.798%

(Particie Data Group, 1990). Clearly, the CM frame energy of the 7-rays is half of the

rest energy of the pion,

Ei Tnnc2
(4.44)

Fpp-n*(r) : F,pp-n-(") : Frr-n"(x)

H"*(E) - Hn-(E): H""(E)

,
The pion is spiniess and hence the 7-rays will be produced isotropically in the CM

frame. Thus, the distribution of 7-ray energies in the LAB frame is (c.f. Equation

3.15),

2

2l,13,Ei
2

liÀ"'
(4.45)

P(8",)
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I

lor yEl(l - 0,") I 8", < TE;(7 I þ,c), since clp-,1 : Enp, - 1,*n"28,. Herc B,

and 7, are the boost and Lorentz gamma required to get to the pion rest frame. The

factor of 2 in the numerator arises because 2 1-rays are produced, each contributing

the same spectrum to the total.

Consider a spectrum of pions, Q"(8"¡, which decay. The spectrum of 7-rays pro-

duced is,

À-

I'
t
,t

¡i
tr

I
i'

J

I

I

i

Q',(E',) p(8")Q"(E^)dE,

(4.46)

where the integration bounds are found as described in Section 3.3. For example,

consider a power law spectrum of pions Q"(n"¡ - QoÐio , for Ef;i" < E^ < E!"" and

a ) 0. The spectrum of 7-rays produced is

Q-,(E-,) = { ?'E;' - (87"',)-"1 for E'' > Eyi',

l. ztl@r'*)-d - (ET"\-'l lor 8., 1 Bmin 
'' Ø'47)

for 8., Þ mlca and Eii" Þ nr,lca. Thus, for energies greater lhan El'n the spectrum

of 7 rays mirrors the spectrurn of primaries, i.e. Q"(A",¡ o E;" for Eii" < E1 < ET"" .

Clrarged pions decay into a muon and muon neutrino (n* - lt+ + ur(u.)) with a

branching ratio of l00To (Particle Data Group, 1990). The decay is very similar to ro

decay. However, in this case only one of the products is massless, and therefore the

particle distributions are not the same. The CM frame energies of the products are

(see Equation 3.12),

Ei": mlca + m2rca

li,.æhn-@-)d,''

I
B I

Ei:
2mnc2

mlca - m2rca

2mnc2

(4.48)

(4.4e)

Hence, the distributions of particle energies produced in the LAB frame are (see Section

3.3),

p(Er): - 
1l: 2-r.*p"*liilc (4'50)

p(8,\: - 
I): h"*þ" EI' (4'51)

The spectra of particles which result when pions with energy spectrum Q"(n"¡ decay

are 
e,(8,): l:;:' #ffie*(n,)d:* (4.b2)
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e,(8.): l;H##-&r,(E*)dE, (4.b3)

using 1.,nþ.,n : lflrlcf m*c2 . For the muon spectrum, the integration bounds, Efl' and

El"*, are given by Equation 3.19. If the pion spectrum is a power law, such as given

above for ro decay, then the spectra of muons and neutrinos are power laws with the

same index.

4.6 Muon Decay

Muons decay via the channels

p+ --+ e+!v"!u,

tl --+ e-lu.*up,,

with a branching ratio of l00To (Particle Data Group 1990). Zatsepin and Kuz'min

(1962) have calculated the distribution of particles produced in the muon rest frame,

using the approximation that the muon is unpolarised. The spectrum of neutrinos,

Q,"(8,"¡ and Q,u(E u), produced when muons with a spectrum, Qr(Er), decay is

tET"" 1

Q,"(8,") : 1"p,,. ;lp@"") I p(Er.larçEp)døp (4.54)

e,,(8,,) : l:::' Ilo@,,) + p(E¡,)] e,çn,¡an, (4.b5)

where p(8"") : p(E"r) are the spectra of electron neutrinos and muon neutrinos pro-

clucecl in the muon rest frame, by the decay of a p,+ (see Zatsepin and Kuz'min 1962).

Similarly, p(E¡") : p(8,), are the spectra of electron and muon anti-neutrinos pro-

duced. In Equations 4.54 and 4.55, I have assumed that the muon spectrum consists

equal numbers of ¡z+s and ¡l-s. Similarly and the spectrum of electrons producecl is

e"(8.) : l:::' Twfu"-) + p(n"*)le,(8,)an,, (4.b6)

where p(8"-) : p(Et,) and p(8.+) : p(8,,).

4.7 Summary

In this Chapter, the modelling of pion photoproduction, pair production and proton-

proton interactions was discussed in detail. Pion photoproduction was modelled exclu-

sively near threshold using the frts to the data given by Genzel, Joos and Pfeil (1973),
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and was modelled inclusively above the resonance region using the data of Meffeit eú ¿/.

(1972). Pair production was modelled exclusively using the formulae for the differential

cross sections given by Motz, Olsen and Koch (1969). The fits of Hillas (1979) were

used to model pp inleractions. The techniques developed in this chapter for modelling

these interactions will be used in Chapter 6 to calculate the spectrum of pions produced

in the nucleus of an active galaxy. Once the pion spectra have been obtained, they

will be decayed using the formulae described in Sections 4.5 and 4.6 to calculate the

spectrum of muon neutrinos and anti-neutrinos produced in active galactic nuclei.
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Chapter 5

Observation of Astrophysical

Neutrinos

5.1- Introduction

Neutrinos interact weakly with matter, making the design of neutrino telescopes chal-

lenging. The cross section for interaction between a neutrino, u, and a nucleon, lú,

which produces a charged lepton is (Gaisser 1990)

ûyN 1 5.0 x to-3' (#) cm2. (b.1)

Hence, unless the sources of neutrinos are very strong, neutrino telescopes must be very

large. Neutrino interactions with matter occur via the channels (see e.g. BerezinskiT

et al. 1990),

u"(t")¡N--+ e-(e+)+X (5.2)

ur(tr)+N--+ tt-]'\+X (5.3)

where X represents all other particles which are produced. For example, electron

antineutrinos can interact with protons via inverse neutron decay, u" I p -- e+ ¡ n.

Electron antineutrinos may also interact with electrons via the Glashow resonance

î. * e- + W- --+ hadrons, (5.4)

where the resonance energy of the antineutrino is 6.3 x 106 GeV (see e.g. Berezinskii

et aI. 1990). Electrons produced in zIú interactions lose energy quickly in matter via
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an electromagnetic cascade, and therefore neutrino telescopes are generally designed

as high energy muon detectors. Alternatively, some of the telescopes are designed to

detect the electromagnetic cascades initiated by the electrons or the hadrons produced

by W- decay.

In this Chapter, the techniques used for detecting the products of neutrino inter-

actions with matter are discussed. Over the past decade, there have been a number of

proposals for neutrino telescopes, and some of these are reviewed. Their status, as of

early 1992 is also discussed. The Chapter is concluded with a discussion of how the

signal in a, neutrino telescope may be calculated. As an example, the neutrilo signal

from SN 19874 is calculated.

5.1.1 High Energy Muon Detectors

At high energies, relativistic beaming means that the direction of the produced muon is

well correlated with the direction of the original neutrino. The average angle between

the muon's direction and the neutrino's direction is approximately (see e.g. Berezinskii

et al.1990)

0-2.6(-E'' \-0'5
\ r o¡Ëev) o"srees. (5.5)

Hence, for neutrinos with energy greater than - 700 GeV on average the direction of

the muon will be within 1o of the neutrino's direction. Thus, to detect high energy

neutrinos (with energies greater than - 1 TeV) a muon detector only needs to have an

angular resolution of approximately 1o.

A high energy muon will radiate Õerenkov light if its velocity is greater than the

velocity of light in the medium. The Cerenkov emissions may be detected by using

a large array of photomultiplier tubes in a transparent medium such as water or ice.

'.lhe use of ice as a detector medium has the advantage of providing a solid base and

framework within which to work, greatly simplifying the engineering of the detector

(see e.g. Barwick et al. I997b, 1992). In such an array, the direction of the muon

may be reconstructed using the relative timing of the photomultipliers triggered by the

muon ts passage.

The main source of noise in muon detectors comes from the large flux of muons,

produced when cosmic rays interact with the atmosphere. A one TeV muon has a range

of about 2 kilometres in water and a,bout 450 metres in rock (Berezinskä et a\.1990).
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Hence, one method of reducing the noise from muons produced in the atmosphere is

to shield the detector by placing it at a depth of several kiiometres. One disadvantage

of this approach is that it is difficult and expensive to build a detector at such a great

depth. Another solution is to discriminate against the predominantly downward going

atmospheric muons in a surface detector by looking for upward going muons. Upward

going muons result from neutrinos which pass through the Earth and interact beiow

the telescope. A disadvantage of this approach, is that the field of view of the telescope

is greatly reduced.

Another source of noise comes from the neutrinos produced from the decay of the

charged pions present in cosmic ray air showers. The differential flux of "atmospheric"

neutrinos is shown in Figure 5.1 along with other astrophysical sources of diffuse neu-

trino radiation. Note that in this diagram the diffuse neutrino background from AGN

is the original incorrect version from Stecker et al. (1991a,b), and should be scaled

down by a factor of 32'6 - 17 (Szabo and Protheroe 1992a). The signal decreases with

energy, and hence it is advantageous to have a high muon energy threshold as this can

improve signal to noise in the detector.

Another means of detecting high energy muons is by using the ionisation they

incluce during their passage through the detector. Directional information is obtained

from the timing of the passage of the muon through several layers of detectors.

5.L.2 Electromagnetic Cascade Detectors

Muons, electrons and hadrons produced in zll interactions can initiate electromagnetic

cascades, which may be detected by several different techniques. Showers initiated in ice

by high energy muons produce microwave Õerenkov radiation. An array of microwave

a,rrtennas could be used to detect the radiation (see e.g. Boldyrev et al. 799I). In

contrast, the passage of a ultra high energy shower in the atmosphere may be observed

by N, flourescence (see e.g. Cassiday (1939) and Boyer (1991)). Another interesting

idea is that the cascades could be detected acoustically (Bowen 1979); ionisation losses

fron the cascade heat the medium, initiating a pressure wave which could be detected

by an array of pressure tranducers. AII three of the above methods of detecting high

energy electromagnetic cascades suffer from having very high energy thresholds.
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5.2 Neutrino Telescopes

In Sections 5.2.I-5.2.7, some of the proposed neutrino telescopes are reviewed. Only

those telescopes designed specifically for high energy neutrino astronomy are reviewed,

with the exception of the HiRes Fly's Eye, which is included because of its high energy

threshold ancl its large detection a,rea. The status of the experiments prior to early

1992 is also reviewed.

5.2.L DUMAND

The Deep Underwater Muon And Neutrino Detector (DUMAND), is a proposed neu-

trino telescope consisting of an array of 756 detector modules, in a volume of (250 x

250 x 500) m3 (Grieder 1936). The teiescope is a water Õerenkov detector, and is to

be placed approxirnahely 4.7 km beneath the ocean surface approximately 30 km off

the coast of Hawaii, as iliustrated in Figure 5.2. The benefits of placing the detector

at a great depth in the ocean are that the water acts as cosmic ray shielding, as a dark

room, and as a uniform detector medium. The detector also has approximately L00%

sky coverage, and the potential for virtually unlimited expansion, unlike underground

detectors. The disadvantages come primarily from the technicai clifficulty of designing

and building a large telescope which will operate at a depth of - 5 km. As a result,

much new technology has been developed specifically for the DUMAND detector.

The idea for a large neutrino telescope in the deep ocean arose in the early 1970's,

and the DUMAND proposal was submitted to the U. S. Department of Energy in

1983. At present the first phase of the telescope construction, the deployment of a

short prototype string of detector modules, has been successfully completed (Stenger

1990). The second phase, deployment of an octagonal array of detector strings, has

received endorsement by the U. S. High Energy Physics Advisory Panel. DUMAND II,

as the second phase has been dubbed, consists of 216 photomultipliers, has a hardware

energy threshold of - 25 GeV and will have an effective area of 20,000 m2 (Learned and

Stanev 1991). An angular resolution of 1o is predicted and this means that DUMAND

II will har,'e comparable sensitivity to the GRANDE proposa,l described in Section 5.2.4.
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5.2.2 BAIKAL

The BAIKAL experiment is a muon detector similar to the DUMAND proposal to be

placed in Lake Baikal in Siberia (Belolaptikov et a\.1991a, Belolaptikov et al. 1991b).

The ultimate goal of the BAIKAL experiment (Belolaptikov eú ø/. 1990) is to build a

full scale detector with a volume of 107 m3 (c.f. - 3 x 107 m3 for the original DUIVIAND

proposal). The detector will be placed at a depth of 1350 m, approximately 4 km from

the shore near the mouth of the Angara river. The teiescope is based on the water

Õerenkov principle. However, it is not completely shielded from atmospheric cosmic

ray muons because it is not deep etrough, and so can only look for neutrinos which

interact in the rock below the detector. Lake Baikal has a stable surface of ice for

two months in late winter which makes construction of the telescope technically easier

than the DUMAND project. However, there are still many technical difficuities, and

a photomultiplier has been designed speciflcally for the BAIKAL experiment. The

benefits of using lake Baikal as the site for a neutrino detector are many. For example,

high water transparency, a, lower optical background than the ocean, a steep smooth

lake bed, and the absence of strong currents.

The project began in 1980 with a site and feasibility study. A short stationary

string of detector modules was successfully deployed in 1984 (Belolaptikov et aL.1990),

and yielded stringent limits on the flux of heavy magnetic monopoles. At present,

planning and construction are underway for a second phase detector called NT-200.

It was originally planned to have six strings of eight detector modules, however Monte

Carlo calculations have shown that an array of eight strings is preferable, as there is

a marked improvement in event quality. The detector array is shown schematically

in Figure 5.3. NT-200 will have an effective area of 2000 4000 m2, depending on the

muon's energy (c.f. 20,000 m2 for DUMAND II), an average angular resolution of

- 1o, and a,n aperture of 60"-70". During 199111992 it is hoped that two strings of

NT-200 can be deployed and that the second phase of the BAIKAL experiment will

be completed by 1993. However, it is difficult to imagine the construction of the Lake

Baikal detector being completed, given the present economic circumstances in Russia.
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5.2.3 AMÁ'NDA

A very promising and cost effective proposal for a neutrino telescope is the Antarctic

Muon And Neutrino Detector Array (AMANDA), shown schematically in Figure 5.4.

This detector is based on the same general principle as DUMAND. However, the deep

ice of Antarctica is proposed as a detector medium (Barwick et al. 7997a). The array

wili be pìaced at a depth of approximately one kilometre, where it is hoped that the ice

will be largely bubble free and therefore suitable for the Õerenkov technique. Construc-

tion of a neutrino telescope in polar ice has many advantages (Barwick et al. Lggla;

Barwick et al. I99Ib, 1992). For example, AMANDA will have virtually unlimited po-

tential for expansion and wiil use a stable and sterile detector medium. Antarctic ice

has a much lower concentration of B emitters than the ocean and no bioluminescence.

As a southern hemisphere telescope, it will also be able to observe northern hemisphere

sources continuously. This is advantageous as most of the high energy .y-ray telescopes

are in the northern hemisphere. Therefore, simultaneouslg nertúno and 1 tay obser-

vations of sources in the northern sky could be made (Barwick et al.Iggla). The main

disadvantage, is that the Antarctic is an inhospitable environment in which to build

and operate a detector.

The maximum attenuation length in polar ice has been measured in Greenland

(Lowder et al. 1991) and found to be greater than 18 metres. This is comparable to

that for ice produced under pressure in the laboratory. An in silz measurement of the

maximum attenuation length in Antarctic ice will be made in the 1991-1992 Antarctic

campaign (Barwick et al. I99I") by placing a string of detector modules at a depth

of 500-1000 m. The results will influence the direction in which the design of the

subsequent telescope will proceed.

5.2.4 GRANDE

In contrast to the DUMAND proposal, the Gamma-Ray And Neutrino DEtector

(GRANDE) will be built on the Earth's surface and will discriminate against cosmic

rays muons (Haines 1989, Sobel 1990). GRANDE consists of two semi independent

detectors (an air shower array and a neutrino telescope) which operate on the water

Õerenkov principle. The telescope, shown schematically in Figure 5.5, will be built
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in a covered lake and will have a surface area of (250 mx250 m): 62,500 m2. The

neutrino detector consists of three optically isolated downward-facing planes of photo-

multipliers. 'When 
a neutrino interacts in the rock beneath the detector and produces

a muon which moves upward through the telescope, the Õerenkov light is detected by

the downward facing photomultiplier tubes as depicted in Figure 5.6. The direction

of the muon is calculated from the relative timing of c{etection by the photomultiplier

tubes. An average angular resolution of 0.8o is predicted.

One of the main disadvantages of the GRANDE proposal is that it has a field of

view which is much less than 100%. The main benefit gained from building a surface

detector is tl-rat no new technology is required. The telescope coulcl, in principle at

least, be built immediately (Haines 1989).

5.2.5 SINGAO Neutrino Telescope

The Southern Italy Neutrino and Gamma Astronomy Observatory (SINGAO),has pro-

posed the construction of a surface neutrino telescope of area greater than 104 m2 (De

Palma et al. 1990, Pistilli 1991, Auriemma 1991). The detector will consist of high

angular resolution tracking modules, each of which will have an area of (40 mx40

m): 1, 600 m2. The tracking modules consist of nine planes of resistive plate counters

separatecl by 50 cm layers of concrete as shown in Figure 5.7. An angular resolution

of approximately 10-2 radians (- 0.6") is expected for muons with energy Ep > L5

GeV traversing greater than 5 metres of concrete. As for the Õerenkov detectors, the

SINGAO neutrino telescope will use the time of flight of the muon's path to reconstruct

its direction, and so discriminate against atmospheric muons. Resistive plate counters

are a reasonably cost effective means of making large area muon detectors, and because

the detector is on the surface there is great potential for expansion.

The telescope will be located approximately 350 km south of Rome, at a height

of approximately 1200 m in the Southern Appennins. At the present, a telescope of

volume (4 mx4 mx11 m):776 m3 has been built (Pistilti 1991), which will take data

used to develop a detailed proposal for the full scale neutrino telescope. Depending on

funding, construction could begin in 1992 and be completed in five years.
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5.2.6 HiRes Eye

The High Resolution (HiRes) Fly's Eye, is a second generation cosmic ray telescope

which observes the Nz fluorescence generated by the passage of a cosmic ray air shower

through the atmosphere. HiRes consists of three individual "eyes", separated by up-

proximately 15 kilometres, which simultaneously observe the night sky in 1o x 1o seg-

ments. Passage of an air shower is mappecl with time, and the direction of the primary

particle is reconstructed from observation of the shower by at least two of the "eyes".

An electron neutrino which interacts in the atmosphere produces an electron or aW-
which initiates an electromagnetic cascade observable by HiRes. Deeply penetrating

or upward moving showers, are used as the signature of neutrino event in HiRes. Un-

fortunately, a very large electron neutrino flux is required at ultra high energies to be

observed by HiRes (Cassiday et al. 1989, Boyer 1991).

5.2.7 RAMAND

The Radiowave Antarctic Muon And Neutrino Detector (RAMAND), is a proposed

detector which wiil observe the microwave Õerenkov emissions from upward going eiec-

tromagnetic showers. These showers are initiated by ultra high energy (8, ) 1015 eV)

neutrino induced muons (Boldyrev et al. I99l). The cold ice (approximately -50") of

an antarctic glacier near the Soviet Vostok base is the proposed detector medium. The

ice here is almost completely transparent to microwaves, with an attenuation length

of several kilometres. The RAMAND proposal consists of a hexagonal array of 1260

microwave antennas separated by approximately 100 metres. The detector will have

an effective area of approximately 10 km2 for muons. The antennas will be put in 15

metre deep drill holes, as shown in Figure 5.8, to help reduce noise frorn temperature

variations and man made sources of microwaves. A detector of this type has the ad-

r,'antage that it is easily expandable, and that at ultra high energies the atmospheric

background is greatly reduced. However, once again the main disadvantage comes from

the difficulty of building and operating a detector in Antarctica.
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5.3 Calculation of the Signal in a Neutrino Tele- !
scope

Consider a neutrino telescope with cross sectional area A. An upward going muon

may be detected if it is produced within the volume ARr(Er) below the telescope,

where Rr(Er) is the range of a muon with energy E, in rock. If the number density of

nucleons in the rock is n¡.,¡, then the mean interaction time for a neutrino of energy -8,

is (ø,¡(-8,)r*")-t, where o,N(E,) is the zll total cross section. If the neutrinos have

a differential flux dlr,f dE, ("--'s-l eV-1), then the rate at which neutrino induced

muons with energy in the range E, - E, + dE, pass through the detector is

!þou, - (ARt (Er))(o,*(8 ,)r*"¡!dF' 0r,,.dE, p \ -(E'))(o"N (8")n¡1c) 
c d*,*u'' (5'6)

Above - 1015 eV the mean inelasticity lor uN interactiofis is (8, - Er)lE, - 0.2

(Q,tigg, Reno and Walker, 1986), and so the approximation Ep - E, is adequate for

most calculations. The total muon signal in the telesçope is

sr= lAlr(Er)o,*(8,)n*ffiaa,. (5.7)

This is a somewhat simplified treatment of the problern as neutrinos are attenuated

within the Earth. A correct treatment would take into account the apparent motion

of the neutrino source in the sky. However, for an order of magnitude estimate of the

signal produced by a given neutrino flux, the above discussion is adequate.

Gaisser and Stanev (1984,1985) have folded all of the details of the interaction and

the rock surrounding the detector, into a function P(8,,8, > E). This function is

the probability that a neutrino of energy E, interacts and produces an upward going

muon of energy E, greater than E which passes through the detector. Subsequent

calculations of the zll total cross section have shown that at 101s eV the cross section

may be an order of magnitude larger than traditionally estimated (Qnigg, Reno and

Walker 1986). Gaisser and Grillo (1987) have recalculated P(E,,Er) T,o re{lect this

increased total cross section, and this is shown in Figure 5.9 for E, ) 2 GeV. The

signal per unit detector area is then simply given by,

Sr(8, > 2 GeV)

A

I

I

{

I

i
,

I'
i

IP(E,,,Er) 2 GeV) #,0u.
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However, at high energies the effective area of the detector may be larger than its

physical area because the range of the muons increase with energy, and this effect must

also be taken into account in a full calculation of the muon signal in a neutrino telesope.

From Figure 5.9 it can be seen that for 10 18, < 103 GeV, P(E,,E,) 2GeV) is

a,pproximately proportional fo 82,. Above 1 TeV, the function flattens off. Hence, if

there is an E;2 por /er law neutrino flux the main contribution to the signal will come

from neutrinos with energies less than - 1 TeV. It should also be noticed that while

an increased cross section means that the interaction rate will increase, it also means

that high energy neutrinos are more strongly attenuated within the Earth. In fact,

for energies greater then 101s eV, the Earth is opaque to neutrinos (Reno and Quigg

1e88).

5.3.1 The Predicted Neutrino Signal from SN 19874

As an example of how to estimate the signal from an astrophysical source, I have

calculated the signal expected from SN 19874 using the model for particle production

in the remnant described by Harding, Mastichiadis and Protheroe (1990) and Harding

et al. (1991). The basic idea is that a puisar within the rernnant drives a magneto

hydrodynamic wind which piles up insicle the ejecta, forming a shock. Cosmic rays

are shock accelerated, and mix with the ejecta due to Rayleigh-Taylor instabilities.

Hadronic interactions within the ejecta produce zros, which decay to 7-rays. Charged

pions are also produced, and they decay to give muons and neutrinos. The muons also

decay to produce neutrinos.

The pion flux has been calculated as a function of supernova age (Harding eú ø/.

1991) and I have decayed these to derive the neutrino flux. Equation 5.8 is used to

calculate the resultant muon signal in a neutrino telescope as a function of supernova

age. The results are shown in Figure 5.10 for a detector with an area of 1000 m2. One

can see from Figure 5.10 that even if the supernova remnant has a iuminosity of 10a0

erg s-1 only - 0.07 events are expected in a 10a m2 detector, such as DUMAND or

GRANDtr. Clearly this is much too low to be observable.
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5.4 Surnmary

Most of the proposed neutrino telescopes rely on the Õerenkov technique to detect

neutrino induced muons. The main problem with this technique is that there is a large

flux of cosmic ray muons produced in the atmosphere which acts as a background for

the signal. There are two approaches generally used to overcome this noise, either

shielding the detector by putting it at great depth, e.g. DUMAND, or by looking for

upward going events in a surface detector, e.g. BAIKAL, AMANDA, GRANDE and

the SINGAO neutrino telescope. Alternatively, the electromagnetic showers initiated

by high energy muons, electrons and hadrons may be used to detect neutrinos, e.g.

HiRes and RAMAND.
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Chapter 6

High Energy Emissions from

Active Galactic Nuclei

6.1 Introduction

The term active gaiaxy is used to describe a wide variety of galaxies which exhibit en-

ergetic behaviour. They include objects such as quasars (quasi-stellar objects), Seyfert

galaxies, radio galaxies, l¡lazars and BL lacertae objects. The high energy phenomena

exhibited by these galaxies takes many forms. However, high luminosities relative to

normal galaxies is a common feature. For example, the first quasars discovered, SC 273,

has a luminosity of - 10a7 erg s-l, which may be compared with the radio luminosity

of the galactic centte, L - 703e erg s-1 (Blandford, Netzer and Woltjer, 1990). In many

cases, active galaxies also exhibit large scale structure in the form of radio lobes or jets

which appear to originate in the nucleus of the galaxy. Most of the galaxy's luminosity

may also come from the nucleus. The term active galactic nuclei (AGN) is used to

describe the central region of active galaxies. Despite the wide variety of energetic

phenomena exhibited by AGN, some authors have suggested that active galactic nuclei

may all be due to the same basic mechanism, accretion onto a massive compact object.

In this case, the classes of AGN may result from evolution or environmental effects.

The best evidence for high energy particle production in active galaxies comes from

observations of jets. The raclio emissions from the jets are assumed to be produced by

synchrotron emission from high energy electrons. The jets appear to originate in the

nucleus of active galaxies and so there must be a mechanism, either within the AGN
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or in the jet, which is capable of producing large numbers of energetic particles. One

means of accelerating particles to high energies is via the first order Fermi mechanism.

In AGN, electrons lose energy on a time scale much shorter than the light crossing

time of the source, and hence they must be continuously accelerated throughout the

source to account for the coherent emissions observed from AGN. In practice this is

difficult to achieve and this problem is referred to as the "Compton catastrophe" (see

e.g. Kazanas and trllison 1986). However, protons can be accelerated to high energies

and they can inject high energy electrons via the decay of charged pions produced in

hadronic interactions. A natural consequence of proton acceleration is the production

of 7-rays and neutrinos from the decay of the pions produced when protons interact.

Recently, the Compton Gamma Ray Observatory (GRO) has observed at least fourteen

active galaxies at energies greater then 30 MeV. However, ali of the active galaxies

observed by GllO have jets, and so it is likely that the energetic protons required

fbr 7-ray production at these energies are also associated with the jets. This is not

inconsistent with proton acceleration within the AGN as the central region is likely to

be opticaily thick to 1-rays because of the high radiation and matter densities present.

I{owever, if high energy protons are produced in AGN then an accompanying flux of

neutrinos is expected.

The observation of neutrinos from AGN can provide us with useful information

about AGN models and the acceleration of protons to ultra high energies. For ex-

ample, the ratio of the 1-ray to neutrino flux can be used to constrain modeis for

the supermassive compact objects thought to exist within AGN. Also, as most of the

high energy neutrinos escape from the AGN (unless their path lies through a star)

they preserve the spectrum they were produced with and this may be able to provide

information about shock acceleration and the conditions within the AGN.

In this chapter, I shall describe the calculation of the flux of neutrinos expected from

AGN. A simple model of the source is used, but all of the interactions are modelled

accurately using the techniques described in Chapter 4. While individual AGN will

probably not be ol¡servable by the proposed neutrino telescopes, the diffuse neutrino

background due to unresolved AGN may be observable. Thus, in addition to calculating

the neutrino flux from individual AGN, one may integrate over all AGN to obtain the

diffuse neutrino flux.
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Previous theoretical work concerned with modelling high energy emissions from

AGN are reviewed in Section6.2. In Section 6.3 the observations of AGN (in infrared,

ultraviolet/optical and X-ray bands) relevant to modelling the continuum emissions

from active galaxies are reviewed. A model of AGN involving shock acceleration in the

accretion flow onto a supermassive black hole, along with two average AGN continuum

spectra based on the observations are described in Section 6.4. The average AGN

continua have been used to calculate the rate at which protons lose energy, and the

loss rates for the dominant loss processes have been used to calculate the maximum

proton energy achievable in the AGN. The question of neutron escape from the central

region of AGN is addressed by calculating the optical depth of the source to neutron

induced pion photoproduction.

In Section 6.8, I describe the calculation of the spectrum of particles produced in

AGN per proton injected into the accelerator (thought of as the region in which shock

acceleration takes piace). This has been done by calculating the spectra of particles

produced during acceleration, the spectra of particles produced after acceleration, and

the spectra particles produced by neutrons which have escaped from the central region

of the AGN. The total pion spectra have been decayed to find the spectra of neutrinos,

7-t'ays ancl prirnary electrons produced in AGN. The scaling of the total muon neutrino

spectrum to calculate the flux of neutrinos produced by individual AGN is described

in Section 6.9. As examples, the flux of neutrinos seen at Earth from the quasar 3C

273 and the nearby active galaxy NGC 4151 has been calculated. The neutrino fluxes

from these objects are compared to those of Stecker et al. (199la,b). The cosmological

integration over all AGN usirrg the X-ray luminosity function to calculate the diffuse

neutrino background is described in Section 6.10. The results are compared to those

of Stecker 1992, Biermann (1992) and Sikora and Begelman (1992). The Chapter is

concluded by discussing the prospects for observing the neutrinos from individual AGN

and the diffuse neutrino background with the proposed high energy neutrino telescopes,

reviewed in Chapter 5.

60



6.2 Previous 'Work

Eichler (1979) \Mas one of the first to suggest that AGN may be a source of high

energy neutrinos. This was based on a simple model in which the relativistic electrons

responsible for the non-thermal emissions in AGN are assumed to be accompanied by

comparable arnounts of energy in the form of relativistic protons. Proton proton and

piorr photoproduction interactions would then be responsible for neutrino production

via picrn decay, with - 50% of the initial proton's energy being radiated as neutrinos.

Gamma rays produced would not necessarily escape from the AGN because of the large

matter and radiation densities, and so Eichler contended that neutrino observation are

the only means of probing the processes occurring within the AGN. Individual AGN,

the galactic centre and the neutrino background due to AGN were identified as potential

sources for observation with a DUMAND type detector.

The use of neutrino radiation from active galaxies to distinguish between models

for the nucleus was suggested by Berezinsky and Gìnzburg (1981). They compared the

l1ay and neutrino luminosities predicted by superstar and supermassive black hole

models of AGN, and found that in the former case the ratio of the 7-ray and neutrirro

fluxes is tightly constrained. The supermassive black hole model of AGN is favoured

if there is a low flux of ?-rays relative to the neutrino flux. Berezinsky and Ginzburg

assumed a power law primary spectrum to calculate the flux of neutrinos from the

decay of charged pions produced by proton-proton interactions. The resultant flux for

a "typical" active galaxy would be observable by a neutrino detector such as DUMAND.

Protheroe and Kazanas (1983) suggested a model for the production of relativistic

particles and 1-rays in quasars, in which protons are shock accelerated in an accretion

flow onto a supermassive black hole. They argued that once a shock formed in the

accletion flow then it would be supported by the pressure from high energy protons

accelerated at the shock. Another appealing feature of the model is that it avoids the

"Comptorr catastrophe", as high energy electrons are injected into the quasar via the

decay of charged pions produced when protons interact. Gamma rays would also be

produced from neutrai pion decay, and the model predicted a correlation between the

radio and 7-ray emissions in good agreement with the observations of the quasar 3C

273. Using the model they predicted a neutrino flux of - 1.4 x 10-10(1 -lza) neutrinos
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(of all types) crn-2 s-l above 1 TeV for 3C 273, where a is the ratio of the magnetic

energy density to the radiation energy density for the quasar.

The model of Protheroe and Kazanas (1983) has been developed by Kazanas and

Ellison (1986) to include the acceleration detaiis given by Ellison ancl trichler (i98a).

They use the model to find the mass-luminosity relationship for AGN and found that

it is consistent with observations. Kazanas and Ellison pointed out that the model

naturally gives rise to a population of energetic electrons via proton-proton interac-

tions, which in turn may produce the observed continuum emissions from AGN. They

also predicted emissions of high energy neutrinos from AGN with roughly the same

luminosity as contained in photons.

Both electron and proton acceleration at a shock front in an AGN has been ex-

amined by Biermann and Strittmatter (1987). They considered synchrotron and pion

photoproduction losses for protons, and synchrotron and Compton losses for electrons.

By comparing the total loss rate to the acceleration rate, they have calculated the max-

imum energy achievable during acceleration. The maximum proton energy was found

to be governed by proton-photon interactions. Biermann and Strittmatter estimated

the time scale for variability predicted by the model, and found that this was consistent

with obselvations. They also predicted that a significant fraction of the luminosity may

be ernitted in the form of high energy neutrons. Substantial fluxes of neutrinos and

7 rays were also predicted.

Proton-photon interactions, rather than the size of the acceleration region, were

found to limit the maximumenergy achievable by first order Fermi acceleration in AGN

by Sikora et aI. (1987). They compaled time scales for proton-proton interactions, pion

photoproduction and pair production assuming att €-2 power law photon spectrum.

Sikora et al. lornd that interactions with photons dominate at high energies. Direct

acceleration of electrons was found to be inefficient due to synchrotron and Compton

losses. However, high energy electrons suitable for initiating synchrotron/Compton

cascacles may be injected via proton-photon interactions.

Using the loss rates and the acceleration rate derived by Sikora et al. (1g87), Sikora,

Begelman and Rudak (1989) examined the question of neutron production in AGN.

They found that the acceleration of protons to relativistic energies, natura,lly leads

to a flux of relativistic neutrons which escape from the central region of the AGN.
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The neutrons decay well outside the central region and Sikora, Begelman and Rudak

examined the consequences of the injection of relativistic protons into this environment.

They found that protons could drive a wind as the energy contained in high energy

particles exceeds the gravitational binding energy at these radii. The protons could

also confine the narrow and broad emission line clouds within the AGN. Gamma-ray

production is a natural consequence of neutron escape because of the neutral pions

produced in proton proton interactions.

A phenomenological model of pion photoproduction was used by Mannheim and

Biermann (1989) to calculate the mean energy of pions produced in the interaction.

They also considered a total cross section for pion photoproduction which rises at

high centre of momentum frame energies (rß > 100 GeV) due to jet events. The

effect of this increased cross section was examined for the case in which an E;2 proton

spectrum interacts with a power law or a ó-function photon spectrum. They also

discussed the effcct of a higher pion photoproduction cross section in the context of

particle procluction in AGN. Mannheim and Biermann pointed out that the observation

of neutrino spectra from AGN could be used to provide constraints on the cross section.

The flux of neutrons which escape from AGN has been estimated by Kirk and Mas-

tichiadis (1989). They assumed aî €,-2 photon spectrum and an E;2 proton spectrum

to calculate the rate at which neutrons are produced within the source. The optical

depth of the source due to neutron induced pion photoproduction was calculated using

the Monte Carlo method. They have used the optical depth to estimate the flux of

neutrons escaping from the source.This neutron flux was found to be able to produce

both a cosmic-ray driven wind, and high energy .yiay emissions. However, Kirk and

Mastichiadis pointed out that the best constraints on the model may come from obser-

vations of the boron abundance. The model predicts enhanced abundances of boron

produced by the spallation of heavier elements by the neutrons which have escaped

from the central region of the AGN. Observation of a boron line would provide good

supporting evidence for the model.

The flux of escaping neutrons calculated by Kirk and Mastichiadis (1989) has been

used by Mastichiadis and Protheroe (1990) to calculate the flux of ?-rays expected

from AGN. They calculate contributions to the spectrum both fronr neutrons which

interact as they escape from the central region of the AGN, and from proton-proton
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interactions which occur after the neutrons decay. Synchrotron emissions from high

erìergy electrons and positrons produced from the decay rr -- Itr - ea have also

been included. Using the model Mastichiadis and Protheroe predicted .y-ray fluxes

from AGN ciose to present-day detector sensitivities. They pointed out that another

consequence of relativistic neutron escape from AGN is the production of cosmic-rays.

Begelman, Rudak and Sikora (1990) have completed a fully analytical calculation

of the neutrino, neutron and primary 'y-îay spectra produced by an AGN. They con-

sidered a model in which protons are accelerated at a constant rate via a mechanism

such as first order Fermi acceleration, in a two component photon field with a black

body spectrum superimposed on a power law. They have modelled the proton-proton,

pion photoproduction and pair production interactions which occur using simple ô-

function final particle distributions. Solutions for several power law photon spectra

were presented, and Begelman, Rudak ancl Sikora predict that the nearest AGN may

be observable by DUMAND type detectors. Also discussed is the spectrum of neutrons

which escape from the AGN. They emphasised that one consequence of high energy

neutrino production may be to accelerate the evolution of stars in the inner region of

the active galaxy due to neutrino heating.

Recently, Stecker et al. (1991a,b) have calculated the flux of diffuse neutrinos from

unresolved AGN. The calculation was based on a simple model of AGN in which

particles are accelerated to relativistic energies at an accretion shock. They assumed

that equal energy densities are contained in UV and power law X-ray components of

the obsen'ed AGN continuum and that pion photoproduction via the channel p1 --+

A+ ---+ n¡rr on UV photons is the dominant loss mechanism. Interactions and pion

decay have been treated by using ó function particle distributions. Using this model

they have made predictions for the neutrino flux from NGC 4151 and 3C 273. However,

individual sources are found to be masked by the contribution to the diffuse neutrino

background from AGN. The X-ray luminosity function of Morisawa and Takahara

(1989) has been used to integrate over the neutrino spectra from all active galaxies and

they found that the resultant event rates in existing and proposed neutrino telescopes

should be observable.

This positive precliction attracted much attention amongst the high energy astro-

physics community. Unfortunately, a typographical error in the published X-ray lumi-

i
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nosity function has meant that the predicted neutrino flux was a factor of 32'6 too high

(Szabo and Protheroe 1992a). The results of Stecker et al. (l99Ia,b) were also shown

to be in conflict with the observed X-ray background by Ber-ezinsky (1991, 1992) and

Berezinsky and Learned (1992). Biermann (1992) has scaled the observed X-ray back-

ground to estimate the diffuse neutrino background from AGN, and has found that

the results a e approximately 30 times lower than those predicted by Stecker eú ø/.

(1991a,b). In a revised calculation, Stecker et al. (1992) have used a more appropriate

luminosity function and predict a neutrino flux - 40 times lower than originally pub-

lished. They have also made estimates of the flux of neutrinos expected from the jets

of some of the AGN recently observed by the trGRET experiment on GRO. For one of

these objects, 3C 279, the neutrino flux during flaring was found to be observable by

DUMAND II. In addition they have argued that high fluxes of neutrinos in the central

region of AGN may be able to disrupt the evolution of stars in this region, and may

be responsible for the broad line ernissions observed in AGN.

Using the modei of Begelman, Rudak and Sikora (1990) and by scaling the observed

diffuse X-ray background, Sikora and Begelman (1992) have calculated the contribution

to the diffuse neutrino background from AGN. The results are comparable to those of

Stecker et al. (1992). In addition the acceleration and the subsequent dissociation of

helium has been shown to be a significant source of high energy neutrons in AGN.

Preliminary results of the calculation presented in this chapter may be found in

Szabo and Protheroe (1991 ,I992a,,1992b). In addition, an analysis of neutron escape

from the central region of AGN which predicts an AGN component of the observed

cosmic rays above the "knee" -.y be found in Protheroe ancl Szabo (1992).

6.3 Relevant Observations of AGN

Active galactic nuclei have been observed in all available energy bands, from radio

to 7-ray. In the following sections the observations in each energy band, with the

exception of the radio band, are briefly reviewecl. The radio observations are not

included because most AGN exhibit a low energy turn over in the infrared, and also

because the radio emissions are thought to be produced at large radii. Hence, the

energy density contained in the radio frequencies is negligible in the central region of
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active galaxies. Some AGN have strong radio emission but these are thought to be

associated with jets. No attempt has been made to review all observations. Instead,

only observations directly used for modelling the AGN continuum have been included.

This section is concluded with a description of two model AGN continua which have

been used to represent the photon spectrum in the central region of AGN. For reviews

of the observations of active galactic nuclei see Ilazard and Mitton (1979), Wiita (1985)

and Blandford, Netzer and Woltjer (1990).

6.3.1 fnfrared

The nature of the infrared (IR) emissions from active galactic nuclei has been the

subject of much debate. Some authors have argued that the infrared emissions are

primarily non-thermal in nature, whereas others have argued that the IR emissions

are primarily thermal. In reality, most AGN will almost certainly have both thermal

and non-thermal components in the infrared.

Edelson and Malkan (1936) have measured spectral energy distributions from 0.1-

100¡rm for 29 active galaxies, all of which are Seyfert 1 or Seyfert 2 galaxies. They

have fitted a power law to the spectra, and for Seyfert 1 galaxies they have found

a mean spectral index of a : 1.36 + 0.21, where ednf de o< 6-oand dnlde is the

differential photon density. Edelson and Malkan have interpreted the non-thermal

spectra as being caused by synchrotron radiation. All of the spectra turn over at

wavelengths shorter than 300¡rm, and this has been interpreted as the wavelength at

which the source becomes synchrotron self absorbed. In Seyfert 2 galaxies, absorption

of ultraviolet phobons by dust and the subsequent re-radiation means that the infrared

has a significant thermal component. In this case, Edelson and Malkan found that a

power lar¡' does not represent the data very well.

In a group of 37 hard X-ray selected emission line active galaxies (mostly Seyfert

1 galaxies), Ward et al. (L987) have observationally identified 3 classes of AGN. These

are (A) those in which from ,- 1-100pm the IR is relatively flat or rising into the

blue/optical region, (B) those in which the IR is relatively flat and the spectra decline

for wavelengths shorter than - 1¡;m, and (C) those which are distinguished by a

steep rise in the far IR. Carleton et al. (1987) have identified these three classes as

follows. Class (A) Objects are strong in the UV and hence are assumed to be minimally
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Figure 6.1: The average spectrum of bright quasars in the Palomar-Green survey of
stellar objects. Data points are for radio-loud (open circles) and radio-quiet (filled cir-
cles and triangles) quasars. The dotted line is the mean continuum energy distribution
for blazars. From Saunders eú ø/. (1g8g).
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reddened by dust (a "bare" AGN). For class (B) objects, much of the UV/optical has

been absorbed by dust and re-emitted in the infrared. The final class represents AGN

in which the continuum is dominated by the underlying galaxy. Carleton et al. have

suggested that all Seyfert 1 nuclei have the same underlying non-thermal spectrum

fitted by a power law of slope a : L.02 + 0.10, which has been modified by dust

resulting in the range of IR continua observed. This hypothesis is supported by a

correlation between the hard X-ray and the underlying power law in the infrared,

which suggests these components may be produced in same region.

In contrast, Saunders et al. (1989) have found that for quasars in the Palomar

bright quasar survey, there is no evidence for a significant non-thermal component

in the infrared. They have compiled observations of more than one hundred of the

brightest quasars in the Palomar-Green (PG) survey of stellar objects. Using these

results Saunders et al.have compiled an average spectrum for bright PG quasars. This

spectrum is shown in Figure 6.1. Clearly, the infrared ( u - 2x 1012-3 x 1014 Hz) cannot

be well approximated by a single power law. They attribute the IR to re-radiation of

central region emissions from a warped accretion disk.

In a less model dependent manner, Chini, Kreysa and Biermann (1989) have found

that for radio-quiet quasars the infrared is due to dust emission on the kiloparsec scale.

They also found that a synchrotron self absorbed model of the IR emissions does not

fit the data for the majority of sources in their sample.

6.3.2 UV/Optical

Most AGN exhibit an excess in the optical or UV region of the continuum. In the liter-

ature, this excess is referred to as either the "big blue bump" or the "UV bump". This

bump has been interpreted as thermal emission from the inner region of an accretion

disk (Malkan and Sargent 1982). Edelson and Malkan (1936) have fitted black body

spectra to the far UV region of the spectrum, and have found that all of the spectra

in their sample are consistent with a temperature of 7 : (26 t a) x 103 K. On the

other hand, in a sample of 109 PG quasars, Saunders et al. (1989) have found that

the "UV bump" is consistent with an accretion disk with temperature in the range

104 < T < 105 K. In reality, the UV bump will not consist of a single temperature

thermal spectrum but will be broadened due to emission from different parts of the
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6.3.3 X-ray

In contrast to the infrared observations, there is general agreement that the X-rays are

produced by a non-thermal mechanism. This is based on the good fits obtained using

a power law photon spectrum and also on the rapid variability exhibited by AGN in

the X-ray band. The variability on time scales of - a few hours also means that the

X-rays are produced at small radii within the central region of the AGN.

In a sample of 33 quasars, Wilkes and Elvis (1987) found that for radio loud quasars

the 0.1-3.5 keV X-ray band has a mean power law spectral index of a : 1.0 (ednlde x
e-'). Whereas, for radio quiet quasars they found a mean index of o : 0.b. In
each case, there was a large scatter in the power law indices with values in the range

(-0.2 < ¿v < 1.8). \Milkes and Elvis have suggested a three component model for the

X-ray spectrum above - 0.1 keV. The first component is a power law with spectral

index a : 0.5. This component dominates above - 0.5 keV in radio loud quasars

and it dominates above a few keV for all other quasars. At energies below - 0.3 they

have identified a component with a power law index which ranges from 2.0 to 3.0,

which may be the tail of the "UV bump". In addition, for radio quiet quasars they

lrave suggested that an a : 1.0 component which dominates for photon energies in

the range 0.5 < e ( 3.5 keV. Wilkes and Elvis argued that this latter component may

simply be an extension of the a : 1.0 power law observed in the infrared region of

some quasars.

At higher energies (in the 2-20 keY band) Turner and Pounds (1939) have found

that a power law spectrum with a mean index of o : 0.7 + 0.17 fits the data of a

grottp of 48 hard X-ray selected Seyfert galaxies. This is consistent with earlier mea-

surements of the X-ray spectrum in the 2-50 keV and 12-165 keV bands (Rothschild

et al.1983). At these energies AGN may make a signiflcant contribution to the diffuse

X-ray background which also has a spectral index of o - 0.7. However, the diffuse

X-ray spectrum is observed to steepen at a energies above a few MeV. Hence, if AGN

do significantly contribute to the observed AGN background, then either there is a

corresponding break in the AGN spectrum or the average AGN spectrum cuts off at

these energies.
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6.3.4 A Generic A'GN Continuum Spectrum

From the above overview of the observations it can be seen that many of the AGN

continua display remarkably similar features. For example, most of them have a power

law component which may extend from infrared to X-ray energies. Superimposed on

top of this power law is a bump in the UV and optical bands. Hence, for the purpose of

modelling AGN it is possible to define a generic photon spectrum which embodies the

features found in the average AGN continuum. Clearly, this is an over simplification

as the various classes of AGN (quasars, Seyfert galaxies, etc.) display a wide variety of

properties in their continuum emissions. Even within a particuiar class of AGN there

is often consid.erable variation from object to object. However, I have constructed two

AGN continuum spectra which reflect the main features observed. The first is similar

to the AGN spectrum used by Stecker et al. (Lggla,b, 1992), whereas the second has

a power law component similar to that used by Kirk and Maslichiadis (1989) and

Mastichiadis and Protheroe (1990), superimposed with a thermal spectrum in the UV.

These continua have been used to model the spectrum of photons found in the central

region of AGN. The use of two possible photon spectra also enables one to gauge how

the wide variety of observed AGN continua might affect the results.

Palomar-Green Continuum (Spectrum a)

The first generic continuum is based on the average continuum obtained by Saunders

et al. (1989), shown in Figure 6.1. They have averaged over 109 of the brightest quasars

fc¡und in the Palomar-Green survey of stellar objects, and hence I shall refer to this

AGN spectrum as the PG continuum or spectrum (a).

As discussed in Section 6.3.1, Saunders et al. identified the infrared emissions from

AGN as being thermal re-emission from dust in a warped accretion disk on scales of

1 1000 pc. Similarly, Chini, Kreysa and Biermann (i989) attribute the far infrared

emissions to re-emission from dust on the one kiloparsec scale. Hence, the energy

density of infrared photons within the central region of the active galaxy (within - 10-2

pc) will be snrall relative to the energy density contained in the other energy bands

which are produced at small radii. For simplicity I have assumed that there are no

infrared photons within the central region of the AGN.

Satrnders et al.have fitted thermal spectra to the UV bump, and they havefound
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Figure 6.2: A plot of the two average photon spectra used to model the AGN contin-
uum. The Palomar-Green continuum (spectrum (a), solid curve) consists of an e-l'7
power law for photon energies in the range 10 ( e < 106 eV, superimposed with a ther-
mal spectrum of temperature T :5 x 104 K. The flat AGN continuum (spectrum (b),
dashed curve) has an e-2 power law for photon energies in the range 10-2 < e ( 106 eV.
Below 10-2 eV there is an er'5 spectrum, appropriate for a synchrotron self-absorbed
source. In this case, the thermal spectrum has a temperature of 2.6 x 104K. For both
spectrum (a) and (b) equal energy densities are contained in both the thermal and
power law components. The plots have been multiplied by ,' to reduce the dynamic
range, and have been normalised to the total radiation energy density ["¿.
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that blackbody temperatures in the range 104 < 7 < 105 K fit the observations. From

Figure 6.1 it can seen that the UV bump is quite broad and is not well represented by

a single blackbody. However, while the thermal emission will come from various parts

of the inner accretion disk and a range of black body temperatures is expected, the

averaging procedure also tends to broaden the bump. For simplicity I have assumed

that all of the AGN will have a UV bump which can be represented by a single black

body spectrum with a temperature of 5 x 104 K.

If the X-ray background comes primarily from unresolved AGN, then on average the

X-ray spectrum of AGN would be expected to mirror the backgrouncl rvith a spectral

index of a : 0.7. As discussed in Section 6.3.3 the diffuse X ray background steepens

at energies of a few MeV, and hence on average the X ray spectrum of AGN will either

steepen or cut off at this energy. However, as shall be discussed in Sections 6.5.2 and

6.5.3 the high energy photons have no effect on the results, and so I have nominally

chosen 6max : 1 MeV as a high energy cut off. At low energies, I have assumed that

the power law component has a low energy cut off at a frequency above above the

infrared, nominally at an energy of 10 eV. The results are not sensitive to the exact

value of the low energy cut off as in this region most of the photons come from the

thermal distribution.

Some variations of the strength of the UV bump relative to the X-ray band have

l¡een observed (see e.g. Wiita 1985). However, for simplicity I have assumed that equal

energy densities are contained in both the thermal and power law components. The

resulting average Palomar-Green continuum spectrum is shown in Figure 6.2.

Flat AGN Continuum (Spectrum b)

The flat AGN continuum is based on the class of bare AGN identified by Carleton

et al. (1987). In this case, the infrared is principally non-thermal in nature and may

simply be an extension of the power law observed at X-ray energies. For this class

of objects, Carleton et al. have found a mean spectral index of a : 1.02 + 0.i. X-
rays at'e thought to be produced at small radii in the AGN. Hence, if the infrared

photons are produced by the same mechanism, as indicated by a single infrared to

X-ray power law component, then the infrared emissions will also come from small

radii. 'Iherefore, in contrast to the PG continuum described above, comparable energy
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densities will be contained in the infrared and X-ray bands within the central region of

the AGN. I have assumed a spectral index of a : 1.0 for the infrared to X-ray po\4/er

law component which extends from e,,¡,, : 10-2 eV, in rough agreement with the turn

over fitted by Eclelson and Malkan (1986), to 6-"* : 1 MeV. The low energy turn over

is assumecl to occur when the AGN becomes synchrotron self-absorbed, and hence for

6 ( 6-i. a spectrum with a spectral index of a : -2.5, appropriate for an optically

thick self-absorbed source (see e.g. Rybicki and Lightman 1979), has been used.

In addition, a thermal spectrum with a temperature of 26,000 K has been super-

imposed on the power law component, based on the spectra fltted b)' Edelson and

Malkan (1986). As for the Palomar-Green continuum I have assumed that there is

equal energy density contained in both the thermal and po\4/er law components. The

flat AGN spectrum has been added to Figure 6.2.

6.4 A Superrnassive Black Hole Model of AGN

There has been much debate regarding the mechanism and the gyþe of object respon-

sible for the large energy outputs in active galactic nuclei. However, accretion onto

a supermassive black hole is now generaliy thought to be the power source in AGN.

For reviews of black hole models of AGN see Rees (1984) and Begelman, Blandford

and Rees (1984). A general discussion of AGN modeÌs can also be found in Blandford,

Netzer and Woltjer (1990).

A supermassive black hole is an attractive model for the nucleus of an active galaxy

because it is the logical evolutionary end point for many of the other more exotic

models. This is shown schematically in Figure 6.3, from which it can be seen that the

evolutionary bottom line is a massive black hole. The supermassive black hole model

is also appealing because it is one of the simplest models. The "no-hair" theorems

of general relativity say that the end point of gravitationai collapse is a black hole

characterised by its mass and spin, and is described exactly by the Kerr metric (Rees

1984). Hence, for the purpose of modelling the high energy emissions from AGN, it
cloes not matter by which evolutionary route the black hole was formed in Figure 6.3.

If a supermassive black hole does exist in the nucleus of an AGN, then it is natural

to think that matter will accrete onto it. Accretion is an efficient means of converting
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gravitational potential energy into kinetic energy, and hence it is an attractive featrrre ìn

a model of AGN as ìt is able to supply the large amounts of energy required. Accretion

has also been seen to work in galactic X-ray binaries, and hence may be considered a

proven mechanism.

Protheroe and Kazanas (1933) have developed a model for active galactic nuclei in

which protons are accelerated by flrst order Fermi acceleration at a shock in a spherical

accretion flow onto a supermassive black hole. They argued that such a shock may be

supported by the pressure from high enelgy protons which have been accelerated by

the shock front. This model has been further developed by Kazanas and Ellison (1936)

to include the steady-state, non-linear shock acceleration solutions of Eichler (19Sa)

and Ellison and Eichler (1984). One of the uncertainties in this model is the question

of how the shock forms in the accretion flow in the first place. Kazanas and Ellison

suggested that some other agent such as conservation of angular momentum, plasma

instabilities or the magnetic field might initially shock the accretion flow. Once the

shock has formed, proton acceleration takes place and the pressure provided by the

population of relativistic protons will increase until the shock front is self supporting.

For this work the basic model of Protheroe and Kazanas (1933) has been adopted,

along with the subsequent extensions of Kazanas and Ellison (1986). A schematic

representation of the model is shown in Figure 6.4. Matter accreting onto a supermas-

sive black hole of mass, M - l0sM6, will probably form an accretion disk due to the

angular momentum of the accreting material. At small radii the accretion disk may

become geometrically thick (see e.g. Rees 1984, Begelman, Blandford and Rees 1984

and Blandford, Netzer and Woltjer 1990), and so the accretion may become quasi-

spherical. A shock is assumecl to form at a dimensionless radius q : RtlR", where

R" :2GMlc2 is the Schwarzschild radius of the black hole. The central region of

the AGN, where the continuum emissions come from, is assumed to correspond to the

volume enclosed by the shock.

The mass-luminosity relationship obtained by Kazanas and Ellison (1986) may be

approximated as

rrr - ys-zzr,(:=) *", (6.1)
\erg s-'/

r,vhere ,L" is the infrared to X ray continuum luminosity of the AGN. Using Equation

6.1. I follow Kazanas and Eliison in deriving some useful parameters for the model
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expressing quantities in terms of 11 and 1," where possible. The Schwarzschild radius

becomes,

R" - 2.9bx 1o-33r1 ('.=) cm. (6.2)
\erg s-'/

Approximately 50To of the total luminosity, -L¿e¡, goes into neutrinos (Eichler 1979),

and hence L. - 0.5L¡o¡. The total luminosity of an AGN is approximately given by

the product of the accretion rate (number of particles accreted s-l), the kinetic energy

of each particle and the efficiency of the source Q : Q@t). If one assumes that the

accreting rnatter consists entirely of protons, then the mass accretion rate is

M N =4L,t ,

"iQ@ù
N 7.7 xr|-a', ( L" ,\ .7, , Mo Yr-1, (6.3)

\erg s-l ) e@r)

where the kinetic energy of the particles at the shock has been used for this estimate.

The efficiency, Q(r1), may be found as a function of 11 using Equations (10) and (17)

of Kazanas and Ellison (1986) and by assuming that the temperature of the accreting

plasma is 7: 108 K, giving

Q@r)ru1-0.12!'31 (6.4)

The free fall velocity of the accreting material can be calculated by a simple conser-

vation of energy argument. The total energy of a particle of mass m, at a radius r from

the black hole is GMmlr I mu2 f 2, and this must be equal to the potential energy of

the particie at r: oo where the particle is at rest. Re-arranging the resulting formula

gives z(r) : (2GM lr)t/' : *-r/'", where r : r I R" is the dimensionless radial distance

from the black hole. The density of the accretion flow upstream from the shock front,

rnay be estirnated by equating the mass accretion rate, with the flux of matter across

a surface at radius -R in the accretion flow, which gives

"(r)
M

4tr12u(r)m,

13x1osÇffi(#=)"(å)-"

where m, is the rest mass of a proton.

If the centrai region of the AGN is optically thick to radiation then the radiation

density in the nucleus may be estimated using the relationship F : rB,, where F is

_2Cffi ", (6.5)
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the flux at the surface of the central region and B, is the brightness (see e.g. Rybicki

and Lightman, 1979). Hence, the radiation density in the central region of the AGN is

Urod.
4rB"

c
L.

rR?1c

7.6 x 1065r, eV cm-3 (6.6)

To estirnate the magnetic field strength at the shock, B, one can make the approxima-

tion that there is equipartition between the radiation energy density and the magnetic

energy density, i.e. 82 f 8r : (J,od in cgs units, which gives

B: (ry\'''
\Ri'J
5.5 x to27 rt' (#=)-" sauss. (6.7)

The diffusion coefficient in the vicinity of the shock front may be expressed in terms

of the minimum or Bohm diffusion coefficient rncf 3, giving

D - 6 0 xtl-z'\br?(*) (#=)" cm2 s-1, (6 8)

where rn : Erf eBc is the gyroradius of the proton for E Þ mpc2, and ó ) 1. Assuming

that tlre shock in the accretion flow is strong (u, : 4u2) the rate at which protons gain

energy via shock acceleration is (see Section 2.3.2)

Eou?

20D

ru 7.5 x 1o3sö-",, (#=) " ev s-1, (6.e)

Therefore, the time scale ?i""(Eò: Eel@Eeldt) required to accelerate protons to

energy ,Eo is given by

(u,"¿r^""(8,))-' = e.8 x 10-27 b-',, (*)-' (.ff,¡o" s-1 (ev cm-3)-1, (6.10)

where the acceleration rate ?i..-1(.Ðo) has been scaled by the radiation energy density

in order to compare the acceleration rate with the loss rates to be calculated below.

In the absence of energy losses, the maximum energy proton which may be produced

by shock acceleration is governed by the size of the central region. Once the mean

dE,
dt

N

acc

74



C'J

)<I<
L)

I

a)
I

c)

s
'rJ

-15

-17

-19
F.

Gl
^tJ

I

F.
Ëì

É
d
l<

LJ

Þo
o

27

-23

-25
10 72 74 16 1B 20 DD

roglîo/ ev)

FigureA.S, (a) A plot of the mean loss rates and the acceleration rate To, b-r L2.5: 102r
(erg s-1)0'5, using the Palomar-Green AGN continuum. The shaded bands are defined
as follows: (i) the acceieration rate, (ii) the loss rate due to proton-proton interactions,
(iii) the loss rate due to diffusion away from the central region, .tra lirr; the loss rate
due to advection onto the black hole. For bands (i)-(iii) and for lo* ànårgies in band
(iv), the lower bound is for 11 : 10 and the upper bound is for 11 : 100.1t.o shown
are the loss rates for pion photoproduction (solid curve), pair production (long dashed
curve), synchrotron radiation (short dashed curve) and Compton scatteiirrg laott"acurve)' The curves have all been scaled by the total radiation energy density (J,o¿ to
aid comparison.
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path length of the proton for scattering on the magnetic field exceeds the radius of

the central region diffusive shock acceleration will cease. Hence, the maximum proton

energy produced in the AGN is

I

l>-

I

I

t

t

t'''

I

I

eV (6.11)

Equation 6.10 only applies for plane shock fronts, and clearly in an accretion flow onto

a black hole the shock will be spherical. However, so long as the typical length scale

for acceleration Dlrt (see e.g. Berezinskii et a\.1990) is much less than ,Rr the plane

shock approximation will be appropriabe. Hence, for proton energies less than

Ei", - T.4x 10-3ó-1 (#=)"

Ep:Lbx 1o-2rf 5 (#=)" eV (6.12)

the acceleration rate will not be significantly affected by the approximation that the

shock front is a plane.

What values of 11 are appropriate for AGN. Comparing the mass-luminosity re-

lationship for AGN (Equation 6.1) with the observations, Kazanas and Ellison (1986)

have found that values in the 5 1 11 < 150 are consistent with the optical observa-

tions. However, for diffusive shock acceleration to take place the Aifven velocity of the

plasma ut: Bl 4rmon(R1) - 4.2I x 1010ri0''u(0(rt))o'5 cm s-1 must be less than 
ì

the flow velocity of the plasrna, u1. If u¡ ) ul then the magnetic irregularities which

scatter the proton as it accelerates, travel faster than the plasma flow and diffusive

acceleration wiil not take place. This provides a lower bound for the dimensionless

shock radius, and from a re-examination of Figure 5 oT Kazanas and Ellison (1936)

values in the range 10 ( 11 < 100 has been used in this thesis.

6.5 Loss Processes in AGN

In the central region of an AGN protons lose energy via pion photoproduction, pair

production, proton-proton interactions, synchrotron radiation and Compton scatter-

ing. In addition, protons may be catastrophically lost due to escape from the central

region or by being advected onto the black hole. Fortunately, in practice not ail of

these loss mechanisms are important in AGN. To determine which of the energy loss

processes a,re important, and at which energies they dominate, I have calculated the

(5
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mean energy loss rate, 1

ou. 
= -Iþ. (6.18)dt - - r@rj

for each process, where AE, is the mean energy lost per interaction and T(Er) is the

rnean time scale on which the loss process occurs. For interactions, LEp - EeU((EeD

and 
"(Eo) 

: À(Eòlc, where U{@r)) is the mean inelasticity and À(Eo) is the mean

path length for interaction. For the catastrophic loss processes, one can directly cal-

culate the mean time scale on which the loss process occrlrs. To reduce the dynamic

range when plotting the energy loss rates, one can instead plot the mean loss rate,

T-t (Eò : - Ep-r tlÛe I dt. Each of the loss processes have been examined in detail and

are described below.

6.5.1 Proton-Proton Losses

For proton-proton interactions thetmean path length is given byr;;Pr): nrorr(Er),

where no is the number density of protons within the central region of the AGN,

and ooo(Er) is the inelastic cross section for proton-proton interactions. For a strong

shock, the number density immediately downstream of the shock front is four times

the number density immediately upstream, and so I have assumed that n, - 4n(R1).

For oor(Er), the following fit to the data (see Figure 4.24) of Alner et aI. (1g86),

o,o(Eo) - o.Lztos'(r.ss x 10-e (*)) +27.25 mb. (6.14)

has been used. The mean inelasticity for pp interactions is (I{oo(Er)) - 0.5 (see e.g

Gaisser 1990), and the mean energy loss rate is

dErl
llr, : -o'58'nooo'(E')"

ru --4exn*{(#=)-(t#) (*) evs-1,(6 15)

using Equation 6.5 to find the proton number density at the shock. Thus, the mean

loss rate is given by

(rJ,"¿roo(8,))-'= 6.4 x 101 

"È;(#) 
s-l (ev "--')-'. (6.16)

1In the following discussion, I refer to the quantity dEp ldt as tine energy loss røte and the quantity

T-'(Er) = E;tdÙpldf as the loss rate for a given process.
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The mean loss rate has been scaled by the radiation energy density in the central region

(given by Equation 6.6) to aid comparison with the loss rates due to proton-photon

interactions calculated below. I have calculated (U,,¿Tor(Er))-1 for 10 ( ø1 ( 100 and

the results are shown in Figure 6.5.

6.5.2 Pion Photoproduction Losses

For pion photoproduction the mean inelasticity, (I{ir@r)), is energy dependent, and

because of the form of the radiation field, it is not trivial to calculate the mean in-

elasticity as a function of primary proton energy. Hence, I have used a Monte Carlo

simulation to model pion photoproduction interactions with both power law and black

body photons, to calculate the mean energy lost per interaction. The results are shown

in Figure 6.6 for both spectrum (a) and (b). One can see that while most of the inter-

actions occnr near threshold (KÄ(.E")) i. approximately constant. Hbwever, once all of

the photon spectrum is available for interactions with the proton the mean total energy

of the interacting particles begins to increase, the mean inelasticity also increases until

it reaches a constant value o1 (K[r(En)) - 0.3.

I have calculated the mean path length for pion photoproduction, X;r(Er), using

Equation 4.3 for both spectrum (a) and (b). The results are shown in Figure 6.7, where

the contributions fiom interactions on blackbody and power law photons are shown

separately. In each "u"",\lr(8,) has been scaled by the radiation density within the

central region so that the mean path length for interaction may be easily scaled for

an arbitrary radiation energy density. See the discussion in Section 4.2 for a detailed

description of the mean path length for interaction on po\.'/er law and thermal photon

distributions.

One now has all of the ingredients required to calculate the mean loss rate for pion

photoproduction, (Te1-^(Ee))-1, and the results for interactions on power law and

blackbody photons are shown separately in Figure 6.8. Once again, the mean loss rate

has been scaled by U,o¿ to simplify calculating (Te1-*(Ee))-1 for an arbitrary photon

energy density. From Figure 6.8, one can see that interactions on blackbody photons

dominate for energies above - 3 x 1015 eV for spectru- (u). Similarly, for spectrum

(b) protons with energies between - 5 x 1015 eV and - 3 x 1017 eV lose energy mainly

through interactions with thermal photons. The sum of the loss rates on power law
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ancl thermal photon fields, has been added to Figure 6.5 where it is compared with

the other loss rates. Notice that the total loss rate will be insensitive to the energy of

the high energy cut off in the photon spectrum because for proton energies less than

- 1014 eV proton proton losses dominate over pion photoproduction losses.

6.5.3 Pair Production Losses

As for pion photoproduction, I have used a Monte Carlo simulation to calculate the

mean inelasticity for pair production , (Ki.r@r)). The results are shown in Figure 6.9

for both spectrum (a) and (b), and one can see that for the power law photon spectra

U$r@r)\ falls rapidly just above threshold and then becomes approximately constant.

The mean inelasticity becomes constant because most of the interactions occur near

threshold, and the mean total energy of the interacting particles is approximately

constant. For higher proton energies where all of photon spectrum is available to the

proton and the mean total energy of the interacting particles begins to increase, and

(Kir@r)) falls off rapidly. Similar behaviour is observed I'or interactions on blackbody

photons.

I have calculated the mean path length for pair production,\lr(Er), using Equa-

tion 4.27 and the results have been added to Figure 6.7. The resulting mean loss rate,

(Te.y-.(Ee))-1, has been added to Figure 6.8, for comparison with the pion photopro-

duction loss rate caiculated in Section 6.5.2. Again the contributions from interactions

on power law and thermal photons have been shown explicitly. One can see that

interactions on blackbody photons dominate for energies above - 3 x 1013 eV for spec-

trum (a), and for energies between - 1014 eV and - 5 x 1015 eV for spectru- (b).

For spectrum (a) pion photoproduction losses dorninate over pair production losses on

power law photons. For spectrum (b) both pion photoproduction and pair production

losses are approxirnately equal. This situation arises for spectru- (b) because while

\Ki.r@r)) - 500(1f;.y(Er)), pair production interactions occur - 500 times more of-

ten. A curve representing the total loss rate due to pair production has been added to

Figure 6.5, where it may be compared with the other loss rates. Again, proton-proton

losses clominate over pair production losses at low energies, and hence the total loss

rate will be insensitive to the high energy cut off in the photon spectrum.
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6.6.4 Proton Diffusion and Escape from the Central Region

For a diffusion coefficient, D, protons will take a time T¿,u(Eò - R?lzD to diffuse out

of the central region of AGN. Using Equation 6.8 for the diffusion coefficient, the loss

rate due to diffusion is given by

(tr,"¿r¡s(8,))-'o 1.8 x 10-2'u"?(*) (#=) " s-1 (ev.--')-', (6.17)

where Equation 6.2 has been used for 4". However, when the mean path length for

scattering on the magnetic field becomes larger than the central region, i.e. brn 2 Rt,

then diffusion is no longer appropriate. In this case, the time scale for proton escape

from the central region is approximately,4," a Rrlr- 9.83 x 10-44x!(L"/ergs-l) s.

Thus, for energies greater than,

(6.18)

the rnean loss rate due to escape from the central region of AGN is

(U,oaTu")-l - 1.3 x 70-2311 s-l (eV "--t)-t. (6.19)

I have calculated the mean loss rate due to diffusion and escape from the central region

lor b-rL.o'5 - 101e, 1020,...7024 (erg s-1)o'5. A shaded band representing results for

shock radii in the range 10 ( ø1 < 100 with ó-1tr!'s - lgzr (erg s-t¡o's has been added

toFigure6.5. Resultsforallof theothervalues o¡6-rtr-o's canbefoundinAppendix

D.

6.5.5 Proton Advection onto the Black Hole

If one assurnes that the protons are tied to the accreting plasma, and that within the

central region 1;he plasma has velocity,t u : u1f 4, then the time scale on which protons

fall onto the black hole from a radius -R1 is fi6"¡1 - 4R1f u1 - 3.93 x ,O-+z *l.s (L"/erg s-1)

s. However, in reality protons will diffuse as they advect onto the black hole. During

the time 4"rar protons will have dilfused a mean distance A¿in : (ZDT¡*aùo'5, where

D is the diffusion coefficient within the central region of the AGN given by Equation

6.8. Thus, the fraction of the accreting protons which are advected onto the black hole

is approximately

f;,,at(E') ru 
"9'Ìt ILãis

8".. -7.4 x 1o-3r-' (#=)" eV,
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N 18x10-36-t*-2s(3)-'(;3¡." (6.20)

Diffusion wiil only affect the time scale for advection onto the black hole, if r?¿in ) -R".

This will occur for protons with energy greater than

E^du."r:1.8 x 10-3ó-1rr" (#=)" ev. (6.21)

Hence, the time scale for advection is

Tu¿u""(Er) -
4orru for E, 1 E^du".

(6.22)
/r"rh(¿r)4"1"u ror E, ) Eudu.. 

)

and the mean loss rate is given by

(U,oaTu¿u..(Er))-t
3.3 x 10-24r{'s lor Eo I E^àu."

6.1 x 10-27b-tx)-r (*)-t (-i=)0 for Eo) E ¿,,..

s-1(eV "--t)-t. (6.28)

As for diffusion and escape from the central region, I have calculated the advection

loss rate lor b-LL2'5 - 1Otn, 1020,...1024 (erg s-l)-1. Again, a shaded band representing

results for shock radii in the range 10 ( ø1 < 100 with ó-1tr0's - lgzr (erg s-1)0'5

has been added to Figure 6.5. Results for the other values of b-t L2'5 can be found in

Appendix D.

6.5.6 Compton Losses

Compton interactions between low energy photons of energy e and protons of energy

Eo wiII be in the Thomson energy regime if the energy of the photon in the proton rest

frame, €' - le, is much less than mrc2,, where .,1 : Eplmpc2. For spectrum (a) (see

Figure 6.2) most of the photons have an energy of - kT : 4.3 eV, and hence Compton

interactions will be in the Thomson energy regime for Eo K.2 x 1017 eV. Similarly for

spectrum (b), most of the photons have an energy of - 10-2 eV and so protons need

to have energy E, K 8.8 x 101e eV for the interactions to be in the Thomson energy

regime. Þ'or the proton energies above about 1017 eV for spectru- (u) and 101e eV for

spectrum (b) the interactions are in the Klein-Nishina energy regime, and the energy

loss rate is given by (see e.g. Blumenthal and Gould 1970)

dilrl [* [€T"" dN
il-^ ^r: - Jo J, @' - €) ¿uerdelde' (6'24)

lcompt
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where er is the final energy of the photon measured in the LAB frame, and 6l'* :
41eErl(mrc2 ¡ 4e1) is given bv the kinematics of the interaction. Here,

dN
dtdet

q

f

2trr2"crz(e)
n'2 .
Jç
e1

1,,
rnq*(1 +2q)(1 -q) +#Tä,1 -q)

€1r(Eo
4e'l
*7

T'o : e2lmo.' a 1.53 x 10-16 cm, and n(e ) is the differential number density of the

photon field. I have calculated the energy loss rates for Compton scattering of protons

in spectru- (u) and (b) numerically and the Compton loss rate ?"o,on;r(Er) scaled

by U,oa have been added to Figure 6.5, where it is compared to the other loss rates.

6.5.7 Synchrotron Losses

A proton with energy Eo traversing a magnetic field of strength B will suffer energy

losses due to synchrotron radiation. Synchrotron radiation can be thought of as scat-

tering of the virtual photons in the magnetic field, and hence is directly analogous to

Compton scattering. In the Thomson energy regime photons are typically produced

with an energy of e1 : 12heB f 2trmrc, where ^l : Eof mrc2, /¿ is the Planck constant

and e is the proton's charge (see e.g. Rybicki and Lightman 1979). This corresponds to

a virtual photon energy of e' : el : h ll in the proton rest frame. Hence, for protons

with energy Ep K E<:rit:2nmf;cí f heB - 2\rl(L.f erys-1)0'5 eV (using Eqlation 6.7)

synchrotron ra,diation will be in the Thomson energy regime. Even for a luminosity of

L. : 1037 erg s-1 and ø1 : 10 the critical energy is E ¡. - 8 x 1021 eV. Hence, the

energy loss rate is (see e.g. Rybicki and Lightman, 1979),

4 eaÐlB2 B2
(6.25)I mlcz

where all of the quantities are in cgs units, and pc is the velocity of the proton. For

a discussion of synchrotron radiation in which quantum effects are important, i.e. for

synchrotron radiation from ultra relativistic particles in strong magnetic fieids, see

Brainerd (1987), Brainerd and Petrosian (1987) and Harding and Preece (1937).

If one assumes that the magnitude of the magnetic field within the central region

is uniforrn, and the same as the magnetic field in the vicinity of the shock, then the

dEo

dt synclr
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synchrotron loss rate for ultra-reiativistic protons (þ = t) is given by

(U,oaT"yn"¡(Er))- - 9.0 x 10-3e (3) s-1 (eV "--')-',
which has been added to Figure 6.5.

dE^l
ãl^""(E-"*, b, L") :

6.6 The Maximurn Proton Energy in AGN

The maximum proton energy achievable by shock acceleration in AGN, -E,,,,*, may

be estirnated by equating the acceleration rate with the total loss rate. Notice that

only the a,cceleration rate, the advection loss rate and the diffusion loss rate depend

on b and L", via a factor b-rL2'5. Hence, the quantity b-rLo.'5 is a logical parameter

for anaiysing the way in which the loss rate varies with ó and -L.. A shaded band

representing the acceleration rate (see Equation 6.9) for the range 10 ( 11 < 100

with ó-1-[. : 1021 ergo'5 s-o'5 has been added to Figure 6.5 for comparison with the

loss rates. Simiiar plots for b-tL\'u - 10tn, 1020,...,102n (".g s-1)0'5 can be found in

Appendix D. From these plots it can be seen that for b-1L2'5 > 1020 (erg s-1)-1 the

maximum proton energy is determined by pion photoproduction, pair production and

syrrchrotron radiation. However, for reasonable values of ó < 100 and L" ( 10a8 erg

s-l synchrotron radiation is only important for the PG continuum, and the maximum

proton energy is dominated by pion photoproduction losses. This is consistent with

earlier work by Biermann and Strittmatter (1987) and Sikora et al. (1987) who found

that the maximum proton energy in AGN was governed by pion photoproduction

losses. For b-rLf;'s 4 1¡zo (erg s-l)0'5, it is primarilyproton-proton interactions which

determine E,..u*. The maximum proton energy is given by solving the equation

(6.26)

(6.27)

#1,,(E-"*) + #1,.,*,,'..',.,

* #1,.,*" (E-"*) * #1,"""" (t-'*' b'L')

* *1,"^*(E-'*) * #l-.(E^u*,b,L")

where the energy loss rate due to Compton scattering has been omitted because it
is negligible compared to the other energy loss rates. I have solved Equation 6.27

numerically for E-.* as a function of tr" with b : I and ó - 10, and the results are
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shown in Figure 6.10. The results from a calculation by Stecker et al. (l99la,b, 1992)

in which only pion photoproduction losses are included has been addecl to the plot t'or

comparison. For -L. > 1046 erg s-1 (see Figure 6.10(a)) the effect of the synchrotron

and pair production losses can be clearly seen, as the results of Stecker et al. predict

higher -E-"* values. From Figure 6.10 it can also be seen that for 1038 < tr" ( 10a0 erg

s-1 the maximum proton energy produced in AGN is in the range 1015 < -E-o* < 101e

eV for b:1, and in the range 1014 < E,',.* ( 1018 eV for b:10.

For the calculation of the neutrino spectra from AGN, I have adopted the maxi-

mum proton energy as a parameter. This is quite useful as it effectively reduces the

calculation to one dependent on only three parameters, the dimensionless shock radius,

11, the ratio of the proton's diffusion coefficient to the minimum diffusion coefficient, ó,

and maximum proton energy E,n *. Once these quantities have been set then the model

is completely deflned. For example, 7l ry å and -E-"* are given then the continuum

luminosity of the AGN can simply be read off Figure 6.10, and this in turn defines

the radiation and matter densities within the central region and hence the loss rates.

The use of the maximum proton energy as a pararheter for the calculation also has the

advantage that the loss rates (scaled by U,"¿) are uniquely defined by E-.* for a given

value of 11. This arises because Urod.Tudu"" arrd Uro¿T¿;s depend on a factor b-r Ll'\, as

does U,o¿To.". Hence, if ó increases by a factor of 10 then -L" increases by a factor of

100 (see Figure 6.10) and the loss rates scaled by the radiation energy density stays the

same. Notice that the individual loss rates will not be the same, but that everything

scales with the radiation density so that the loss rates relative to the total loss rate

will be the same.

6.7 Will Neutrons Escape from the Central Re-

gion?

Neutrons are not coupled to the accreting plasma via the magnetic field and so they

may escape from the central region of the AGN. Neutron escape is an important means

of transporting particles away from the central region. Outside of the central region

the neutrons rnay decay and have observable consequences such as the production of

boron (Kirk and Mastichiadis 1987), 7-rays (Mastichiadis and Protheroe 1990, Atoyan

i
t
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1992) or may drive a wind in the broad line emission region of quasars (Begelman,

Rudak and Sikora 1990).

Neutrons can interact with matter in the accretion flow or with the photon field.

Inside the central region, the mean free path length lor np interactions is given by

\;i@ò - nrono(E",), where np a an(R) is the matter number density inside the

central region and o,, a opp - 30 mb. Hence, the optical depth of the central region

i" "ìi: Rtl\,r(8,) = 2.9 x 10-t"ro'5(8(r1))-t. outside of the central region the

number density is o< r-1'5 (see Equation 6.5) and the optical depth is given by 
"oît -

[fin(r)o"r(8,,)dr - 1.4 x 10-1rfo'u(8("t))-t. Hence, for 10 ( 11 ( 100 AGN are

optically thin for np interactions.

Similarly, the optical depth of the central region to neutron induced pion photo-

production is given Iw rì\,(8") : Rtlìi,(E,), wher" Xl^(E*) is the mean free path

length for neutron-photon interactions. If the total cross sections for 1n ---+ rX and

ror 7p --+ rx are assumed to be the same then Íl^: -Àå, *h"r" trir@r) is given by

Equation 4.3. Outside of the central region, the situation is quite different. Most of the

photons come from the central region and so the radiation field is highty anisotropic.

The optical depth a neutron traveling radially outward from the shock 'sees' is

rilt(n.): [*,-!'): J*, -ffE",ù' (6'28)

where the mean path length for interaction, \!,,(a^,r) is now dependent on r as the

number density of photons decreases as the neutron moves away from the central region.

I have calculated \l*çø,,") by assuming an isotropic photon field and only integrating

over contributions from photons which come from the central region. From Figure 6.11,

one can see that the minimum interaction angle possible, if the photon is to originate

from the central region is,

cos 0^¿, - 1
R?

(6.2e)
12

Hence,

(')(t - B cos0)Ta
l\î,,(n,,')l-' : l"î "fq lri"_*r,,r,,, , dcos ïde, (6.30)

where cos 0^o, and ef¿ are given by the Equations 4.4 and 4.2 respectively, substituting

En for Er. Both rü and ro"|t are shown in Figure 6.12. Here the optical depths have
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been scaled by the compactness parameter of the AGN,
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730rr2, (6.31)

to rernove the dependence on the radiation energy density, and Equation 6.2 has been

used to simplify the expression for /.

Clearly, the optical depth for pion photoproduction seen by a neutron within the

central region will depend on its position and direction. However, the optical depth will

have a lower bound given by, rät, corresponding to a neutron moving radially outward

from the edge of the central region, and an upper bound (Zr)\+r;ì'), corresponding to

a neutron crossing the diameter of the central region and then moving outwards. From

Iìigure 6.12, one can see that for 10 ( 11 < 100 all neutrons with energy below - 1015

eV escape from the central region of AGN. However, above 1015 eV the probability

of escape depends strongly on where the neutron was produced and which photon

spectrum is used. For example, for spectrum(a) all neutrons produced at the shock

traveling radially outwards will escape from the central region, assuming rr : 100.

Whereas for spectlu- (b) no neutrons with energy greater than - 1017 eV will escape.

For simplicity, in the present calculation I have assumed that all neutrons produced

within the central region of the AGN will escape. The question of neutron escape has

been examinecl in more detail by Protheroe and Szabo (1992), who have shown that

the escaping neutrons may result in a llux of high energy cosmic rays from AGN.

6.8 The Spectrum of Particles Produced per In-

jected Proton

In order to see how the calculation shall proceed, it is instructive to obtain a qualitative

feei for what will happen when protons are accelerated in AGN. Accreting protons are

injected into the accelerator and gain energy at a constant rate given by Equation 6.10.

Ibr 102o < b-r L\'u < 1024 (erg s-1)o'u th" acceleration rate is much higher than ali of the

loss rates for energies below - 1015 eV. However, at energies greater than - 1015 eV the

acceleration rate becomes comparable with the total loss rate which is dominated by

contributions from pion photoproduction, pair procluction and synchrotron radiation.

t

þ
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Therefore, in the absence of catastrophic losses protons would accumulate near -E,,',*

producing high energy pions and electrons from interactions with photons. However,

protons are catastrophically lost as they may escape from the accelerator, or they may

experience a charge exchange interaction such as 1p --+ nX.

Once protons have escaped from the accelerator they will diffuse within the central

region until they interact or are catastrophically lost. From Figure 6.5 it can be seen

that while the proton's energy is above - 1014 eV for 11 : 10, and above - 5 x 1015 eV

for 11: 100, pion photoproduction, pair production and synchrotron radiation are the

dominant loss mechanisms. Below these energies, the losses are dominated by proton

proton interactions and advection onto the black hole. For low values of b-ILf;'í, proton

diffusion out of the central region of the AGN may also be an important loss process.

'Ihe protons will cascade in the central region until they have lost all of their kinetic

energy, or they are catastrophically lost due to charge exchange, advection onto the

black hole or diffusion out of the central region.

As discussed in Section 6.7, the neutrons produced during and after acceleration

are all assumed to escape from the central region. However, a relativistic neutron has

a mean life time of - 9.5 x 10-7 (*) t, after which it beta decays. In this time the

neutron will have travelled a distance - 2.9 x 10a (*) "*, and therefore neutrons

with energy greater than - 70-27 r? (#) eV will decay outside the central region

of the AGN. For example, for a continuum luminosity of 1045 erg s-1 and rr : 100,

all neutrons with energy greater than - 1012 eV decay outside of the central region

of AGN. Hence, I have made the approximation that all neutrons decay outside the

central region. The protons produced by neutron decay are coupled to the accreting

plasma via the magnetic field, and so protons will diffuse in the accretion flow until

they interact or they diffuse out of the AGN. The photon number density outside of

the central region is x r-2 as most of the photons are produced in the central region,

whereas the number density of protons in the accretion flow is o< r-1'5 (see Equation

6.5). Thus, proton-proton interactions will become more important relative to proton-

photon interactions as one moves away from the central region of the AGN. Here I have

made the approximation that all of the protons interact with the matter in the accretion

flow.

From the above discussion it can be seen that there are three distinct parts to the
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calculation of the spectra of particles produced per proton injected into the accelerator.

lhey are the calculation of the spectrum of particles produced (i) during acceleration,

(ii) by protons as they cascade in the accreting matter and the radiation field within

the central region, and (iii) by proton-proton interactions outside the central region.

For the calculation of the spectrum of particies produced during acceleration, I have

made the approximation that pion photoproduction and pair production interactions

are the dominant loss processes. The effect of synchrotron losses on the spectra has

been included in an approximate way by scaling the spectra. From Figure 6.7 it can be

seen that pair production interactions on porvl/er law photons occur a factor of - 150

and - 460 times more often than pion photoproduction interactions for spectrum

(a) and (b) respectively. Hence, to obtain good statistics for the spectra of particles

produced by pion photoproduction several hundred more pair production interactions

would have to be modelled. Modelling of pair production is quite computer intensive

because the modelling algorithm becomes increasingly inefficient as the total CM frame

energy of the interaction increases. As a result, the calculation has been separated into

two parts, the calculation of the proton ancl e* spectra and the calculation of the pion

spectra. The spectrum of protons escaping from the accelerator and the spectrum of e+

produced, have been calculatecl using the straightforward approach of following each

proton and modelling each interaction as it occurs using the Monte Carlo method. A

system of weights has also been used to further reduce the computing time required

for the simulation. For the calculation of the spectrum of particles produced by pion

photoproduction, I have made the approximation that the pair production losses are

continuous. In this case, the acceleration rate experienced by a proton is reduced

because of pair production losses, and only the pion photoproduction interactions are

modelled.

To simulate the protons which have escaped from the accelerator as they cascade

in the accreting matter and the radiation field, the spectrum of interactions for the

cascade has been calculated. This is the number of interactions which occur in a given

energy bin during the cascade. The total spectrum of particles pr-oduced is then given

by convolving the distribution of particles produced by protons in each energy bin with

the spectrum of interactions. All of the relevant loss processes discussed in Section 6.5

have been included, except for Compton losses which are negligible in comparison to the
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total proton loss rate. A similar approach has been used for calculating the spectrum

of pions produced by neutrons which have escaped from the central region of the AGN.

However, in this case protons and neutrons are treated identically, and only pp and np

interaction have been considered. The total spectrum of pions produced outside of the

central region of the AGN is given by convolving the spectrum of interactions with the

pion distributions given by Hillas (1979).

In the following Sections each aspect of the simulation is described in detail and

representative results for each stage of the calculation are presented. A compilation of

all of the results may be found in Appendix D.

6.8.1 Particles Produced During Acceleration

The Proton and e+ Spectra

The simple idealised picture of shock acceleration described in Section 2.3.3 has been

used to calculate the spectrum of particles produced during acceleration. This sim-

plifies the calculation as the spectrum of protons which escape from the accelerator is

known. Rather than follow each proton until it escapes from the accelerator or it is

catastrophically lost, a system of weights has been used. Protons are injected into the

accelerator with weight W : L.0 and with an energy of Eo: 1 GeV. In the absence

of losses the probability that a proton attains an energy Ej without escaping from the

accelerator is E"f Et" (see Section 2.3.3), and hence the weight of the is W : E.lE,.. H

the proton interacts with energy E'. and has energy E1 after the interaction, then after

i interactions the weight of the proton will be

w : ++...E-2.
E: El' ' ' Ei' (6'32)

The amount by which the weight of the proton decreases between interactions is due

to protons escaping the accelerator. From Section 2.3.2 it can be seen that in the

absence of losses, there is at E;2 spectrum of protons escaping from the accelerator.

The contribution to the total spectrum fi'om protons which have escaped from the

accelerator after the ith interaction is EiE;2lE¿ for E¡ < Ee < E!. Hence, to calculate

the total spectrum of protons escaping the accelerator it is simply matter of sampling

the energy of the proton when it interacts and adding the portion of the proton which

has escaped from the accelerator to the total spectrum.
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To decide how far the proton has travelled and therefore what energy it has when

it interacts, a dimensionless path length. , r, is sampled for both pair production and

pion photoproduction using a method similar to that described by Protheroe (1990).

Tire path length for interaction is given by Àt.r(Eò : rtr!r.r(En), and hence

d^r

;'' - ^1.,@ò, 
(6.33)

where j : 
" 

or zr for pair production and pion photoproduction respectively, which has

the obvious boundarv conditioo Àt -,: 0 for r : 0. However, the proton is also being

accelerated at a constant rate

a(E^ *rb,, L.) 0,

CC
(6.34)

dEo

d,tr
acc

and therefore to find the path length of the proton a pair of coupled differential equa-

tions must be solved. The solution of the Equation 6.34 is straightforward (using

Ep :0 for ÀN, : 0), and the energy of the proton as a function of path length for

interaction is EeQ!^,r): Er(0) * aÀ!.rrlc. However, as the mean path length for the

interactions is not a simple function of E, numerical methods are required to solve

trquation 6.33. The 4th order Runge-Kutta technique described in Appendix C has

been used to solve for À{o. In this way values are sampledlor Àlo(Er) and Àlr(E,p) and

whichever interaction has the shorter path length is assumed to occur. The interaction

is then moclelled as described in Sections 4.2 and 4.3, ancl the energy of the products

are binned with weight W. If the proton survives the interaction, then its progress

is followed with the new value of energy after the interaction. However, if a charge

exchange interaction occurs then the neutron's energy is binned and another proton is

injected with energy En and weight W : I. Protons are injected and their progress

is followed in this manner until the spectra of the escaping protons and the e4 are

smooth, and the statistical fluctuations between adjacent energy bins are small.

The Neutron, r* and zro Spectra

'Ib calculate the spectrum of particles produced by pion photoproduction during ac-

celeration, the approximation that the pair production losses are continuous has been

used. This approximation can be made because the mean ineiasticity for pair produc-

tion is much smaller than that for pion photoproduction. Again protons are injected
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into the accelerator with energy Ea, However, when the proton undergoes pion photo

production with energy E~ its weight will not simply be Ea/ E~ as the effective acceler

ation rate will be less than a due to pair production losses. The effective acceleration 

rate will be 

(6.35) 

where be(Ep) = d!p / (Ep) is the energy loss rate due to pair production (see Section 
yy-+e 

6.5.3). The weight of the proton when it interacts can be found by solving the transport 

equation ( c.f. Equation 2.1) 

(6.36) 

for the case in which only energy losses and escape are included, where N(Ep) is the 

differential number density of protons of energy Ep, and Tesc = Ep/ a is the time scale 

for escape from the accelerator. Re-arranging Equat~on 6.36 gives, 

(6.37) 

which I have solved numerically N(Ep) using the 4th order Runge-Kutta technique. If 

the boundary condition N(Ea) = l is used then N(E~) = W, the weight of the proton 

when it has been accelerated to energy E~. 

As before, a pair of coupled differential equations must be solved to sample the 

path length of the proton. However, the rate at which protons gain energy is no longer 

constant, and hence the energy of the proton as a function of the path length for pion 

photoproduction is given by solving the equation 

C 
(6.38) 

with the boundary condition Ep = Ep(O) for >-:;p(Ep) = 0. This has been done numer

ically using the 4th Runge-Kutta technique. Having sampled the energy of the proton 

when it interacts, the pion photoproduction interaction is modelled as described in 

Section 4.2. Once again, the energies of the produced particles are binned with weight 

W and if the proton survives its progress is followed. Otherwise, another proton with 

energy E 0 is sampled and the process repeated until adequate statistics have been built 

up. 



Results

I lrave calculated the differential spectra of particles, n(E) : dnldE (particles 
"V-t),

produced during acceleration per injected proton for -E-.* - 10tu, 1016,...,101e eV, for

both spectrum (a) and (b). Representative results for 8,,.* : 1017 eV are shown in

Figure 6.13, from which it can be seen that the spectrum of protons rvhich escape

from the accelerator (solid curves) is x Eo2r lor E, < 0.1,8-,*. For energies near

E^u*, protons interact with the radiation field until they escape from the accelerator

or they undergo charge exchange, giving rise to the smooth cut off in the spectrum near

E^u*. These interactions, all with E, - Ernu*, produce the peaked neutron and pion

spectra shown in Figure 6.13. To illustrate the form of the e+ spectra produced during

acceleration, results for -E*,* : 1015 eV are shown in Figure 6.14. From Figure 6.8 it
can be seen that for E, - 1015 eV pair production interactions occur primarily with

thermal photons, and this is reflected in the shape of the e+ spectra. For -E,,'"* : 101s

and 101s, it can be seen from Figure 6.5 that synchrotron losses a.re important for

spectrum (a). I have approximated the effect on the results, by scaling the neutron,

ni and zr'spectra by a factot of (dÛrldtlel-*(E,,à)l@,8;ldt(E-,^*)) for these.E-,*

values, where dÐe I dt is the total energy loss rate given by the RHS of Equation 6.27.

Results for ,E,,',* : 1015, 1016,...,101e eV may be found in Appendix D.

6.8.2 Particles Produced After Acceleration

The Spectrum of Particles Produced within the Central Region

Protons which have escaped from the accelerator cascade in the accreting matter and

the radiation field in the central region of the AGN until they have lost all of their

energy or they are catastrophically lost. Catastrophic losses take the form of charge

exchange interaction, advection onto the black hole or diffusion out of the central re-

gion. The techniques described in the Section 6.8.1 are very computer intensive and

difficult to modify to calculate the spectra of particles produced within the central

region after acceleration, and hence an alternative technique has been developed. The

new technique is based on a calculation of the spectrum of interactions during the cas-

cade, n'ft, i.e. the number of interactions which occur in a given energy bin during the

entire cascade. The spectrum of interactions is calculated using an iterative method.
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The highest energy protons are considered first and are cascaded down in energy sum-

ming the contributions from the lower energy protons as the cascade is followed. Once

the spectrum of interactions has been calculated, it is straightforward to convolve ni't

with the distribution of particles produced by the protons when they interact in the

accreting matter or the radiation field.

Consider the ith energy bin of width, AE¿, which has a midpoint energy E¡ and

which contains n¿ protons. The total energy loss rate experienced by protons in this

bin is

dE, (E) N
dErl
dtl

tpp

dE^
-LF' ,]t

(å';) + *l^.rur, (6.3e)

(E¿) +
dE,

(E¿) +
dEo (E)

dt dtdt

advec synch
@ò++l

where only the dependence on the proton energy has been shown explicitly. On average

the time take for the energy contained by the protons in the bin to be lost is Aú :
LEil@Ee@òldt). Protons interact via pion photoprodu.iilrn, pair production and

proton-proton interactions, and therefore the mean path length for interaction is

tr@) : l(\1,@o))-' + (TÍ,,@o))-')-' + (-\,(¿"))-'l-'. (6.40)

Interactions occur at a rate clÀ(E¿), and on average the number of interactions which

occur in this bin is approximately given by,

"'itt 
I 

c A'E¿

'"ol@ò FaEù' (6'41)

If the energy losses were continuous then after time Af had elapsed, all of the protons

would have moved into the (i - l)tt' energy bin. For pair production interactions the

mean energy lost per interaction is much smaller than AE¿, and so if pair production

were the only loss process the approximation that all of the protons to move into the

(i - 1)tn energy bin could be used. However, for pion photoproduction and proton-

proton interactions a large fraction of the proton's energy is lost per interaction, and

this approximation is not appropriate for these processes. Protons which interact via

pion photoproduction or proton-proton interactions produce a spectrum of secondary

protons which can be defined in terms of a transfer matrices TfP-n and Tfl'e. The

transfer matrix T??-e gives the probability that a proton in energy bin i produces a
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proton in bin j when it undergoes a proton-proton interaction. Therefore, the number

of protons produced in the jtl' bin (j < i) due to interactions in the ith bin is

n,;; : r,r, ( f,(Fl-T?p-p. r(øn) \'Lr '1' \^,,(h'Tt"'+ Tîf ii" )' (6'42)

In addition, protons may be catastrophically lost from the ith energy bin due to acl-

vection onto the black hole and diffusion out of the central region. Hence, the total

number of protons which move into the (i - 1)'n energy bin is given by

''i-r:'¿ "f'(#È-m)
",#e) (#l^^"..(Eo) + #l-.(ø)) + niu-t) (6'43)

where the second term on the RHS gives the number of proton-proton and pion pho-

toproduction interactions which occur in the ith bin. The third term gives the number

of protons lost from the ith bin due to advection and diffusion, and the last term gives

the number protons which are produced in the (i - l)tn bin due to interactions (using

Equation 6.42).

An iterative procedure using the ideas outlined above has been used to calculate the

spectra of particles produced within the source region by protons which have escaped

fiom the accelerator. The highest energy bin (the ith) is considered first, and the

number of interactions in this bin is calculated using Equation 6.41. The number of

protons in the next highest energy bin is then incremented according to the relation

ni-7:ni-tln'¿-t (6.44)

For energy bins j < (i - 1) the number of protons in each bin is incremented according

to tlre relation nj: nj tn¿j, where Equation 6.42is used for n¿¡. The (i - 1)tn bin is

considered next, and the process continued until all of the protons have lost all of their

kinetic energy. The spectrum of fr, T!, zro and e+ produced during the entire cascad.e

is then calculated by convolving the spectrum of interactions with the distribution of

particles produced by protons in each energy bin. Hence, the number of neutrons, 7r+s,

zros and e*s in the jth energy bin after the cascade is

/ ,_, 
^(Eo) _,or*, r(Eo) \

"T 
: 

Ðjnit (rofr*" îffi + rff- \,,(E) ) rc.45)
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Figure 6.16: A plot of the differential spectrum of particles (multiplied by E2)produced
within the central region of AGN by protons which have escaped the accelerator) per
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continuum (spectrum b). Curves are defined as in Figures 6.13 and 6.14.
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I
h-

nî* : Ðon,i* (rt'* ffi * r?o'n*#ä)

, ,-no \@n) , rFpp+ro f(¿o) \,î" : 
Ð"r* (4i'-"" ffi + rif-"" ffiJ)

(6.46)

(6.47) I
t

d,
lr
i

I
'i

I

I

,i* : Ðni-'Tf'"+ 
),(E¿)

(6.48)
i>j Il,r@ò

Here the transfer matrix T?1-n gives the number of neutrons in energy bin j produced

by via pion photoproduction per proton in bin ith, with the other transfer matrices

defined similarly. For proton-proton interactions the particle distributions of Hillas

(1979) have been used to calculate the transfer matrices. In the cases of pion photo-

production and pair production, Monte Carlo calculations have been used to calculate

the transfer matrices. This has been done by sampling a large number of protons from

the each energy bin and modelling their interaction with the radiation field as described

in Sections 4.2 and 4.3. The products are binned in energy, and the spectra normalised

to the mean multiplicity for each particle type.

Using the procedtre described above, I have calculated the differential spectra of

particles produced by protons which have escaped from the accelerator, per proton

injected into the accelerator. Representative results for .E,.,* : 1017 eV are shown in

Figures 6.15 (r1 :10) and 6.16 (rt:100). Results for E-,*:1015, 1016,..., 1020 eV

with 11 : 10 and rr : 100 may be found in Appendix D. The general shape of the

neutron, zrl and zro spectra reflects the E;2 nature of the spectrum of protons which

have escaped from the accelerator (see e.g. Figure 6.13). The peaks and troughs seen in

Figures 6.15 and 6.16 are caused be the changing dominance of the loss processes with

energy. For example, consider the neutron spectrum (dotted curve) shown in Figure

6.15(a). For E, - E,,u* protons interact primarily via pion photoproduction on thermal

photons (see Figure 6.8), and this gives rise to the peak in the neutron spectrum for

energies 1015 < E < 1016 eV. Below E - 1015 eV the neutron spectrum decreases

because pair production becomes the dominant loss mechanism (see Figure 6.5). At

even lower energies, below - 3 x 1013, proton-proton interactions and advection onto

the black hole are the dominant loss mechanisms. However, the catastrophic advection

losses are comparable in magnitude to the proton-proton losses, and this leads to the

decrease in, E2n(E) below E - 3 x 1013 eV. The behaviour of the zr* and no spectra

may be rationalised in a similar way. Again pair production losses occur primarily on

I

I
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Figure 6.17: A plot of the differential spectrum of pions (multiplied by E') produced
by neutrons which have escaped from the central region of AGN, for E-^* : 1017 eV.
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thermal photons giving rise to the peaked e+ spectra.

An alternative method of calculation based on the approach of following each proton

as it interacts in the cascade, has been used for the special case in which only pair

production and pion photoproduction losses are included. This calculation served

as a, check of the method described above (when only the pair production and pion

photoproduction losses are included), and the results where in good agreement.

The Spectrum of Particles Produce Outside the Central Region

An iterative method similar to the one described above has been used to calculate the

spectrum of particles produced outside the central region of the AGN. Once again,

the spectrum of interactions during the cascade has been calculated. However, only

pp and np interaction are considered, and hence all of the nucleons in a given energy

bin interact. The highest energy bin (the ith) of the total neutron spectrum, nf;, now

defined as the sum of the spectra of neutrons produced during and after acceleration,

is considered first. The number of interactions in this bin is ,r,i" : nf,, arrd number

of nucleons in the lower energy bins are incremented according to the relation ,i :
ni * nit(T?P-e + Tf?-") due to the secondary protons and neutrons produced by

interactions in the ith bin. The (i - 1)th bin is considered next and the process continued

in this fashion until all of the protons have lost all of their kinetic energy. The spectra

of pions produced cluring the cascade are given by

nî* :Ðri-rTff'"* (6.49)
i>j

nî" :Ðri^'Tl¡o-"". (6.50)
i>j

I have calculated the differential spectra of zr*s and zros produced by neutrons which

have escaped from the central region of AGN, for -E-,* - 10tu, 10tu,..., 101e eV and

plots of all of the results may be found in Appendix D. Representative results for

E^u*:1017 eV are shown in Figure 6.17. The features of the spectra reflect the shape

of the total spectrum of neutrons escaping frorn the central region of AGN.

6.8.3 The Total Neutrino Spectrum per Injected Proton

Having calculated the spectra of pions produced during and after acceleration, it is

straightforward to decay them using the procedure clescribed in Sections 4.5 and 4.6 to
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obtain the differential neutrino spectra', n,(8,) : #:. In Figure 6.18 the differential

neutrino spectra produced by the various components of the total rir spectra (dashed

curves) are shown for ,E-"* : 1017 eV. Also shown is the total neutrino spectra produced

per proton injected into the accelerator (solid curve). The total neutrino spectra per

injected proton for E,,',* - 10tu, 10tu,..., 101e eV are shown in Figures 6.19 (r1 :10)

and 6.20 (r, :100) for both spectrum (a) and spectrum (b). The sum of the z" and the

7" spectra have also been shown (dashed curves), and it can be seen that they follow

the u, ! u, spechra closely except that they are a factor of - 1.8 lower. From Figures

6.19 and 6.20 it can be seen that the differences between the two photon spectra used

(spectrum (a) and (b)) have little effect on the total spectrum of neutrinos produced

per injected proton. The main difference is at energies greater than - 1016 eV, where

the effect of synchrotron losses on the results for spectru- (u) can be seen.

6.9 The Neutrino Flux from Individual AGN

The neutrino flux from individual AGN is thought to be unobservable with the proposed

neutrino telescopes (see e.g. Stecker et aI. l9}la,b, 1992). However, the method of

scaling the neutrino spectrum per proton injected into the accelerator for an arbitrary

AGN is described here, as it will be used in Section 6.10 to calculate the diffuse AGN

flux.

Consider a source at redshift z with differential neutrino luminosity dL"ldÛ| (eY

s-1 eV-l). Neutrinos emitted by the source with energy Et, wiil have energy E, :
EilG -|- z) when they reach the Earth due to redshifting. The energy flux received at

Earth in the energy range E, + E, + dE, is (see e.g. Rowan-Robinson 1985)

n,ft@,,2)d.8,:#ffi@i)dli, (6.b1)

where dt : Rf;rz(l -t ,)' : fi¿{zø, t (q. - 1)6/fúzTA - 1)} is the luminosity

distance to the AGN (see e.g. Weinberg 1972), A, is the scale factor of the Universe at

the present epoch, fI, is the Hubble constant, qo is the deceleration parameter and r is

a co-moving radial coordinate. Hence, the differential neutrino flux at Earth, dF, f dE,
2In the following " neutrino spectra" should be taken to mean the sum of the muon neutrino and

anti-neutrino spectra
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,E-"* [eV]

Ialq [GeV]
Spectrum a Spectrum b

Jt:10 rr : 100 rt:10 rr:100
1

1

1

I
1

0r5

016

017

0r8

0 1 I

4.83

4.40
4.74

5.16
5.54

5.10
4.38

4.24

4.50
4.79

4.89

4.84

5.19

5.70
6.16

5.44
4.68

4.4r
4.74

5.16

Table 6.1: A table of the energy going into e+s and 7-rays within the central region
of AGN per proton injected into the accelerator,W"r, as a function of the maximum
proton energy, E-.*.
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Figure 6.21: A plot of the differential neutrino flux, F,: dF,ldE,, mnltiplied by the
square of the neutrino energy, for the quasar 3C 273 and the nearby AGN NGC 4151.
The bands corresponding to the range rr : 10 (lower bound) to r1 : 100 show the
results from a preliminary calculation in which only proton-photon interactions within
the central region of the AGN were considered, using spectrum (a) for the radiation
field. Also shown (dashed curves) are the predictions for these sources made by Stecker
et al- (r99ra, 1991b, 1992). Adapted from Szabo and Protheroe (1gg2a).
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(nerrtrinos cî't'2 s-1 eV-l), is

#,r".,ò:HÀffiru.rt+,)) (6.b2)

The neutrino spectra given in Section 6.8.3 can be scaled to give the differential

neutrino luminosity of an AGN by calculating the rate at which protons are injected

into the accelerator. If one assumes that all of the energy channelled into e*s and

7-rays within the central region of the AGN is ultimately responsible for the observed

infrared to X-ray continuum emissions from AGN (see e.g. Zdziarski 1986 and Done

and Fabian 1989), then the rate at which protons are injected into the accelerator is

A;'j(E-"*) = Uft^. (6.53)

Here, W..r(E^ *) is the energy per proton injected into the accelerator which goes into

e* and 'l ray production within the central region, and -E-o* : E^u*(L") (see Figure

6.10). Table 6.1 shows the W", values which result from the calculation described in

Section 6.8 for both spectrum (a) and (b). The differential neutrino luminosity of the

AGN is given by,

ffitt:, L.): R';i(ø, ^*)Etffirry',, E^ *), (6.54)

where dn"ldE'" is the differential neutrino spectrum produced per injected proton cal-

culated as described in Section 6.8.3, and the dependence on 1," enters via the maximurn

proton energy in the AGN, E^u*.

Theretbre, given the distance to an AGN and its observed continuum luminosity (or

alternatively its X-ray luminosity which can be scaled to give ¿"), it is straightforward

to calculate the flux of neutrinos observed at Earth. For example, the neutrino flux from

the nearby active galaxy NGC 4l5l (z:0.0033, L"(2-10 keV) :1.04 x 10a3 erg s-1,

Piccinotti et a\.7982) and the quasar 3C273 (z:0.158, ¿*(0.3-3.5 keV) :8.45x 10a5

erg s-1, Wilkes and Elvis 1937) havebeen calculatedby Szabo and Protheroe (1992a)

and are shown in Figure 6.21 (shaded bands). In each case, the results of Stecker eú ø/.

(1991a,b, 1992) have also been shown for comparison (dashed lines). For NGC 4151

our results are consistent with those of Stecker et al.lor E, > I}rs eV. However, below

- 1015 eV we predict considerable higher fluxes of neutrinos than Stecker et al.. This

is because they have only considered interactions with photons from the UV bump. In
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our calculation protons rnay also interact with X-ray photons in the radiation fi.eld as

well as with the accreting matter which results in an E;2 neutrino spectrum following

the accelerated proton spectrum. For 3C 273 om results are consistent with those of

Stecker et aI. for energies in the range 1016 < E, 13 x 1017 eV, and for the reason

discussed above we again predict higher fluxes below E, - 1016. Stecker et al. also

predict a flux of neutrinos at higher energies from 3C 273 than we do, and this is

because they only consider pion photoproduction interactions in determining, E,,,u*,

resulting in a higher maximum proton energy. The prediction of an increased neutrino

flux at energies below - 1016 eV is important because, as discussed in Section 5.3, the

main contribution to the muon signal in a neutrino telescope resulting from an - E;'
neutrino spectrum comes from neutrinos with energies below - 1012 eV.

6.1-0 The Diffuse Neutrino Background from AGN

The total neutrino spectrum per injected proton (see Section 6.8.3), and the method

of scaling the results for arbitrary AGN (see Section 6.9) have been used by Szabo and

Protheroe (1992a,b) to calculate the contribution from AGN to the diffuse neutrino

background. To do this we require the differential number density of active galaxies,

dn^*f dL (number of AGN Mp"-t erg-l s), as a function of redshift and luminosity3,

L. This quantity is also called the iuminosity function as it describes the luminosity

distribution of AGN. We have used a luminosity function of the form

dnusn(_ rr- g(z)^ ( r \-dî\",1): ffir.\¡ø), (6.b5)

where g(z) and /(z) describe the density and luminosity evolution of the AGN respec-

tively and. po (#) is the local value of the differential number density of AGN. The

total flux of neutrinos from AGN seen at Earth, is given by integrating over co-moving

volume V and luminosity giving

ffru,l: I l#r",,,,t)#@,,2,I)'v.L. (6.b6)

3In general the luminosity function can be defined in terms of any of the energy bands, and hence

here I will use the general symbol .t for the luminosity of ihe AG
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The integral can be expressed in terms of the redshift by using the relation (see e.g.

Avni 1978)
dV 4rd27c I 1

E:'n O¡æ@' (6'ð7)

giving

ffe.t : ;u I I ß,. (h) ffir'.r, + z),kL) *ffi ,ndL,
(6.58)

using Equations 6.52 and 6.55, where k : L"lL. However, in neutrino astronomy it

makes more sense to talk about numbers of particles, and so the differential neutrino

intensity dI" f dE" : Q lar)@Fffi f dE") has been calculated.

We have used fits to the luminosity function based on X-ray observations of AGN

given by Morisawa and Takahara (1989), Morisawa et al. (1990) and Maccacaro et aL

(1991) to calculate the intensity of neutrinos expected from all AGN. In each case, the

values of qo,, Ho and z-r* given in each of the papers for the various fits have been used.

The results are shown in Figure 6.22, where a band representing the range of neutrino

intensities given by the various luminosity functions and dimensionless shock radii in

the range 10 ( ø1 < 100, has been plotted for both spectrum (a) and (b) with ó : 1

(<larker band) and ó : 10 (lighter band). The results for spectrum (a) and spectrum (b)

are very similar, and the main difference is that neutrinos of slightly higher energies

can be produced using spectrum (a). This is because for spectru- (b) protons can

interact on infrared photons which reduced the maximum proton energy which can be

achieved. Increasing the diffusion coefficient in the central region of the AGN has the

effect of decreasing the energy of the neutrinos which can be produced in AGN. This

is expected, as increasing ó decreases the maximum energy of protons which can be

produced in AGN (see Figure 6.10). The diffuse electron neutrino and antineutrino

intensit5' from AGN can be found by reducing the neutrino intensity shown in Figure

6.22 hy a factor of - 1.8. It should be noted that the published fits of Morisawa and

Takahara (1939) contain a typographical error (see e.g. Szabo and Protheroe 1992a,b),

and the results shown here have been obtained using the corrected version.

Tlre diffuse flux of neutrinos from AGN was first calculated by Stecker et al. (799la,b),

using the incorrect luminosity functions published by Morisawa and Takahara (1989).

The diffuse flux has been recalculated by Stecker et al. (1992) using the fits to the

luminosity function of Della Ceca and Maccacaro (1991), and their revised results
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have been added to Pigure 6.22 (dashed curves) for comparison with our results. For

both spectrum (a) and (b), we predict higher fluxes of neutrinos below - 1015 eV,

and as discussed in Section 6.9 this is because Stecker et al. only consider interactions

with UV bump photons. They also predict a higher flux of neutrinos at high energies

(8" > 5 x 1016 eV for spectrum (a), and E, ) 1016 eV for spectru- (b)) than we

do, reflecting the different -E-,* versus Z. relationship we have used which takes into

account all loss processes (see Figure 6.10).

Biermann (1992) and Sikora and Begelman (1992) have made independent calcula-

tions of the diffuse neutrino background from AGN by scaling the neutrino flux to the

observed X ray background, and their results have also been added to Figure 6.22. The

results of Biermann have an uncertain high energy cut off which depends on details of

the model used, and hence only the level of the predicted neutrino flux is shown (dot

dashed curve). Our results predict a higher flux of neutrinos for E, < 2 x 1015 eV com-

pared to those of Biermann. Sikora and Begelman have calculated the diffuse neutrino

flux from AGN by considering two extremes, that all AGN are local (z : 0, dotted

curve which peaks at higher energy) and that all AGN are at a redshift z :5. They

have also assumed that all AGN produce the same neutrino spectrum. Our results are

consistent with the peak flux predicted by Sikora and Begelman.

6.1-1- The Prospects for Observirtg Neutrinos frorn

AGN

Ihe muon signal in a neutrino telescope can be estimated from the predicted intensity

of diffuse neutrinos from AGN (see Figure 6.22), using the method described in Section

5.3. I have calculated the signal for a muon threshold energy of 2 GeV, and obtain

Sr(8, > 2 GeV) : 0.17-0.56 muons m-2 yr-7 using spectrum (a), and St(Eþ > 2

GeV) : 0.16-0.54 muons m-2 yr-l using spectrum (b), for both ô : 1 and ó : 10.

This is because for E, < 1012 eV the intensities are the essentially the same for ó : 1

and ó : 10. Using these results, DUMAND II with its area of - 20,000 m2 would see

3,200-LL,200 events per year. However, it must be pointed out that the above event

rates are upper limits as DUMAND II will have a higher energy threshold (- 2b GeV).

Also a L00% duty cycle has been assumed (e.g. in a surface neutrinos detector the flux
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would bc reduced by a factor of - 0.5), and the angular dependence of the flux due

to attenuation of neutrinos by the Earth has been ignored. These effects will be offset

somewhat at high energies because the effective area of the telescope can exceed its

physical area. For example the effective alea of DUMAND II is twice its physical area

at energies above - 105 GeV (Stenger 1992).

Using the preliminary results of Szabo and Protheroe (1992a,b), Stenger (1992) has

calculated the neutrino induced muon signal in DUMAND II. Stenger obtained signals

of 109 (8, > 100 GeV) and 23 (8, > 10 TeV) muons per year, compared with an

atmospheric background of 2950 and 22.8 respectively. Clearly, the estimation I have

made of the muon signal above is not consistent with these results. However, Stenger

obtained signals of 897 (8, > 100 GeV) and 148 (8, > 10 TeV) muons per year for the

neutrino flux calculated by Sikora and Begelman (1992), and 366 (8, > 100 GeV) and

23 (Ep > 10 TeV) for the neutrino flux calculated by Biermann (1992), both of whom

preclict lower neutrino fl.uxes than we do. Based on this we conjecture that Stenger

may have ma,de an error in calculating the muon signal using our flux predictions.

Stanev (1992) has used our preliminary results to obtain a signal of 1350-5000

nìuons per year with energies above 1 TeV in a 105 m2 detector, with an atmospheric

background of 900. Even using the incorrect results of Stecker et al. (IggIa,b), Stanev

only obtained a muon signal of 630 muons per year in a detector of the same area (this

reduces by a factor of - 40 for Stecker et al.'s revised calculation), and this hightights

the important contribution made by neutrinos with energies less than - 1015 eV.

From Figure 6.2I, it can be seen that the neutrino flux from NGC 4151 is approxi-

mately two thousand times less than the diffuse neutrino flux from AGN at 8,,: 1012

eV. Tliis rneans that the signal from NGC 4151 would be approximately 2-6 muons

per year above 2 GeV in DUMAND II, using my estimation for the signal due to the

neutrino background from AGN. This is too low to be observable, although the situa-

tion is not as bad as it first seems as all of the events come from a given direction, and

hence the background is greatly reduced.

From these calculation one can conclude that if this model of AGN is correct, then

the diffuse neutrino flux from AGN should be observable with the proposed neutrino

telescopes.
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Chapter 7

Surnmary and F\rrther .Work

The main result presented in this thesis was the spectrum of neutrinos produced in

AGN, per proton injected into the accelerator. An accreting supermassive black hole

model for AGN was used to calculate the contribution to the neutrino spectrum from

pions produced both during and after proton acceleration. The contribution to the

neutrirro spectrum from neutrons which have escaped from the central region of AGN

has also been included. Protons were assumed to be accelerated by the first order

Fermi mechanism at a shock in the accretion flow. A simple leaky box picture of shock

acceleration was used to model proton acceleration. All relevant loss process were

considered. Proton-proton, pion photoproduction and pair production were found

to be the most important interactions, and advection onto the black hole, diffusion

out of the central region and synchrotron radiation were found to be important loss

mechanisms. The neutrino spectrum produced per proton injected into the accelerator

has been used to calculate the flux of neutrinos expected from the active galaxies NGC

4151 and 3C 273, and to calculate the contribution to the diffuse neutrino background

from AGN. The resulting neutrino background was compared to recent calculations of

Stecker et al. (1992), Biermann (1992) and Sikora and Begelman (1992). The effect of

the photon spectrum on the results was examined, and it was found that if the infrared

emissions in AGN are produced at small radii with a power law spectrum, then this has

the effect of reducing the flux of high energy neutrinos produced in AGN. The effect of

increasing the diffusion coefficient in the central region of the AGN was also examined,

and this also was found to decrease the flux of high energy neutrino from AGN. The

signals expected in a neutrino teiescope both from individual AGN and from the sum
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of all AGN wele estimated. It was found that, using this model, the diffuse neutrino

background is a good candidate for observation rvith the proposed neutrino telescopes,

which were reviewed in Chapter 5.

Accurate modelling of the interactions a proton experiences in an AGN formed a

fundamental part of the calculation of the neutrino spectrum from AGN. Pion pho-

toproduction and pair production interactions were modelled exactly using the Monte

Carlo method. For pion photoproduction, the fits to the exclusive data given by Genzel,

Joos and Pfeil (1973) were used near threshold, and the inclusive data of Moffeil et al.

(1972) were used for interactions which occurred at energies above the resonance re-

gion. Pair production was modelled using the compilation of differential cross sections

given by Motz, Olsen and Koch (1969). Proton-proton interactions were modelled

using the fits to the inclusive data given by Hillas (1979). The accurate modelling of

all of the interactions represents a significant improvement on the other calculations

made recently, which use simple ó-function distributions fol the spectrum of particles

produced in each interaction.

Further work can take two forms, development of the model and/or detailed ex-

amination of the consequences of the model. For example, a more detailed analysis of

neutron escape from the central region of AGN, including the effect of increasing the

size of the region lrom which the UV emissions come from has already been completed

(see Protheroe and Szabo L992 for preliminary results). The flux of neutrons which es-

cape from the central region has been used to calculate the flux of protons which diffuse

out of active galaxies. Integrating over the contributions tïom all active galaxies, has

shown that protons from AGN may contribute to the observed cosmic ray spectrum

at energies above the "knee". If this is the case, and AGN form the main component

of the cosrnic ray spectrurrr above the "kneet, then a direct observational consequence

is that cosmic rays above - 1015 eV will be almost entirely protons. Work on other

consequences of the model is in progress.

Finally, the model for AGN can be applied to other astrophysical source, in par-

ticular accreting black holes witliin our galaxy. The model scales with the mass of the

black hole, and so it is possible to estimate the spec.trum of neutrinos procluced by a

galactic black hole. For a one solar mass black hole, Equation 6.1 gives the luminosity

of the black hole as tr" - 1036-1037 erg s-1 for 10 ( 11 < 100, and hence E,nu* - 1014-
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,t

ùt-1015 eV. Therefore, if the photon spectrum near the galactic black hole is the same

as for AGN, then the spectrum of neutrinos produced by a galactic black hole will be

approximately be given by the E,..u*:1015 eV curve in Figure 6.19. However, a more

detailed analysis of the problem is required, to make predictions of the flux of neutrinos

expected from galactic black hole candidates.
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Appendix A

Monte Carlo Techniques

The Monte Carlo method is a statistical technique which is used to model a wide
variety of phenomena. A simple example serves to illustrate the fundamental ideas
behind the technique. Consider variables r and y which have distributions p(r) and
q(y), i.". p(r)dr gives the probability of finding r in the Ìange r to r*dr. Ifone wants
to find the distribution of values formed by the product ry, then one could work out
the answer analytically. Alternatively, one could sample a value of r from p(r), and a
value of y from q(y), calculate the product and bin the result. After a large number
of sampled values, the distribution formed by the binned results would approach the
required distribution. This method is a powerful tool where analytical calculations are
not possible, due to the complexity of the distributions and the relationship between
variables. The ever increasing speed of computers also means that good statistics can
be achieved on reasonable time scales.

Clearl¡ a fundamental aspect of the Monte Carlo method is the ability to sample
from distributions quickly and accurately. Below two general methods for sampling
from distributions are described. For a useful collection of sampling routines see Everett
and Cashwell (1983).

,4'.1 Inverse Fìunction Method
This method is based on mapping the distribution to be sampled, onto a uniform
distribution in a variable ( on the range [0,1]. Consider an arbitrary distributio" f (")
defined on [r1,r2]. The simplest way of mapping /(r) to a uniform distribution is to
integrate, i.e.

¿: Er!:Y: (A 1)
ffi f @)dr'

To sample a value of r, one then samples a randorn deviate { and solves Equation
4.1. Clearly, to be able to use this method the functio" Í(r) must be integrable,
and one must be able to solve Equation 4.1 for r. For example, consider the uniform
distribution /(") :l12 defined on -1 ( ¿ ( 1. Equation 4.1 becomes

rr dr
J-l z
rl dr
J-t T
(r+1)

¿
ç

A1

2

(A.2)



which can be rearranged to give r :2€ - l. Some other useful sampling algorithms
are given in the table below

Distribution Algorithm

f @): A, for t1 1r 112
f@) -- A"-o',for c ) 0 and ø ) 0

T@): A*-o, for ¿ ) 1 and t1 1r 1 12

f@):A*-t,forz1 1x1rz

*:(rr_rr)€*rr
r : _ ln(f)/ø

* : lþ]f-") - rÍ'-"))d + rf1-")1t/1t-'¡
, : ,r(*rl*r,)€

^.2 
Rejection Method

For distributions which cannot be sampled by the inverse function method described
above, one uses the rejection method. Consider a distribution /(r) defined for rl1 (
x 1 x2 which cannot be sampled using the inverse function method. Also consider a

second distribution f'@) defined or Í1 1r 112for which a sampling routine exists
and which satisfies f'@) > /(r) for all r. In this case, one samples a value of r from
/'(r) and then accepts this value of r if € < lþ)lf'(r). Otherwise, a new value of ø
is sampled from /'(ø) and the condition tested again. The process is repeated until a

value of r is accepted. Clearly, this process will be highly inefficient if f'(x) > /(").
Thus, the distribution /'(z) must be chosen carefully to ensure and efficient sampling
routine. The rejection method is very powerful in that any distribution can be sampled
in this way.

For example, consider the distributio" /(t) : ¿-r, defined on 0 ( r 1 I. This
distribution can be modeled using the inverse function method however, for the purpose
of this example we will assume it cannot. Consider also the distribution /'(r) : 1,

definedon0( r1I. Clearly,/'(z) satisfiestheconditions f'(")> /(r)forallx,and
may easily be sampled. Thus, to sample a value from /(r) one would firstly sample a
value of r from f'(*),i.e. r: {1, and then test the condition (2 < f@)lf'(r), where
(1 and (2 arc random deviates. If this condition is true the value of r is accepted, else
another value of r is sample from /'(z), and the process repeated until a value of r is
chosen which is accepted.
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Appendix B

Tables

The table below gives the coefficients used to fit the differential cross section for the
reaction p1 --+ zr+n, from Genzel, Joos and Pfeil (1973). Fits are of the form

#rr' ,cos df") : 
F - ì."" e;¡å,','', cosn \f;,

,i
¡

I

!
i

t

I

I

(B.1)

e'[GeVl Ag A1 A2 A3 a4 A5 A6 a7 ag

0.170
0.180
0.190
0.200
0.210
0.220
0.230
0.240
0.250
0.260
0.280
0.290
0.300

0.310
0.320

0.340
0.350

0.360
0.370
0.380
0.400
0.420
0.450
0.500
0.510
0.530
0.540
0.550

6.554
7.508
8.535
9.239
10.261
10.596

13.046
13.852
16.510
t6.692
19.999
20.635
22.9t5
2r.237
2t.730
18.798
16.440
15.168
12.389
t2.232
9.769
8.454
6.904
6.254
6.2t9
6.037
5.991
6.090

-6.506
-8.632

- 1 1.167
-r3.272
-15.676
-r7.126
-22.624
-24.603
-29.870
-30.219
-36.5r2
-36.976
-42.670
-38.009
-39.077
-32.475
-25.974
-24.574
-18.365
-17.959
-r3.232
-1,0.426

-7.675
-6.338
-5.t64
-5.456
-4.892
-6.193

1.965
3.150
4.160

5.278
6.195
7.064
6.997
8.021
9.275
9.22r
10.858

9.329
11.511

I0.t27
9.178

6.685
2.584
3.570
T.4I5
0.672
-0.516
- 1.731
-2.066
-3.786
-4.223
-3.665
-5.436
-4.4I5

0.000
0.000
0.000
0.000
0.000
0.000

6.609
5.576
8.466
7.465
8.981
10.435
15.951

11 . 171

14.815

t2.4I8
10.244
9.230
5.r92
6.556
4.138
2.600
0.804
1.646

-1.365
-0.334
0.589
5.2r9

0.000
0.000
0.000
0.000

0.000
0.000
-3.497
-2.4I0
-4.020
-2.840
-3.011
-3.120

-7.426

-4.198

-6.284
-5.076

-2.929
-3.045
-0.267
-1.207

0.116
r.371
2.203
3.522
4.646
3.529
6.138
I.2I5

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
3.358

0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

- 1.181

0.000
0.000
-2.294
-5.r71

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

,il
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e'[GeV] Ag A1 a2 A3 A4 As A6 A7 Ag

0.570
0.580
0.590
0.600
0.620
0.630
0.650
0.660
0.670
0.680

0.690
0.700

0.710
0.720
0.730

0.750
0.770
0.790
0.800

0.810
0.820
0.830
0.840

0.850
0.860
O.BBO

0.900
0.920
0.930
0.950
0.960
0.970
0.980
1.000
1.010
1.020
1.030
1.050
1.060
1.070
1.080

1.090
1.100

1.130
1.140

1.160
1.170

1.180

6.167
5.978
6.463
6.245
6.491
6.631

7.035
7.440
7.656

7.740
8.098
8.r52
7.834
8.165

7.893
7.043
6.339
4.850
4.994
3.986
3.542
3.408
2.940
2.817
2.520
2.3t1
2.ltl
2.037
2.027
2.265
1.988

2.IIO
2.234
2.2t8
2.130
2.061

2.006
1.830

1.817

1.528

1.384

1.108

1.154

1.161

7.773

0.887
0.806

0.665

-6.160
-4.399
-5.717
-5.358
-5.186
-5.196
-5.290
-6.750
-7.468
-5.999

-10.045
-7.690

-6.388
-10.534
-8.326
-9.210

-8.384
-7.085
-8.048
-6.946
-6.772
-6.514
-5.2r4
-5.005
-5.099
-4.011
-4.089
-3.778
-3.547
-3.805
-3.433
-2.884
-3.899
-2.886

-t.929
-2.183
-1.560
- 1.061

-0.825
-0.735

0.428
0.i65
0.146
-0.243
-0.361

-0.227

0.345

0.132

-3.953
-5.896
-6.418
-5.135
-5.477
-6.178
-6.573
-5.434
-5.784
-8.550
-1.148
-5.116
-5.348
-2.870
-3.990
-1.583
-1.798
0.021
0.807
4.811
7.831
6.t29
7.146
6.420
9.579
8.675
10.984
12.647
12.576
11.335
13.495
14.093

15.981
13.285
11.493
12.776

11.555
9.133
8.037
8.789
6.727
4.675
4.783
0.115
0.316

0.796
-0.951
-0.430

3.091
0.120
4.544
0.794
-0.826
-0.460
-2.275
-0.729
3.060
0.464
7.874
-3.242
-6.755
5.321
-2.338
2.54I
3.958
4.644
6.790
1.961

t.152
2.785
-r.3r7
- 1.031

-2.932
-6.25t
-6.816
-9.373

- 10.565
-8.358

- 11.675
-t4.r29
-t2.982
-l4.rr7
-16.012
-15.963
- 16.998
-15.539
- 13.573
-14.531
-r5.762
- 10.511
-9.588
0.373
0.766
-2.374
-0.245
1.173

2.473
6.159
3.857
5.091
6.065
6.755
8.117
6.027

3.726
8.788

-10.483
7.657
10.300
-0.037

6.304
0.541
-0.083

-2.563
-4.966

- 10.405
- 18.840
- 15.070
-15.184
-r2.607
-19.073
- 12.653
- 17.850
-22.076
-21.060
- 19.837
-22.489
-24.0t7
-29.268
-2t.24r
-14.966
-78.714
-14.897
-9.555

-10.410

-9.752
-4.591

-4.088
-6.469

1.135
-0.107

4.444
4.975
3.994

-3.234
-1.873
-4.730
-t.547
0.292
-0.075
2.350
2.050
- 1.131

-0.123

-3.588

5.483
7.739
0.000

5.665
2.155
0.000
-2.006
-2.987

3.977
8.700
4.628
8.320
6.461

11.508
11.054
13.243
18.546
r9.477
16.190

2t.126
24.393
26.227
22.9t0
27.584
23.712
22.860
t8.702
17.138
17.790
16.188

11.069

\I.267
-13.415
- 12.838

-9.450
-t2.796
-16.210

1.697

0.000
2.080
0.000
-1.285
-I.4I2
-3.302
-2.543
0.000
-2.265
9.392
-5.189
-6.739
0.000
-5.173
-t.454
0.000
2.t69
3.442
5.794
11.956

9.902
9.744
7.847
11.685

5.966
9.635
12.316
11.306
1 1.281

lt.627
72.265
15.601
10.003

5.2t5
7.637
4.775
1.430

3.422
1.718
-t.287
0.270
2.530

6.894
7.661

0.601
2.458
4.57r

0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000
0.000
-3.150
-7.547
-5.243
-6.410
-4.880
-8.166
-5.072
-7.199

- 10.303
- 10.201

-9.058
-10.629
-11.819
- 13.884
- 10.161

-7.504
-9.318
-7.733
-4.933

-5.598
-4.800

-3.080

-2.681
-3.817

11.979
7t.237
7r.047
11.733
14.100

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000

0.000
0.000
-7.993
-7.844
-5.721
-6.322
-7.989
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e'[GeV] Ag û1 a2 û3 CI4 Ag A6 A7 Ag

1.190
1.200
I.2t0
1.230
1,.240

1.260
I.270

0.696
0.722
0.716

0.545
0.553
0.579
0.575

- 1.151
-0.992
0.032
-0.024
-0.323
-0.263
-0.481

0.161
0.062
-1.337
-0.718
0.200
-t.420
-0.038

6.062
5.252
t.342
0.400
0.743
2.950
1.064

-0.283
-0.090
5.449
7.082
3.898
6.404
4.557

-19.905
-18.250
-13.950

-14.274
-72.471
-16.938
-11.862

8.929
8.245
r.952
-0.341
1.678
t.202
0.103

t4.298
13.276
11.609

13.306
11.459
i3.759
10.815

-8.802
-8.220
-5.809

-5.974
-5.732
-6.270
-4.728

The table below gives the coefficients used to fit the differential cross section for the
reaction p1 --+ rop,fuorr. Genzel, Joos and Pfeil (1973). Fits are of theform

d.o-o .

ffi(r' ,coso*): t o^(e') cosn o:,- (8.2)
z=0

.i

¡

,ì-

t

!
{'

¿

I

I

e/[GeV] Ag A1 A2 a3 A4 &5 ü6 A7 {Ig

0.160
0.170
0.180
0.190
0.210
0.230
0.240
0.250
0.260
0.280
0.290
0.300
0.310
0.320
0.330
0.340
0.350
0.360
0.370
0.380
0.400
0.410
0.420
0.430
0.440
0.450
0.460

0.470
0.480
0.490
0.510

0.520
0.540
0.550

0.331
0.600
0.981
1.730
2.736
5.363
7.100

9.t72
12.386

79.929
23.458
26.888

28.720
30.860
30.098
28.728
26.525
23.874
21.332
18.655
t4.870
13.370
t2.294
10.899
9.734
8.879
8.036
7.767
5.772
5.803
4.673
4.446
3.947
4.348

-0.2r1
-0.234
-0.339
-0.323
-0.739
0.069
-1.042
-1.759
-1.687
-0.965
-1.868
- 1.106
-1.634
0.464
-0.972
1.132
0.304
2.284
1.071
2.285
r.877
1.361
1.531
0.788
r.402
0.759
1.531

7.293
0.662
0.649
0.374
0.920
0.988
-0.928

0.039
-0.273
-0.385
-0.929
- 1.110
-0.933
-3.484
-4.724
-7.457
-12.098
-r4.987
-17.567
- 19.367
-20.rr2
-21.016
-19.382
-18.695
-r5.497
-14.880
- 11.920
-9.835
-10.319
-9.073
-8.977
-6.930
-6.984
-5.083
-5.907
-3.370
-4.728
-3.161

-2.799
-2.446
-8.361

0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
1.036

0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
5.704

0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.270
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

i
lìl
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¿/[GeVl ag a1 A2 a3 A4 a6 A7 AgA5

0.570
0.580
0.590
0.600
0.610

0.620
0.630
0.640
0.650
0.660
0.670
0.680
0.690
0.700
0.710
0.720
0.730
0.740
0.750
0.760
0.770
0.780
0.800
0.830
0.850

0.880
0.910
0.920
0.930
0.950

0.970
1.000
1.020
1.040

1.050
1.060
1.070
1.080

1.090
1.100
1.110
I.t20
1.130
1.140
1.150
1.170
1.180
1.200

4.016

3.564
3.133

3.619
2.935

3.525
2.705
3.321
3.013
3.349
3.226
3.480
3.615
4.164
3.896
4.450
4.057
4.518
4.116
4.748
4.975
4.116
3.683
2.938
2.528
2.318
1.938
1.727
r.746
r.714
t.773
1.516

1.635
r.552
1.468
1.508
7.263
1.249
1.088
1.170
r.201
0.930
0.861
0.807
0.885
0.860
0.896
0.893

0.021
0.455
-0.526
0.084
-0.724

0.404
-0.606
-0.472
-0.980
-0.561

0.062
-0.708
0.337
0.447
0.155
0.281
0.981
0.72r
0.872
0.327
-2.898
0.490
0.328
-0.943
0.139
0.154
-1.018
-0.538
-2.180
-0.713

-0.773
- 1.103
-0.929
-0.495

0.177
-0.298

-0.25r
-0.044
0.552
0.737
-0.697
0.704
0.703
0.240
0.890
0.716
0.248
-0.557

-7.r20
-6.080
-4.606
-5.555
-4.074
-5.093
-3.2r7
-5.254
-5.875
-4.7r9
-6.057
-4.066
-5.488
-6.338
-5.246
-6.205
-6.356
-5.327
-4.812
-6.930
-6.011

-6.877
-5.274
-2.376
-5.316
-6.194
-2.977
-1.055
3.083

- 1.820

-2.202
0.836

0.536
2.282
4.206
3.444
r.253
3.950
4.180
3.153
4.187
2.398
2.891,

3.176
r.732
-1.365
-0.630
I.642

-0.030
-0.603
1.137

0.352
1.113

-0.277
0.755
0.625
0.940
0.573
-2.470
2.782
-2.488
-1.983
-0.548
-2.576
-3.996
-3.014
-3.706
-0.228
7.379
-7.442
-2.577
0.230
-6.927
-7.589
1.086
-0.350
I.747
-0.021

0.023
1.418

4.565

3.913
-2.206
2.237
2.994
-0.519
-r.r92
-1.205
0.252

- 1.155
- 1.196

-0.420
-1.334
0.140
0.897
1.981

4.9r7
4.550
2.47t
2.886
2.010

2.425
1.332
2.897
4.053
2.264
3.689
1.555
2.724
3.111
2.543
4.302
5.1t4
1.911

2.019
6.868
2.164
11.302
6.385
0.651
15.043

20.950
r0.947
5.478
-4.000

9.933
1,2.720

6.081

9.886
-t.672
-4.837
-3.118
6.968
-4.358
-4.434
-3.560
-4.662
-2.59t
-2.974
-3.108
- 1.890
6.449
4.943
- 1.663

0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000

0.000
0.000
2.453
-2.r43
2.005
1.315

0.000
3.551
4.242
2.022
2.444
-0.501
-4.877
0.701
r.612
0.000
15.788
22.460
-0.536

0.391
0.000
0.237

0.358
-0.815
-4.129
-r3.392
1.498

-7.504
-3.160
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
-r.323
-t.452
- 1.885

0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000

0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000
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Appendix C

The 4th Order Runge-Kutta
Technique

The 4th order Runge-Kutta technique is a numerical method used for solving differential
equations of the form

dy r/ \

;; f @,v), (c.1)

with the boundary condition U : Un, for ø : co. The iterative algorithm is (Press eú ø/.

1e86),

lcL :
k2:
l%:
ka:

hf @",y")
hf @" + hl2,y" + kL12)

hf (*" + hlz,y" + k212)

hf @" * h,yn 1 frr)

AnII : ,-*+
rnll : tn*h,

Icz les le 4+r+T+ 
6

(c.2)

(c.4)

where å is the step size. One can also use a variation of the Runge-Kutta technique
for definite integrals of the form

, : I,'"' f 
(x)d,r,, (c.3)

with y, : 0. In this case, the algorithm becomes

lcl

lc2

lca

Un|r

rn*l

hr@")
hlþ" + hlz)
hf@"+h)

h 2k, k3y"+i +f + 
o

nnih'

This algorithm is equivalent to Simpson's Rule

C1

;
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Appendix D

Results

On the following pages many of the results from the calculations described in Chapter 6
have been compiled. The loss rates for b-'LZ'u - 10tn, 1020,...,102n (".g s-1)0'5 for both
spectrum (a) and (b) are plotted on pages D2-D7. On pages D8 and D9 the spectrum
of particles produced by the accelerator, per proton injected into the accelerator are
shown for -E*.* - 10tt, 1Otu,..., 101s eV. The spectra of particles produced within the
central region of the AGN by protons which have escaped from the accelerator can
be found on pages D10-D13 for E^.* - 10tu, 10tu,..., 101e eV. The spectra of pions
produced by neutrons which have escaped from the central region of the AGN are
shown on pages D14 and D15, for E*.*: 1015, 1016,..., 101e eV.

D1



crl

E

-O
I

-ln
I

0.)

*)
'tJ

Rt-l-d
:-

I

tr.
trl

6L
U

Þo
o

CD

LL
c)

I

lt)
I

0)

*J
>.t

F.t.l
'tJ

I

Rf.l
€
6tr5

Þo
o

-15

-17

-t9

-21

-23

-25

- 15

-17

-19

-27

-23

-25

10

10

12

l2

14

14

1B

1B

20 2216
toglîr/ eY)

16 20 22
IoglEr/ eY)

Figure D.1: The loss rates for ó-1.[!5 : 101e (erg s-r)o'5, for (a) the PG continuum,
and (b) the flat AGN continuum. See Figure 6.5 for a definition of the curves.

a( )

(,rtf

b( )

D2



crl

!
C)

I

l/)
I

0)

*)>t

p.
kì
^rJ

I

p.
t-l

!
ó
L\

\J

Þo
o

e)
F
H
c)

I

TN

I

0-)

*l

F.
r-l-d

I

R
trì

É
6
,-

LJ

Þ.0
o

- 15

-77

- 19

-2r

-23

-25

-15

-17

-19

-2r

-23

-25

10

10

t2

t2

T4

74

16

16

1B

1B

IoglÛr/ ev)
20 22

20 22
togl4 r/ ev)

Figure D.2: The loss rates for ó-1,ú!s: 1020 (erg s-l)o'u, for (a) the PG continuum)
and (b) the flat AGN continuum. See Figure 6.5 for a definition of the curves.

( )a

b( )

D3



(rl

H!
CJ

I

v)
I

0)

*)
'tJ

e.
t-ì
'tJ

I

e.
Cl

rd
d9b

Þo
o

(?)

trlr
c)

I a
I

c)

+.)
"tJ

F.tì
'tJ

I

F.
t¡ì

!
at
,rb

Þo
o

-15

-17

-19

-2t

-23

-25
10 l2 I4 16 1B 20 22

toglEr/ ev)

-t5

-17

-19

-21

-23

-25
10 T2 T4 16 1B 20 22

IoglÐ r/ ev)

Figure D.3: The loss rates for b-rL2'5: 1021 (erg s-1)0'5, for (a) the PG continuum,
and (b) the flat AGN continuum. See Figure 6.5 for a definition of the curves.

a( )

b( )

D4



CfJ

lr
!
c)

I

*r¿
I

0)

*)
'È

e.
Cl'd

I

Ètl
€
6
L\\J

Þo
o

H
O

I

tn
I

0)

*¡
'tJ

Rtì
^d

I

A.tl
É
6
trb

Þ¡
o

-15

-17

-t9

-21

-23

-25
10 12 I4 16 1B 20 22

rogl4 r/ ev)

-15

-17

-19

-21

-23

-25
10 12 T4 16 1B 20 22

IoglEr/ ev)

Figure D.4: The loss rates for å-1tr3'5 -- 1022 (erg s-1)0'5, for (a) the PG continuum)
and (b) the flat AGN continuum. See Figure 6.5 for a definition of the curves.

a( )

(iii)

(b)

_ _ _-*.

D5



c?)

!
C)

I

IN

I

O

*r'ù
e.

r"l
>i

I

È
trt

!
6
t<

U

Þ.0

c?J

HÞ
CJ

I

ln
I

OJ

*)
^d

F.
kì
"d

I

tr_tl
'u
dtr

LJ

Þ¡
o

-15

-17

-19

-21

-23

-25
10

10

t2

t2

T4

L4

16

16

1B

1B

20 22
toglB r/ ev7

-15

-r(

-19

-21

-23

-25
20 DD

toglEr/ ev7

Figure D.5: The loss rates for b-1tr3'5:1023 (erg s-1)o'5, for (a) the PG continuum)
and (b) the flat AGN continuum. See Figure 6.5 for a definition of the curves.

( )a

b( )

-ìz

D6



Þ

to
g[

(t
/."

 o
E

r)
-t

 (
d.

E
e/

 d
.t)

/ 
ev

- 
ts

-t
"-

t]
to

g[
 (

t/.
" 

oE
 )-

 t 
( 
an

 o
/ d,

t 
) 
/ 

ev
-1

s-
t"

-t
]

I ul

I {
I

C
O

I co
I C
\) c!

I C
\) cl
l

I or

I {
I (o

I À
)

I À
) c¡

I (v ur
O lJ 1\

)

c0
lJ c0

f\) O
r\

]

C
\)

a\
)

C
\)

a\
)

o

o rc Þ
¡r

\J

o

o 0a tq
 r

-
\J

 
.T

\

o

i$

O
rË

È
 

-'i
õ-

 o
q t-

^F
l o-

o

aD
 Y

'
!b

.
O .a

D
Þ

_
ôo l-.

 
Ø

zu
)

oi
1

Þ
õ

-6 '- 
ts

t

;l+ :t
Ê

C
,ô

 Þ
-t

O
 o

-o
(9

 
ø

-'.
1 

il
tc =

o
O

P P
^

C
tl 

O F
-t

(J H
(, pt

O
iå

q
H ;l.

 
F

t

9^ ¿ç
D

É
.+

+
5-

o :i^ t-
 

\r
f

ts
l <
ô

oo ?Þ
l)

t -J

d

\



tl

I

7
10 l4 l6

logIf/ev]
I

7

t4 15 16 t?
loglflevl

I

7
l5 16 l7 l8

tosÍE/evl

7
16 t? IB l9

tog[E/evl
I

?
l7 18 

tog[r/ev] 
l9 20

Figure D.7: The spectrum of particles produced by the accelerator calculated using
the PG continuum (spectrum (a)). Piots are for E,",u*:1015 (top plot), 1016,..., 101e

eV (bottom plot). Curves are defined as in Figure 6.13.

I

0,

0
Ê
k¡
o¡I

B

c)

t¡
Ë
f.¡
úo

I

c,

È
È

E¡

{)
o

I

l)

È
k¡
o0
o

B

tU

È
b

f.¡

Þ0
o

l2

.\\
4.. .'\

¿ ----.-.-"õ-i,-

D8



(o
to

sl
îz

n(
E

)/
ev

l
c0

to
g[

É
n(

E
)/

ev
)

@

ro
sl

É
n(

E
)/

ev
l

o
to

sf
îz

n(
E

)/
ev

]
c0

o
.¡

-l
a0

{
co

\.1
(o

-¡
(o

@

l-c
+

Ë
9P

=
oO

q
ô 

ii!
¿

=
"

,=
>

y
3 

o9
e

+
'1

9^
t)

H
\:

H
Ç

)P
!tO

v 
l. 

c,
U

iÞ
Ë

 
-¡

+
!(

y
v-

ô
H

:]
.^

.'Þ
i

H
ch

5

cD
!,'

or
-v

H
LP

Â
H

H
È

 
r

o-
- 

x'
 

o
;â

^y
-

åo
-?

D
i--

 
o

!P
 

'O
 

rc
È

'o
ã 

E
P

:A
\

Ø
¡J

ry
û

-.
t 

=
 s

H
H

I¿
H

t 
\9

ûe
 *

o-
 

(o

H
H

lìr
 

i')
.a H

È
J 

cD
ç¡

x 
h

ilI f-
O

v^
: u+

 
¡u

ôo
^Y O

6
'O

 
oJ È

:
fd

ô

vâ -f
¿ or

Ë
9)

Ø

JO
C

\J

À c¡ o
-¡

O
¡

at
o

c0

(¡ o)
{oJ

o te ll o

t\) È

o h ll { ô

o 0a ft o

o D
A lt (!

o

I

/II

"'.
).

 r '\'r
' !r tt

''f
 \
.ì\

 \ :.r
 \

.r
):

'l'

\ I .)
.

I

.Y
-.

î-
- 

.
-æ

{>



to
to

g[
É

n(
E

)/
ev

)
@

to
g[

E
zn

(E
)/

ev
]

Lo
sl

42
n(

E
)/

ev
l

to
sl

É
n(

E
)/

ev
)

to
gf

É
n(

E
)/

e\
']

@
.¡

o ¡o O
J

o h ll o

(o
-¡

f\) O
) o

-l
o t\) È ø

o ta F
¡

rD

-¡
o N À

o h È
l

o

o¡ o .\) o

{
o lo È

o R |l o

o, o t\) o

J 
^À

 
-

,:ì
. 
l4

 x
 :

l
-(

,O
O

e
F

'Q
 

f 
É

(J
 

U
 

H
H

 g
*Þ

 
o

¿
-t

Ø t-
H

ll 
3{

: F.g
lr^

 
H

. 
..

O
Þ

 
Ô

' 
.:-

,F
H È

iJ
\f 

P
 

ô
þq

P
È

l 
U

<
 

q
<

 =
o"

o
i;ã

'9
ä

Þ
^.

õs
H

P
ô)

-
,, 

oç
 

Þ
^(

D
P

o 
o'

þo
iJ

J-
+

-
Ð o 

15
9 

x
^i

J 0,
9 

-Í
.

a^
+

ô

=
. 
ll 

oo
P

^.
v)

!P
B

;-
ô'

O
. 

-':
--

ô 
4

C
] 

ûq
 

uo
 

o
ã 

E
=

Ð
â

O
Ä

or
a)

^;
 

¿
+

 o
.v

l¿ cn
 !

l- 
j

.o
ôÈ

.
+

or
+

v¡
-t

s
-

/ 
Ê

--
_P O
ô,

+
È

1- oH
 

)^
:x

(e
-.

/ -3
.Þ

-P
i-l :û

c 
À

, È
-

ô 
ll 

¡'r
r'x

 
o

-r
vf

r9
^H

1
vv

9A
H

O
 

lr'
] 

-
!i-

 o
 

!L
oo I 

Þ
_Þ

-i-
.^

9)
+

7 
z

9-
H

 
U

vH
g

q)
o

o
o

ço
(o

o R lÈ
É {À o

È

o)

ji ir :l :l ,./
l

./ 
"!

7

I \,

-i'
-

lr ¿
'l

I I

.t

:l :l ,',
4 I ir

t. r) I I I I I

t: I II

il:
'r

;ll
' t. 
it1

,i.
 ,:

t; t\ ir

il:
'l

. 
I 

r,

1.
 i 

t'l
.ii

 I '!.
t

/ 
ti

i 
r: \\ I



@
to

sl
É

n(
E

)/
ev

l
@

to
sl

É
n(

E
)/

ev
)

@

ro
sf

É
n(

e)
/e

v)
co

ro
sf

É
n(

E
)/

ev
l

to
gf

4z
n(

E
)/

ev
)

@
o

{
(o

-l
c0

o
\¡

o
-t

o
{

.\)
N

tu

¡\
)

0a ft ío

o & <
È

fl

o 0a <
À

(!

o h lt o

È O
r

O
) o

O
) o

o: @ a\
, o

I I t I \ \

1r ll ll
I

\

I. iI 'l
I I

I

I I I I I I I I I I '!.
.

\ I

il :\ .
.\;

I

u'
,

t; 
t

?/ .4
t

ttt
."

I I l I

ì \ I I

I I ,l

"/
I i.r

I



co
\¡

o N o)

o tc fr (!

(o
.l

o a\
)

o te l¡r
F {À ô

O
) o

@
{

o N

o 0a {È o

o) @

co
\¡

o N È O
)

@ N o

o h |l o

.¡

e8
.g

H
o5

 
Û

c
r 

f;.
r3

 t
Þ

=
ãã

!!+ È
).

oF
-J

õã
Þ

a¿
 

ch
A å,

:-
 

<
 

:.
JV

¿ r 
O

 
l'-

Ê
.+

!
+

ts
ts

i
iJ

 
tr

 
Í6

 
O

s 
ts

 r€
' 

^o
 o

ll 
ø

o 
ç

vu
t-

llv
 

ô 
=

o'
 

Þ
 i

' 
È

^ 
N

aH
ôU

(-
l 

.Y
 

X
 

F
+

)
- 

=
-

V
H

E
+

*v
¿

 
Ø

 
ã'

Ê
D

ôo
T

?g
B

x.
P

ã\
!a

À
È

+
iÀ

o 
rF

F
ü 

ß
^ 

v 
(9

Y
 

ã"
'-'

rE
 

S
tc

 
iJ

.f¡
1ä

 
O

 
o-

5 
--

'c
) 

ô-
 

<
,r

5r
ì- ìir
 ä

'õ
 

ä
t 

l 
gÊ

-
O

4
--

..
õ+

P
!

U
Y

LÐ
C

D
-^

ô
H

!-
-

Â
U

L+
"r

d 
À

,;,
O

r+
'-

LE
 

Q
 C

^-
-g

(u
:'o

 
=

 
N

--
-o

-Ø
H

" 
É

. 
Ò

J
IL

-^
*

ot
Y

 
ts

i
q^ o 

+
oó

JP

:o
o

j 
i¡Þ

Ê
yu

O
+

r+
l

(o
>

>
o 

O
O

<
zz

to
sf

îz
n(

E
 )

/ 
ev

l
c0

to
gl

Ê
n(

E
)/

ev
)

@

Lo
sl

4z
n(

E
)/

ev
)

o
to

sl
É

n(
E

)/
ev

)
@

to
sl

É
n(

E
)/

ev
l

@
(o

I I ¡.
,'

.,( I I I
. 

,1
,

i' i)

.\ t,. tl t.

'1 I I
t I l \ \. 

I lr

I I I

il '.1

t. I,

,( t,, tr
j

I f I I l I
't

:l ir :l .'t 'rl

,' 
t 

I

\ I

I t IN t: t,/ t' I

L .l !r t/\\

I

I
I I t' I

,t

.'t '. 
I



o
.¡

o a\
)

O
)

o F lì o

@
.l

ô au O
)

(o
{

o N À d)

o h fì (¡

@
.l

o

o R È
l

(!

o) o ¡\
) o

-l

-Q
 

dr
=

l
9U

k!
F

l
o5

0c
:.;

<
E

-
U

È
^ñ

/É
o-

Þ
rl 

;l 
iJ

:-
r(

h-
1^

- 
Ì9

-:
i 

c,
 

<
- 

rO
 !

f..
J\

V
'^

)
>

 
^ 

(¡
 

+
!.+

p^
+

H f 
¿

 
Jø

 
o

É
i't

P
(J

ì'P
<

o
' 

^o
 

ô
ll'

oo
 

f
-.

^
=

: 
o 

H
3 

,g
Þ

 
õ

H
ôU

ô+
ií*

__
9H

tr
+

!Y
H

Ø
-P

<
9n

o 
p 

ã 
:..

i.
Ø

at
P

^ ô=
À

Þ
+

o=
X

 t
sT

c,
' 

ñ
tu

 
I 

(o

Q
-'r

 r
E

 
S

O
 l

.È
ô 

O
 

ô-
lfl

 ,
r-

1 
a 

o-
 

<
H

ãô
'4 &
r 

Ð
s 

o,

Þ
, 
ll 

*a
'

Ø
o<

-.
g*

ln
¡¡

 o
' 

ã
É

^F
rT

i 
q 

X
l 

=
.

-)
ûq

 
,'-

:-
 

ô -J
ái

 '
O

 
oJ

 i
1

'- 
¿

+
 

-
O

)'ñ
 

Ô
 

ô
^:

'
-g

(u
|:o

 
rl 

À
)

ur
ó-

;ô
.-

Ø
F

l

5Ë
-

! 
oe

 F.
,

!ô ô 
:-

- 
ar

Þ
JP

:o
o

j 
¡¡

Þ
-Þ

 
O

o+
+

,
(o

>
>

o 
!..

¿
 {

r.
l

<
zz

to
gf

Î2
n(

E
)/

ev
l

@

to
gl

92
n(

E
)/

ev
)

co

Io
gl

É
n(

E
)/

ev
l

c0

ro
sl

fa
n(

E
)/

ev
l

@

Io
s[

E
2n

(E
)/

ev
]

@
(o

N

o R <
è

(!

\i 
il

:. 
l'

I

:l 
I 

'
..:

 '.
 r

ÍÌ\ /"
 

\ 
r

.lr ':!
l

"l 
I

'ti
 

t
i'l

ir /:

l I I t t/

\ I I t I I I I I I I I
;l ,,t /.,

 ,
2

\
\: L t. t'. I,

l''
. 

I
'r 

".
1 1l i\

,,,
'lt

i'.
 t 1l i\ .t !t lr



(o
to

gf
É

n(
E

)/
ev

l
to

gl
É

n(
E

)/
ev

l
@

Io
sl

82
n(

E
)/

ev
l

to
gf

É
n(

E
)/

ev
)

to
g[

E
zn

(E
)/

ev
)

co
cD

o
@

(o

H
 

Y
 

:-
- 

'rl
-)

-o
 

oû
q

*i
+

al
-

E
9ö

ã
P

¿
H dj

 
tlÈ

 
l,

O
)l¡

-H
l-i

 
'-'

 P
(u

.-
 

ll 
ct

e 
, 

¡

-O
 

ii
oÞ

 
?D

ü(
-J

 
C

h 
O

+
! 

td

*>
¡i

'ð
 o

s
2ç

v-
-

å̂X
l 

a 
tr

)

t-
ts

l-v
eo

jO

--
- 

O
 

Ø
g

.'O
À

J-

H
g.

Y
 

F
C

' 
?=

 
Ù

 F
io

qq
: 

i
'L

 
o 

rE
 

g
))

È
\ô

o)

- 
+

,Y
-lw

\
õ 

O
¡

+
^

U
ôF

ts
;í+

-+
;

'Õ
 

=
': 

.o

-t
Ø

ô 
!

áL
¿

vH
<

.H
+

P
 

-

^^
ô

>
'::

 
) 

N
E

JO
F

iô
5-

fQ
.p

¿
an

4: - 
t9

P
E

^ :/Ø LU 
^

-!
1

ô-
 

oJ
 l

u
Â

vu È
ïv

 
aD

H
ø

^v
J'

U
 

V
Ø

Ø
!

o
\¡

(o
-t

(o
\t

.¡
-¡

¡\
)

o ¡\
l

ro

o
o)

O
¿

o
C

D
N o

o
o òc

o tc h o

o R {À r!

o h <
À

o

o & fr
l

r¡

o,

È

l\

1

\
\\

\tl\ l\ t\ I t

i\ l\ 1\ \l

\,\
, 

t 
t

\\ 
\\ \'l

 \
 \

ì' 
ìl

1t
 .

,t

I \\ \t \\

tl ir \t 
\t it \I

ir i1
 tt

iì 
tt

'. 
t\

It t 
\, 

r

\ 
\r

 r
\ 

lr 
I

\ 
\\ 

\
\ 
\\ 

\
'\'

\ 
\ 
\

't,
t. 

t

)l /t

"/
 '

¡
,/t

t\\ )t

¡\ t\ t \.

l t\ \\ \

\\

\

\ì 
I 

r

;)
¡

I ll t\ \. 
\.r

 \

/t //[ [¡

\ I \

/l
/t

\\\\ Àì\t\

Il

I t\ 1\

r.
 \\

 \ .\\
\\ '\ 
ì 

\ 
I



(o
to

sf
E

zn
(E

)/
ev

]
@

to
gl

42
n(

E
)/

ev
)

@

Io
gl

$2
n(

E
)/

ev
)

o
to

sf
î2

n(
E

)/
ev

l
@

to
g[

E
zn

(E
)/

ev
]

@

O
D

ñ+
Þ

1l

-P
-.

o 
oo

q
H

+
-.

.-
J 

E
E

llu
 

fl 
Ô

dc
 õ

 g
U

ç 
*ô

,
f-

i 
^'

--
ô 

x 
.. 

È
O

:r
*Ô

L 
o'

*J
 9

-q
. 
È

:..
.r

 5
 ã

llo
o'

ä
" 

+
rf

d

O
F

Õ
È

^+
q 

l¡J
 ¡

r

^2
É

+
rJ ^U v fd
U

ô¡
t:

L*
'O

ô
-!

H
L 

V
V

Lt
s.

+
l.A _{
X Õ

Ø
-^

'U
À

ô-
 

Å
 

o
': 

3.
X

 
ts

ei
-p

=
E

--
oc

:\
C

,tt
 

X
 

o
;-

=
X

 
<

-j
(o

 (
e 

ûJ
U

o 
F

b<
-r

' o
)

\:H

ô
r{

i
V

F
'

O
 

^+
+

 
\¡

l 
ã

¡-
zO

^4
Z

C
D

vP ãr
¡(

t V
r

-+
+

^L
-- +
Þ

ô
-¿

+
:_

,N
(,

 
3 

ôr
s¿ E

A
;

/Ø Â
 

U
 

Â
ù,

 o
 

¿
;'

ôa
)

P
+

^ì
ts

tE
'=

oÉ
:

\!
aÈ

ô
aD

t
!ñ

- 
+

¡
Ð

 
U

ov
:

^.
vÈ

þt
¿

o
.¡

@
{

o
\t

io
{

t\)

o N
N

o t\)

\¡
(o

o

o tÞ lt (!

o h l¡r
É {À ô

o h ùF \{
À

o

o F ft l!

G
)

o)
co

@ o

O
)

o)

iir
r

'{n ir \. 
'*

\. 
\\ \\ 
rr

\\.
 t\

't\
 t

\
\\ 

\\ rl It
1l /l

\ 'tt

\ ì

\ I \\

ii \\

t\ \1

t\ t\ t\ t\

\ ¡\ \l ¡l /

't
l¡ lt \l \ )

\ \
\

It t\

t\

I t ì\

\'\
 \\

\¡ l¡ I \ I I

rl.
t\ \ 
\\ 

\
.\ 

\ 
\ 

\
'\'

\ 
\ 
\

'i'
ì, ltt

,//
.//\

\, \

!ll ir ll 
lt

i\.
 ì"

\ 
\r

 r

\'\
 \\ ì; 

),

,i 
/

I

\
\\ \ \r\\

t t t\ \l T

\

\\ \




