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Abstract

In this thesis we discuss the theory of y-ray production in discrete cosmic sources. We concentrate
on the specific aspects of the y-ray production in selected sources, which are, however, representative
for bigger classes of objects emitting y-rays. In chapter 2 we briefly review the mechanisms of -
ray production and absorption. Since a number of y-ray sources show anisotropic structure, in
chapter 3 we emphasize the theoretical models in which anisotropic production of y-rays may play
an important role. We calculate, moreover, the energy and angular dependent «-ray spectra from
the interaction of relativistic electron and proton beam with background radiation and matter.
Possible applications of these calculations in astrophysical scenarios are also considered.

In chapter 4, the production of 7-rays by isolated neutron stars (pulsars) is discussed. In
particular, the scenario is proposed in which the redshifted et e~ annihilation line observed in pulsed
spectrum of the Crab Nebula pulsar can be envisaged. The model discussed by us also predicts the
simultaneous appearance of a broad feature at ~ 150 keV at the level 10~% — 10~* phot/cm?/s,
due to the Compton backscattering of 0.511 MeV photons.

In chapter 5, the very high energy 7y-ray emission from the X-ray binary systems is discussed.
Taking into consideration the recent reports of neutral emission from Cyg X-3 above 5 x 10'7 eV
and the earlier reports of observations in TeV (10'? eV) and PeV (10'5 eV) energy ranges, we
calculate the y-ray and neutron spectra according to different production mechanisms. The results
of calculations are compared with observations and the final conclusion is reached that only two
types of mechanisms can be consistent with the observations of Cyg X-3 between ~ 10% — 1018 eV,

Chapter 6 concerns the y-ray emission from the Active Galactic Nuclei (AGNs). Several objects
of this type have been recently reported by the EGRET telescope on the board of the Compton
GRO. It is almost certain that the anisotropic effects of y-ray production in these sources are
very important, because most of these AGNs show jet-like features inclined at small angles to the
observer’s line of sight. We apply hadronic collisions as a main process of y-ray production in
these sources and propose two different physical scenarios. In the first one, the y-ray production
occurs in the extended radio—optical-X-ray jet of the quasar 3C 273. The observed photon flux

and X- and y-ray spectrum from this source may originate in the interaction of relativistic proton
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beam with ambient matter (via 7° decay), bremsstrahlung of secondary electrons (from decay
of 7%), and as a result of comptonization of the microwave background radiation by secondary
electrons. In the second scenario, applied to the quasar 3C 279, the y-ray spectrum arises from
the interaction of the conical proton beam with matter of the radiation supported tori. The 7-rays
are produced via 7° decay and as a result of comptonization of the thermal radiation from the tori
(UV bump) by secondary electrons from m% decay. We note that, in principle, both scenarios may

work simultaneously in AGNs.



1 Introduction

v-ray photons are produced in the most energetic processes occurring in the Universe and they are
excellent signatures of the presence of a high temperature plasma or relativistic particles. Their
advantages, they travel in a straight line, and the high penetrability of energetic y-ray photons
through interstellar space, allow us to obtain the direct information about the entire structure of

the sources.

The possibilities of investigation of extraterrestrial objects by studying their y-ray emission has
been discussed since 1950s (see, e.g., Morrison 1958). However, there are serious problems with
detection of y-ray photons which mainly concerns the opacity of the Earth’s atmosphere (detectors
have to be moved to high altitudes or into space), the small cross sections for the interactions of

~-ray photons, and the low fluxes of photons from the cosmic sources.

The first y-ray observations, carried out in the 1960s (see review by Fazio 1967), did not report
positive detections above ~ 100 keV!. The first positive result was obtained by the OSO III satellite
(launched in 1968) which detected the excess of y-ray photons from the general direction of the
Galactic Center (Kraushaar et al. 1972). However, the most important results, before the GRO
era, in high energy v-rays (~30 MeV -5 GeV) were obtained by the SAS 2 and COS B satellites
collecting data in the 1970s. The analysis of these observations shows at least 24 point-like sources
in the region close to the Galactic plane (Swannenburg et al. 1981) and the diffuse emission with
two Galactic and extragalactic components (see review by Bloemen 1989). During the 1970-80s,
the observations in soft y-ray energies were mainly carried out using the detectors on balloons and,
in spite of a very poor angular resolution, a few sources were reported as positively detected in soft
~-rays (e.g., the annihilation line source in the Galactic Center, Cyg X-1, Cen A, NGC 4151). The
turning-point in this branch of astronomy occurred with the launch of the GRANAT spacecraft
(in 1989) and the Compton GRO (in April 1990). The GRANAT has two coded-mask telescopes
ART-P (4-30 keV) and SIGMA (35-1300 keV) with the angular resolutions 5’ and 15’ respectively,

!The «4-ray photon energy range usually refers to photons with energies above 0.5 MeV. This energy range is
divided on a few bands, Low Energy: 0.5-10 MeV, Medium Energy: 10-30 MeV, High Energy: 30 MeV - 109 eV,
Very High Energy (VHE): 10'° — 10'* eV (called also TeV energy range), Ultra High Energy (UHE): 101 —10'7 eV
(PeV energy range), and Extremely High Energy (EHE); > 10'7 ¢V (EeV energy range).



which is an order of magnitude better than previous telescopes. The Compton GRO covers the
photon energy range from about 20 keV up to 30 GeV, with sensitivity and angular resolution

about an order of magnitude better than COS B experiment?.

The preliminary results of observations by the SIGMA and GRO detectors are revolutionary
for 4-ray astronomy. Now, it is certain that the vy-ray sky is highly variable and many objects emit
most of their power in this energy range. For instance, the SIGMA telescope discovered a transient,
broad ete~ annihilation line from the source 1E 1740.7-2942, which is located close to the Galactic
Center. The EGRET telescope detected several AGNs above 100 MeV as extremely powerful and
variable sources of y-rays. The number of radio pulsars reported in the 7-ray energy range was
enlarged to 5. The most important results, mentioned above, are reviewed in more detail in the

subsequent chapters of this thesis.

The detection of y-ray photons with energies above 101! eV is possible indirectly, from the
ground, by the analysis of the secondary products (particles, Cherenkov radiation) of the electro-
magnetic cascade induced by such energetic photons in the Earth’s atmosphere. However, this
method is not able to give precise information about the photon fluxes since it is difficult to dis-
tinguish between the showers initiated by photons from those one initiated by charged particles®.
For reviews of the observational techniques and presently operating experiments we refer to e.g.,
Weekes (1988,1992), Nagle et al. (1988). The positive detection of several sources was claimed
in this energy range, e.g. radio pulsars, X-ray binary systems, supernova remnant, AGNs. At
present, the best established very high energy source is the Crab Nebula, which was detected at a
level ~ 34¢ by the Whipple Observatory, applying a new technique of selection of y-ray initiated

showers. Other results are discussed in more detail in the following chapters of this thesis.

The recently reported observational results and the progress made in detection techniques of
~-ray photons forecast the excellent future for this branch of astronomy. New experiments are un-
der study and construction. For instance, INTEGRAL and NAE (Nuclear Astrophysics Explorer)
are devoted to high and low energy v-rays. In the energy range 10 GeV - 100 TeV a detector,
ASTROMAG, is planned for the Space Station Freedom. Above 10! eV photon energies a few
ground based telescopes started to operate or are under construction (e.g., HERCULES, TEMIS-
TOCLE, GREX, PEGGASAS, SINGAO). For a brief summary of the observational perspectives
of y-ray astronomy we refer to e.g. Bednarek (1990) and details of the specific experiments to e.g.

2The Compton GRO contains four detectors BATSE, OSSE, COMPTEL and EGRET. For details of their con-
struction and parameters we refer the interested reader to e.g. Kniffen et al. (1989), Bertsch et al. (1988), Kanbach
et al. (1988), Diehl (1988), Cameron et al. (1992). For a review of the coded aperture imaging technique (applied in
GRANAT telescopes) we recommend the review article by Carioli et al. (1987).

3Some criteria are argued to be useful in distinguishing between photon and hadronic particle initiated showers,
such as: age parameter, muon content, lateral distribution, ultraviolet excess, the image of the shower (for discussion
see Lamb 1989).
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Courvoisier et al. (1991), Gehrels & Candey (1989), Eichler & Adams (1987).

| In spite of nearly thirty years of observational efforts, y-ray astronomy is still in its early stage
of development. Many claimed detections of sources are unique and not confirmed by independent
observations. The situation is, moreover, complicated by the probable significant variability of the
4-ray sources. From the beginning of this branch of astronomy the reported results inspired a
group of theoreticians to construct possible models in which y-ray production can be envisaged.
In the next chapter, we summarize the basic mechanisms of v-ray production in discrete sources
and the possible mechanisms of 4-ray absorption. The physical scenarios in which the anisotropic
production of v-rays may be important are discussed separately in chapter 3. In the subsequent
chapters (4,5,6), we discuss the y-ray production in the following types of sources: isolated neutron
stars (pulsars), X-ray binary systems, and AGNs. However, some important types of y-ray sources
(for instance, our Sun, 7y-ray bursts, supernovae explosions) are not discussed in this work.

The original contribution to the discussed topic is included in section 2.2 in which we calculate
the optical depth for the high energy v-ray photons in the thermal radiation of the accretion disk;
in chapter 3, the angular and energy dependent spectra of y-ray photons from the comptonization
of an arbitrary background radiation by the monoenergetic electron beam (section 3.1) and from
the interaction of proton beam with background matter (section 3.2) are calculated. Possible
applications of these results in astrophysical scenarios are discussed in section 3.3; in chapter 4, we
propose the physical scenario in which the redshifted ete™ annihilation line, observed in the pulsed
photon spectrum of the Crab Nebula pulsar, can be envisaged. Our model predicts moreover the
simultaneous appearance of the Compton backscattering feature at ~ 150 keV, whose intensity
is estimated in section 4.3.2; In section 5.3.1, we calculate the y-ray and neutron spectra in the
energy range ~ 10'2 — 10'8 eV, according to different mechanisms which may potentially work in
the VHE ~-ray sources. The results of calculations are compared with the observations of Cyg X-3;
In sections 6.3 and 6.4, the relativistic proton beam models of y-ray production in the quasar 3C

273 and 3C 279 are proposed.
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2 Production and absorption mecha-
nisms of y-ray photons

2.1 Production of y-ray photons in isotropic scenarios

The most frequently discussed mechanisms of y-ray production in astrophysical sources are the fol-
Jowing: et e~ annihilation, synchrotron and curvature radiation, bremsstrahlung, inverse Compton
scattering of low energy radiation, and interactions of hadrons with matter and radiation (7° pro-
duction and decay, nuclear excitations). We will not discuss the general features of these processes
since they are described in an astrophysical context in several reviews. Among them, we refer to
Ginzburg & Syrovatskii (1965), Fazio (1967), Stecker (1971), Blumenthal & Gould (1970), Rybicki
& Lightman (1979), Ramana Murthy & Wolfendale (1986), Dogiel & Ginzburg (1989), Bednarek
(1990). We concentrate here on the main physical scenarios in which the above mechanisms of y-ray
production have been applied.

In general, we can distinguish between thermal and nonthermal mechanisms of y-ray production.
They may occur in isotropic and anisotropic scenarios. Here we discuss only the isotropic scenarios.
The anisotropic ones are described in more detail in chapter 3.

The existence of a high temperature thermal plasma in discrete sources is postulated in sev-
eral models (e.g., spherically-symmetric accretion onto a compact object, high temperature ion
supported disks, thermonuclear explosions on the surface of compact objects). Depending on the
presence of magnetic field, low energy photons or matter, different production mechanisms of 7-
rays may dominate. If there is no essential magnetic field and/or additional low energy photons in
the high temperature plasma, the main mechanisms of y-ray production are bremsstrahlung and
decay of 7°’s, produced in hadronic collisions and eventually ete™ pair annihilation if the plasma is
dominated by pairs. The simple formula for photon spectra of thermal bremsstrahlung in the limits
of ®, << 1and O, >> 1 (0, = kT /mc?) were obtained by Quigg (1968) and Gould (1980, 1982).
The detailed numerical calculations of the photon spectra for a broad range of plasma tempera-
tures (0.1 < ©, < 10) were calculated by Gérecki & Kluzniak (1981) for e-p bremsstrahlung and
by Dermer (1986) for e-p, e-e, eT-e™ bremsstrahlung. The results for e-p bremsstrahlung obtained

in these two papers are in good agreement. However, the existence of a high temperature thermal

10



2.1. Production of y-ray photons in isotropic scenarios 11

electron plasma is questionable, because, at such energies, the Coulomb collision rate is lower than
the bremsstrahlung energy losses (Gould 1982). It has been shown that the thermal electron distri-
bution becomes truncated at ©, > 10 (Stepney 1983, Dermer & Liang 1989). The spectra of y-rays
from 7° decay, produced in the thermal plasma, have been calculated by Dahlbacka et al. (1974),
Kolykhalov & Sunyaev (1979), Marscher et al. (1980), Giovannelli et al. (1982) and Dermer (1986).
The spectra calculated by Dermer (1986) are flatter near the peak than the spectra of Kolykhalov &
Sunyaev (1979). The spectra calculated by Giovannelli et al. (1982) are much broader at all plasma
temperatures than the spectra of Dermer (1986), which is caused by the assumption of separability
in angle and energy of these spectra in the center of mass of the colliding protons.

The soft y-rays can be produced in the process of comptonization of the low energy photons by
electrons. This process can be solved analytically in the case of an optically thick non-relativistic
thermal plasma (see, e.g., Sunyaev & Titarchuk 1980). The Monte Carlo calculations of the general
case (relativistic electrons with thermal or power law distributions) have been performed by Pozd-
nyakov et al. (1977). The method was next significantly improved by Gérecki & Wilczewski (1984)
who included the dependence of the probability of photon ~ electron collisions on the electron
energy and scattering angle.

The ete™ pair processes become important in a hot thermal plasma if the compactness parameter!
is I > 10. Under such conditions, ete™ pairs can be copiously produced in the v —7 collisions which
in turn originates in bremsstrahlung, 7° decay or inverse Compton scattering of lower energy pho-
tons (e.g. of synchrotron origin). The thermal equilibrium of such a ete™ pair dominated plasma
has beeen discussed in several papers (see for instance, Svensson (1990) and references therein).

The single integral formulas for y-ray photon spectra from the eTe™ pair annihilation with
a thermal distribution were obtained by Svensson (1983) and Dermer (1984). They agree with
previous Monte Carlo calculations by e.g., Zdziarski (1980), Ramaty & Meszaros (1984). At non-
relativistic temperatures the e*e™ annihilation line is narrow with the relative width,

Ae (kT

Y2, T, << 5 x 10° K, (2.1)
€ mec
and is centered on the rest mass energy of the electron. At relativistic temperatures the line mimics
the distribution of thermal particles with line width,

A
-e—e ~1, T, >> 5 x 10° K, (2.2)

and is centered at kT. However, in a realistic case, the ete~ annihilation line is expected to be
invisible, because of the dominance of the bremsstrahlung emission over the annihilation emission

at temperatures T' > 101° K.

IThe compactness parameter is described by I = —Il—i- - 2Lz, where L is the luminosity of the source and R is the

size of the emitting volume.
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The photon spectra originated in the annihilation of e*e™ plasma with different temperatures
of electrons and positrons have been calculated by Tkaczyk & Karakula (1985). These spectra
have close to power law shape with spectral index ~ 1 between ~ mec? and kTmar (Tmaz is the
temperature of the hotter component of plasma). The spectra are very different than those in
the case of equal et and e~ temperatures. However, it is difficult to envisage the existence of
such a two-temperature plasma in astrophysical sources, avoiding quick thermalization of separate

components.

The production of 7-ray photons in thermal magnetized plasma have been discussed with
application to accretion processes by Meszaros (1975) and Maraschi et al. (1982). The photon
spectrum in these mechanisms is formed by thermal cyclo-synchrotron, bremsstrahlung and multi-
ple Compton scattering processes. The photon spectra according to similar mechanisms (thermal
synchrotron-self-Compton) have been also recently calculated by Atoyan & Nahapetian (1989). A
simple expression for the thermal synchrotron spectrum in strong magnetic field (but B << Ber)
and transrelativistic Maxwellian plasma was derived by Petrosiaﬁ (1981). The quantum synchrotron
spectra (B ~ B, relativistic temperatures) for thermal electron distributions were obtained by
Pavlov & Golenetskii (1986), Brainerd & Petrosian (1987) and Baring (1988). These spectra show

the high energy cut-off at significantly lower energies than their classical approximations.

The thermal processes, discussed above, are able to produce 7-ray photons with rather low en-
ergies (below a few GeV). The mechanisms of production of the higher energy photons must involve
nonthermal processes. Two general groups of such mechanisms may be distinguished, interactions
of electrons or hadrons with matter and radiation. Recently, models involving both mechanisms
have received more peoples attention. The interactions of electrons probably cannot be responsible
for the production of y-rays with energies above ~ 10'2 eV, although, in principle, such a possibility
exists if the extremely relativistic electrons are secondary products of hadronic interactions (e.g.,

Sikora et al. 1987).

The most popular nonthermal scenario of high energy «-ray production by electrons engages the
process of Compton scattering of synchrotron radiation caused by this same population of electrons
(Synchrotron self-Compton (SSC) mechanism). The simplest model of this type, a homogenous
sphérical source, was studied in detail by Jones et al. (1974). The isotropic filled-sphere and shell-
sphere expanding SSC models, proposed by Rees (1967), were considered in detail by Vittello
& Salvati (1976), Vitello & Pacini (1978) and Salvati (1979). The more complicated SSC picture,
involving different populations of electrons and their creation in hadronic collisions has been recently
discussed by Jones & Stein (1990). The comptonization of external origin background photons by
relativistic electrons has also been calculated in many papers (see e.g. Jones 1968, Blumenthal &

Gould 1970). More recently, Schlickeiser (1989) proposed the comptonization of X-ray photons by
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monoenergetic electrons (in the extreme Klein-Nishina limit) as a source of PeV y-rays, avoiding
copious production of lower energy photons.

Another general scenario of y-ray production was proposed by Guilbert et al. (1983). The
authors studied the cascade process which involves the mechanism of y-ray production in the
Compton scattering of background photons by relativistic electrons. The y-rays converse then on
the low energy photons to ete™ pairs which again produce additional y-ray photons. The photon
spectra emerging from such cascade process were calculated in several papers (see, e.g., Fabian et
al. 1986, Lightman & Zdziarski 1987, Svensson 1987, Done & Fabian 1989).

The possibility of 7-ray production in hadronic collisions with matter and radiation was studied
in several early papers (see, e.g., Stecker 1968, Blumenthal 1970). More recently, in the context of
compact sources, the cooling time scales of hadrons were calculated for relativistic protons (Sikora et
al 1987) and nuclei (Chodorowski et al. 1992). The y-ray spectra from cascades initiated by protons
through secondary production of e*e™ pairs (from 7% decay or v-7 interactions) were calculated by
Sikora & Shloshman (1989) and Begelman et al. (1990) and in the interaction of hadrons with soft
X-ray photons and magnetic field by Rudak & Meszaros (1991). In hadronic collisions, relativistic
neutrons are also efficiently produced. They can transfer energy from the optically thick object to
the regions from which the y-ray photons may freely escape (see Kazanas & Ellison 1986, Sikora et
al. 1989, Kirk & Mastichiadis 1989, Mastichiadis & Protheroe 1990). Another type of mechanism
was discussed by Mannheim et al (1991). The authors assumed that electrons and protons are both
accelerated in the source. The relativistic protons interact with synchrotron radiation of relativistic
electrons and produce energetic y-rays via 7° decay. The 7-ray photons interact with synchrotron
radiation supplying a new generation of secondary e*e™ pairs.

The application of the above mentioned mechanisms in the models of specific sources will be

discussed in the subsequent chapters of this thesis.

2.2 Absorption of y-ray photons

As we mentioned above, one of the most attractive features of y-ray astronomy is that the Universe
is largely transparent to y-ray photons. Only y-rays with PeV energies (~ 1015 eV) can be efficiently
absorbed by the microwave background radiation, if they are coming from distances ~ 10 kpc (which
is a typical dimension of our Galaxy). It was argued that the y-ray photons with energies < 5 x 1013
eV can arrive even from the most distant objects with small absorption (see e.g. Wdowczyk et al.
1972). However, recent calculations by Stecker et al (1992) show that the absorption of vy-ray
photons in the TeV energies (> 10!! eV), coming from cosmological distances, is significant. The
situation in compact y-tay sources may be different and specific models of y-ray production have

to take into account possible absorption processes for practically the whole y-ray photon energy
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range.

In general, the absorption processes of y-rays can be divided into three basic categories:

e Absorption in matter;
e Absorption through interactions with radiation;

e Absorption in a very strong magnetic field.

The first possibility may occur through the interactions of y-ray photons with hadrons (processes
of ete™ pair production in the field of nuclei, 7°, 7% production, and excitations of nuclei) and
through the interactions with electrons (Compton scattering, ete™ pair production in the field of
electron). The importance of these processes depends on the values of the cross sections and, in
many cases, on the values of the threshold energy above which the particular process operates.
For instance, the production of pairs and pions have thresholds at ~ 1 MeV and ~ 145 MeV,
respectively. The cross section for photoexcitation of nuclei shows giant resonances between 15-35
MeV and then a plateau. The location of the resonance and value of the cross section depends in
a more compﬁcated way on A and Z of the nuclei (see Bishop & Wilson 1957). The cross section
for the Compton scattering of y-rays (described by Klein-Nishina formula) is close to the classical
Thomson value for low energies and is inversely proportional to photon energy above a few 10
MeV. The detailed dependence of cross sections for the Compton scattering and e*e™ pair in the
field of a proton is shown in Fig. 2.1. Note that in the ionized plasma the Compton cross section
is proportional to number of electrons Z and the cross section for pair production in the field of
nuclei is proportional to Z2. At energies above ~ 140 MeV, the Compton scattering process is
dominated by direct production of ete™ pairs in the field of an electron (triplet pair production,
see Mastichiadis et al. 1986). The absorption of y-ray photon with energy E. in collision with
another photon of energy €,, may occur if the energy of photons in the center of mass is greater
than 2mec® (E, - (1 — cosf) > 2mec?). The cross section for this process reaches a maximum
value close to the Thomson cross section at a few MeV and then decreases proportionally to the
square of the photon energy (see Jauch & Réohrlich 1980).

A single high energy y-ray photon can be converted directly into a ete™ pair in the presence of
a strong magnetic field (magnetopair production process). Because of the quantum nature of this
process, the detailed cross section is very complicated, showing a sequence of resonance peaks. The

approximate mean free path [ of such a y-ray photon rises exponentially with parameter x (Erber

1966):

4/3x
44 h Bor  afox o 1g6.

L= 2 /he "2rmec B-sinf B sinf

[em] x<x1
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Figure 2.1: Compton scattering (o), Compton absorption (¢a), and pair production (o cross sections as a

function of y-ray energy for absorption in hydrogen gas (from Stecker 1971).
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X =
where B,, is equal to 4.4-10'3Gs and f is the angle between the directions of the photon and the

magnetic field lines. So then, the process is important e.g., for MeV photons in the magnetic field
typical for the neutron star surface (10'2—10'2 Gs), for TeV y-rays originated in the magnetosphere

of a rapidly rotating neutron star (~ 105 Gs), and for PeV 7-rays in the magnetic field typical for
the binary system (~ 10% — 10° Gs).

2.2.1 Absorption of y-rays in the radiation field of the accretion disk

We would like to discuss here the absorption of high energy y-rays produced in the models of the
accretion disk around a neutron star (see Cheng & Ruderman 1989, 1991; Hillas & Johnson 1991).
The basic idea of these models is that a very high energy narrow particle beam (E, ~ 1015 eV),
accelerated in the inner or outer gap of a neutron star, impinges at a fixed angle on the surface
of the accretion disk. The VHE y-rays are produced in the disk in hadronic cascade. A similar
scenario of y-ray production was also proposed to work in the picture of an accretion disk around
a rotating black hole (Slane & Wagh 1990).

However, the high energy <y-rays can escape from the disk surface if the optical depth on the
ete~ pair production in collisions of y-ray photons with thermal photons from the disk, is not too
high. Otherwise, secondary pairs will be driven by the local magnetic field or lose energy via the
Inverse Compton scattering and the primary narrow cone of y-ray emission may be spread out.

In order to find out if the high energy v-rays can escape from the thermal radiation field of
the disk, we have calculated the optical depth for y-rays in a simple disk model. Since, in the real

case, many different processes can contribute to the soft background radiation in the place of y-ray
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generation, the thermal emission of the disk may be treated as a lower limit of the background
photon field. We want to obtain some constraints on the observability of y-ray emission at different
photon energies and inclination angles of the disk plane to the observer’s line of sight, and the
possibility of developing an electromagnetic cascade initiated by VHE ~-ray photon in the field of
thermal radiation of the disk.

The following assumptions were made:

o The accretion disk extends from r;;, (inner radius) to r,y (outer radius) and has half opening

angle A;

o A simplified temperature profile for the disk surface was assumed to be T = Tjpqz- (r/r,'n)“3/4,

which is reasonable at least for some accretion rates and some values of the viscosity parameter

(Pringle & Rees 1972; Shakura & Sunyaev 1973);
e The local black body approximation of disk emission was assumed.

The relativistic particles impinge on the disk surface following magnetic field lines of the magne-
tosphere of the compact object. However it is difficult to evaluate the structure of the magnetosphere
threaded by the accretion disk and a variety of different models were developed with different final
conclusions (see, e.g., review by Aly 1985; and references therein). So, in principle, there are no
explicit indications concerning the geometry of the interaction between relativistic particles and the
disk. For this reason, we assume that v-ray photons can emerge from the disk surface at an arbitrary
distance 7., from the disk center and in an arbitrary direction characterised by the vertical angle
to the disk plane a (a > A) and horizontal angle ., measured from the disk radius (see Fig. 2.2).
We would like to note here that a such scenario (y-rays absorbed in the anisotropic radiation field)
is more general than previous treatments of 4-ray absorption which usually simplified the problem
to isotropic distribution of photons (see, e.g., Gould & Schreder, 1967; Bassani & Dean, 1981).

The optical depth for high energy y-rays is expressed by the general formula:

n(e, Q)
T = / / / / ) ou(c050), €, Bs) - (1. — cos©')dedY'da (2.4)

where %)‘7 is the differential density of photons emitted by the disk observed at the distance x
along the y-ray photon path; o;,:(cos®’, ¢, E,) is the total cross section for photon - photon pair
production (Jauch & Rérlich, 1980) and ©' is the angle between the direction of motion of the
background photon (with energy €) and the direction of y-ray photon (with energy E.).

In spite of the simplicity of this scenario, it still has a few free parameters (ay ©ay D, Tiny Tout)
T4y Trnaz,) for which we performed numerical calculations of the optical depth versus the energy

of the v-ray photon emerging from the disk. Some preliminary results of these calculations are
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Figure 2.2: Schematic picture of a part of the accretion disk, with inner radius r,, outer radius r; and half
opening angle A. The v-ray photon with energy E, emerges from the disk at the distance r, and angles a
and ¢,. The thermal photon €pn, emitted by the disk, interacts with y-ray photon and produces e*e™ pair.

presented in Fig. 2.3. The optical depth for vy-ray photons is large in the range of photon energies,
determined by the temperature of the accretion disk (see Fig. 2.3). The absorption of vy-ray photons
strongly depends on the distance 7, (compare values for curves 1 (Tws, = 3 x 107 K) and curves
2 (Ty, = 107 K) in Fig. 2.3b), and on the angle o (see Fig. 2.3a). It is interesting, that smallest
value of the optical depth for v-ray photons corresponds to the angle a which is between A and
the normal to the disk plane (for the specific parameters showed in Fig. 2.3a, a is between 30° and
60°). More detailed discussion of these calculations, including the dependence of the optical depth
on A, Ya, Tin and oy, will be performed in Bednarek (1992c).

For the case of large optical depth for y-ray photons, the secondary pairs are copiously produced.
They can lose energy in inverse Compton scattering of thermal photons from the disk, synchrotron
and curvature processes. A few different scenarios can occur in this case, depending on the energy

of the primary VHE «-ray photon (E,), the radiation field, and the strength of the magnetic field:

i). If the energy losses of secondary ete” pairs are low, the high energy pairs escape from the

disk region;

ii). If the Compton energy losses are significant (but comptonization occurs in the Thomson limit)
and the magnetic field is weak, most of the energy of primary VHE v-ray photon (E,) will

be converted into the low energy photons;

iii). If the Compton energy losses are significant (and comptonization occurs in the Klein-Nishina

limit) and the magnetic field is strong, the VHE 7-ray photon may induce an electromagnetic
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Figure 2.3: (a) The optical depth for y-ray photons in the thermal radiation field of the accretion disk around
Solar mass central object (with 7y = 108 cm, 7, = 3 x 10% cm, A =10°, Tp = 107 K) versus the energy of
the y-ray photon. The v-ray photon is emerging from the disk at r, = 3 X 107 cm, in the direction defined
by @a = 0° and angles a= 15°, 45°, 60°, 80°; (b) As in (a) but for: To = 3 x 107 K (solid line) and Tp = 107
K (dashed line), @ = 45°, and 1 - 7y = 3 X 107 cm, 2 - y = 3 x 10% cm.

cascade. A significant part of the energy of the primary VHE ~-ray photon may be transferred

to the y-rays with MeV-GeV energies.

Below, we shortly summarize the main features of the above mentioned processes and then, as

an example, we discuss in more detail one case for fixed parameters of the disk.

a) Inverse Compton energy losses.
In order to find out if the comptonization of the thermal photons is important, we have calculated
the relative energy losses of relativistic electrons on the Inverse Compton scaftering of background
thermal radiation emitted by the disk, according to the general formula:

/
dre _ %/dz/dﬂ'/de/dﬂ"n(ﬂ',e)-%'UK_N(Q", €)-(e1 —€)
Ve Ye

(2.5)

where ox_n(Q",€) is the Klein-Nishina cross section (Jauch & Rérlich, 1980); the solid angle Q"

and the incident photon energy € are measured in the electron rest frame; € and €; are the energies
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Figure 2.4: The relative energy losses of relativistic electrons, vs. electron Lorentz factor, on the inverse
Compton scattering of thermal radiation emitted by the accretion disk. The disk parameters are the following:
71 =105 cm, 7 = 3 x 10° cm, A = 10°, Tp = 107 K. The electron is emerging from the disk at r, = 3 x 107
cm, in the direction defined by ¢, = 0° and a = 15°.

of the incident and scattered photon in the observer’s frame, respectively; £ is defined as in formula
(2.4).
In Fig. 2.4 we present the results of calculations of the relative energy losses of electrons for

selected parameters of the disk. The energy losses are very high which means that the energy of

electrons will be quickly transformed to lower energy photons.

b) Energy losses in the strong magnetic field.

The characteristic energy of a synchrotron photon emitted by the electron with Lorentz factor 7.
is
Egyn[MeV]=1.7-107" .42 . B[Gs] -sina (2.6)

The time scale of synchrotron losses is described by

Toyn = 5.2 10%/(B*[Gs] - 7, - sin’ a)(s] (2.7)

If the electrons are extremely relativistic and the magnetic field is strong and curved, curvature
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radiation may be another important process of electron energy losses. The characteristic energy of

curvature photons is described by
Eeur[MeV] = 3chy3/4mp, = 3 x 1071193/ pc[em] (2.8)

where p. is the local curvature radius of the magnetic field.

The time scale of energy losses for this process is
Teur [8] & 3mepl 267 eyl = 170 - 772 - pZlem] (2.9)

As an example, we would like to discuss the VHE y-ray propagation in the radiation field of
the accretion disk (around a Solar mass compact object) for following parameters: r; = 10° cm,
7o = 3 x 10° cm, 7, = 3 x 107 cm, A = 10%, ¢ = 0° and a = 15°. For this case, the absorption of
the primary y-ray photons with energies between ~ 103 — 10% MeV is significant (Fig. 2.3). The
energy of secondary ete™ pairs, created by y-ray photons, will be of this same order (7e < 10%). We
have to distinguish two cases depending on the type of energy losses which dominate: Compton or
synchrotron. From their comparison (eq. 2.7 and 2.9 with calculations according to eq. 2.5), we can
obtain that for, i). neutron stars with strong surface magnetic field (B, = 10'? Gs) the synchrotron
losses dominates; ii). neutron stars with weak surface magnetic field (B, & 108 Gs) and black holes,
the Compton losses dominates.

i). The typical energy of the synchrotron radiation, emitted by secondary electrons, will be of
the order Egyn[MeV] < 2 x 107* - B[Gs] (eq. 2.6), which for a reasonable value of the magnetic
field in the magnetosphere (B ~ 10° Gs), yields the y-ray photons with energy ~ 100 MeV. Such
y-ray photons cannot continue the electromagnetic cascade in the radiation field of the accretion
disk. If the magnetic field is curved and strong enough (typical curvature radius of the neutron
star magnetic field, p. ~ 108 cm), the energy of the curvature photon is Ecu [MeV] ~ 3x1072, for
Ye < 10° (see, eq. 2.8), which is in X-ray photon energies. Therefore, the electromagnetic cascade
cannot develop through the interaction of secondary electrons with the magnetic field. The emerged
photon spectrum may extend up to ~ 100 MeV, however most of the power will concentrate in low
energy photons.

ii). For electrons with Lorentz factors < 10° most of the comptonization events of thermal
phofons occurs in the Thomson limit. This means that the energy of the primary VHE vy-ray
photons will be converted into photons with energy below ~ 1 GeV.

The final conclusion is , that in analyzed case, the optical depth for energetic photons and the
energy losses of secondary electrons, created in photon - photon collisions, will prevent the free
escape of y-rays with energy ~ 10% — 10° Mev from the region of the accretion disk.

The section 2.2.1 is partially based on the paper ”Can very high energy y-rays escape from the radiation
field of the accretion disk” by W. Bednarek 1992 (in preparation).
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3 Anisotropic mechanisms of y-ray
production

There is a great deal of observational evidence at lower photon energies for highly anisotropic
emission and non—spherical structure in the case of many astronomical objects. For instance, jet-like
features have been detected in more than 100 extragalactic sources (Bridle & Perley 1984) and for a
number of sources within our own Galaxy e.g. SS 433, Sco X-1, Cyg X-3 (see review paper by Rees
1985). Superluminal motion has been discovered in the centra.i regions of about 20 extragalactic
sources (Zensus & Pearson 1988), which suggest that particles are moving anisotropically with
Lorentz factors much greater than 1, at small angles towards the observer’s line of sight. In fact,
several AGNs (with transparent jet-like features) were recently discovered by the Compton GRO
detectors in high energy ~v-rays.

The anisotropic mechanisms of y-ray production are probably also very important in the case of
Solar y-ray flares. A statistical tendency is observed that more energetic flares originate close to the
Solar limb (e.g. Vestrand et al. 1991) which is probably a consequence of directional acceleration
of particles towards the Solar photosphere. The source geometry (e.g., binary system, presence of
accretion disk, strong magnetic field of pulsars) may also be of importance because of the selective
absorption of y-rays in a favored direction or by the creation of anisotropic background matter and

radiation fields for energetic particles.

In this chapter we concentrate on calculations of the angular and energy dependent y-ray
spectra produced in two processes: inverse Compton scattering and inelastic hadronic collisions. In
the next section, we derive the formula for y-ray photon spectra from comptonization of an arbitrary
background radiation by a relativistic, one—dimensional electron beam, applying the Klein—Nishina
cross section. As an example, we calculate such spectra numerically for the isotropic black body
and bremsstrahlung background photon spectra. In section 3.2, we derive formulas for the angular
and energy dependent spectra of y-rays and electrons (positrons) , from the interaction of a one—
dimensional proton beam with background matter. The differential photon spectra (from decay of
neutral and charged pions) are calculated numerically for different proton beam Lorentz factors and

angles of photon emission in respect to the beam axis. Possible applications of these calculations

23
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in astrophysical scenarios are discussed in section 3.3. In the paper by Bednarek et al. (1990b), we
suggested that y-ray emission from Cyg X-1 may be explained in terms of such anisotropic scenario
in which the y-ray emission is produced in comptonization of the thermal radiation of a companion
star by relativistic electrons emitted by the compact object. Although, it seems, at present, that in
the Cyg X-1 system, ete™ pair dominated plasma may play important role, we still suppose that
the physical scenarios discussed by us may be realized in nature. Another scenario in which our
calculations may be valid is the interaction of proton beam emitted by nearly aligned neutron star

with an accreting matter.

3.1 Inverse Compton scattering of low energy photons

The production of 7-ray photons in the Compton scattering of low energy radiation (of thermal
or synchrotron origin) by relativistic electrons has been investigated in different astrophysical sce-
narios. However, the efforts concentrated mainly on the isotropic models, because of the smaller
number of free parameters involved and the higher degree of symmetry which allows one simplify
the problem or even to solve some special cases analytically (see chapter 2).

The anisotropic scenarios seem to be more realistic, although their analysis is much more com-
plicated. There are two main approaches to study them. The first assumes that the electrons are
distributed isotropically in the rest frame of the blob moving relativistically. In principle, this ide-
alized approach assumes the unique distribution of electrons and photons in the observer’s frame
which can sometimes be a good approximation. For instance, the calculations of the angular de-
pendent vy-ray photon spectra from the comptonization of synchrotron radiation by relativistic
electrons have been performed by Maraschi et al. (1992), based on the inhomogeneous jet model
(proposed originally by Ghisellini et al. 1985). The photon spectra, calculated in such a model, may
describe the general shape of y-ray spectrum observed from the quasar 3C 279.

The second approach is more general. In principle, it assumes an arbitrary angular and energy
distribution of the relativistic electrons and low energy photons. However, because of the com-
plexity, such calculations were performed only in the simplest cases, e.g., assuming the Thomson
limit, monoenergetic distribution of electrons or background photons. For instance, Melia & Ké&nigl
(1989) calculated the angular dependent X- and v-ray spectra from comptonization of the thermal
radiation, emitted by the accretion disk, by the relativistic electrons moving along the axis of the
disk. The Monte Carlo calculations were performed in the Thomson limit, which limits the validity
of resulting photon spectra to rather soft y-rays. The photon spectra from the comptonization of
the radiation emitted by accretion disk (a very simplified model of radiation field was assumed) by
relativistic electrons moving at an arbitrary angle to the disk surface were also derived by Ghisellini

et al. (1991). Dermer et al. (1992) calculated the photon spectra from comptonization of monoen-
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ergetic, one—dimensional background radiation (produced by the disk) by electrons distributed
isotropically in the blob moving outwards from the disk surface.

The anisotropic processes are also important when the anisotropic distribution of particles is
forced by a strong magnetic field. Canfield et al. (1987) calculated the angular dependent ~-ray
spectra (Thomson limit) from comptonization of synchrotron radiation by one-dimensional rela-
tivistic electrons moving in strong magnetic field (B < 10'1Gs). The extension of such calculations
in the case of a strong magnetic field (B > 10''G's, when the resonant scattering of photons becomes
important) has been done by Dermer (1990).

In Bednarek et al. (1990a), we performed the calculations of angular and energy dependent y-ray
spectra resulting in comptonization of arbitrary background photons by relativistic monoenergetic
electrons, applying the Klein-Nishina cross section. The comptonized photon spectra were derived
for given Lorentz factor of the electron beam (7) and fixed angle a; between the direction of the

photon emission and beam axis. They are described by the formula

dN C- Ne * n/(e/’ al) dzo. dQ{l dﬂ’ ,
deydQdtdV — //./72(1—,5603041) a0dd,dnan,, Hhde (3.1)

where df2;/dQ)* = 1, d2'/dQ, = 1 are the Jacobians, 1/7%(1 — Bcosay) is the Jacobian of the
transformation of the photon spectrum from the electron rest frame to the observer’s rest frame,
n/(¢', ') is the distribution of the background photons in the electron rest frame, d?o /dQ| dé) is the
Klein-Nishina cross-section, and n. is the electron density of the beam. For more details of these
calculations, definitions of angles, and the limits of integration we refer to Appendix A in Bednarek
et al. (1990a).

As an example, formula 3.1 was integrated numerically for the two isotropic spectra of back-
ground photon fields: black body and bremsstrahlung. In Fig. 3.1 are shown the results of these
calculations for a black body photon spectrum (for Ty, = 104K and 107 K), different Lorentz fac-
tors of the electron beam, and two values of the angle a; = 0° and 10°. Fig. 3.1a concerns the
comptonization in the Thomson limit and Fig. 3.1b in the Klein-Nishina limit (cases for v = 103
and 10*). The dependence of the comptonized photon spectrum on the angle of photon emission «,
(for fixed Lorentz factor of electrons v = 103) is shown in Fig. 3.2. The shape and intensity of the
comptonized photon spectra strongly depends on the parameters v and ay. For small angles o (in
respect to 1/7), the photon spectra show a broad plateau whose width is proportional to 42 (in the
Thomson limit) and to v (the Klein-Nishina limit). In the Klein-Nishina limit, the spectra shows
the characteristic Compton peak just before the sharp cut-off. The intensities of the photon spectra
are inversely proportional to the electron beam Lorentz factor. For large angles (with respect to

1/v) and in the relativistic limit (y >> 1), the cut-offs in the photon spectra are mainly determined
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Figure 3.1: The comptonized black body photon spectra, Ty, = 10* K (a) Ty = 107 K (b), for the Lorentz
factors of electrons v = 10, 10%, 103, 10* and two values of the angles between the direction of the emitted
photons and the beam axis: a; = 0° (solid line), and 10° (dashed line). The photon energy density of black
- body spectra are normalized to 1 MeV/cm?, and the density of electron beam was assumed to be n, = 1
~electron/cm?. (from Bednarek et al. 1990a).

by the value of a; (Fig. 3.2), but they are almost independent on the Lorentz factor of electrons

4. The intensities are inversely proportional to 73. These general features can be easily obtained in

_ analysis of the formula 3.1 in the Thomson limit (see, Bednarek et al. 1990a).

© Fig. 3.3 shows the comptonized thermal bremsstrahlung photon spectra (T = 10° K) for

7 = 10, 10.2’, 103, 10%, and two angles @; = 0° and 10°. The general shapes of comptonized

: brerhsstrahlung spectra are similar to the background spectrum. The cut-offs in the spectra are

determined by Lorentz factor of electrons (for small angles) and mainly by the value of «; (for

large angles). The intensities of the comptonized bremsstrahlung spectra are proportional to the

Lorentz factor of electrons in the case of small angles (note that this is opposite behaviour than

for comptonized black body spectra), and inversely proportional to 42 in the case of large angles

(similar to comptonized black body spectra).

We would like to note also that the comptonized bremsstrahlung spectra do not show the

transparent peak features just before the sharp cut-off (see the curve for v = 10* and a; = 0° in

Fig. 3.3), while they are present in the comptonized black body spectra (curves for v = 10% and

10%, and a; = 0° in Fig. 3.1). Possible application of these calculations in the astrophysical scenario

is discussed in section 3.3.
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Figure 3.2: The comptonized black body photon spectra (Typ = 107 K) for the Lorentz factor of electron
beam v = 103, and selected angles o (from Bednarek et al. 1990a).
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Figure 3.3: The comptonized thermal bremsstrahlung photon spectra, Tpp = 10% K for the Lorentz factors
of electrons v = 10, 102, 103, 10" and two values of the angles between the direction of the emitted
photons and the beam axis: a; = 0° (solid line), and 10° (dashed line). The photon energy density of the
bremsstrahlung spectra are normalized to 1 MeV/cm?®, and the density of electron beam was assumed to be
n, = 1 electron/cm® (from Bednarek et al. 1990a).
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3.2 Radiation produced in hadronic interactions

In the inelastic interaction of relativistic protons with background matter, the y-ray photons and

electrons (positrons) are produced in a sequence of decays:
p+p— 7w+t 10 o 2y wi—api-{—vu; pi—>ei+ue+vu. (3.2)

The calculations of y-ray and electron spectra, produced in the above reactions, were studied in
the case of isotropic high temperature thermal plasma in several papers (see section 2.2 for a short
review). The angular and energy dependent 5-ray spectra, from the above process, were recently
discussed in the context of two physical scenarios. In the case of Solar y-ray flares, the spectra of
7-rays from 7° decay and the spectra of secondary positrons were calculated by Mandzavidze &
Ramaty (1992). The angular and energy dependent spectra of y-rays from bremsstrahlung for an
arbitrary distribution of electrons were calculated by Dermer & Ramaty (1986).

The approximate angular and energy dependent +-ray spectra from inelastic one-dimensional
p + p collisions in a strong magnetic field were calculated by Dermer (1990). The propagation
effects of y-rays in strong magnetic field were included but a rather crude estimate of p + p cross
section in isobar model was employed. The physical realization of such a scenario may occur in the

accretion column close to the surface of a neutron star.

The basic role in all these calculations takes place the correct description of p + p interaction
process. This processes was studied in detail in accelerator experiments, and in order to describe
the observed results, a few different semi-empirical models of p + p interaction were proposed.
At energies below ~ 3 GeV, the p + p interaction process is best described by the isobar model
(Stecker 1970). At energies above ~ 10 GeV, the experimental results are well described by a scaling
model (Feynman 1969). Between these energies (~ 3 — 10 GeV) a two component model, isobar
+ scaling, was applied in calculations by Dermer (1986). In the energy range > 10'2 eV there is
some evidence that the scaling model breaks and the experimental results are better described in

the model proposed by Wdowczyk & Wolfendale (1987).

In this section we want is to present the formulas for the angular and energy dependent spectra
of y-rays and electrons (originated in processes described by 3.2), in the model of a one-dimensional,
monoenergetic proton beam interacting with background matter. Since we are interested in the high
energy spectra, we applied the scaling model for p + p interaction, described in detail by Stephens
& Badwar (1981) for the production of neutral pions, and Tan & Ng (1983) for the production of
charged pions. The applications of these calculations in specific astrophysical scenarios are discussed

in the next section.
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3.2.1 Spectra of y-ray photons from 7° decay

Here we are interested in the energy and angular dependent v-ray spectra produced in the interac-
tion of a monoenergetic, relativistic proton beam with hydrogen cloud. The photon spectra from

the decay of w° (see 3.2) are described by the formula

dNy d30(pro, c0800, Pro)
_— = . . P E 0 d 7.‘°d eﬂo d w0y 3.
dE,d)dtdV D/// dpod(cosro)dd o (E+; c0s0, ¢)dprod(costro)dd (3.3)

where D = - c-ny - ny, ny is the hydrogen density in the cloud, n; is the proton density in the
beam, B - c is the proton velocity, pro is the 7° momentum in the observer’s frame, and 6,0, ¢-o are
the angles between the direction of the motion of 7° and the beam axis in the observer’s frame. The
cross section in polar coordinates is related to the invariant cross section E .dc/dp® (Stephens &

Badhwar 1981) by

d30(pro, 0800, Prro _ P2, d3¢

dprod(cos0o)dpme  Eno (Ero - d—p3), (3.4)

P(E,,cos8, ) is the energy and angular distribution of photons from 7° decay in the observer’s
frame, and E.,, 0, ¢ are the energy and angles of the emitted photons in the observer’s frame (in polar
coordinates). For details of these calculations and the limits of integration we refer to Appendix B
in Bednarek et al. (1990a).

The differential photon spectra were calculated numerically according to formula (3.2). Some
results of these calculations are shown in Fig. 3.4. The shapes and intensities of these spectra are
very sensitive to v and a;. For small angles oy (defined as above), the intensities, the widths, and
the positions of maximum in the spectra grow proportionally with . For large angles o, the shapes
and intensities of the photon spectra are almost independent of the v. We would like to note that
for a certain range of angles, the intensities of the spectra are comparable in the energy range 100
MeV — 1 GeV (see, e.g., Fig 3.4a). Therefore, if we observe two identical relativistic proton beams
interacting with background matter, at small and large angles, the y-ray intensity is comparable
in the 100 MeV — 1GeV energy range but, e.g., the TeV -rays are observed only by an observer
located on the beam axis. Such effects should appear in the interaction of relativistic proton beams

with interstellar cloud (scenario discussed by e.g., Rose et al. 1984, 1987).

3.2.2 Spectra of secondary electrons from 7% decay

The interaction of the relativistic protons in a jet with the ambient matter gives rise to charged

pions which then decay via muons into secondary electrons (see 3.2). As in the case of y-ray spectra,



=2

m

C

~1 -1
S

H
|
w

30 § 3. Anisotropic mechanisms of vy-ray production

-11

log Ir[phofons Gev ~'sr
=

1
—
w

log Ey[G e\/] lngEy(GeV)

Figure 3.4: a). The differential photon spectra from #° decay from the monoenergetic proton beam with
Lorentz factors v = 10,102,103, 10, and two values of the angles between the direction to the observer and
the beam axis a; = 0° (solid line) and 10° (dashed line). b). As in a) but for fixed proton beam Lorentz
factor v = 10" and selected angles ;. The densities ny and ny are normalized to 1particle /cm3 (from
Bednarek et al. 1990a).

we are mainly interested in the angular dependence of the spectrum of the secondary electrons with
respect to the axis of the proton beam.

We consider a monoenergetic, one-dimensional proton beam with Lorentz factor 4. The beam
propagates at an angle a to the line of sight. The spectrum of muons from the decay of charged

pions is then described by the formula

dR do(px,cos b, dr)
P(Ys, By, 0,)dpds, 3.5
dE,dQ,dtdV dv / / / dprd(cost.)dg, 1w B Lu)dp (3-5)

where

2 3
dO’(p#acosew, ¢1«‘) — El_ (E Ed___(_f.) (36)

dprd(cosb,)dp,  E. " dp3

and: E. x d*c/dp? is the invariant cross—section for the production of charged pions, taken from
Tan and Ng (1983), P(v«, E,, Q) describes the energy and angular distribution of muons, in the
observer’s frame, from the decay of pions with momentum p, and Lorentz factor 7. For details of
the calculations we refer to Appendix A of Bednarek & Calvani (1991).

Assuming then that muons decay instantaneously, the angular dependent spectrum of secondary

electrons is given by:
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dN. dR, o
—r————————— T —_— * E * '
dE.dQ.didV / / / iy " P Se)dBudily, (3.7)

where dR,/(dE,dQ,dtdV) is the angular dependent spectrum of muons from decay of pions ex-
pressed by (eq. 3.5), J = dE;dQ;/dE.dQ = v;*(1 — Bucosb.)™"! is the Jacobian of the transfor-
mation of the angular and energy dependent spectrum of electrons from the muon rest frame to the
observer’s frame, neglecting the electron rest mass with respect to electron’s energy. The energy

and angular distribution of electrons in the rest frame of polarized muons is (Lee & Young 1957)

n*(E;, Q) = 22%[(3 — 2z) — (1 — 2z) - cosb], (3.8)

where ¢ = 2E/m,,. For details of the calculations we refer to Appendix B of Bednarek & Calvani
(1991).

The numerical results for the spectrum of secondary electrons are presented in Fig. 3.5, for
Lorentz factors I’ = 10, 102, 103, 10* of the monoenergetic proton beam and for angles a = 0°, 10°.
The general behaviour of the spectra of secondary electrons is very similar to the spectra of photons
from 7° decay (see section 3.2.1). The shape and maximum intensity of the spectra strongly depend
on v and a. For small @ and in the relativistic limit 4y >> 1, the value and the position of the maxima
grow proportionally to v (Fig. 3.5). The spectra of secondary electrons have smaller intensities and
are shifted to lower energies than the spectra of secondary positrons because of the difference in the
cross sections for 7~ and 71 production in p + p collisions. For large a, the shape of the spectra
and the position of the maxima are practically determined only by the value of c, the intensities

for different 7’s in relativistic limit being comparable (Fig. 3.5).

The secondary electrons produced in hadronic collisions via decay of charged pions can be im-
portant in discrete y-tay sources from two reasons. First, the secondary electrons take a significant
part of the power released in the inelastic p + p collision. Second, in such a process, the secondary
electrons can be produced with extremely high energies. A direct acceleration of electrons to compa-
rabie energies can be impossible because of the huge energy losses suffered by electrons in magnetic
and radiation fields. The interaction of the secondary electrons with matter (bremsstrahlung) and
radiation (inverse Compton scattering) will result in production of X- and y-ray photons. However,
the detailed calculations involving the angular and energy distribution of electrons are very com-
plicated, particularly, if the structure of the magnetic field is important. Some simple applications
in astrophysical scenarios (neglecting the possible importance of the magnetic field) are discussed

in chapter 6 of this thesis.
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Figure 3.5: a) The spectra of secondary electrons arising from proton-proton interactions (p + p
— 7% — p* — e*) are shown. The different lines correspond to different values of the Lorentz factors
and a = 0°. b) As in a), for @ = 10° (from Bednarek & Calvani 1991).

3.3 Possible applications to astrophysical scenarios

The observations in low photon energies clearly show the anisotropic structure of many astrophysical
sources (e.g. AGNs, pulsars, binary systems), suggesting the importance of physical scenarios in
which production of radiation depends on the viewing angle of the source. A similar structure of
sources is also expected in the vy-ray energies, and, in fact, such a.rﬁsotropic effects are observed in
the case of y-ray emitting radio pulsars. It is also almost certain, that 7y-ray emission from several
recently discovered AGNs is anisotropic. Most of these AGNs (if not all 7) are sources with jet-like
features, showing superluminal motion in their central parts.

Based on our calculations (described in section 3.1 and 3.2), we suggest here possible scenarios
of y-ray production in two types of galactic sources: Cyg X-1 (binary system) and in a model of an
old, accreting neutron star. The application of our calculations to AGNs (3C 273 and 3C 279) will

be discussed in detail in chapter 6.

Cyg X-1

It is a binary system with orbital period 2 5.6d, separation of the components = 3-10!2cm, orbital
inclination = 30°, mass function = 0.22M, and distance = 2.5 kpc (Ninkov et al. 1987a). For
general information concerning this source we refer to the papers by Oda (1977) and by Liang
& Nolan (1984). Cyg X-1 is a source of non-thermal radio emission which suggests the existence

of relativistic electrons (Woodsworth 1980). The hard X-ray and soft y-ray emission is highly
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variable, showing a few different states. In the MeV photon energy raﬁge, the spectrum becomes
transiently very flat up to ~ 10 MeV (see recent review by McConnell & Owens 1992). Based
on the observational high energy properties of this source we proposed a model (Bednarek et al.
1990b), in which the transient MeV emission can originate in comptonization of the thermal black
body radiation (Tp, = 3- 10* K), emitted by the supergiant companion HDE 226868, by relativistic
electron beam with a Lorentz factor ~ 600 (see Fig. 3.6 for the geometry of the source)!. We
calculated the soft y-ray spectra according to the above scenario, following the general formula
(3.1). The results of these calculations were compared in Fig. 3.7 with the observed Cyg X-1
spectrum at energies above 1 MeV, and with photon spectrum predicted by the single-temperature
inverse Compton model (Sunyaev & Titarchuk 1980) at energies below 1 MeV.
In our model, the observed photon spectrum of Cyg X-1 can be expressed by

1 R
Iobs = Iiheor - Pph - 3'2' Tt Ne’, (39)

where I, is the observed photon spectrum measured by McConnell et al. (1989), Ijpeor is the
comptonized photon spectrum calculated for the Lorentz factor of electrons ~ 600 and a black
body temperature Ty, = 3 - 10* K; p,p is the average photon density (= 5-10"MeV/cm?) along
the line of propagation R, calculated from the absolute magnitude of HDE 226868 (M, = —6.5);
R - is the range in which comptonization of background photons into the MeV energy range is
important, obtained from our computations for the reported orbital inclination of the system, and
the separation of the components; N, is the emissivity in the relativistic electrons.

From the observed intensity of photons above 1 MeV, we have estimated the lower limit
on the emissivity of relativistic electrons in Cyg X-1 (following formula 3.9), which is ~ 1.5 -
1038electrons/ s, corresponding to an electron luminosity ~ 7- 103%erg/s. We note that the attenu-
ation length A of the background photons (Tt = 3 - 10* K) for 0.3 GeV electrons is equal to ~ 1013
cm (Karakula & Tkaczyk 1987). Therefore, the electron’s Lorentz factor does not change drastically
during the propagation through the binary system, since R/ 2 0.36. The background low energy
radiation in this system is probably dominated by HDE 226868, since there is no evidence of a
large accretion disk around the compact object of Cyg X-1 (Beall 1984, Ninkov et al. 1987b). The
bremsstrahlung of relativistic electrons, from the interaction with the stellar wind of the massive
companion, is negligible in comparison to the discussed comptonization process. In Bednarek et
al. (1990c), we discussed a possible mechanism for the observed variability of the MeV flux and
suggested its connection with the orbital period 5.6d and observed 294d long term X-ray periodicity

L A similar general scenario, the comptonization of the optical photons of the primary by relativistic electrons
emitted by the compact object, as a mechanism of q-ray production was suggested previously by Maraschi & Treves
(1981) for the 7-ray source LSI 61° 303 (Wills et al. 1980; Perotti et al. 1980).
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Figure 3.6: The schematic picture of possible scenario of soft v-ray production in Cyg X-1 (not to scale).
The relativistic electron beam emitted by the compact object comptonizes the low energy thermal photons
(€pn), emitted by the supergiant companion HDE 226868, to the soft v-ray energy range. The observer is
located on the axis of the beam.
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Figure 3.7: The differential photon spectrum of Cyg X-1 (McConnell et al. 1987) and the best fit by calculated
photon spectra: the solid line refer to the comptonized black body spectrum (Tys = 3 - 10* K), for the
electron beam Lorentz factor v = 600; the dashed line refers to the single-temperature inverse Compton
model (Sunyaev & Titarchuk 1980) (from Bednarek et al. 1990b).
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(Priedhorsky & Terrell 1983).

It seems, at present, that Cyg X-1 shows some features common to a small group of objects?
in which ete™ pair dominated plasma may play an important role. However a final conclusion was
not reached on this matter and our scenario may be valid especially if the appearance of the MeV

feature is correlated with observed periodicities at 5.6d and 294d.

An old nearly aligned neuiron star

We suggest that the old neutron stars can be a weak sources of the high energy y-ray emission.
Such emission can originate in the interaction of beamed relativistic particles with accreted matter.
Above mechanism may be realized in the model of an old neutron star whose magnetic axis is close
to rotational axis (see Fig. 3.8). The protons accelerated close to the magnetic pole of the neutron
star can interact with matter accreting from interstellar cloud. As a result, the production of y-rays
is collimated in a hollow cone between the angles c;, and a,yi. The observer is located at the angle
B to the direction of rotational axis.

In the paper by Bednarek et al. (1990b), we discuss such scenario as a possible model for
2CG 195+04 (Geminga). However, at present it is certain that such application is irrelevant, since

Geminga is a relatively young pulsar with period 237ms (Halpern & Holdt 1992).

Obs.

magnetic
lines

neutron star

Figure 3.8: The schematic picture of possible scenario of y-ray production in the model of old, nearly aligned
neutron star (not to scale). The proton beam propagating along the magnetic axis of the neutron star
interacts with accreting matter. Because of rotation of neutron star, the protons are accelerated into the
hollow cone (between angles v, and cout). The observer is located at the angle 8 > ayy-

2They are black hole candidates (e.g. 1E 1740.7-2942, Nova Musca), and show a bump in the MeV energy range
of the photon spectrum. The weak evidence (1.90) for a tentative, narrow annihilation line at ~ 511 keV in the Cyg
X-1 photon spectrum was reported by Ling & Wheaton (1990).
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This chapter is partially based on the papers: ”"The photon specira from beam interactions with matter
and radiation” 1990a, A&A 236, 268, and ”Origin of the v-ray specira of Cyg X-1 aend Geminga” 1990b,
A&A 236, 175 by Bednarek, W., Giovannelli, F., Karakula, S., Tkaczyk, W.; and ”X- and y-ray emission
from 8C 273” by Bednarek, W. & Calvani, M 1991, A&A 245, 41 (included in an Appendix).
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4 v-ray emission from isolated neutron
stars

Neutron stars are mainly composed of an extremely high density, degenerate neutron fluid. The
existence of matter in such a state was suspected by Landau (1932) and its possible origin in
supernova explosions was suggested by Baade & Zwicky (1934). Pacini (1967) was the first who
showed that a rapidly rotating neutron star, with a strong dipolar magnetic field (magnetic axis
oblique to rotational axis), would act as a very energetic electric generator providing a source of

energy for a surrounding nebula.

The confirmation of these theoretical analyses arrived unexpectedly from radio astronomers.
A few months after Pacini’s paper appeared, Hewish et al. (1968) announced the discovery of a
source (present symbol PSR 1919+21) emitting very regular radio pulses and suggested that a
model should contain very compact object (e.g. white dwarf or neutron star). Since then about 500
pulsars with periods of rotation in the range 1.6ms to 4.3s have been discovered and investigated.
For reviews of different aspects of pulsar observations we refer to books by Manchester & Taylor

(1977) and Smith (1977), and the review article by Taylor & Stinebring (1986).

The link between the theoretical work of Pacini and newly discovered pulsating objects was
at first envisaged by Gold (1968) and next this proposition was developed by Pacini (1968) and
Ostriker & Gunn (1969). In this last paper, a more detailed model of the pulsar was proposed in
which the authors discussed the pulsar’s evolution and possible mechanisms of particle acceleration

to very high energies in the wind zone!.

The structure of the inner part of a pulsar magnetosphere was studied in the simple case of
aligned magnetic rotator by Goldreich & Julian (1969). The authors argued that a neutron star
should possess a dense charge separated magnetosphere, corotating with the star up to the light
cylinder. The charged particles can escape from such magnetosphere through the light cylinder
radius being accelerated to very high energies. However, it is very difficult to envisage how such a
magnetosphere may be filled with charge (one sign of charge should cross to the oppositely charged

part of the magnetosphere on its way from the pulsar surface). In spite of many further efforts,

'For recent studies of particle acceleration in terms of this model, see Thielheim (1991).

37
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there is no self-consistent pulsar model (see for review Michel 1982). Some progress in this topic,
related to high energy radiation from pulsars, will be discussed in section 4.2 of this chapter.

In the next section of this chapter we briefly review the main results of y-ray observations of
pulsars and in section 4.2 the theoretical models of y-ray production in the radio pulsars . Our
original contribution to this topic is included in section 3.3. We review in more detail the high
energy emission from the Crab Nebula pulsar which is, at present, the best established source of
~-rays. Then we concentrate on theoretical analysis of the results of 4-ray line emission from the
Crab pulsar. Based on the present pulsar model elaboratored by Ruderman and collaborators and
analysis of pulsar electrodynamics, we propose a picture in which the production of the ~ 440
keV line, observed in Crab pulsar photon spectrum, can be envisaged. As a result of our model we
predict the possible appearance of a transient feature at ~150 keV in the Crab pulsar spectrum,
resulting from Compton backscattering of 511 keV e*e™ annihilation photons in the neutron star

crust.

4.1 Observations

Because of nonthermal spectra, radio pulsars were suspected as favorable targets for high energy
observations. However, for more than 20 years, only two of them were well established as y-ray
emitters. The Crab pulsar (PSR 0531421) and the Vela pulsar (PSR 0833-45). Since the Crab
pulsar is the best investigated and our original contribution to this topic concerns also this specific
object, we will review this source in more detail in a separate section. Here we start with a short
description of the y-ray observations of Vela pulsar and then we mention the results collected for

other pulsars including preliminary observations by the Comptel GRO.

Vela pulsar

The Vela pulsar is a ~ 89ms, relatively young, radio pulsar discovered by Large et al. (1968),
with characteristic age P/2P~ 12000yr and at a distance ~ 450pc. Its common origin with the
Vela supernova remnant, which is a source of soft X-ray emission (Seward et al. 1971), is usually
postulated. The light curve of the Vela pulsar, compared in different wavelengths, is very unusual
(see Fig. 4.1). The radio emission is strong and radio light curve shows a single peak. Its optical
emission is extremely faint, ~ 24 magnitude (Wallace et al. 1977). The optical light curve shows
double peak structure (separated by about 35ms) and shifted for about 13ms after the radio peak.
Such a configuration suggests different emission mechanism in these two photon energies and/or
different geometrical locations.

At high energies, the Vela pulsar was observed in y-rays at 35-200 MeV by SAS 2 (Thompson
et al. 1975; Thompson et al. 1977a) and in the 50-5000 MeV energy range by COS B (Bennett
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Figure 4.1: The light curve from PSR 0833-45 at radio, optical, soft energy y-rays and high energy 7-rays
(for references see Grenier et al. 1988).

et al. 1977) as the strongest source in the sky. The +y-ray light curve shows two sharp peaks
separated by 0.42 in phase and bracketing the optical pulses (see Fig. 4.1). Significant emission is
also observed from the interpeak region and the trailer after the secondary peak (Kanbach et al.
1980). The detailed studies of spectral characteristics of the Vela pulsar, based on the final COS
B data (Grenier et al. 1988), shows that the time integrated differential photon spectrum is better
described by two power laws (spectral index 1.72£0.07 below 300 MeV and 2.1240.07 above) than
by single power law in all COS B energy range?. The spectrum also shows long time variability
specially in the softer part (< 300MeV’) and in the interpulse region just after the first main peak.
The spectrum in the second peak is much harder than in the first peak, while the trailer seems
to exhibit an extremely soft spectrum. The main spectral features of the Vela pulsar light curve
were recently confirmed by observations of the GAMMA-1 telescope above 100 MeV (Akimov et al.
1991). The general light curve of the Vela pulsar observed by GAMMA-1 presents the same shape
but significant morphological differences exist in the interpeak region. The observation in autumn

1990 shows a transparent gap in the interpeak region which is not seen in spring 1991.

21 fact, COS B data and observations in other energy bands suggest that the total Vela pulsar v-ray spectrum
can be fit by a smooth curve, continuously steepening with increasing energy.
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Figure 4.2: The Vela pulsar y-ray spectrum collected from different experiments in the low and high energy
range. The dashed lines in the spectrum measured by COS B (Grenier et al. 1988) refer to lower and upper
spectral indexes of the y-ray spectrum (between 50-300 MeV), observed in different periods.

Another important piece of information concerning the mechanism and geometry of y-ray pro-
duction in the Vela pulsar may be obtained from studies of radiation polarization. In fact, possible
linear polarization of y-ray photons from the Vela pulsar was found by Caraveo et al. (1988). How-
ever Mattox et al. (1990) concluded that even 100% <-ray polarization would not be detected by
the COS B telescope so this result is in serious doubt 3.

For a long time, the pulsed emission from the Vela pulsar was not detected in X-ray energy
band. In soft y-rays, the Vela pulsar was detected between 0.3-30 MeV (Tiimer et al. 1984), 31 days
after a large glitch in the pulsar period. The soft y-ray light curve is exactly the same as observed
at energies above 35 MeV but the energy spectrum appears to bend away from SAS 2 and COS B
power law. However, that result was not confirmed by the FIGARO II group (Sacco et al. 1990)
who observed the Vela pulsar on 1988 November 25. Two sigma upper limits for the pulsar flux,
in the y-ray energy range 0.2-6. MeV, were significantly lower than the flux measured by Timer
et al. (1984), see Fig 4.2. Recently, the OSSE team (Strickman et al. 1992) announced the positive

detection of the Vela pulsar in hard X-rays and low energy «y-rays with spectrum consistent with

3 A Monte Carlo simulation shows that the EGRET telescope on board of Compton GRO does not have sufficient
sensitivity to detect linear polarization even for 100% polarized vy-ray sources (Mattox 1991).
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upper limits obtained by Sacco et al. (1990). Also the Comptel detector on board the GRO detected
the Vela pulsar between 10-30 MeV with the flux lower than ever seen before?, but results of these
observations are not yet published.

The clear break seen in the Vela pulsar spectrum between low and high energy v-rays (Fig. 4.2)
was predicted, based on theoretical grounds, by Salvati (1983) and its relation to the Vela pulsar
spectrum was discussed by Salvati (1986).

The Narrabri and Ooty groups reported their results of observations of the Vela pulsar in TeV
photon energies. The Narrabri group claimed the observation of a 40 effect above 0.3 TeV with
photon flux 1.0 x 107! phot./em?/s (Grindlay et al. 1975), although regarded by the authors as
an upper limit. The reported light curve showed only a single narrow peak, 3ms before the radio
peak. The Ooty group reported detection of a double peak structure with significance 4.4c (first
peak) and 2.2¢ (second peak) above ~10 TeV with flux 5 x 10713 phot./cm?/s (Bhat et al. 1980).
The peaks are separated by about 0.42 in phase, which is exactly the same as observed in the COS
B «-ray energy range. Although these results are not consistent, both of them are three orders of
miagnitudes below the extrapolation of y-ray spectrum measured by COS B and suggest the high

energy break in the y-ray photon spectrum.

The ~v-ray emission from a few other radio pulsars has been indicated in the SAS 2 and COS B
data (see e.g. Thompson et al. 1976; égelman et al. 1976; Buccheri et al. 1978; Pinkau et al. 1979)
but these reports were never confirmed. A few sources were claimed at photon energies above 0.1
TeV: PSR 0355+54, PSR 1509-58, PSR. 1953+29, PSR 1937421, PSR 1957420, PSR 1855+09,
although they were not confirmed independently (see for review Weekes 1988). The best potential
candidates of the steady TeV emission seems to be plerions®. A few such sources are recommended
for deeper studies by Weekes (1992): CTB80 (PSR 1951+32), LMC 0540-69 (PSR 0540-69), MSH
15-52 (PSR 1509-58),201.2+8.2 (PSR 0656+14) and 3C58 (?). The detection of TeV v-ray photons
from two milisecond pulsars (PSR 1953426 — Chadwick et al. 1985; PSR 19374214 — Chadwick et
al. 1989) was announced by the Durham group. These results were not confirmed independently.

The significant progress in detection of y-rays from pulsars is expected with the analysis of
data from the Compton GRO detectors. Preliminary results are very promising. Two more radio
pulsars have been discovered in v-rays. The first one, PSR1706-44 with period 102ms, reported
by the EGRET team above 100 MeV (Kniffen et al. 1992), identified also in COS B data with
the source 2CG342-02, shows a single broad pulse in the y-ray light curve. Recently the pulsed
emission from this source has been also detected in soft X-rays by ROSAT satellite (Becker et al.

*The information taken from Compton Observatory Newsletter, 1992, v.2, no.1.

5The plerions are Crab-like supernova remnants with X-ray emitting filled centers. The X-ray emission from their
interior indicates the presence of a pulsar which continues to pump relativistic particles into the volume of the Nebula.
For a review of observations of plerions we refer to, e.g. Seward (1989) and theory to, e.g. Bandiera 1990.
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1992). The second one, PSR1509-58 with period 150ms, was reported by OSSE team in soft y-rays
(Wilson et al. 1992) and also shows single peak in the light curve. Simultaneous observations of
this pulsar in radio and X-ray bands (Kawai et al. 1991) show that the radio peak leads the X-ray
peak by 37 & 3ms. In this context, the absolute localization of y-ray peak in pulsar light curve is
very important for detailed studies of radiation mechanism of pulsars®.

The most recent identification of a pulsar emitting y-rays concerns the object, Geminga (2CG195+04).
Geminga was first detected in y-rays above 35 MeV by SAS 2 (Fichtel et al. 1975), and tentatively
identified with the X-ray source 1E06304178 (Bignami et al. 1983; Halpern & Tytler 1988). The
analysis of ROSAT data by Halpern & Holt (1992), collected for 1E0630+-178, shows pulsations of
X-ray emission at a period of ~ 0.237s. This X-ray period was confirmed by analysis of y-ray data
from the EGRET (GRO) detector (Bertsch et al. 1992) and old data from COS B (Bignami &
Caraveo 1992; Hermsen et al. 1992). The Geminga light curve shows two narrow peaks separated
in phase by ~ 0.5 and emission from the interpeak region (similar to Crab and Vela pulsar). The
period derivative, P = 1.099 4 0.001 x 1075 - s71, suggests that Geminga is a nearby (upper
limit on distance ~ 380pc), isolated neutron star with a surface magnetic field of 1.6 x 10'2Gs and
characteristic age & 3.2 x 105yr. The soft y-ray emission was not detected from this source by the
SIGMA (Lebrun et al. 1991) and COMPTEL (GRO) detectors. There is also no observed periodic
radio signal (Seiradakis 1992). These two facts place strong limits on the radiation mechanism
and/or geometry of the emitting region.

Summing up, the picture of the pulsar emission arising from these observations seems to be quite
complicated. Even with such small number of investigated cases, the general light curves show a
large variety of behaviour (two peaks, one peak, different separation between two peaks, differences
in the peak phases observed in different energy ranges, variability of peaks intensities). The fine
structure of the light curve shows time variable interpeak components, trails, dependence of the
light curve on the photon energy range. The time integrated photon spectra also show big differences
between specific cases, e.g. Crab pulsar clearly seen in soft y-rays, Vela pulsar emission is much
less evident but Geminga was not detected at all; Crab pulsar observed in TeV photon energies but

significant break in Vela pulsar photon spectrum between GeV and TeV photon energies.

4.2 Models

Up to now there is no widely accepted model of photon emission by pulsars. However, a few
interesting propositions appeared which are usually based on the idea of v-ray production in elec-

tromagnetic processes in pulsar magnetosphere. Most of these scenarios accept, as a starting point,

5There are some problems with absolute time measurements on the board of the Compton GRO and at present
such analysis is not possible.
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the model of pulsar magnetosphere proposed by Goldreich & Julian (1969) known to be not com-
pletely self-consistent. It is believed that rotation of the pulsar may create, in the magnetosphere,
regions of charge separation in which high electric potentials are induced. Following these ideas,
Sturrock (1971) assumed that electrons (positrons) can be aécelerated close to the polar cap of the
pulsar up to the Lorentz factors of the order 107. He showed that electrons, flowing out of the sur-
face may develop electromagnetic cascade in the strong, dipole magnetic field of the magnetosphere
via curvature radiation and magnetopair production. Some aspects of this general proposition (e.g.
optical depth for v-rays in pulsar magnetosphere, pulse shapes and difference between pulses in
different energy ranges) were investigated by, e.g., Hardee (1977), Harding et al. (1978).

The Sturrock proposition was studied in detail by Salvati & Massaro (1978). These authors
derived approximate analytic transfer equations of relativistic electrons moving in a detailed model
of the pulsar magnetosphere. The processes of curvature radiation, pair production in magnetic and
induced electric fields, and synchrotron radiation emitted by first generation of pairs were taken into
consideration. The «-ray spectrum and light curve resulting from this model are in good agreement
with observational data of the Vela pulsar. In the paper by Massaro & Salvati (1979), calculations
of y-ray spectra were performed for a wide range of pulsar parameters. The detailed numerical
simulations éccording to the above scenario was performed by Harding (1981). These simulations
also took into account multiple generation of ete™ pairs since their synchrotron radiation make
important contributions to the final y-ray spectrum > 25MeV. Estimated 4-ray luminosity of the
pulsar in the model analyzed by Harding (1981) is given by formula:

L,=1.2x10%.B%%. P17 phot./s,

and efficiency of rotational energy conversion of the pulsar into y-ray photons is:

2 x 1031 pL3

~ . [0.95

Ny Anz.J i }5;;,
where P is pulsar period, Py,; period derivative and I is the moment of inertia of the pulsar.

The detailed studies of an acceleration process in a polar gap region were carried out by Rud-
erman & Sutherland (1975). In their model, the polar gap over the polar cap region of a neutron
star may be caused by the outflow of charged particles along field lines induced by the neutton
star rotation. The discharge of the gap occurs through ’sparks’ initiated by positrons with Lorentz
factors ~ 3 x 108. However, the growth of electric potential is limited to a value on the order of
1012-13¢V, as a result of multiple eTe™ pair production in electromagnetic cascade via curvature
radiation and magnetopair production processes (see Fig 4.3). The escape of very high energy -
rays from regions close to the surface seems to be impossible because of y-ray absorption in the

magnetopair production process’.

"The effect of capture of photons by a curved, strong magnetic field (see Shabad & Usov 1982), resulting in bending
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Figure 4.3: Nature of the pair-production discharge. A photon (of energy > 2mc?) produces an ete™ pair at
117. The electric field of the gap accelerates the positron out of the gap and accelerates the electron toward
the stellar surface. The electron moves along a curved field line and radiates an energetic photon at '2’ which
goes on to produce a pair at '3’ once the component of its momentum perpendicular to the magnetic field
is sufficiently large. This cascade of pair production — acceleration of electrons and positrons — curvature
radiation — pair production results in a ’spark’ breakdown of the gap (from Ruderman & Sutherland 1975).

The above calculations of y-ray spectra (Salvati & Massaro 1978; Harding 1981) do not include
the part of the cascade which develops during the acceleration of electrons. It was done analytically
by Ayasli (1981) who concluded that this part of the cascade does not influence the final v-ray
spectrum. However, its importance on the formation of y-ray spectrum was envisaged in detailed
numerical simulations performed by Daugherty & Harding (1982).

The problem, which should also be mentioned here, is the possibility of huge energy losses
suffered by relativistic electrons close to the surface of a young neutron star (e.g. Crab type). If the
temperature of the polar cap is greater than ~ 108 K8 and the surface magnetic field is of the order
~ 10'2Gs, the resonant Compton scattering of thermal radiation®, emitted by the neutron star,
may be an important mechanism of electron energy losses (Xia et al. 1985; Daugherty & Harding
1989). Consequently, the electrons cannot be accelerated to very high energies in the polar gap
and the cascade via curvature radiation and magnetopair production proposed by the Ruderman
& Sutherland model will not develop. However, this process by itself can produce v-ray photons

near the polar cap surface and its possible relation to y-ray bursts was discussed in several papers

of the photon trajectory is important for rather low energy v-ray photons (< 30MeV'), assuming typical magnetic
field strength of the pulsar of a few 10'?Gs and curvature radius ~ 10°cm.

8The upper limit on the temperature of the Crab pulsar surface was estimated on ~ 2.6+ 10° K (Harnden & Seward
1984). However the temperature of the polar cap region may be significantly higher (see Helfand et al. 1980).

9The cross section for the inverse Compton scattering in strong magnetic fields shows resonance behaviour when
incident photon energy in the electron rest frame is close to the cyclotron frequency. The total cross section can even
be three orders of magnitude higher than the classical Thomson cross section.
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(see, e.g., Dermer 1989, 1990; Vittelo & Dermer 1991; Preece & Harding 1992).

The Compton scattering of synchrotron radiation, emitted by relativistic electrons in the mag-
netic field of the outer magnetosphere, was studied in detail by, e.g., Treves (1971), Cheng &
Ruderman (1977), Schlickeiser (1980) as a mechanism responsible for y-ray emission from pulsars.
In terms of this radiation mechanism, the general photon spectrum of pulsars can be described. A
more ambitious model of pulsar emission, applying the above discussed mechanism, was constructed
by Morini (1983). The author proposed that two peaks of the Vela pulsar light curve are produced
by this same population of electrons following these same magnetic field lines but in two different
places. In the first, the y-ray pulse is produced near the light cylinder by ICS of synchrotron pho-
tons. In the second, the y-ray pulse is produced near the surface by ICS of synchrotron photons
and thermal black body photons from the surface. The big advantage of this model is that it can
naturally explain the morphological and spectral differences between two v peaks, different loca-
tion of the peaks observed in different photon energies and fine structure of the light curve like:
interpeak emission, trail. The total vy-ray photon spectrum of the Vela pulsar is also reasonably

well fit in terms of this model.

Another model of photon emission by pulsars involving a sequence of possible radiation mech-
anisms in the pulsar magnetosphere was proposed by Cheng et al. (1986a). The authors argue
that between the null surfaces in the pulsar magnetosphere and light cylinder, vacuum gaps can
be centrifugally induced in which particles are accelerated to very high energies. Three regions in
the magnetosphere may be distinguished in which occur interdependent radiation processes (see
Fig. 4.4). In the ’first region’ primary electrons (positrons) are accelerated to ultrarelativistic ener-
gies. They produce energetic y-rays (via curvature radiation and/or ICS) which next partly convert
to eTe™ pairs within the gap. A part of the secondary pairs escape to the ’second region’ in which
only a small electric field component exists along magnetic field lines, although it is high enough to
partly separate electrons and positrons. In this region, secondary - and X-ray photons originate via
curvature and ICS processes. Since the primary electrons and positrons move in the gap in opposite
directions, the secondary v-rays create tertiary pairs in y — 7 collisions in the ’third region’. The
tertiary pairs have relatively low energies so then they can emit mainly soft synchrotron radiation
at a broad angle. These soft photons illuminate other regions of the magnetosphere, supplying a low
energy photon target for energetic processes in regions ’first’ and ’second’. A part of the photons
which escaped from all regions create the main peaks in the pulsar light curve. The model is able to
describe the total spectrum of the Crab and Vela pulsars (see Cheng et al. 1986b) and can explain
general features of the pulsar light curve (e.g. double peak structure). However, it is difficult to

envisage the mechanism of interpeak emission and time variability of the light curve.

All the models, discussed above, concern the pulsed y-ray emission from pulsars. However, there
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Figure 4.4: On the left, schematic representation of positions of primary (I), secondary (II) and tertiary (111)
regions associated with an outer gap. Acceleration of electrons to ultrarelativistic energies occurs only in
region I (from Cheng et al. 1986b). On the right, Model of the outer magnetosphere with indicated regions
of the gaps. The pulsar radiation is observed if an observer is located inside the cone 6o (from Cheng et al.
1986a).

are positive reports of steady v-ray flux at least from the direction of Crab Nebula or pulsar (for
review of these observations see section 4.3). The steady photon emission, from optical to soft 7-
rays, was explained in terms of the MHD model for the Crab nebula (see Kennel & Coroniti 1984a,
and also Pacini & Salvati 1973; Rees & Gunn 1974) as due to synchrotron radiation of relativistic
electrons produced in the pulsar magnetosphere (Kennel & Coroniti 1984b). The steady TeV v-ray
emission from the Nebula is usually interpreted as the Compton scattering of synchrotron radiation
of relativistic electrons; starting from the oldest and simplest models by Gould (1965), Rieke &
Weekes (1969), Grindlay & Hoffman (1971) and finishing on the recent ones by Stepanian (1991)
and De Jager & Harding (1991). However, it is difficult to describe simultaneously the steady y-ray
spectrum observed by COS B and that in TeV energies. The TeV flux, calculated by Stepanian,
is lower than observed from the Crab Nebula. The calculations by De Jager & Harding fits the
reported flux at TeV energies well but in order to describe simultaneously the COS B results,

electrons with extremely high energies ~ 10'€eV are required.

Another explanation for steady y-ray emission was proposed by Kwok et al. (1991) who argue
that unpulsed TeV 7-rays may originate inside the region of several light cylinder radii from the
pulsar. According to the authors, such emission is produced in collisions of ultrarelativistic ete”
pairs, which escaped from the outer gap of the magnetosphere (Cheng et al. model). Following a
toroidal magnetic field outside the light cylinder, they interact with low energy photons produced

in the opposite gap.
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Figure 4.5: On the left, light curves for the Crab pulsar at different photon energies (from Kanbach 1983).
On the right, y-ray light curves at different epochs (from Wills et al. 1982)

4.3 Crab Nebula pulsar

The Crab Nebula is a remnant of supernova explosion in the year 1054, observed by ancient Chinese
astronomers. The distance to this source is estimated to be ~ 2kpc and the dimension of the Nebula
to be ~ 1.4 x 2.1pc. For a long time it was a puzzle as to what is the origin of the huge amount
of energy (~ 10%%erg/s) generated inside the Nebula. The situation became much clearer since the
discovery of a young radio pulsar with period 33ms in the Crab Nebula by Staelin & Reifenstein
(1968) and its optical counterpart by Cocke et al. (1969). The pulsar is losing rotational energy at
the rate of ~ 4.5 x 1038erg/s, amazingly similar to the Nebula luminosity. Now, it is widely believed
that connection between these two objects is caused by magnetic fields and relativistic particles
emitted by pulsar.

The Crab Nebula pulsar is clearly seen in all photon energies, from radio to y-rays. The emission
is modulated according to pulsar period. The light curves, obtained in the X-rays, agree remarkably
well with observations in other wavelengths (see Fig. 4.5). They show double peak structure with
narrow peaks separated by ~ 13.2 £ 0.3 msec with significant emission from the interpeak region.
The phase averaged spectrum of the Crab pulsar from soft X-rays up to GeV y-rays can be described
by a simple power law with spectral index ~ 2.2 (see Fig. 4.6). However, the detailed studies shows
that the spectrum from the interpulse region is flatter than in the peak regions which suggests
two different components of X-ray emission. These features were recently confirmed by preliminary
analysis of OSSE (GRO) data in hard X-rays (Ulmer et al. 1991).

The detailed studies of the hard X-ray spectrum of the Crab nebula pulsar indicate the existence
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Figure 4.6: The energy spectrum of the Crab pulsar between 10 keV and 2 GeV (for references see Graser
& Schonfelder 1982).

of possible line features. Ling et al. (1979) and Manchanda et al. (1982) reported the emission line
at ~ 73keV with consistent intensities, although only unpulsed data were analyzed. Strickman et al.
(1979) initially reported no line feature in the pulsed signal from the Crab pulsar, however further
analysis of these same data indicated a line at 76.6 + 2.5keV (Strickman et al. 1982) during the
first 25 minutes of a 3hr observation. On the other hand, there have been several observations of
the Crab Nebula during which no line emission near 73 keV was detected (see, e.g., Hameury et al.
1983; Knight 1982; Mahoney et al. 1984). A similar situation is in the case of second line reported
close to ~ 400keV, which can be interpreted as a redshifted annihilation line on the surface of the
Crab pulsar. More detailed discussion of this line and its possible physical interpretation will be

carried out in the next section.

The first clear identification of Crab Nebula pulsar in v-rays have been done by the SAS
2 experiment in the energy range 30-200 MeV (Kniffen et al. 1974; Thompson et al. 1977b),
although early claims of positive detections appeared starting from the early seventies. The Crab
pulsar light curve showed structure similar to that in lower energies (see Fig. 4.5) and the total
photon spectrum was in good agreement with extrapolation from lower energies. These results were
generally confirmed by the COS B experiment which observed the Crab pulsar in 5 periods (Wills et
al. 1982). Moreover their measurements found a decrease in the strength of the second peak relative
to the first. No change was observed in the 2—-12 keV X-ray light curve simultaneously measured by
COS B. The total data also contain the first evidence of interpulse emission between the two peaks
in the energy range 50-3000 MeV which was earlier reported in X-rays (see above). The reanalysis
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of COS B data (Clear et al. 1987) confirmed the statistical significance of the fluctuations of
emission from the secondary peak (3¢), and reported no systematic variations of the spectral index
with pulsar phase (contrary to observations in X-rays). There was also measured unpulsed y-ray
emission from the Crab region for energies up to 500 MeV, but the spectrum of this emission may
be described by a power law with spectral index 2.7+ 0.3 which is steeper than the pulsed spectrum
(spectral index ~2). The situation with observations of soft ~-ray emission from the Crab is similar
to observations of line features in the Crab pulsar spectrum. There are reports of an excess at
MeV energies relative to the simple power law extrapolation between X-ray and high energy v-ray
observations (Hillier et al. 1970; Baker et al. 1973; Gruber & Ling 1977). Most recent results based
on HEAO-3 data (Ling et al. 1991) report an appearance of a broadened Gaussian bump (with
significance of 10¢). It was not observed by Graser & Schonfelder (1982) whose spectrum in the
1-10 MeV range is consistent with simple power law between hard X-rays and 2GeV. However,
observations of White et al (1985) suggest two different production mechanisms (components) for
low- and high-energy ~-rays.

The Crab Nebula was observed by a number of Cherenkov experiments in TeV energies starting
from the sixties and the first positive result was reported by Fazio et al. (1972). Before 1988, many
reports of positive detections (although with poor significance) and upper limits (sometimes in
conflict with positive claims) appeared. They were, altogether, not very convincing (for a review
of the field see Weekes 1988). All these results can be divided in three kinds: steady emission,
pulsed according to Crab pulsar period and transient emission. The steady TeV emission was
recently reported with a very high significance level by Whipple Observatory (9o — Weekes et
al. 1989; 200 — Vacanti et al. 1991) based on the optimization technique of selection of v-ray
showers. The spectrum of y-rays derived by Vacanti et al. (1991) has the form N(E) = 2.5 x
(E/0.4TeV)~24%93 photons/cm?/s/TeV between 0.4 — 4 TeV and its extension to lower energies
was confirmed by Akerlof et al. (1990), see Fig. 4.7a. The periodic TeV emission was claimed in a few
experiments!® but it is not confirmed by recent, much more sensitive, observations (see Fig. 4.7b
for a review of these observations). Recent observations postulate abrupt changes in the pulsed
spectrum of the Crab pulsar between 10 — 100 GeV because, as we mentioned above, the pulsed
v-ray flux measured by COS B is four times higher than steady emission (Fig. 4.7a). The outbursts
in TeV emission on time scale of 15 min were reported in two experiments (see Fig. 4.7b). The
bursts appeared in the pulsar light curve as a single pulse, although their phases are unknown.

The detection of the Crab Nebula (pulsar) at PeV energies have been reported in a number
of air shower area experiments (we refer to reviews by Weekes 1988, 1992). The significance of

these results is weak and collection area of showers is, in the best cases, a few degrees which makes

However, the localization of pulses in the Crab pulsar light curve was conflicting.
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Figure 4.7: (a) Measured integral photon flux from the Crab Nebula. (b) Upper limits and detections reported
for the Crab pulsar by different observations:Wss—_s9 - Vacanti et al. 1991; S73 - Helmken et al. 1973; Cgs
- Tumer et al. 1985; Moo - Akerlof et al. 1989; Dgy - Dowthwaite et al. 1984; Ty - Bhat et al. 1990; T3;
- Vishwanath et al. 1985; Tgg - Bhat et al. 1986; Dg, - Gibson et al. 1982, (from Vacanti et al. 1991, for
references see this paper).

clear identification with any source emitting steady photon flux problematic. However, recently, the
possibility of an outburst on 23 February 1989 at energies of 0.1 to 1 PeV from the Crab pulsar have
been reported in three separate experiments (Alexeenko et al. 1992; Acharya et al. 1990; Aglietta
et al. 1991). There also appeared a report of the pulsed flux > 2- 10*eV which is nearly constant
with time over the three years of observations (Gupta et al. 1991). However, this claim is evident
in conflict with recent observations in TeV energies unless a very atypical shape of high energy

photon spectrum is accepted.

Summing up, the spectrum of the Crab Nebula (pulsar) is quite well established up to TeV
photon energies. However, the pulsar emission is probably not so stable as previously has been
expected from an isolated point source. There are some reports of variability of pulsar light curve
in high energy v-rays, transient emission features in soft y-rays (cyclotron, annihilation line, MeV
bump) and sporadic TeV — PeV photon bursts. We suggest a possibility that all these transient
features may be related to each other. In the next section we concentrate on theoretical analysis
of the annihilation line feature reported from the Crab pulsar and propose its possible physical

explanation in terms of present pulsar models.
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4.3.1 Annihilation line from the pulsar

The observation of the 511 keV positron annihilation line in astrophysical sources has long been
considered as a key feature for the interpretation of the emission mechanism. In fact, the feature
is expected in models where the electron energies are ultrarelativistic and the volume is small.
Conversely, the line appears to be an effective diagnostic of the high energy part of the electron
spectrum.

For many years the only source for which there was convincing evidence of the presence of
the narrow annihilation line (FWHM < 3keV) was the Galactic Center, see in particular the
seminal paper of Leventhal et al. (1978). At present it seems to be certain that there are at least
two components of emission. One is the very narrow, long-time variable line observed by many
balloon flights (see, for a review, Lingenfelter & Ramaty 1989 and recent observations by OSSE
GRO reported by Purcell et al. 1991) and the second is a strongly variable, broad annihilation line
feature which arrives from 1E 1740.7-2942, a hard X-ray variable, located 0.4° from the Galactic
Center (Sunyaev et al. 1991; Bouchet et al. 1991). Other sources, Cyg X-1 (Ling & Wheaton 1990),
Nova Muscae (Sunyaev et al. 1992; Goldwurm et al. 1992), the source at U =319 = —13.9°
— V1223 Sgr (Briggs et al. 1991), emit also at least sporadically the 511 keV line. The annihilation
line observed from the direction of Galactic Center is sometimes accompanied by a weaker emission
feature at 170 keV (Leventhal et al. 1978; Leventhal and MacCallum 1980; Matteson et al. 1991;
Slassi et al. 1991), which is considered to be a Compton backscattering 0.511 MeV line (Lingenfelter
& Hua 1991). A similar feature at ~ 170 keV is also observed in Nova Muscae (Sunyaev et al. 1992;
Goldwurm et al. 1992).

The existence of an emission feature at 440 keV associated with the Crab Nebula was suspected
since the observations of Leventhal et al. (1977). The feature was confirmed by Ayre et al. (1983)
and disproved by other groups (see, e.g., upper limits by Hameury et al. (1983) and Mahoney et
al. (1984)), so that the possibility of an intrinsic variability is seriously considered. For a detailed
review on the subject we refer to Owens (1991). Among the most recent and significant observations
we quote the ones from the FIGARO II team. The feature was observed in two balloon flights,
one in 1986 (Agrinier et al. 1990), and one in 1990 (Massaro et al. 1991a), see Fig. 4.8, and
it appears only in correspondence with the secondary pulsar peak. Its significance, as from the
addition of the data from the two flights, is about 30. The line is located between 0.43 and 0.46
MeV, its width is consistent with the energy resolution of the detector, its intensity is I = 0.86 &
0.33 - 10~*ph/cm?s. Recent observations by the OSSE detector on Compton GRO (Ulmer et al.
1991) cannot conclusively exclude the existence of the 440 keV line and 20 upper limit equal to
0.8 x 10~ phot/cm?/s reported in this work is consistent with observations by Massaro et al.

(1991a).
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Figure 4.8: The spectra of the secondary peak photon emission of the Crab pulsar after subtraction of the
off-pulse signal, for the two FIGARO II flights of (a) 1986 July 11 and (b) 1990 July 9 (from Massaro et al.
1991a).

An obvious interpretation of the feature is that it is due to the 511 keV et e annihilation line
redshifted by the gravitational field of the neutron star. Although far from being uncontroversial,

we accept this interpretation as a valuable working hypothesis.
4.3.2 Constraints on pulsar parameters
Assuming a distance of 2 Kpc to the Crab Nebula and a beaming factor k, the observed flux of line
at 440 keV corresponds to a rate of release of annihilation photons

R =4-10% X kygo ph/s, (4.1)
where kg is k/0.01.
This corresponds to a line luminosity

L5y =2 3-10%% X kygo erg/s (4.2)

which is a small fraction of the total pulsar luminosity

Lo = 10% X kygp erg/s. (4.3)

The 511 keV photons are produced by annihilation of positrons, which in turn will be a product of
an electromagnetic shower. We now consider that the showers are produced by a flow of particles
accelerated towards the neutron star. The picture will be specified in the following text. It seems
difficult to us to consider an atmosphere of pairs, since, due to the huge fields, it would immediately
expand, and the annihilation process, if occurring at all, would take place in a region of low

gravitational redshift.
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The flow of particles responsible for the generation of the showers, and therefore ultimately for

the annihilation photons, can be expressed as
Pgh =4. 1038 X 6—1 X klOO .5‘_1, (44)

where ¢ is the number of annihilation photons outgoing from the star for the infalling primary

particle.

The current associated to the particle flux is
I.=e-Psp =2-10% x €7 X kygo esu/s. (4.5)

The associated magnetic field can be estimated from the Ampére law, if a relevant space dimension

[ is chosen. Assuming, as a scale, the radius of the neutron star lg = [/10° cm, we get
Be=2-I/(c- ) =1.3x108 x It x €7 X kg0 G. (4.6)
If I = 10°cm, the dimension of the active polar cap, and kjgo ~ 1, one would have

B,. ~ 10"/¢ G. (4.7)

The magnetic field on the Crab pulsar’s surface is estimated at ~ 6 x 10'?Gs. Therefore, in order
not to destroy the neutron star’s magnetic field, the number of annihilation photons £ produced in

cascade which is initiated by single relativistic particle should be

£ > 100. (4.8)

A further constraint to energy Eprin of the particle impinging the star’s crust can be set by the
upper limit on the thermal emission from the neutron star which is known to be L, ~ 5.8-10%erg/s
(Toor, & Seward 1977; Harnden & Seward 1984). The shower developing in the crust will heat up

the crust at a rate
LSh = Eprim. * PSh =4. 1038 X Eprim. X klOU X E—l erg/s. (49)

From L, < L, and assuming koo = 1 and £ independent of the energy of the primary electron,

we get

Eprim.[MeV] < 900 x £. (4.10)

In order to have an estimate of a realistic value ¢, we consider relativistic positrons hitting the
neutron star’s surface.

In particular we have considered a Monte Carlo simulation of showers produced by positrons
impinging perpendicularly onto an iron slab, based on the EGS4 (Electron Gamma Shower simula-

tion program, Nelson, Hirayama and Rogers 1985). The code simulates showers in three dimensions
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Figure 4.9: (a) Number of outgoing annihilation photons vs the energy of the positron producing an electro-
magnetic shower impinging on an iron slab. (b) The fraction of energy outgoing in the form of annihilation
photons vs. the energy of the positron producing the electromagnetic shower (from Bednarek et al. 1992a).

following electrons and photons down to ~20 keV. Several interaction mechanisms (Photoelectric
effect, Compton scattering, pair production, Bremsstrahlung, continuous energy loss, multiple scat-
tering, Moller, Raleigh and Babha scattering, positron annihilation) are accounted for according
to Heitler (1954) and Messel & Crawford (1970). Possible effects due to strong magnetic fields are
not taken into account. We have disregarded the temperature of the Iron slab, consistently with
the fact that we are interested in hard X ray ~ 20 keV, and the upper limits on the temperature of
the Crab pulsar are < 2.5 - 10% K (Harnden & Seward 1984). A plot of £ as a function of positron
energy is given in Fig. 4.9a, while in Fig. 4.9b the fractional energy which is released in the form
of an outgoing annihilation line is given versus the positron energy. Independent of the energy of
the impinging positron, the photon yield is ~ 3, which means that, energetically it is much more
favourable to hit the surface with low energy positrons (photons). Even taking into account effects
typical of neutron star matter (see calculations of cascade in the Iron crust by Jones 1978; Bogo-
valov & Kotov 1989), it seems difficult to consider much higher values of §. Therefore, it appears
that condition (4.8) cannot be fulfilled.

The limitations derived in these sections from consistency with pulsar electrodynamics put
strong constraints of the possible models. It seems to us that a remaining possibility is that the
current is indeed transported by primary relativistic particles, but the shower starts to develop
above the crust, because of the interaction of electrons and photons with the magnetic and photon
field. The particles will arrive at the crust with low energy (satisfying condition 4.10) and the

yield of annihilation photons may be reasonably high. If such a situation can be established, the
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limitations due to the conditions of not overcoming the neutron star magnetic field (eq. 4.6) and
not overheating the neutron star surface (eq. 4.10), may be fulfilled, and the yield of annihilation
photons may be still compatible with the observations. In the next subsection we present a picture

which attempts to satisfy these constraints.

4.3.3 Description of the model

We refer to the model of Ruderman and collaborators where particles are accelerated in an outer
gap (far away in the magnetosphere, Cheng et al. 1986a,b) and in a second gap close to the polar
cap (see Ruderman & Sutherland 1975). The surface of the polar cap is heated to much higher
temperature than the temperature of the neutron star because of the flux of high energy particles
on it. Typical temperatures are supposed to be 10° — 10K (Helfand et al. 1980). According to
Cheng et al. (1986b) for a young pulsar, one would have production of 3 - 103? electrons/s with
energy ~ 10'%eV in the outer gap, moving towards the star surface (in fact, in the paper, the case of
the Vela pulsar was exemplified). The associated magnetic field is negligible (see eq. 4.6). Primary
electrons'! with energy ~ 10'2eV will produce an electromagnetic cascade: via curvature radiation
(CR) in the strong magnetic field, Inverse Compton Scattering (ICS) of thermal photons emitted
by neutron star, and pair production in the strong magnetic field by photons which in turn were
produced in CR and ICS (see Fig. 4.10). Such a cascade, although in the opposite direction, was
calculated by Daugherty & Harding (1982). From such calculations it is possible to derive that
the amplification of the number of particles will be on the order of 103, yielding a flux moving
downwards ~ 103° electrons/s. We suppose that a fraction of particles will enter the inner gap.

The energy of these particles will be strongly influenced by the resonant ICS in strong magnetic
field, which, in the vicinity of the neutron star, is regulated by the surface temperature and strength
of the magnetic field. We calculated energy losses of relativistic electrons on the ICS of thermal
photons in a strong magnetic field following analytical formulas derived by Dermer, 1990 (see also
numerical calculations by Xia et al., 1985 and Daugherty & Harding 1989). However contrary to
Dermer (1990) we again assumed that electrons are moving towards the surface of the neutron
star. In Fig. 4.11a we report the results of our calculations of the energy loss versus the electron
energy for various temperatures and magnetic field 6 - 10'2G. From Fig. 4.11a it is apparent that
for temperatures larger than 10K, energy losses are so large that one can assume that the final
Lorentz factor of electrons will be small and therefore its energy just above the polar cap will be
of the order of a few MeV. The cascade process in the pulsar magnetosphere will not be modified
by the electric field since E - B =0.

The situation is different when electrons are propagating in the polar gap because now E-B

'1We call here electronson et and e™.
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Figure 4.10: Schematic drawing of a cascade developing in the neutron star magnetosphere (left side) and
polar gap (right side). There is no acceleration of electrons (positrons) in the magnetosphere (B - E = 0)
and processes of curvature, ICS and pair production are important. In the polar gap, there is acceleration
of electrons (or positrons) because B - E # 0. and ICS dominates.

# 0, see model by Ruderman & Sutherland (1975). In the polar gap, there is a competition between
electron energy losses on ICS and energy gains from the electric field (see Fig. 4.10b). In Fig. 4.11b
we have calculated such losses and gains versus the energy of electron entering the polar gap for a
magnetic field B,. = 6-10'%G, temperature of the polar cap Tpc = 107K and a few strengths of the
electric field in the gap which we assumed in the first approximation as a homogeneous through
the gap. The interesting property is that there are two Lorentz factors for electrons (ve) for which

energy losses are equal to energy gains ) and ;. If

® 7. > 72, electrons will be accelerated reaching very high energy.
e 71 < ¢ < 72, electrons will be quickly decelerated and achieve Lorentz factor 7.

e 7. < 71, electrons will be quickly accelerated also to the Lorentz factor 7,.

This means that for certain parameters of the neutron star polar gap, the electron energy
distribution during their propagation in the polar gap will be strongly peaked in the v;.
The characteristic energy of comptonized photons by electrons crossing the polar gap will be

determined by v; and the temperature of the polar cap,

€ph ™~ €therm. '712 (4.11)

where we assumed €perm. =~ 3kT)e, and Ty is surface temperature of the polar cap.
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Figure 4.11: a). The energy losses of electrons by ICS in a strong magnetic field versus Lorentz factor for a
magnetic field strength 6-10'? G and different temperatures of blackbody radiation emitted by the polar cap.
The dotted lines represent the electron energy gain for various homogenous electric fields. b). The v, and 77
points are indicated for a particular value of energy gain 108V /cm, and T = 107k, and B = 6 - 10'°G. They
define regions of acceleration and deceleration of electrons in the inner gap (from Bednarek et al. 1992a).

For some parameters of 7; and Ty, the energy of comptonized photons is peaked at about a few
MeV. Most of these MeV photons is conversed in the iron slab into the et e pairs with energies
comparable to the energy of primary photon. If the potential drop in the polar gap is of the order
of ~ 101! = 10'2eV, which is suggested in the original paper by Ruderman & Sutherland (1975),
one obtains that each electron crossing the polar gap will produce about 105 photons with energy
close to a few MeV. So, the total number of MeV photons entering the surface of the polar cap per
second is of the order 3-103? (from the outer gap)x10° (multiplication in the magnetosphere) x 10°
(multiplication in the polar cap in ICS)= 3-10°. From comparison of this value with Py, (eq. 4.4),
we obtain, for kjgo = 1, that £ ~ 10~2. This value is consistent with the expectations from the
Monte Carlo simulations of positron initiated cascade in the iron slab (see Fig. 4.9) and calculations
by Bogovalov & Kotov (1989). The total energy of MeV photons falling onto the polar cap in the
above picture is consistent with the condition of not overheating of the neutron star (eq. 4.9). The
high collimation of produced annihilation photons along the magnetic field lines, which is inferred
from the observed pulsation of the annihilation line, is consistent with calculations of photon spectra

from et e~ pair annihilation at rest in a strong magnetic fleld (Kaminker et al. 1991).
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4.3.4 Estimates of the backscattering feature at ~ 150 keV in the Crab pulsar

As we described above in detail our proposal for the origin of the annihilation line is that it is due
to MeV photons hitting the pulsar surface which develops an electromagnetic cascade in the crust.
However, the appearance of the backscattering feature at ~ 170 keV in the presence of annihilation
line in the source at the Galactic Center and Nova Musca inspired us to search for such a feature
in Monte Carlo simulations (see subsection 4.3.2). In the case of the Crab pulsar, because of the
gravitational redshift, the feature should appear at ~ 150 keV.

We extended Monte Carlo simulations in order to calculate the photon spectra at energies
below 0.511 MeV. The primary particles are supposed to hit the iron slab perpendicularly. The
free parameters are the energy of the primary positron and viewing angle, which is represented by
©, the cosine from the normal (©=1 if the observer is in the normal direction). Each simulation
corresponds to 5 - 10 primary positrons. Results of some simulations are reported in Figs. 4.12
and 4.13. The backscattering feature at ~ 170 keV is visible in all cases but is less apparent for
higher energies of the primary positron, because the optical depth for the outgoing photons in this
case becomes much larger than 1. The stronger annihilation feature at 511 keV is present in all
cases.

The Monte Carlo simulations also yield the angular distribution of the backscattered photons. As
illustration in Fig. 4.14, we give the angular dependence of the photon spectra integrated over three
ranges of angles © for two energies of impinging particles 5 MeV and 50 MeV. The backscattering
feature is narrower and more transparent for smaller values of ©. The angular dependence of the
intensity in two energy bands for two energies of the impinging positrons is shown in Fig. 4.15.
While for 50 MeV positrons the distributions are similar, for 5 MeV the emission around the
backscattering feature at ~170 keV is more zenithal than for the annihilation line.

Since the emission feature due to Compton backscattering is not a line, in order to give a quali-
tative description of its intensity one should specify the frequency where the intensity is calculated
and the chosen continuum. We take as extremes of the feature 100-300 keV and we evaluate the
continuum with a linear interpolation of the fluxes averaged in the 20-90 keV and 310-490 keV
intervals (see Figs. 4.13). The intensity of the backscattering feature was normalized to that of the
511 keV line, which is assumed to be 0.86 - 107*ph/ecm?/s (Massaro et al. 1991a). The resulting
values are given in Table 4.1. The continuum flux in the same energy interval and in the same units

is also reported. The statistical errors are on the order of a few percent (see Table 4.1).
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Figure 4.12: The Compton backscattered photon spectrum obtained by Monte Carlo simulations of a cascade
initiated in an Iron slab by positrons with different primary energy: 1 MeV (a), 5 MeV (b), 10 MeV (c), 20
MeV (d), 50 MeV (e). (from Bednarek et al. 1992b).
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Figure 4.14: Angular dependence of the photon spectra integrated for three different ranges of © and two
energies of impinging positrons 5 MeV - left side; 50 MeV ~ right side (from Bednarek et al. 1992b).
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Energy?® Feature® Error Continuum® Error
MeV [ph/em?/ s [ph/em?/s] [ph/em?/s) [ph/cm? /s
1 1.78-1073 3.0-10°7 7.71-10°6 1.4-1077
5 3.53-107° 4.9.1077 1.66-1075 2.4-107
10 5.89.107° 7.3.1077 2.43-107° 3.4-1077
20 1.00-107% 1.2-1078 3.65-1075 5.2-1077
50 1.71-107% 2.2-107° 5.83-107° 8.8.1077

Table 4.1: The estimates of photon flux in the backscattering feature from the Crab Nebula pulsar. ®Energy
of impinging positrons. *Intensity of the feature normalized to the 440 keV line. “Continuum in the 100-300
keV energy region (from Bednarek et al. 1992b).
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Figure 4.15: Angular dependence of the photon intensity in two energy bands for impinging positrons of
energy 5 MeV (a) and 50 MeV (b), © is the cosine from the normal. The dotted line shows the distribution
of photons of energy including the e*e~ annihilation line (506 - 516 keV). The solid line refers to photon
energy including the backscattering feature between 100 - 300 keV (from Bednarek et al. 1992b).

4.3.5 Discussion

We considered a picture where the annihilation line is created by positrons interacting with the
neutron star surface. The first result is that the required positron current has an associated magnetic
field which exceeds the pulsar’s field, therefore the positrons must hit the neutron star in the form of
pairs or showers. However, it is not possible to consider very energetic electrons hitting the surface
because in that case the neutron star will be overheated by impinging particles in contradicting the
observed limits of the thermal luminosity of the Crab pulsar.

Thus, the particles hitting the surface must be of energy of a few MeV.

‘We have then shown that within the model of Ruderman and collaborators such a situation
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can be envisaged. The outer gap is used as a source of particles moving downwards. They are
multiplied and slowed down by the interaction with the magnetic field and the photon atmosphere.
In the inner gap the electrons acquire a fixed energy such as to radiate 7-rays downward which
then interact with the surface and produce positrons.

Depending on the photon atmosphere (i.e., on the temperature of the polar cap), the magnetic
field, and the electric field in the inner gap, one may have a situation where the gamma rays
produced by the comptonization are too energetic in the sense that the showers enter too deeply
into the crust contrary, it is possible that the photons are below the threshold of pair production.
Such possible situations can be clearly distinguished in Fig. 4.16 in which we illustrate the parameter

space, obtained from the calculations, for three different scenarios:

(I) - Comptonized thermal photons have energy less than 2m.c? — no pair production in the NS

crust;

(IT1) - Comptonized photons have energy greater than 2m.c? — pair production — the annihilation

line feature will emerge;

(III) - electrons will be accelerated continuously in the polar gap — production of y-ray photons

not efficient — no transparent annihilation line will appear.

For a magnetic field of the Crab nebula pulsar of ~ 6 - 102G and the electric field of the inner
gap 107V /cm we obtained from the Fig. 4.16 that the efficient comptonization of photons into the
MeV energy range occurs for a polar cap temperature ~ 3.5 — 6 x 10°K.

Our picture also predicts that the annihilation line at ~ 440 keV from the Crab pulsar should be
accompanied by a feature at ~150 keV caused by Compton backscattering of the 511 keV photons.
In Table 4.1, we calculated that the expected flux of the backscattering feature is in the range
107% — 10~ ph/cm?/s.

To our knowledge there is no clear indication of a ~ 150 keV feature in the data published so far.
Mahoney et al. (1984) on the basis of HEAO 3 data, gave a 30 upper limit for line emission between
50 keV and 10 MeV of ~ 2-10"%ph/cm?/s, which is somewhat above the expected intensity. An
improvement of the sensitivity by a factor 10 is expected with OSSE (e.g. Cameron et al. 1991),
and this should allow detection of the feature.

If the backscattering feature were beamed, as suggested by the simulations, and therefore mod-
ulated with the pulsar period, the possibility of detection would be enhanced. The FIGARO team
(Massaro et al. 1991b) reports that the annihilation line has a rather large emission in the interpulse
phase. It may be worth noting that Knight (1982), on the basis of MED HEAO 1 data, showed that
at 100 keV the interpulse spectrum is harder than that of the two pulses, but the energy resolution

was too poor to allow detection of a feature of the kind considered here.
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Figure 4.16: The gap electric field — cap temperature plane is divided in three parts depending on the strength
of NS surface magnetic field. In part I, the electrons are accelerated, in part II they reach steady energy v,

which yields Compton photons with an energy above 1MeV, in part III the Compton photons have energy
below 1 MeV (from Bednarek et al. 1992a).

Another consideration which should be taken into account is that the feature at ~ 150 keV is
probably variable, since such variability is suspected for the 440 keV feature. This possibility is in
agreement with our picture because of the tuning required to produce photons in the correct energy
interval. It is possible that the annihilation line occurs only in one polar cap in correspondence with
the secondary pulsar peak, as suggested by the observation of line emission. The same argument
may also justify the variability of the line intensity which is suggested by some observational data.

Obviously the observation of a backscattering feature at ~ 150 keV in conjunction with the
~ 440 keV line one would favour our picture, while its absence at the level described would be

considered a disproof of the model.

These two lines may be also physically related to other transient features observed in the Crab
pulsar y-ray emission. For instance we suggest that the instability may be induced in the pulsar
outer gap (by e.g. miniglich or passing meteorite ?). As a results, a part of 100 MeV — GeV -
ray emission produced in the outer gap may be converted to ete™ (decrease of 100 MeV - GeV

fluz). Enhanced flux of pairs will impinge on the polar cap region of neutron star and the surface
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temperature will increase. Higher flux of thermal photons emitted by the polar cap can swith on
the process of efficient energy losses of pairs by resonant Compton scattering (our picture will start
to work and ete™ annihilation feature may appear in the pulsar spectrum). If the temperature
of the polar cap is high enough, the process of thermoemission of ions will start. They will be
next accelerated in the polar and/or outer gap. The interaction of ions with extremely high energy
(~ 10'° eV) with low energy radiation will result in production of PeV «-ray burst. Suggested above
scheme is very speculative, however our purpose is to draw peoples attention on the importance

of correlative searches of transient features in all range of -ray spectrum observed from the Crab

Nebula pulsar.

This chapter is partially based on two papers: “On the 440 keV Line in the Crab Nebula Pulsar” by W.
Bednarek, O. Cremonesi & A. Treves, 1992a, ApJ 390, 489 (included in an Appendix) and ”Estimates of the
Compton Backscatiering Feature at ~ 150 keV in the Crab Nebula Pulsar” by W. Bednarek, O. Cremonesi
& A. Treves, 1992b, ApJ (submitted).
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5 Very high energy ~-ray emission
from X-ray binary systems

The X-ray binary systems distinguish themselves among many different types of binaries by strong
X-ray emission. The first source of this type, Cen X-3, discovered by the Uhuru satellite, showed
a very short period of pulsations ~ 4.8s (Giacconi et al. 1971; Schreier et al. 1972). Soon after a
second, similar, object was found in Uhuru data, Her X-1, with a period ~ 1.24s (Tananbaum et al.
1972). It became clear that X-ray binaries are composed of a 'normal star’’ and a compact object
which is usually a neutron star, white dwarf or black hole?.

The basic feature of X-ray binary systems is the exchange of mass between a companion and a
compact object through stellar wind or Roche lobe overflow. Depending on the parameters of the
compact object and surrounding matter, accretion can occur via the formation of a disk, direct
accretion onto magnetic poles or a quasi-spherical accretion below the shock which may be formed
in the interaction of the stellar wind with the magnetosphere of a compact object. During the
accretion process a large amount of gravitational energy of the falling matter is converted into
X-ray radiation. For detailed discussions of different accretion modes and energy generation during
such processes the reader is referred to books by for example Shapiro & Teukolsky (1983), Frank
et al (1985), a review article by Pringle (1981) and to a collection of the most important works on
this topic by Treves et al. (1989). Another possibility of energy generation in such systems is the
extraction of rotational energy from the magnetized compact object. Such a process may dominate
the energy generation with respect to accretion, particularly, for smaller accretion rates (see e.g.
Priedhorsky 1986).

Depending on the nature of the compact star and on the mass of the optical companion, the
X-ray binary systems can be divided into three general subclasses: High Mass X-Ray Binaries
(HMXRB), Low Mass X-Ray Binaries (LMXRB) and Cataclismic Variables (CVs). The first two

classes contain neutron stars (or black holes ?) as compact objects and, what is particularly inter-

'There are evidences that some companions are more luminous than predicted by stellar evolution models.

2 A few compact objects were claimed having mass above critical value for a neutron star (e.g. Cyg X-1, A0620-00,
LMC X-3, V404 Cyg). However it is practically impossible to prove that the specific compact object is really a black
hole since the estimation of its mass is based on some assumptions concerning the mass of 'normal star’, a distance
to the binary and that there is no other massive objects in these systems.

69
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HMXRB LMXRB
1. Massive companion (> 8 — 10Mg); 1. Low-mass companion (< 1 — 1.5M);
Optical spectrum; Early type star Often: no Stellal" SpectruIn Visible; accre-
tion disk.
2. Hard X-ray spectrum; pulsating 2. Softer X-ray spectrum; non-pulsating

(2-3 exceptions)

3. In galactic plane; young stellar popula- | 3. Concentrated towards galactic center
tion (< 2 x 107yr) (old: mostly 5 — 15 x 10%yr)

4. No X-ray bursts. 4. Often X-ray bursters.

Table 5.1: Characteristics of high mass and low mass X-ray binaries (from van den Heuvel 1985).

esting, some of them were claimed as sources of very high energy 7-rays. The CVs contain a white
dwarf as a compact object and only two of them, AE Aqr and AM Her, were reported in TeV
photon energies. The energy generation per unit accreting mass in their case is much lower than for
HMXRB and LMXRB. For more detailed information concerning the physical properties of CVs,
models and classification schemes we refer to recent reviews by for example Szkody & Cropper

(1989), Cropper (1990), Giovannelli & Martinez-Pais (1991).

The HMXRB and LMXRB significantly differ in their origin and physical properties. HMXRB
belong to extreme stellar population I and contain very luminous optical companions. LMXRB
are a mixture of old disk population (5 — 10 X 10%°yr) and extreme population II (globular cluster
sources, age ~ 1.5 x 10'%yr) and contain a low mass star whose optical emission is dominated by
the compact object. Some of the compact objects (in HMXRB) show evidence of a strong surface
magnetic field of the order ~ 10'?Gs (value estimated from observations of cyclotron lines at
~ 58keV in Her X-1 by Triimper et al. 1978 and at ~ 20keV in 4U0115+63 by Wheaton et al.
1979). In Table 5.1 are listed the important features of these two groups. For detailed review of
observational properties of X-ray binaries, their origin and evolution we refer to articles by Joss
& Rappaport (1984), Giovannelli & Sabau Graziati (1992) and proceedings from the conferences
dedicated to this topic e.g. Lewin & van den Heuvel (1983), Triimper et al. (1985).

In the next section we review shortly the observational results of very high energy v-rays from
HMXRB and LMXRB. In section 5.2 we discuss possible models of v-ray production in these
sources. The original contribution to this topic is included in section 5.3 in which we discuss
possible production mechanisms of y-rays and neutrons above 10!! eV. Based on the reported
observational parameters of Cyg X-3, we fit the general Cyg X-3 spectrum in TeV-EeV energy
range in terms of these mechanisms. From these fits, we calculate the required total luminosity
of Cyg X-3 in relativistic particles. We conclude that the description of the EeV emission from

Cyg X-3 by neutron flux is favorable from an energetical viewpoint (acceleration of particles to
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lower energies is postulated) and avoids difficulties concerning attenuation of VHE photons in the
strong magnetic field of the binary system. We show that a model in which relativistic neutrons,
emitted by the compact object, interact with the background matter occulting the compact object
in the phase of the orbital period observed in TeV and PeV energy ranges, seems to be the most
successful in describing the spectrum of Cyg X-3 and gives reasonable values for the required total
particle luminosity. Also a model in which the electromagnetic cascade initiated by nuclei (e.g. He)

and developing in the matter and magnetic field surrounding the binary system is consistent with

observations.

5.1 Observations

The existence of sources emitting high energy 7-rays was suspected for a long time. The searches of
such sources were stimulated by the discovery of cosmic rays (Hess 1912). It was natural to postulate
that y-rays should be produced as a secondary products during the acceleration and propagation of
relativistic particles inside sources of cosmic rays. At first, the scientists attention was concentrated
on the most powerful phenomena in our Galaxy: supernova and radio pulsars. However only two such
objects, the Crab Nebula and the Vela pulsar, observed already by satellites in MeV — GeV photon
energies, were reported in the very energetic y-rays above 10! eV (see chapter 4 for details). The
new results came unexpectedly from another side. The X-ray binary, Cyg X-3, was detected at TeV
energies and, this result was confirmed by several other observations, although many observations
also reported negative results (for detailed reviews of these observations we refer to e.g. Weekes
1988 and Stepanian 1989). Up to now, several X-ray binaries were claimed as detected at photon
energies > 10! eV (see Table 5.2). We shortly review here the observational results concerning
the best documented ones: Her X-1, 4U0115+63, Cen X-3 and Vela X-1. Cyg X-3, which is most
frequently observed in this energy range, is reviewed separately in section 5.3. For more complete
reviews of recent observations and discussion of these results, the reader is referred to: Chadwick
et al. (1990), Ramana Murthy (1990) and Turver (1991) — TeV energy range; Goodman (1990) -
PeV energy range; Weekes (1988, 1992) and Fegan (1990) both TeV and PeV energy ranges.

Her X-1is a close (~ 6kpc) LMXRB which exhibits modulation of the emission on time scales
of 1.24s (pulsar period), 1.7d (orbital period) and 35d (probably precession of the neutron star or
accretion disk). The burst in the VHE «-rays from Her X-1 with duration of ~ 3 min was reported
by the Durham group (Dowthwaite et al. 1984) showing modulation according to the pulsar period.
The appearance of such bursts of emission with duration 3-100 min was later confirmed by several
other observations (see Table 5.2), but negative results were also reported (see e.g. Reynolds et al.

1991). However, especially important for the mechanism of 7y-ray production in this source, is the
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Source Energy Result Group Principal references
Cve X-3 TeV Discovery Crimea Vladimirsky er al., 1973
- Confirmation Crimea Neshpor er al., 1980
Confirmation Tien Shan Mukanov, 1981
Confirmation Whipple Weekes eral., 1981
Confirmation fowa - Lamb et al., 1982
Confirmation Durham Dowthwaite et al., 1983
Upper limit Whipple Lamb erul.. 1991
PeV Discovery Kiel Samorski and Stamm. 1983a
Confirmation Leeds Llovd-Evans et al., 1983
Upper limit Cyanus Lu eral.. 1991
Upper limit CASA Krimm er al., 1991
EeV Discovery Flv's Eye Cassiday et al., 1989
Confirmation Akeno Teshima eral.. 1990
Upper limit Leeds Lawrence er al.. 1939
Her X-1 TeV Discovery Durham Dowthwaite er al.. 1984c
Confirmation Whipple Gorham er al., 1986a. b
Confirmation Whipple Lamb eral., 1988
Confirmation Haleakala Resvanis eral.. 1988
Upper limit Whipple Lamb eral., 1991
PeV Discovery Fly's Eve Baltrusaitis et af., 1983
Confirmation Cygnus Dingus er al.. 1988
Upper limit Cygnus Lu eral.. 1991
Upper limit CASA Krimm er al.. 1991
Cas Gum-1 TeV Discovery Crimea Stepanian et al.. 1972
A0S TeV Discovery Durham Chadwick et al., 1985
Confirmation Durham Brazier eral.. 1990c
Confirmation? Haleakala Resvanis eral.. 1987b
Upper limit Tata Acharya eral., 1990b
Upper limit Whipple Macomb er al.. 1991
Vel X-t TeV Discovery Patch. North eral., 1987
Confirmation Potch. Raubenheimer er al.. 1989
Confirmation Durham Carraminana er al.. 1989a
Upper limit JANZOS Bond er al.. 1990b
PeV’ Discovery Adelaide Protheroe er al.. 1984
Confirmauon BASJE Suga. 1985
Confirmation Potch. van der Walt eral.. 1987
Cen X-3 TeV Discovery Durham Carraminana er al., 1989b
Confirmation Durham Brazier eral.. 1990d
Confirmation Potch. North ez al.. 1990
TE223y - 3N TeV Discovery Durham Brazier er al.. 1990c
Upper limit Whipple Cawley eral., 1991
Seo X-1 TeV Discovery Potch. de Jager et al., 1985
Coafirmation Durham Brazier er al.. 1990e
LMC X1 TeV Upper limit Durham Brazier et al., 1990g
PeV Discovery Adelaide Protheroe and Clay, 1985
SMC XAt TeV Discovery Durham Brazier eral., 1990g

Table 5.2: Summary of the best observed X-ray binary systems at energies above 10!! eV (for references see
Weekes 1992).

modulation of signal with period shorter than observed in X-rays for Her X-1 pulsar. There is also
no clear correlation of the y-ray emission with other periods of the system: 1.7d and 35d. In the
PeV energy range, the emission from Her X-1 was detected by the Fly’e Eye group (Baltrusaitis et
al. 1985). The burst of PeV emission lasted for about 40 min and exhibited the 1.2377s periodicity,
consistent with observations at TeV energies. More recent results in this energy range are confusing.
One result shows a slight 2.80 DC excess from Her X-1 (Acharya et al. 1991), another a 4.20 excess

at the period of 1.236s (Muraki et al. 1991b), but other groups observed no significant excess (e.g.
McKay et al. 1991).

4U0115+63 is a HMXRB system containing a neutron star with period 3.6s and a Be companion
star with orbital period 24.3d and eccentricity 0.34. TeV radiation was first reported from this source
by the Durham group (Chadwick et al. 1985a; confirmed by Brazier et al. 1990a). The emission was

pulsed at the 3.6s period without any evidence of modulation with the orbital period. However, an
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earlier DC excess in this region of the sky was found by the Crimean group (Stepanian et al. 1972)
who reported the existence of a transient VHE source, Cas -1, which may concern 4 U0115+63.
Other observations reported sporadic burst emission from 4U0115+63 lasting from 15 min up to
3 days or the lack of detection (see Table 5.2). It seems that 4U0115+463 is not a steady periodic

source of VHE v-rays, although it may be a sporadic one, as suggested by observations in X-rays.

Cen X-3is a HMXRB system containing a 4.82s pulsar in a 2.1d orbit. This source was identified
above 0.25 TeV by the Durham group (Brazier et al. 1990b), showing modulation according to the
pulsar period. Emission was detected only in the 0.7-0.8 orbital phase interval. These parameters
were confirmed independently by the Potchefstroom group (North et al. 1990). However, more
recent observations reported during the 22nd ICRC do not confirm these earlier results.

Vela X-1is a HMXRB system containing a rather slow pulsar with period 283s in a 8.96d orbit.
The TeV «y-ray flux from this source has been reported by the Potchefstroom group (North et al.
1987; Raubenheimer et al. 1989) and confirmed by Durham group (Carraminana et al. 1989). The
persistent emission observed from this source is modulated according to a period which is shorter
by ~ 0.3s than the pulsar period observed in X-rays. This puzzling feature is also reported in the
case of Her X-1 (see above). Recent results reported during the 22nd ICRC by these same groups
are consistent with previous persistent emission (without modulation according to orbital period)
and also claim the detection of a burst at phase 0.91, with respect to eclipse. However, other groups
failed to find any evidence of TeV 7-ray emission. There are also claims of the excess of particles

at PeV energies corresponding to ~ 0.63 orbital phase of Vela X-1 (Protheroe et al. 1984).

Recently, two cataclismic variables were discovered at TeV energies AE Aqr and AM Her. AE
Aqr shows weak pulsed TeV emission according to the white dwarf 33s period, associated with
flaring activity of the source (see Bowden et al. 1991; Meintjes et al. 1991). AM Her was also
observed in TeV photon energies (Bhat et al. 1991). Its light curve exhibits two broad emission
peaks close to 0.1 £ 0.2 and 0.6 & 0.2.

The above results, claiming the detection of X-ray binaries in VHE and UHE v-rays, were not
the end of this surprising story. Recently, new results have appeared, announcing the discovery
of neutral emission above 1017 eV from three X-ray binaries. The results concerning Cyg X-3,
claimed at these energies by two independent groups, are described in section 5.3. Two others in the
southern hemisphere, 2A 1822-37 and LMC X-4, were found in data collected by SUGAR (Sydney
University Giant Air shower Recorder) experiment, and reported in papers by Clay et al. (1992)
and Meyhandan et al. (1992). The flux of particles estimated for 2A 1822-37 is 2 x 107"* cm™?s7!
above 1.8 X 10'7 eV and for LMC X-4 is (5.2 & 1.5) x 10716 em~2s~! above 2 x 10'7 eV. They are
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consistent with positive detections of these sources at PeV energies by Ciampa et al. (1989) and
Protheroe & Clay (1985). These observations, if real, is very difficult to explain on the theoretical
grounds (see discussion of models in the next section).

In conclusion, in spite of several reports of positive detection of X-ray binaries above 10 eV,
only a few of them are considered as well established. However, there are big hopes between cosmic
ray astrophysicists since these sources may be responsible for production of the cosmic rays in
our Galaxy. Recent claims of detection of sources above 1017 eV (Cyg X-3, 2A 1822-37 and LMC
X-4) seem to support the ideas that high energy particles, filling our Galaxy, originate in compact
objects.

There are two main problems connected with detection of the highest energy photons. First, the
poor sensitivity of telescopes (most of the observations report the detection of sources with only
3 — 40) makes the observations very difficult and results unsure. Second, the possible variability
of sources at these energies prevents the confirmation of claimed earlier results. Positive detection
of these sources by the detectors on the board of Compton GRO below 10 GeV will have a very

important influence on the future development of high energy «y-ray astronomy.
5.2 Models

The evidences of extremely high energy v-ray emission in X-ray binary systems created a serious
theoretical problems which are not solved in spite of many efforts. The three main concerns: particle
acceleration mechanism, energy generation, and mechanisms of y-ray production. In this section
we will shortly discuss acceleration mechanisms and possible sources of energy generation, in the
context of specific models. The possible mechanisms of an extremely high energy v-ray production

will be discussed in more detail in section 5.3 taking into consideration Cyg X-3 as an example.

Acceleration mechanism

The observations of X-ray binary systems postulate the acceleration of particles up to 1016
eV or even 10'8 eV (if recent reports concerning the observations of ~ 10'7 eV neutral particles
are confirmed). It is very difficult to envisage a mechanism for particle acceleration to such huge
energies, keeping in mind their possible energy losses during the acceleration process. The TeV
y-ray emission reported from the direction of several sources may be explained by the emission
of relativistic electrons. However, production of higher energy v-rays (PeV, EeV) has to engage
hadronic interactions because of the huge energy losses of electrons during the acceleration process in

magnetic and radiation fields. The following acceleration mechanism were discussed in the literature:

1. Dynamo Acceleration. A large—scale electric field may be induced by the rotation of an ordered

magnetic field. If such an object is rotating in vacuum, then a possible potential of V =
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e-(vx B)-R/c can be used for particle acceleration up to ~ 10!7 eV. However, in the realistic
case (e.g., the presence of plasma around a pulsar), only a small part of this value is available
for electron acceleration because of the development of et e™ pair cascade in a strong magnetic

field. For more details of particle acceleration by this mechanism in the pulsar model we refer

to section 4.2 of this thesis.

2. Shock Acceleration. Charged particles can gain energy by scattering back and forth across
the shock front from magnetic irregularities which move with the fluid and act as converging
walls, or in diffusion process through the shock front (first order Fermi acceleration, Fermi
1954). The spectrum of accelerated particles escaping downstream is a power law with index
dependent on the compression ratio of the shock. The maximum acceleration energy of the
particles is determined by the balance of energy gain in this process and energy loss which
depends on the model. The protons may reach maximal energy E*** = e-(u;/c)-B-Rsx (where
uy is the upstream velocity of the shock, B is magnetic field and R, the typical dimension of
the shock). The acceleration process also depends on the orientation of the shock propagation
to the direction of magnetic field (parallel, perpendicular, or oblique shocks) which result in
different efficiencies and maximum energies of particles. More recent studies of acceleration
by relativistic shocks, u; ~ ¢, (Kirk & Schneider 1987) indicate that they are more efficient

in accelerating particles (the energy gains larger per one crossing of the shock, the resulting

power law spectrum flatter).

3. Magnetic Reconnection. The interaction of plasma flow with magnetic field can distort its
structure allowing reconnection along neutral sheets, where oppositely directed field lines
are brought together. Along these neutral sheets, the potential drops may be maintained
and acceleration of particles can take place. The maximum energy to which protons can be
accelerated is E*** ~ e/n(va/c)- B - R, where vy = B/(47p)'/? is the Alfven velocity and
71 < 1 is the efliciency factor. The spectrum of particles accelerated by magnetic reconnection
depends on the geometry and boundary conditions and may be monoenergetic or of the power

law type.

4. Plasma Turbulence. If a magnetic field is present in turbulently moving plasma, the charged
particles can gain energy in head—on collisions and lose in head~tail collisions with magnetic
blobs, but the net result is a systematic acceleration. This mechanism is often referred as
second order Fermi acceleration (Fermi 1949). In the most favourable case (turbulence on all

scales, radiative losses not important), energies of the order ~ 10'%eV may be achieved.

In principle, the above discussed mechanisms may explain the observations of PeV vy-ray emis-

sion, however there is no known mechanism in which possible acceleration of particles in discrete
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sources may occur up to (or above) ~ 10'® eV. From another side, the observations of cosmic ray
particles, with energies ~ 10!° eV, postulate the existence of such mechanisms.

Another, equally important problem of VHE 7-ray observations concerns the source of energy
in X-ray binary sources which can be efficiently transformed to high energy v-rays. Two sources of
power available for particle acceleration in X-ray binaries are accretion and neutron star rotation.
In principle, in some special situations, both processes can interplay (see, e.g., Priedhorsky 1986),
but usually, they are analyzed separately since most of the models concentrate on only one of these
possibilities. The accretion process will take place if the energy density of the relativistic wind
produced by the rotating neutron star is lower than the energy density of the plasma at the accretion
radius3. The observations of some sources require very high luminosities, up to ~ 10%° erg/s in the
case of Cyg X-3, which is above the maximum energy generated in spherical accretion onto a solar
mass neutron star (Eddington limit) and above the X-ray luminosity of these sources. Therefore, the
possibility of collimated acceleration of particles (and production of high energy 7-rays) in these
sources is often considered. We will start a short review of the models from those engaging the
accretion scenario. For more detailed reviews we refer to Hillas (1987), Weekes (1988), Chadwick
et al. (1990) and Harding (1991).

The possibility of induction of large scale potentials in the disk rotating in a nearly perpendicular
magnetic field of the neutron star was adopted for X-ray binaries by Chanmugam & Brecher (1985).
In this model, particles can be accelerated by parallel electric fields, above the disk, if the plasma
is deficient there. The potential difference may be V = 1.4 x 1013+ (B(7.4)/10% Gs) - (r.4/10km)!/2.
In(rou/r.4) volts = 2.8 X 1014. Bf20'43 - LY volts, where By, is the surface magnetic field in units
of 10!2Gs, and Lsg is the accretion power in units of 1038erg/s. Then, the maximum energies of
particles are obtained for the high accretion rates onto a neutron star with a weak surface magnetic

field. Such a model is able to explain the reported TeV emission from the Vela X-1 which contains

3For instance, in the case of the quasi-spherical scenario, accretion will occur if the kinetic energy density of matter
is higher than the energy density of magnetic field at the accretion radius:

B*(rqce)/87 < mpnoo'vzc,

where B(racc) is the magnetic field strength at the accretion radius, m, is proton mass, ne and v are the density
of particles and their velocities at the accretion radius, respectively.

Then, in the case where the light cylinder of the rotating neutron star is smaller than the accretion radius (which
is for Pns < 560 - v7%, Pns is the period of the neutron star in seconds and w7 is the velocity of particles in units
107cm/s), the accretion process will start if

Bs < 8-ny/* - Pis/vr,
where Bj; is the magnetic field in units of 108Gs and ng is the density of matter at the light cylinder in particles/cma.
If the light cylinder is greater than the accretion radius, the critical value for the strength of the magnetic field for
which the accretion of matter will occur is

Bs <1.2x 107 -n}/? . o7®

However, in this case, the centrifugal force may prevent accretion if the neutron star is an oblique rotator.
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Figure 5.1: The magnetosphere around an aligned neutron star. The dotted region corrotates with the star.
The crosshatched region corrotates with that part of the disk to which it is attached by a magnetic field. The
gap is between these two regions. The drifting 'window’ in the disk, in which production of «-rays occurs, is
also labelled (from Cheng & Ruderman 1989).

a rather old neutron star (period ~ 283s), but is not promising in the case of Her X-1 which is

thought to have a surface magnetic field of ~ 10'2Gs.

A model, involving similar scenario (pulsar plus accretion disk), was suggested by Cheng &
Ruderman (1989,1991). It is proposed that two parts of the pulsar magnetosphere (the first, rotating
rigidly with the pulsar, and the second, rotating with the disk — keplerian rotation) are separated by
a vacuum gap in which huge electric potentials are induced (see Fig. 5.1). The maximum potential
drop V ~ 10'7 - By 37 LgéTeV is higher than in the previous model since the acceleration takes
place closer to the neutron star. The advantage of this model is the possibility of explaining the
surprising difference between the periodicity of TeV ~-ray signal and the pulsar period, observed
in the case of the Vela X-1. In this model the difference is caused by drifting windows’ (parts of
the disk with smaller or higher surface density than the entire disk) on the surface of the accretion
disk which is illuminated by relativistic particles (see Fig. 5.1). The emission of y-rays is collimated
along the trajectories of relativistic protons impinging on the disk surface.

Another type of accretion model applies the acceleration of particles in the shock. For instance,
Kazanas & Ellison (1986) postulate the formation of a spherical collisionless shock at a distance
~ 10 — 50 neutron star radii. The protons can be accelerated up to = 3 x 10*®¢V. However UHE -
rays cannot escape from this region freely because of the magnetopair production process. Therefore
the authors suggest that the energy is transferred outside through production of energetic neutrons
in p + p collisions. Neutrons are not captured by magnetic field and can produce UHE «-rays in

the outer magnetosphere.

Kiraly & Meszaros (1988) proposed a model in which some of material, accreting onto the polar
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cap, is expelled in a jet along the axis of the neutron star’s magnetic pole. Protons are accelerated
in the shock which is formed when the jet encounters matter accumulated farther from the neutron
star. The advantage of this model is that it uses the full gravitational potential of the neutron star,
however the efficiency of transforming this energy into the jet is very uncertain. This model can
not explain the y-ray signals modulated according to the pulsar period since the shock has a shell
shape surrounding the neutron star.

The possibility of plasma turbulence in accretion columns of neutron stars was proposed by Katz
& Smith (1988). The energy may be transported along such columns from deeper regions (close to
the neutron star surface) by the convective motions of the region close to the light cylinder (Smith
et al. 1992; Johnson 1991). Protons can be accelerated in collisions with turbulent cells to energies
~ 101* — 108eV. A narrow beam of protons, accelerated in such a scenario, can interact with the
matter of the accretion disk producing 7-rays in hadronic cascade (Hillas & Johnson 1991). The
above model postulates the highly collimated production of y-ray photons (which is favoured from
the energetics viewpoint), and can easily explain the periodic and transient emission reported from
some sources (e.g. Her X-1).

Second group of models postulates the extraction of rotational energy of fast, nonaccreating
pulsars, which may occur inside or outside the light cylinder. The first case is typical for isolated
pulsars and was already discussed in section 4.2 of this thesis. Here we shortly review the second
possibility which seems much more promising for models of UHE v-ray production (no magnetopair
production by UHE v-rays). It was proposed that the spin-down energy of the pulsar is transported
by a relativistic MHD wind consisting mostly of eTe™ pairs (Rees & Gunn 1974). The interaction
of such a MHD wind of a rapidly spinning pulsar with the wind of a companion star in a binary
system could form a shock (see Fig. 5.2), in which an essential part of pulsar energy may be
released (Bignami et al. 1977). Protons and electrons may be accelerated by such a shock and their
interaction with matter, in the binary system, may produce the observable VHE and UHE «v-rays
(Harding & Gaisser 1990). The maximal energy of protons for a strong shock is

(a:‘;‘*)’ Ry~ a-r.

1 R‘g e
E;naz — 7 % 1018 . .BlQ . PT;E{ ) << a T } [eV]’ 5.1

where 7. is the companion radius, a is the orbital separation of the binary, and R, is the spherical
shock radius. The observed UHE 7-ray signal should be modulated according to the orbital period
of the system, but no modulation according to the pulsar period is expected.

Another problem which needs to be explained by the model of 7-ray emission from X-ray binaries
is the appearance of a signal in special phases of the orbital period. The simple geometrical model
proposed by Vestrand & Eichler (1982) postulates that y-ray pulses should appear in phases close
to 0.2 and 0.8. At that time, it was consistent with observations of Cyg X-3 but later results
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Figure 5.2: Pulsar wind shock acceleration for the case of confinement by the companion star wind (from
Harding & Gaisser 1990).

showed evidence of emission only in phase close to ~ 0.6, where the neutron star is supposed to be
in front of the companion. These observations can be explained in the model of y-ray production
in the accretion tail formed behind the neutron star or bulge on the accretion disk surface (see
Fig. 5.3). Another solution was proposed by Protheroe & Stanev (1987) who studied propagation
of relativistic particles emitted isotropically by the neutron star in the dipole magnetic field of
the companion. However, no clear mirroring of trajectories close to phase ~ 0.6 is seen in his

calculations.

5.3 Cyg X-3

Cyg X-3, one of the earliest sources discovered in X-rays (Giacconi et al. 1967), shows a variety of
peculiar behaviour in almost all ranges of the photon spectrum. It is one of the brightest, variable
X-ray source in the Galaxy, a bright infrared source and a radio source that undergoes huge radio
outbursts. The periodicity of ~ 4.8k, discovered in X-rays (Persignault et al. 1972) and confirmed
in infrared observations (Becklin et al. 1972), suggests that Cyg X-3 is a binary system. The recent
discovery of broad He I and He II emission lines (but no strong hydrogen lines) indicates that
the companion is probably a Wolf-Rayet star producing a dense wind in the Cyg X-3 system (van
Kerkwijk et al. 1992). The second companion is probably a neutron star which is suggested by
high X-ray luminosity and a 12.6ms periodicity, discovered in TeV photon energies by Chadwick et
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Figure 5.3: Possible gas targets in X-ray binaries. (a) Atmosphere of companion, (b) accretion tail, (c)
structure attached to accretion disk (from Hillas 1987)

al. (1985b) (see also Bowden et al. 1992) and independently confirmed by Gregory et al. (1990)".
Because of the location of Cyg X-3 close to the Galactic plane and behind the spiral arm at
~ 8kpc, this source was not identified up to now in optical range, which is a big inconvenience for
the detailed investigation of the system. However, very interesting structure of the source emerged
in radio observations. VLBI mapping showed the existence of a double-sided jet expanding with
relativistic velocity (~ 0.48c - Geldzahler et al. 1983; between 0.16-0.31c - Molnar et al. 1988).
This structure was also confirmed on arcsecond scales (Strom et al. 1989)5. For general information
concerning Cyg X-3 the interested reader is referred to Bonnet-Bidaud & Chardin (1988).

The soft X-ray emission, ~ 1.6 x 1038erg/s for 8.5kpc (Priedhorsky 1985), varies continuously
with a ~ 4.8hr period, showing low and high states. However the outbursts observed in radio
wavelengths are not seen in this energy range. In contrast, the hard X-ray spectrum (> 20keV') is
stable during low and high soft X-ray states and it is well described by a power low with spectral
index 2.2 up to ~ 200keV (Hermsen et al. 1987). This is consistent with earlier observations (e.g.,
Ulmer et al. 1974; Reppin et al. 1979; Dolan et al. 1982) except results reported by Meegan et al.
(1979), who find a much flatter spectrum up to 1 MeV.

There is no clear agreement between different reports of high energy «-ray observations Cyg
X-3. The results of observations in the 100 MeV — GeV range are collected in Table 5.3. The results
obtained by SAS 2 and COS B suggest the variability of v-ray emission from Cyg X-3 in the high

*This period is probably observable close to the huge radio flares only. The observations which were not confined
to the specified windows (radio flares) failed to detect this periodicity (e.g. Resvanis et al. 1986; Bhat et al 1988;
Fegan et al. 1989).

5Such extraordinary features were reported in only a few Galactic sources (55433, Cir X-1, Sco X-1 (at present in
doubt), and 1E1740.7-2942).
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Reference Energy Flux (phot./cm?/s) Experiment

Galper et al. (1976) A

> 40 MeV (2.0 +£0.8) x 10 (3.60) balloon
Mckechnie et al. (1976)

> 70 MeV < 6.5x 1076 balloon
Lamb et al. (1977)

> 100 MeV (4.4+£1.1) x 107° (4.50) SAS 2
Fichtel et al. (1987)

> 100 MeV confirmation SAS 2
Hermsen et al. (1987)

> 100 MeV <9.7x 1077 (20) COS B
Li & Wu (1989)

>100 MeV | (1.340.6) x 10-° COS B

Table 5.3: Results of high energy «-ray observations of Cyg X-3, collected from different experiments.

energy y-ray range.

One of the most interesting features of this source is the discovery of very high energy emission
in the TeV (Vladimirsky et al. 1973) and PeV (Samorsky & Stamm 1983; Lloyd-Evans et al. 1983)
energy ranges. These first positive reports were later confirmed by other experiments (more recently
see, e.g., Baltrusaitis et al. 1987; Muraki et al. 1991a), although negative reports were also claimed
(see for a review Weekes 1988 or Fegan 1990). All the observations of Cyg X-3, are, at present,
debated and a part of the scientific community doubt in any positive detection (see, e.g., the
discussion by Chardin & Gerbier (1989). However, it is quite natural to suppose that the very high
energy (VHE) 7-ray emission from Cyg X-3 is strongly variable (see observations of outbursts in
lower photon energies). In fact, some previous observations indicated association of VHE emission
with radio flares (e.g., Lambert et al. 1985; Alexeenko et al. 1987) which were recently confirmed
by Gregory et al. (1990) and Tonwar et al. (1992). The positive observations of the Cyg X-3 above
TeV energies show an excess close to two phases of the 4.8hr orbital period, at ~ 0.2 and ~ 0.6
(starting from X-ray minimum). However, recent reports concern only the emission at this second
phase.

The surprising detection of Cyg X-3 in the EeV (10'%V) energy range was announced by
the Fly’s Eye group (Cassiday et al. 1989, 1990). The excess of showers with flux (2 £ 0.6) x
10717 particles/cm?/s was teported. At first, it was not confirmed by the Haverah Park group
(Lawrence et al. 1989), upper limit 4 x 107!® particles/cm?/s. But later the consistent excess was
reported by the Akeno group (Teshima et al. 1990, Hayashida et al. 1991).

The integral photon spectrum from Cyg X-3 (from hard X-rays up to PeV y-rays), summed
over different periods of the observations, can be described by a power law with spectral index
close to —1.1. The results reported by Lloyd-Evans et al. (1983) suggest the presence of a cut-off at
energies > 10 PeV. However the neutral emission at energies > 0.5EeV (Cassiday et al. 1989,1990;
Teshima et al. 1990) seems to follow the spectral index ~1.1. In Fig. 5.4 are shown some results of
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observations of neutral emission from Cyg X-3 in TeV and PeV energies (collected by Watson 1985
plus some most recent) and the fluxes in EeV energies observed by Cassiday et al. (1989,1990) and
Teshima et al. (1990).

Cassiday et al. (1989) recently suggested that the excess of the neutral particles from the
direction of Cyg X-3 above 0.5EeV can be caused by relativistic neutrons. Sommers and Elbert
(1990) discussed in detail the consequences of the TeV-EeV emission from the Cyg X-3 and proposed
several different mechanisms of EeV neutron production in this source. In the next subsection we

discuss possible radiation mechanisms of TeV-EeV <-ray emission from Cyg X-3.
5.3.1 Production of y-rays and neutrons in Cyg X-3

The VHE observations of Cyg X-3 postulate the acceleration of particles in the source to extremely
high energies (at least &~ 10'8eV). It is difficult to imagine a model of acceleration of particles up to
so high energies if we keep in mind additional radiative processes that take place in strong magnetic
and radiation fields (see discussion in section 5.2). It seems unlikely that electrons are responsible
for this emission because of the huge synchrotron and inverse Compton losses. Moreover, the small
rigidity of electrons will not allow them to propagate linearly through the binary system (magnetic
field may be essential) and the observed very high energy emission close to fixed phases of the
orbital cycle (e.g. Cyg X-3) should be diluted.

The source of energy, required by the observations, seems to be problematic in the accretion
scenario onto a meutron star if we assume isotropic acceleration of particles. Super—-Eddington
accretion of matter onto a neutron star, extraction of rotational energy of a neutron star, accretion
onto a more massive object (e.g. black hole) or highly anisotropic acceleration of particles by the
neutron star is recommended. For a recent critical discussion on energy generation and particle
acceleration in Cyg X-3, we refer to the paper by Mitra (1991).

The mechanisms of VHE «v-ray production in X-ray binaries can be classified depending on the
kind of target encountered by the relativistic particles: matter or radiation. The most promising of

those are:

a). Interaction of relativistic nuclei (emitted by the Compact Object — CO) with background
photon field. The VHE photons are produced through deexcitation of relativistic nuclei (4 +
Yph — AT} — A; +7) and through decay of neutral pions produced in the interaction of nuclei
(and their fragments) with low energy photons (p + ypn — 7 + ...;w” — 27). The neutrons
are produced from fragmentation of nuclei (4 + 7,» — n + ...) and in charge exchange of

protons during their interactions with photons (p + vpn — . + ...);

b). Interaction of relativistic protons (accelerated by CO) with a thin column density of matter.

The VHE photons are produced via the decay of neutral pions (p +p — 7% + ...; 7" — 27)
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and the neutrons from charge exchange of proton beam (P+p—n+..);

c). Interaction of relativistic neutrons (produced in CO) with a thin column density of matter. The

VHE photons and neutrons are produced as in item b) plus neutrons which escape without

interaction;

d). Formation of the VHE neutral spectrum observed from Cyg X-3 in a cascade initiated by the
monoenergetic particles. TeV and PeV photons are produced in the electromagnetic cascade
calculated by Hillas (1984). EeV neutrons are produced in fragmentation of nuclei during

their interaction with matter.

e). Interaction of relativistic nuclei (with power law spectrum) with a thin column density of
matter (< 1 interaction length). The VHE photons are produced via decay of neutral pions
(A+p — 7%+ ..;7% - 27) and neutrons mainly from fragmentation of nuclei and charge

exchange of relativistic protons.

Of course, in reality several — if not all — of these mechanisms can be important. However, for
simplicity we will discuss them separately as a unique explanation of possible VHE emission from

Cyg X-3.

5.3.1.1 Interaction of nuclei with the photon field

The production of VHE photons in the interaction of relativistic nuclei with radiation field was
firstly investigated in the context of cosmic v —ray sources by Balashov et al. (1990). The authors
described the VHE photon spectra from two sources: Cyg X-3 (108 — 10'%¢V) and the Crab pulsar
(10" — 10'%V) by a component model, iron nuclei and protons interacting with radiation field.
However, their fit to the Cyg X-3 spectrum is somewhat controversial and within the model it is
impossible to describe the recent observations in the EeV energy range and the spectrum below
10''eV only by photons from proton — proton or proton - photon interaction. The required amount
of energy in relativistic particles would be enormous and EeV photons should be absorbed in
magnetic field.

We performed calculations of the photon spectra also including contribution of neutrons from
fragmentation of iron nuclei to the total emitted spectrum. It was assumed that the relativistic Fe
nuclei (accelerated by e.g. a neutron star), with a power law spectrum and high energy cut—off,
interact with black body radiation emitted by the stellar companion and/or accretion disk around
compact object in Cyg X-3 system. The spectra of photons from the deexcitation of nuclei were
obtained in an approximate way following the calculations of multiplicity and the average energy
of photons produced during the decay of nuclear giant resonance (Moskalenko & Fotina 1989). The

complete disintegration of Fe nuclei was assumed. The spectra of photons from photoproduction of



84 § 5. Very high energy y-ray emission from X-ray binary systems

neutral pions in particle — photon collisions were calculated according to resonance approximation
(see Stecker 1973). This approximation is good enough since the considered energy range is far away
from the jet region of the particle — photon interaction where the cross section increases again (for
detailed results see Mannheim & Biermann 1989). The spectrum of neutrons from fragmentation
of nuclei, and further interaction of products of fragmentation with background photons, were
calculated assuming an elasticity coefficient equal to 0.4 and a probability of proton conversion
into neutron equal to 0.5 (Kirk & Mastichiadis 1989). The probability of survival of relativistic
neutrons against decay on the way from Cyg X-3 to the Earth was included in the calculations by
the formula P = exp(—0.108D[kpc]/E[Eev]) (Cassiday et al. 1989).

In Fig. 5.4 are shown some results of observations of VHE neutral emission from Cyg X-3
(fluxes reported from a 4.8hr periodicity search) and the calculated spectra of photons and neutrons
according to the above prescription. As we can see, it is possible to achieve a reasonable fit for the
following parameters: power law spectrum of the iron nuclei with spectral index 2.7 and cut—off at
10''GeV; temperature of the background photon field Tp, = 10eV; column density of background
photons equal to one interaction length for pion photoproduction in particle- photon collisions.

From the fitting of the observed flux of neutral emission from Cyg X-3 by the calculated photon
spectrum (deexcitation in TeV range, photoproduction in PeV range) and neutron spectrum (from
fragmentation in EeV range) we obtained the required luminosity of Cyg X-3 in the energy range

10% — 1011 GeV in relativistic Fe nuclei:
Liclerg/s] = 2.2 x 10%° . AQ[sr]/6t, 5.2

where A is the solid angle in which relativistic nuclei are emitted and §t is the duty cycle of
photon emission. The distance to Cyg X-3 is taken to be 10kpc.

If we assume 6t = 1/20 and AQ = 1, the calculated luminosity is much higher than the classical
Eddington one (= 1.3 x 10%M/Mg[erg/s]) for a typical mass of the neutron star. This can be
acceptable if the particles emitted by Cyg X-3 are strongly collimated or if the mass of the compact
object is much greater than 1My (however, a black hole would contradict the reported 12.6ms
periodicity).

The photon flux in TeV energy range is consistent with observations (Fig. 5.4, see curve b),
if we assume that the magnetic field in the source volume does not influence the electromagnetic
cascade initiated by VHE photon in the background photon field. In such case, an essential part of
TeV photons can emerge from the source region if the mean value of the magnetic field in the source
region is vV B2[Gs] < 102 X e,/ Epn (see Gould & Rephaeli 1978), which, e.g. for photon energies
~ 1016V, yields vV/B? < 5% 10*Gs. On the contrary (important magnetic field — electromagnetic

cascade do not develop), a much smaller absorption length must be used (see Gould & Schreder
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Figure 5.4: The observational results of VHE emission from the direction of Cyg X-3 above 10MeV fit by
the y-ray spectrum from: 1) the photoexcitations of relativistic Fe nuclei (power low, spectral index 2.7) by
low energy black body photons with kT = 10eV - long dashed line; the photoproduction of neutral pions
created in the interactions of nuclei with thermal photons — short dashed line; 2) the neutron spectra from
the photodisintegration of Fe nuclei — dotted line (from Bednarek 1992a).

1967) and the VHE photons are strongly attenuated (see Fig 5.4 curve a). Another restriction on
the magnetic field in this model is connected with the reported evidence of a periodical emission of
photons from Cyg X-3 at certain phases of the 4.8hr orbital period. In order to be self-consistent
with this observation, the relativistic particles interacting with the photon field have to propagate
almost linearly through the source diameter. This requirement puts an upper limit on the magnetic

field of ~ 1Gs for nuclei with energy 10'%eV, Z=26, and source diameter 7 = 102¢m.

To model the quiescent radio emission of Cyg X-3, Vestrand (1984) estimated a magnetic field
strength of BY = 1000Gs at a distance r = 10 ¢m with a linear decrease for farther regions of the
binary system. Stephens & Verma (1984) gave the lower limit B} ~ 100Gs, from the consistency
of radio observations with the Razin-Tsytovich effect. These lower limits on the magnetic field in
Cyg X-3 are much higher than the above mentioned upper limits and therefore make this model

inconsistent at TeV energies.

When the optical depth for nuclei in the radiation field is much less than the interaction length
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for photoproduction processes, we can neglect the production of photons through the photopro-
duction of neutral pions. In such cases, it is possible to describe the neutral flux from Cyg X-3 in
TeV and PeV energy range by the photon spectrum from deexcitations of nuclei if the spectrum
of relativistic nuclei is a power law type with spectral index close to 2. However, the neutron flux
in the EeV energy range from the photodisintegration of nuclei (calculated simultaneously) will be
much higher than fluxes reported for Cyg X-3 by Cassiday et al. (1989,1990) and Teshima et al.
(1990). Moreover, the previous problems concerning the limit on the magnetic field strength are

still valid and the required luminosity of Cyg X-3 in relativistic nuclei should be even greater.

5.3.1.2 Interaction of relativistic protons with background matter

The mechanism of VHE photon production in p + p collisions (via 7¥ decay) as a possible expla-
nation of TeV and PeV emission from Cyg X-3 was first proposed by Vestrand & Eichler (1982).
The fits of the general shape of the Cyg X-3 spectrum by the calculated photon spectra fromp + p
interaction in the thin target model were discussed by Bednarek et al. (1990) and Piskunova (1990).
Here, we developed our previous calculations including self-consistently calculated spectra of neu-
trons from charge exchange of relativistic protons. In Fig 5.5 we show the observational data from
Cyg X-3 above 10'%eV and the photon and neutron spectra for spectral index of primary proton
spectrum equal to 2 and different cut—offs at Ey = 10°GeV, E; = 101°GeV and E, = 2.5 x 1019GeV.
As we can see, the fit to the observational data in the broad energy range by the calculated photon
spectrum is quite good (for cut—off in proton spectrum = 10!°GeV), although the contribution of
neutrons from charge exchange of protons in the EeV energy range is negligible. From this fit one
can compute the proton luminosity in the energy range 102 — 10!°GeV for a distance to Cyg X-3
10kpc:

Lylerg/s] = 5 x 1038 - AQ[s7]/6t/zglg/cm?), 5.3

where zj; is the column density of background matter in g/cm?.

If we assume zy = 30g/cm?, §t = 1/20 and §Q = 1, the proton luminosity is equal to L, ~
3.2 X 1038[erg/s].

Again, the main problem of this model concerns the value of the average magnetic field which is
required in the Cyg X-3 system in order to avoid strong attenuation of EeV photons in the magnetic
field through magnetic pair production processes (Erber 1966). To be consistent with the positive
detection of Cyg X-3 at about EeV, the average magnetic field strength up to a distance of 10*3cm
from the center of the binary system should be on the order of ~ 2Gs. However, the lower limit
on the value of the magnetic field (= 100G, see subsection 2.3.1.1) is much higher. The problems
concerning requirements of nearly linear propagation of relativistic protons through source volume

in order to guarantee photon emission in fixed phase of 4.8hr orbital period are also still valid.
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Figure 5.5: The observational results as in Fig. 1 fit by the spectra of photons and neutrons produced in
the interaction of relativistic proton beam with background matter: dotted line - y~ray spectrum from the
decay of neutral pions; dashed line - spectrum of neutrons; full line - total spectrum (photons plus neutrons).

The spectrum of relativistic protons is a power law with spectral index 2 and different cut—offs at Ey, E|, E,
(from bednarek 1992a).

5.3.1.3 Interaction of relativistic neutrons with matter

The emission of VHE neutrons by compact object is quite probable since it is difficult to imagine
the escape of charged relativistic particles from very compact source. During propagation through
a dense photon field (e.g., from the accretion disk or magnetosphere of neutron star) or through the
high column density of matter with strong magnetic field (accretion), neutrons from the discharge
of relativistic protons (and neutrinos) can be the only relativistic particles which escape without
trouble (see, e.g., the model by Kazanas & Ellison 1986).

Based on such a scenario of neutron production, we have calculated the spectra of photons
(from n + p — 7¥;7% — 2v) and neutrons (from n + p — n + ...; plus neutrons which escaped
without interaction) for the power law spectrum of neutrons with differential spectral index 2. The
cut—off at the neutron spectrum was put at 4 x 10°GeV (which is the maximum energy of particles
observed from the direction of Cyg X-3; Cassiday et al. 1990). Since we do not know the duty cycle

for neutron emission, we made calculations for a few different cases, among which: 0.05 - duty cycle
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Figure 5.6: The observational results as in Fig.1 fit by the spectra of photons and neutrons produced in the
interaction of relativistic neutron beam with background matter: dashed line - spectra of photons calculated
for different values of magnetic field in the source region (By, B; and B3); dotted line - spectra of neutrons
calculated for different duty cycles of neutron emission Dy, D) and D;. The spectrum of relativistic protons
is a power law type with spectral index 2. and cut—off at 4 x 10°GeV (from Bednarek 1992a).

observed in TeV and PeV photon energies; 0.3 - suggested by Cassiday et al. (1990) in EeV energies
and 1. - suggested by Teshima et al. (1990) also in EeV energies.

The results of these calculations with their fit to the observed flux of particles from Cyg X-3 are
shown in Fig. 5.6. As we can see, the best fit in EeV energies was obtained for a neutron duty cycle
equal to ~ 0.25 (which is close to the value ~ 0.3 suggested by Cassiday et al. 1990). We note here
that the obtained duty cycle for neutron emission (EeV energy range) is different from the duty
cycle for photon emission (TeV and PeV energy range). This can be understood if only a small part
of the broad neutron beam emitted by the compact object is obscured by background matter where
photons are produced. Such a picture postulates that the photon emission can appear sporadically
(when the observer is inside the broad cone of neutron beam) although the 4.8hr modulation during

this active period can be observed.

The estimated neutron luminosity of the compact object in the energy range 102 — 4 x 10°GeV
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is equal to:
L,lerg/s] ~ 4.5 x 10%% - AQ[s7]/6t/zy[g/cm?], 5.4

where 6t is the duty cycle for photon emission.

Corresponding to the above value, the luminosity of charged particles emitted by the compact
object is about 2 — 4 timesv higher (see estimations of the conversion of luminosity from protons to
neutrons by Kazanas & Ellison 1986).

This model has two big advantages. First, there is no problem with linear propagation of rel-
ativistic neutrons in the Cyg X-3 binary system which allows one to observe particle emission
concentrated in spatial phases of 4.8hr cycle. Second, the EeV emission is well described by neu-
trons which, contrary to photons, are not attenuated in the magnetic field of the binary system.
The cut—off in the Cyg X-3 photon spectrum (at first calculated by Stephens & Verma 1984; and
shown in Fig 5.6.) for average magnetic field < B >= 100Gs and 300Gs and for a source radius
R = 10'3¢m, is not restrictive for the model. For such values of the magnetic field this model

predicts a big dip in the integral spectrum of Cyg X-3 between 10 — 100PeV.

5.3.1.4 Electromagnetic cascade initiated by monoenergetic particles

The mechanism of production of VHE photons in electromagnetic cascade initiated by monoener-

getic protons with energy ~ 10'7eV was applied to Cyg X-3 by Hillas (1984) in two scenarios:

o when the column density of background matter is very high (~ 16 radiation length) and the
magnetic field is negligible;

e when the column density of matter is of the order of 1-4 radiation lengths but the magnetic

field is of the order ~ 500Gs (which is the value proposed by Vestrand 1983).

Both models can successfully describe the general shape of the Cyg X-3 spectrum in the TeV and
PeV energy ranges if the luminosity of monoenergetic protons is ~ 10%%rg/s.

However, the efficiency of energy conversion of relativistic protons into photons with energy
above 10'%¢V is very small in the thick target model (leés than 1%) while for the thin target
models (e.g., ¢y ~ 30g/cm?), this value can be on the order of 10% (see, e.g., Stanev 1990).
Therefore from an energetic point of view, the second proposition seems to be more relevant.

In the second proposition, Hillas (1984) showed that if the magnetic field in the matter is
> 10G's, an electromagnetic cascade develops through synchrotron emission of VHE photons since
bremsstrahlung losses are much lower. However if we want to describe observations of EeV neutral
emission from Cyg X-3 by this model, the magnetic field should be less than ~ 2Gs in order not to
attenuate EeV photons on magnetopair production process. This seems in contradiction with the

assumption of a magnetic field strength > 10G's, required by the model.
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Moreover in both propositions, the EeV emission from Cyg X-3 cannot be described by the
neutron flux from the discharge of relativistic protons, since it is proportional to the photon flux
calculated in subsection 5.3.1.2 (see Fig. 5.5) and is not able to supply the reported flux at EeV
energies.

A much more promising scenario able to explain recent observations also in EeV energies is the
initialization of the above mentioned cascade by nuclei, e.g. helium (a possibility also suggested
by Hillas). The energies of nuclei should be > 10PeV in order to explain TeV-PeV emission but
significant number of nuclei should have energy close to ~ 10EeV in order to produce enough free
neutrons (from fragmentation of He) in the EeV energy range.

For simple estimations we can assume that all He nuclei have energy ~ 10EeV and the lu-
minosity of Cyg X-3 in relativistic particles is ~ 10%%rg/s (required to explain the flux in the
TeV-PeV energy range). We can roughly calculate the total number of interacting He nuclei equal
to ~ 6 x 103! He/s. For a column density of target matter equal to 2 radiation lengths, the number
of neutrons produced in fragmentation of He nuclei is equal to ~ 103?neutr/s which corresponds
to a neutron luminosity of L, =~ 2 X 1038erg/s above 1EeV. This value is the upper limit since, in
reality, the nuclei with energy greater than ~ 10PeV take part in the production of the observed
flux of photons in the TeV—PeV energy range (but on the Earth we can observe only neutrons with
energy > 0.5EeV). The derived upper limit is in very good agreement with the estimate of the
total luminosity from Cyg X-3 above 0.5EeV equal to 2 x 10%%rg/s (Cassiday et al. 1989) and
allows one to explain the EeV emission by neutron flux.

The electromagnetic cascade discussed above cannot be initiated by relativistic neutrons because
the time of decay of secondary muons (produced in neutron-proton interaction) with Lorentz factor
~ 10° into electrons is long enough for them to escape from the binary system. In this case an

electromagnetic cascade will not develop.

5.3.1.5 Interaction of relativistic nuclei with matter

The interaction of relativistic nuclei (with a power law spectrum) with matter can be an efficient
source of photons from 7Y decay and neutrons from fragmentation of nuclei. In the case of Cyg
X-3, the nuclei cannot be very heavy since the data reported by the Fly’s Eye experiment do not
contain cosmic ray background events with energy greater than 80EeV which, for the most energetic
particles reported from Cyg X-3, gives an upper limit of Z & 20 (Sommers & Elbert 1990).

If we take into account the Helium nuclei interacting with background matter, we can assume
that very high energy protons and neutrons (bound in helium nuclei) interact with matter as
separate particles. So, in rough approximation, the interaction of helium nuclei can be treated as a

sum of processes discussed in subsections 5.3.1.2 and 5.3.1.3. Fig. 5.5 and 5.6 clearly show that it is
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impossible to describe the flux from Cyg X-3 in the TeV-EeV energy range for a low column density
of background matter because of the small flux of neutrons in EeV energy range and attenuation

of photons with EeV energy in the magnetic field.
5.3.2 Conclusion

In this section we discussed the probable emission mechanisms of TeV-EeV neutral particles from
discrete sources using as an example for detailed discussion Cyg X-3. We showed that, in principle,
it is possible to fit the general shape of the spectrum of Cyg X-3 above 10''eV by the spectra of
photons and neutrons calculated according to different mechanisms (see Fig. 5.4, 5.5, 5.6). However,
additional features of Cyg X-3 such as: 1) the required luminosity of relativistic particles derived
from the above fits; 2) the value of magnetic field suggested in the Cyg X-3 binary system (Vestrand
1983; Stephens & Verma 1984); and 3) the observations of VHE emission in spatial phases of the

4.8hr orbital period , allow us to reject the mechanisms of:
e interaction of relativistic nuclei with the background radiation field;
e interaction of relativistic protons with matter;
e electromagnetic cascade initiated by monoenergetic protons;
e interaction of relativistic nuclei with matter.

Two mechanisms are able to describe the VHE neutral emission and they are not in contradiction
with the above mentioned features of Cyg X-3 system. In the first model, the interaction of rela-
tivistic neutrons (emitted by compact object) with low column density background matter is able to
describe the TeV and PeV emission from Cyg X-3 by photon spectra produced from the decay of
and EeV emission by neutrons from n+p — n+...; plus neutrons which escape without interaction
(Fig. 5.6). The spectrum of neutrons was assumed as a power law E;? with cut-off at 4 x 10°GeV
(which is the maximum energy of particles from Cyg X-3 reported by Cassiday et al. 1990) and
a duty cycle of neutron emission 0.25 (the value ~ 0.3 was suggested by Cassiday et al. 1990 on
the basis of observations). The required neutron luminosity L, &~ 4.5 X 1038 AQ[sr]/6t/zp[g/cm?]
above 102GeV is reasonable if zy = 20 30g/cm? and the duty cycle of photon emission 6t = 1/20.
We note that only a part of the broad neutron beam (duty cycle ~ 0.25) emitted by the compact
object is obscured by background matter where photons are produced. This conclusion suggests
the possibility of long term sporadic appearance of VHE photon emission. During this active phase
the emission is modulated according to the orbital period of 4.8hr.

In the second model (proposed by Hillas, 1984), the TeV and PeV emission from Cyg X-3
was successfully described by VHE photons produced in electromagnetic cascade initiated by mo-

noenergetic relativistic particles. However, EeV emission cannot be explained in terms of photon
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production since photons should be strongly attenuated in magnetic field on magnetopair produc-
tion process (see, Stephens and Verma 1984 and discussion in subsection 5.3.1.1). We suggest that
if nuclei (e.g. helium) are the primary particles initiating the cascade as calculated by Hillas, then
the EeV emission can be caused by neutrons from their fragmentation. The ~ 10%%erg/s (assuming
isotropic emission) needed for the explanation of TeV-PeV emission from Cyg X-3 can also explain
the observed luminosity ~ 2 x 103%erg/s above 0.5EeV, if = 0.5% of luminosity of Cyg X-3 is in

the form of relativistic helium nuclei with energy close to ~ 10EeV.

This chapter is partially based on the paper ”"The emission mechanism of neutral particles from discrete
sources in TeV-FEeV energy range”, 1992a, A&A (in press) by W. Bednarek (included in an Appendix).
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6 y-ray emission from AGNs

Active Galactic Nuclei (AGN) is a common name of particular types of galaxies (e.g. radio galaxies,
Seyfert galaxies, quasars, BL Lac objects etc ...)! which show violent activity in their nuclei. The
nuclei are very compact?, emit nonthermal radiation with luminosity in a big range (from 108Lg
up to 10'°Lg) and show rapid variability of radiation flux on time scales as short as minutes. Many
AGNs show both small and large scale structures (in the range from parsecs up to a few hundred
kpc) which are (or are supposed to be) morphologically linked with the central core. The radio
maps show extended lobes (usually symmetrically situated on both sides of the central core) and
highly collimated jets sometimes seen also in optical and even the X-ray photon energy range.
From the central parts of some quasars and BL Lac objects emerge irregularly blobs (observed
in radio wavelengths) with apparent speed greater than velocity of light (superluminal motion).
Although this was a surprising feature, it can be well understood if we accept that the blobs are
moving within a small angle towards us with relativistic velocity. The photon spectra of AGNs are
often nonthermal (flat in the central core and steep in the blobs) and extend through all parts of
the electromagnetic range, from radio to 7-rays. There are also observed a variety of broad and
narrow emission lines, bumps in the spectrum (e.g. the most famous being the UV bump) and even
in a few cases, X-ray iron lines. These basic observational facts were discussed in many general
reviews (see e.g. Begelman et al. 1984; Wiita 1985) and reviews dedicated to specific problems. For
instance, compact radio sources were discussed by Kellerman & Pauliny-Toth (1981); extragalactic
radio jets by Bridle & Perley (1984) and Begelman et al. (1984); emission line regions of AGNs by
Osterbrock & Mathews (1986); polarization properties of extragalactic sources by Saikia & Salter
(1988); variability of extragalactic radio sources by Altschuler (1989); multiwavelength studies of
AGNs by Urry (1988); continuum radiation from AGNs by Bregman (1990); superluminal motion
in AGNs by Cohen (1986).

It is a big challenge for scientists working in the theory of extragalactic objects to explain the

enormous amount of energy generated in the very compact central engine of AGNs. Below we

'This is a few percent of the known galaxies.

?No information about the structure of the central engine can be obtained by any observational technique. The
present angular resolution of the Very long Baseline Interferometry technique ~ 10 arcsec corresponds to the linear
distance of ~ 10'7¢m in the case of the closest AGNs.
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Figure 6.1: The diagram indicating the ways leading to formation of a massive black hole in the galactic
center (from Begelman et al. 1984).

will review general theoretical models in more detail, since, in their terms, the production of v-ray
radiation by AGNs should be clearly envisaged. Although a few different propositions appeared (e.g.
matter—antimatter annihilation, multiple supernova explosions, *white holes’, explosions initiated
by tidal disruption of stars around black holes, multiple neutron star systems), two are the most

likely: supermassive stars and accreting black holes.

Supermassive stars (spinars)

The possibility that AGNs may be powered by supermassive stars stabilized by rotation (analogy
to the pulsar model) was first proposed by Morrison (1969) and production of radiation by AGNs in
such model was discussed by, for example Cavaliere et al. (1970) and Pacini & Salvati (1978). Other
mechanisms of stabilization of supermassive stars by magnetic fields (Ozernoi & Chertoprid 1966)
or radiation pressure (Hoyle & Fowler 1963) were also suggested. Such models have the advantage
that the rotation and/or magnetic field symmetry defines a direction in space along which jets could
be generated. However in the spinar model we should expect periodicities with characteristic times
corresponding to the spinar period which are not observed®. Moreover it is argued that spinars
should become dynamically unstable (see, e.g Ozernoy & Usov 1971), and after relatively short

time collapse to a black hole.

3 Accept one case: the Seyfert galaxy NGC 6814 in which long lived period of 12130.39:£0.05 seconds was discovered
(Kunieda et al. 1991). Can this source be interpreted in terms of spinar model ?
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Accretion onto a black hole

The formation of a massive black hole (BH) in galactic nuclei is expected in most of the scenarios
of the evolution of matter in a galaxy (see Fig. 6.1). Once a supermassive HB has formed, it will
exist in the nucleus for an extremely long time* and will continue accretion of galactic matter. The
idea that accretion processes onto a BH could produce the enormous amounts of energy observed in
AGNs was first postulated by Zeldovich (1964) and Salpeter (1964). However, the detailed studies
of spherical accretion onto BH (see, e.g., Shvartsman 1971; Shapiro 1973) show that the efficiency
of gravitational energy conversion into radiation is only on the order of few percent (not more
than 10% in the best scenarios) and only lower luminosity objects (with L/LEggy ~ 1072)5 can be
fit (Krolik & London 1983). Moreover other arguments (angular momentum of infalling galactic
gas or observations of aspherical structure of AGNs) support the accretion scenarios onto BH via
formation of a disk or torus. Four general modes of such disk accretion have been distinguished

and the choice between them depends on the accretion rate of the matter (Fig. 6.2). They are:

o An Ion torus should form if accreting matter is unable to cool efficiently on the infall timescale
(see Rees et al. 1982). This may happen if the accretion rate is low (h < 0.1 %). In such a case
a two temperature, thick torus may form with high temperature ions (~ 100MeV') emersed in

low temperature electrons (~ 10keV). The high energy radiation may be produced through

hadronic interactions.

e A thin accretion disk should form if the accretion rate is increased (0.1<m <10). The first
calculations of the structure and radiation spectrum of such disks were done by Pringle & Rees
(1972), Shakura & Sunyaev (1973) and Novikov & Thorne (1973). The expected spectrum is

a modified black body with characteristic temperatures on the order of 1 keV.

o A radiation tori should form when the accretion rate is high (10<m <100). In this case
radiation pressure dominates the gas pressure and the structure of the torus can be computed
if the distribution of angular momentum and entropy is specified (see e.g. Jaroszyniski et al.
1980). The interesting feature of such structures is the formation of narrow funnels, along
the rotational axis, from which luminosity can exceed L pyy (see Abramowicz et al. 1980).

However, the effective temperature of this radiation is low and high energy photons are not

produced in the disk.

o Super-critical Accretion. At the highest accretion rates (. >100) most of the accreted matter

will be expelled by energy generated from the small amount of matter which is able to reach

*The only known process for the disappearance of a BH, quantum evaporation (Hawking 1974), is very inefficient
in the case of massive BH.

*Lpas = 1.3 x 10" - Mpy /Mg erg s~ is the Eddington limit.

Sm = MGCC/ME.M, where Macc is the accretion rate in [g/s] and MEgas = LEdd/cz.
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Figure 6.2: Four modes of disk accretion: (a) Ion torus, (b) thin disk and corona, (c) Radiation torus, and
(d) Super-critical accretion (from Blandford 1985).

the black hole. The outflowing matter may either take the form of a wind (Meier 1982) or a
radiation dominated jets (the ”cauldron” model of Begelman & Rees 1984).

Another interesting possibility of energy generation in AGNs is the extraction of rotational
energy of the BH. The idea that particles interacting and escaping from the ergosphere’ may gain
energy from the BH was proposed by Penrose (1969) and next developed in the context of inverse
Compton scattering by Piran & Shaham (1977) and pair production by Leiter & Kafatos (1978).
In principle, it is possible to extract, up to ~29% of BH’s rest—mass energy from speedily rotating
BH. Other possibility, in which rotating BH hole is coupled with the accretion disk via an anchored
magnetic field (dynamo mechanism), were proposed by e.g. Lovelace (1976) and Blandford & Znajek
(1976). In these kinds of models (they favour the ion tori scenario around BH), the electric field is
induced along the rotational axis, allowing acceleration of particles and creation of highly collimated
relativistic jets (see, e.g., Wang et al. 1990).

The above theoretical considerations bring us to a basic question: What is the interdependence
between theoretical models and observations of different types of AGNs ? The answer is not easy
since, in principle, many free parameters may be essential (accretion rate, BH mass, angular mo-

mentum of matter, magnetic field and, what is particularly difficult to include, the microphysics

"The ergosphere is the region between the event horizon and the static limit for rotating and/or charged BH

described by r(8) = M + \'f 2 _Q? —a? - cos?6 where M,Q and a are mass, charge and angular momentum per unit
mass (all in normalized units) respectively and 6 is measured from the rotational axis of BH
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Begelman 1986).

which determines, viscosity, radiation production and transfer). First efforts of early construction
of unified models of all AGNs have been undertaken. For instance, Begelman (1986) proposed that
differences between different classes of AGNs are determined by two parameters: accretion rate and
mass of the BH, see Fig. 6.3 for results of his analysis. However it is also argued that the viewing
angle in the case of axi—symmetric system play a very important role (see recent review by Urry
et al 1991). The observed differences between Seyfert I and Seyfert II galaxies (Antonucci & Miller
1985) or between quasars and BL Lac objects can be explained in terms of this parameter.

After these general remarks we concentrate in this chapter on 7y-ray emission from AGNs. In
the next section (6.1) we review the main observational data collected during the last 20 years
and new results (although preliminary and very fragmentary) obtained by the Compton GRO and
SIGMA telescopes. Section 6.2 is dedicated to theoretical interpretations of production of high
energy radiation in AGNs from the viewpoint of radiation mechanisms. In the two last sections (6.3
and 6.4) we discuss, in more detail, the observational results concerning two specific AGNs: quasar
3C 273 and quasar 3C 279. We propose possible physical scenarios in which v-ray production in

these two sources can be envisaged.

6.1 Observations

The large number of extragalactic sources observed in hard X-rays suggests that an essential part of
AGNs energy should be emitted in the vy-ray energy range. In spite of many experiments, technical

problems concerning observations of very low y-ray fluxes and poor angular resolution of detectors
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allowed positive identification of only a few AGNs. The situation changed completely after launching
Compton GRO whose results concerning 7-ray emission from AGNs are ’revolutionary’ for this
topic. Since preliminary analysis of GRO data is in progress and only fragmentary information is
available we will start a short review of the observations of AGNs in the v-ray energy range from the
era before Compton GRO. For detailed reviews in which y-ray emission from extragalactic objects
is reported, we refer to for example Ramaty & Lingenfelter (1982); Trombka & Fichtel (1983);
Bassani et al. (1985); Fichtel (1986); Weekes (1988) or to the rapporteur talks during International
Cosmic Ray Conferences.

Early positive detections of AGNs in 7-rays concern different classes of objects. They are:
o Quasar - 3C 273 (SAS 2 and COS B data)

e Radio galaxy - Centaurus A (MeV and TeV energy range)

o Seyfert galaxies - NGC 4151 and MCG8-11-11 (MeV range, Perotti et al. 1981)

There is also weak evidence of an excess in COS B data from the direction of NGC 1275 reported
as by Strong & Bignami (1983). In Fig. 6.4 are shown photon spectra in X- and y-ray energy range
of some of them. Below we will discuss two of the three best investigated (NGC 4151 and Cen A)
in more detail in order to show how scarce is our knowledge. A more detailed review of 3C 273 is

included in section 6.3.

NGC 4151

Low energy y-ray emission up to about 19 MeV from the direction of NGC 4151 was detected
for the first time in May 1977 by the MISO telescope (Perotti et al. 1979). The measured spectrum
follows the spectral index from the X-ray energy range, and after about 3MeV breaks into a very
steep spectrum. Observations of the source using this same telescope in September 1979 (Perotti
et al. 1981), generally confirmed the shape of the spectrum (spectral index of 1.3 + 0.3 before the
break), however the y-ray luminosity in the energy range 0.5-5 MeV showed reduction on the order
of 4+ 2. The three positive observations of soft y—rays up to 2 MeV were also reported by HEAO 1
satellite (Baity et al. 1984). Results of the two observations can be well fit by a power law photon
spectrum with index ~ 1.6 £ 0.1 in the 2 keV-2 MeV energy range. The third observation shows a
clear break in the spectrum above 50 keV. Moreover, the upper limits in this energy range, reported
by other balloon experiments (Meegan and Haymes, 1979), are at a much lower level. We would
like to note here that the observations in soft y-ray energy range are performed with wide field of
view detectors and interpretation of an excess as caused by one steady source may be misleading.

From analysis of the above observations, it seems to be evident that the y—ray intensity from

the direction of NGC 4151 is highly variable within a factor of 3-10 over time scales of months
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Figure 6.4: The photon emission spectra observed from some AGNs. A major fraction of the emitted power

is concentrated in low energy y-rays which underlines the importance of y-ray observations (from Bassani &
Dean 1983)
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(Bassani et al. 1985). There is also some evidence of simultaneous variation of soft y-rays with the
photon emission below 100 keV (Baity et al. 1984). The sharp change in the y-ray spectrum of
NGC 4151 above a few MeV is also postulated by the upper limits reported by SAS 2 and COS B
satellites between 35-200MeV (Bignami et al. 1979; Pollock et al. 1981). In the TeV energy range
only some upper limits are available (Cawley et al. 1985). The general photon spectrum from the
direction of NGC 4151 in X and v-ray range is shown in Fig 6.4.

Centaurus A (NGC 5128)

The soft y-ray emission from the direction of Cen A was observed in a few experiments. The
continuum emission (from hard X-rays to soft y-rays) was described by a power law spectrum with
spectral index —1.9 between 40-1000 keV by Hall et al. (1976); —1.6 between 10-140 keV and -2.
between 140-2300 keV by Baity et al. (1981); —1.59 between 100-500 keV by Gehrels et al. (1984).
The above results are consistent in the limits of errors. In the higher energy region, Von Ballomoos
et al. (1987) detected this source with 4o significance level and found that the spectrum between
0.7-20 MeV can be described by a power law with spectral index —1.4. However, extrapolation of this
spectrum to higher energies is clearly above the observations of y-rays by SAS 2 satellite between
35-100 MeV (Bignami et al. 1979) and COS B between 50-200 MeV (Pollock et al. 1981) which
yielded the upper limits of 10710 photons cm™2s71keV ~! and 2.5 x 107! photons cm—2s~1keV 1,
respectively. Moreover, the 3o upper limits derived by O’Neill et al. (1989) are a factor of 2 below
the results reported by Von Ballmoos et al. If these observations are true, strong variability of the
flux in the MeV range seems to be sure. For the general spectrum of Cen A in X- and y-ray energy
range, see Fig. 6.4. The detection of broad emission lines at 1.6 MeV and 4.5 MeV with 3.3c
significance from the direction of Cen A was reported by Hall et al. (1976). However these lines

were not observed by the following experiments and only upper limits were derived.

The only statistically significant detection of Cen A above 0.3 TeV (with 4.60) was reported by
Grindlay et al. (1975a). The detected flux was (4.4 & 1.0) x 107! photons cm™2 s~! for energies
> 0.3 TeV. Recently, the derived 3o upper limit of 7.8 x 107! photons cm™2 s~! at energies > 0.3
TeV (Carraminana et al. 1990) is apparently compatible with the flux reported by Grindlay et al.
(1975a). At energies > 1 PeV, there exist only an upper limit of 107! photons cm™2 s~ derived
by Clay et al. (1984), although a slight excess in the error box containing Cen A (2.7¢ significance
level) was also mentioned. However, one should expect a large attenuation of y-rays with energies

0.1-10 PeV on 2.7K black-body radiation propagating through the distance of 4-6 Mpc to Cen A.

Summing up, in spite of the small distance to the Cen A, our knowledge about its y—ray emission
is poor. Only soft y-ray emission seems to be well documented. Sporadic positive observations in

higher energies (2-20 MeV; TeV; PeV) are not confirmed and at least strongly suggest variability
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of this source.

The re-analysis of SAS 2 data by Young & Yu (1988) shows 15 AGNs at photon energies above
100 MeV, but reliability of these results is poor because of the relatively small number of photons
collected by the SAS 2 detector and the big error boxes of data collection. There are also upper
limits available in the literature for several AGNs obtained in TeV photon energies (Cawley et al.
1985; Vacanti et al. 1990) and derived from SAS 2 and COS B data close to 100 MeV (Bignami et
al. 1979; Pollock et al. 1981). They may be of importance in future studies of the variability of the
AGNs recently detected in the y-ray energy range.

The turning point in 7-ray observations of AGNs started 1-2 years ago when the first results
appeared from SIGMA and Compton GRO detectors. It is now clear that high enmergy photon
emission from AGNs is highly variable. For instance, applying imaging facilities of the SIGMA
telescope, Jourdain et al. (1991) found a break in the photon spectrum of NGC 4151 close to 50
keV (which is in agreement with older observations by Baity et al. 1984 and Bassani et al. 1986).
On the contrary, recent results by Maisack & Yaqoob (1991) and Perotti et al. (1991) indicate
the power law photon spectrum extending to at least a few hundred keV. Similar behaviour was
discovered in the case of 3C 273 (Bassani et al. 1991). The quasar shows the evidence of variability

in intensity by a factor of 2.7 £ 1 on a time scale of a month in hard X-rays.

However the most exciting results have been announced by the team working with EGRET
detector on board of Compton GRO. Preliminary results show very intense y-ray emission from
several AGNs at photon energies above 100 MeV. Up to now 14 sources were tentatively identified®.
They are: 3C 279 (Hartman et al. 1992a; Kanbach et al. 1992), PKS 02024149, PKS 0420-014,
PKS 02354164 (Hartman et al. 1992b), QSO 0836+710 (Fichtel et al. 1992), 3C 454.3, CTA 102
(Michelson et al. 1992), PKS 208-512, 4C38.41, PKS 05284134, Mrk 421, QSO 0710-714, 3C 273,
PKS 0537-441.It is evident that most of the power emitted by these sources is concentrated in high
energy v-rays (assuming isotropic emission). Moreover some sources (e.g. 3C 279) show significant
variability on a time scale of days. These two basic facts (luminosity and variability) are challenging

for present theoretical models of radiation production in AGNs.

A very intriguing new result has been obtained recently by the Whipple v-ray collaboration
(Weekes 1992b). TeV v-rays have been detected from the BL Lac object Mkn 421 between Mar.
24 and May 8. A flux was detected in 409 min of observation at the 5 ¢ level. The flux was
1.2 X 107! photons/cm? /s above 0.5 TeV with no evidence of variability during the observations.
During this same observing interval no TeV flux was detected from 3C 279, PKS 0528+134, QSO
08364710 and 4C 38.41, all of which have been detected by EGRET (see above).

®I base here on the Compton Observatory Newsletter v.2, n.2 (July 1992).
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6.2 Physical interpretation

Many radiation mechanisms and scenarios have been suggested as responsible for y-ray emission
from AGNs. In general they can be divided into accretion and jet scenarios and the most frequently
studied mechanisms are: synchrotron and inverse Compton scattering by relativistic electrons and
interaction of hadrons (protons) with radiation and matter. We will start a short review of these

models from accretion scenarios.

One of the oldest (and simplest) scenarios of y-ray production in AGNs are those which based
on spherically symmetric accretion onto BH. During such accretion, matter can be heated by
compression. In principle, high temperature plasma may be produced, allowing production of y-rays
via bremsstrahlung and inelastic p 4 p collisions. First calculations based on very simple model of
accretion onto non-rotating BH (adiabatic compression of hadronic component) have shown that
significant y-ray luminosity should be observed (Kolykhalov & Sunyaev 1979; Giovannelli et al.
1982,1984). However more detailed calculations by Maraschi et al. (1982) and Colpi et al. (1984)
who took into account e-p coupling and magnetic field (synchrotron and ICS losses) do not predict
high v-ray luminosities in the case of high accretion rates since maximal proton temperatures are
lower than assumed in previous simplified scenario. The situation is not improved if the quasi-
spherical accretion occurs onto Kerr BH (Colpi et al. 1986). The thermal adiabatic accretion onto a
black hole was also recently considered by Park (1990). He finds that a significant fraction of total
luminosity is radiated in 7-rays only for accretion rates less than 1073 of Eddington accretion rate

(Mgad = LEda/c?), which corresponds to very weak sources.

In another scenario, discussed by Maraschi & Treves (1977), the particles (protons, electrons)
are accelerated in a electric field which is induced by magnetic field during spherical, turbulent
accretion onto the BH. The v-ray photons are produced in this scenario via Compton scattering of
synchrotron radiation by relativistic electrons. A similar model was recently discussed by Atoyan
& Nahapetian (1990) and X- and y-ray spectra were calculated. The acceleration of particles to
high energies may occur as well in the standing shock which randomizes the infall kinetic energy of
spherically accreting matter close to the massive BH (see Protheroe & Kazanas 1983; Kazanas &
Ellison 1986). The v-rays may be produced directly in collisions of relativistic protons with matter
(p + p — #° — 27) and via ICS of low energy photons (e.g. originated in synchrotron mechanism)
by relativistic secondary electrons from decay of charged pions. Such a scenario was applied by
Protheroe & Kazanas (1983) to quasar 3C 273 and predicts correlated variability of radio and -
ray emission. Similar processes of v-ray production (plus Penrose processes) were also discussed in
the model of thick accretion disk supported by high temperature ion plasma (Eilek 1980; Eilek &
Kafatos 1983). However, predicted y-ray spectra, by this model, decline rapidly above 1 GeV which
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is not confirmed by recent observations of AGNs by the EGRET detector on Compton GRO.

All the above discussed scenarios produce y-ray photons isotropically in a compact region close
to the BH. It is rather unlikely that they can supply enough power in y-rays in order to be consistent
with v-ray observations of recently discovered AGNs (e.g. 3C 279). Another basic problem of these
models concerns a big compactness parameter which can be estimated from variability time scale

and observed luminosity. In the isotropic scenario v-rays should be absorbed in many AGNs.

However, a very interesting consequence of the Kazanas & Ellison (1986) model (discussed
above) is the possibility of acceleration of protons up to extremely high energies ~ 107 — 103GeV
(see Biermann & Stritmatter 1987). The essential part of protons energy (~10-30%) should be
converted to very high energy neutrons, which, contrary to protons, may freely escape from the
dense central core of AGN and create a neutron halo between 1-100 pc (Kirk & Mastichiadis 1989;
Sikora et al. 1989). In the halo, relativistic neutrons (and protons from decay of neutrons) will
produce very high energy 7-rays and secondary electrons which will also contribute to the v-ray
region via electromagnetic cascade. As a consequence of such scenario, high stable fluxes of y-ray
photons with energies up to ~ 10'5 eV should be observed from AGNs (Begelman et al. 1990;
Mastichiadis & Protheroe 1990; Giovanoni & Kazanas 1990). This model fits very well to recently
detected TeV +-ray emission from blazar Mkn 421 (Weekes 1992b). If the structure of magnetic
field around central part of AGN is not isotropic, extremely relativistic protons can escape freely
in certain directions. They can produce secondary electrons in p — - interactions via decay of
pions (Sikora et al. 1987) which may next initiate an electromagnetic cascade by ICS, synchrotron
production and direct pair production by e — - interactions.

The high energy v-ray emission from AGNs can be also interpreted in terms of proton initiated
cascade mechanism (PIC) recently proposed by Mannheim et al. (1991) and Mannheim & Biermann
(1992). In this model, protons and electrons are continuously accelerated by a shock in blobs or
knots of a jet. The protons lose energy in collisions with low energy synchrotron photons produced
by accelerated electrons. The cascade process is maintained by proton secondaries which supply

additional relativistic electrons.

Another general physical scenario in which «-ray photon may originate is the production of
radiation by relativistic, highly collimated jets (beams) commonly observed in AGNs. The impor-
tance of ICS of synchrotron radiation by relativistic electrons (synchrotron self-Compton model
— SSC) is often considered in such a scenario because of the high likelihood that continuum ra-
diation in AGNs from radio to optical has a synchrotron origin. The comparisons of calculations
according to SSC mechanism in the case of homogeneous, isotropic case (see e.g. Jones et al. 1974)
with observations of AGNs showed that predicted photon flux is orders of magnitude larger than

observed (Marscher et al. 1979). This contradiction can be solved if the SSC mechanism is working
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in the region moving with relativistic speed towards the observer. The calculations along this idea
(inhomogeneous models) were performed in the case of jet model by e.g. Marscher (1980), Kénigl
(1981) and Ghisellini et al. (1985). However these kind of models usually predicts a break in the
photon spectrum in the X-ray energy range (see e.g. K6nigl 1981), which is not observed in AGN
spectra. In order to fit the y-ray spectra from AGNs (spectral index close to 2), the high energy
break in electron spectrum is also necessary. Such a break can be naturally introduced by limited
acceleration of electrons caused by essential energy losses. We should note also that SSC beam
models are able to explain naturally the very short term variability observed in X-ray energies from

Bl Lac objects.

7-rays can be produced as well in the comptonization of thermal photons. Such a model in the
isotropic scenario was postulated by Jones (1979) as a mechanism of y-ray production in quasar 3C
273. A similar but much more complicated scenario has been discussed by Melia & Kénigl (1989)
who calculated high energy photon spectra from comptonization of anisotropic, thermal radiation
from the accretion disk. However, in this work, the Thomson approximation of cross section was

assumed and the high energy vy-ray range was only marginally covered.

Turning back now to hadronic interactions, Morrison et al. (1984) proposed that y-rays can
be produced in the interactions of mildly relativistic proton beam with matter entrained in the
extended jets of AGNs. The isotropization of relativistic protons by random magnetic field was
postulated. However in such a case, the emission from the jet should be nearly isotropic and also
counterjets of AGNs should be clearly seen in X- and v-ray energy range®. The relativistic proton
beam model in which 7-ray photon spectra are dependent on the viewing angle of the jet are
discussed in chapter 3 of this thesis.

There exist also other classes of models of AGNs in which the main role is played by e*e™ pair
dominated plasma (see for review Zdziarski 1991). Such scenarios are important if the compactness
parameter of the source {!° is greater than 10 (Guilbert et al. 1983). For certain parameters, such
plasma can exist in pair equilibrium (see, e.g., Salvati et al. 1983; Svensson 1984; Zdziarski 1985)
but its efficient production of high energy radiation is probably limited only to the soft vy-ray
energy range (broad eTe™ annihilation line with steep high energy tail plus narrow 0.511 MeV line
from annihilation of escaped and slowed down positrons, see Zdziarski et al. 1990). However these
processes may be in strong relation to the observed MeV bump in the photon spectra of some

AGNs (e.g. Seyfert galaxies: NGC 4151, MGC8-11-11, see fig 6.4) and diffuse extragalactic y-ray

spectrum.

°Up to now, only in a few cases, the soft X-rays has been reported from the AGNs jets. The angular resolution of
7-ray detectors is too poor to distinguish between core and jet emission.

Wi=1pr. or/R -m. - c®, where L is the luminosity of source in soft v-ray range; R is the source size which, in
principle, can be estimated from the variability time scale At 22 R/c).
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6.3 Quasar 3C 273

The quasar 3C 273 was discovered in the optical as a 13.0 magnitude object (Schmidt 1963). The
reported redshift (z 2 0.157) makes it one of the closest objects of this type. The structure of 3C 273
is unusual because of a one-sided optical jet extending about ~ 20” from the nucleus (Greenstein &
Schmidt 1964). This optical jet is elongated at least 22° to the direction of the inner jet discovered
in the radio range (e.g. Unwin et al. 1985). The discovery of superluminal motion (8 = 5) in inner
radio jet (Seilstad et al. 1979; Pearson et al. 1981) implies the existence of relativistic particles with
Lorentz factor of ~ 6 X h™! and propagation at an angle o < 16° x A~1 to the line of sight!! (e.g.
Unwin et al. 1985).

The spectrum of the quasar 3C 273 extends over many decades in frequency — from radio
to y-rays — being variable and complex with no strong evidence of correlation between different
wavelengths (Courvoisier et al. 1987). Soft X-ray emission was detected during several rocket
flights and the shape of the spectrum was approximated by a power law with spectral index of 1.5
(Turner et al. 1990). Hard X-ray emission was first reported by Worrall et al. (1979) and Primini
et al. (1979) and subsequently confirmed by balloon flights (e.g. Dean et al. 1990). In this energy
range the spectrum is usually described by a power law with index 1.5 (however Bezler et al. 1984
observed a much flatter spectrum with an index of 1.2 up to 200 keV). Recent observations by the
SIGMA telescope (Bassani et al. 1991) indicate a strongly variable hard X-ray emission from 3C
273 (increase in intensity by a factor 2.7 + 1 in 41 days). Evidence was also reported of a possible
new transient X-ray source only 15’ away from the position of 3C 273 which might contaminate
the quasar emission. A small fraction of the soft X-ray emission is connected with the optical part

of the jet of 3C 273 (Willingale 1981; Harris & Stern 1987).

The strong evidence of y—ray emission from 3C 273 comes from measurements on board of SAS
2 and COS B satellites. Swannenburg et al. (1978) found in these data y-ray excess (CG291+65)
which was identified with quasar 3C 273!2. This result was confirmed by Bignami et al. (1981) who
pointed out that the y-ray spectrum in the energy range 70-600 MeV can be fitted by the lower
law: (3.7 £ 1.4) x 1076 . (E/150)~2-5t06 photons cm=2 s~ GeV~!, where E is the photon energy
in MeV. The total emitted power in this spectrum is ~ 2 x 10%®erg/s (assuming the isotropic
case). Very recently, preliminary results of observations of 3C 273 by the Compton GRO were
reported by von Montigny et al. (1992) above 100 MeV (EGRET detector) and Hermsen et al.
(1992) in the 1-30 MeV energy range (COMPTEL detector). The y-ray flux above 100 MeV during

two observations (June and October 1991) was approximately (3 £ 1) X 10~7 photons cm~2 s~}

Yh = H,/100km/s/Mpc and H, -Hubble constant

'2The typical error box of the SAS 2 and COS B detectors was about 1 - 2 degrees so the identification with 3C
273 was not very reliable.
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and preliminary spectrum has a photon index of 2.4513, This spectrum fits rather well to the
COMPTEL measurements in 1-30 MeV energy range, although the extrapolation of the EGRET
power law spectrum comes up too high in the COMPTEL energy range. Base on present analysis,
it is difficult to find out if the y-ray emission from 3C 273 is variable. A few upper limits in the
very high energy range were derived (for review see Weekes 1988,1992). The most recent one equal
to ~ 10~11 photons cm™2 s~! in TeV range was reported by Vacanti et al. (1990).

According to Bassani and Dean (1986), the variability of the X-ray flux implies that X and v~
rays cannot be produced isotropically in the same place because of the large compactness parameter
of the X-ray source. They conclude that either X and y-rays are both beamed or that they are
produced in different places. Moreover, Bignami et al. (1981) reported the y-ray emission to be
stable during observations with COS B.

In this section we propose a scenario in which X- and y-ray emission from 3C 273 can be
described. In next subsection we will present the relativistic proton beam model and calculate the
expected X- and y-ray spectra. We compare the observational data frdm the direction of 3C 273
with these calculations in subsection 6.3.2. The last subsection is dedicated to discussion of the

validity of this proposition in context of observations in lower photon energy range.

6.3.1 Relativistic proton beam model

Several models have been suggested in order to explain the X and 4-ray emission from the quasars.
However all of them have some difficulties in explaining all current observations of 3C 273 (the
compactness of the central source evaluated from X-ray variability (Marshall et al. 1981), lack of
correlation between X and y-rays (Bignami et al. 1981), and do not take into account the existence
of the jet in 3C 273).

Our favourite scenario is similar to that one proposed by Morrison et al. (1984), because such a
general model naturally avoids problems with compactness of the central core and fits nicely with
the observed superluminal motion of blobs emerging from the core of 3C 273.

However some new observational facts encouraged us to modify the Morrison et al. scenario.
After all, no deceleration of relativistic blobs in the inner radio jet of 3C 273 (Unwin et al. 1985)
was reported and the large scale superluminal motion was recently observed up to at least 120 pc
(Davis et al. 1991). Moreover observations of other AGNs with morphological structure similar to
3C 273 (one sided jet) can be easy explained if the relativistic beaming is present also in outer jet.
For instance, investigating depolarization asymmetry, Laing (1988) and Garrington et al. (1988)

suggest the existence of a relativistic motion in the outer part of the jet of Cygnus A. This same

13Note that the COS B observations reported «v-ray flux ~ 6 x 1077 phot - cm™2 - 57! above 100 MeV with no
variation within 50% uncertainty and similar spectral index 2.5+ 0.6 (Bignami et al 1981). However, that result may
be also contaminated by 3C 279 which is only ~ 11° away from 3C 273.
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Figure 6.5: Schematic picture of the relativistic jet model applied to 3C 273 (not to scale). Relativistic proton
beam emitted by the central core interacts with background matter of the jet (p + p — #% + 7 +..) and
produces y-rays directly from decay of #° and as secondary products in the bremsstrahlung process and ICS
of microwave photons €, by secondary electrons from decay of xE,

effect has been discovered in the case of 3C 47 by Fernini et al. (1991). Stiavelli et al. (1992) and
Sparks et al. (1992) reported identification of the hotspot in the radio lobe which is on the opposite
side of the core than the one sided jet of M 87. Such a hotspot can be provided by an invisible

relativistic counterjet.

These new observational results supports our earlier proposition (Bednarek & Calvani 1991)
according to which protons emitted by central engine continue to move relativistically along the
jet. They interact with matter of the jet and produce y-ray photons (from 7V decay) and secondary
electrons (from 7+ decay). We are interested here in the production spectra which are dependent on
the angle to the jet axis since the observer at the Earth is located at the fixed angle to the jet (see
Fig. 6.5). For detailed calculations of these spectra we refer to chapter 3 and papers by Bednarek
et al. (1990) and Bednarek & Calvani (1991). Since the magnetic field is parallel to the jet axis, the

secondary electrons follow a helix path and interact with, matter (via the bremsstrahlung process)
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and microwave background radiation (via Inverse Compton scattering). The radiation produced
by them will contribute from the soft X-ray up to y-ray energy range. Such a scenario postulates

strong beaming of radiation and may naturally explain one sideness of jets from some AGNs.

6.3.2 X and 4-rays from the jet of 3C 273

In the previous subsection we have proposed a simple model in which a monoenergetic, highly
collimated proton beam interacts with matter entrained in the jet volume. Turning now to 3C
273, its extended optical jet (in which we locate the production of X and 7y-rays), is elongated at
least 22° to the direction of the inner jet observed in radio wavelengths (Unwin et al. 1985). The
secondary electrons produced by the decay of charged pions (originated in p—p collisions) can emit
observable X and vy-rays via bremsstrahlung processes (if the column density of matter in the jet
is high enough) and Inverse Compton scattering of microwave cosmic background radiation. Since
secondary electrons are highly relativistic (Lorentz factor up to 103, see Fig. 3.5), the produced
radiation is strongly collimated along the direction of motion of the electrons (Koch & Motz 1959;
Bednarek et al. 1990) and we can assume that significant contribution to the bremsstrahlung
spectrum emitted at the angle a is given by the secondary electrons moving very close to a.
Under such assumption the spectrum of the bremsstrahlung radiation produced by secondary

electrons is given by:

dNbrem ~ A dN dQ(Ee)
dE.dQdtdV dE.dQ.dtdV dE,

dE, (6.1)
where ) is the mean column density traversed by relativistic electrons in particles/cm?;

dN/(dE.d.dtdV) is the angular dependent spectrum of secondary electrons from decay of polar-
ized muons (see eq. 3.7) and dQ(E.)/dE, is the bremsstrahlung spectrum produced by monoener-
getic electrons with energy E. (Blumenthal & Gould 1970).

The spectrum of the Comptonized photons produced by secondary electrons is given by:

dNcomp dP(E.,¢)

dE,dQdtdV ~ / dE, dQ dth / ™) gg g e (6:2)

where [ is the distance on which Comptonization of photons occurs; ¢ is the velocity of light;

dP(E,.,€)/dE.dt is the cross section for Inverse Compton scattering of photon with energy € into
the energy range E. : E, 4+ dE, by monoenergetic electrons with energy F. (see, Blumenthal
& Gould 1970; formula 2.42) and n(e) is the differential concentration of background low energy
photons.

In order to apply the above results to 3C 273, we have adopted proton beam parameters: Lorentz

factor I' = 6 and angle a = 35° (which is reasonable if we take into account possible curvature
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Figure 6.6: The observational data of X and v-ray emission from 3C 273 are shown. The full line is the
fit to the data of the calculated photon spectrum (Lorentz factor v = 6 and a = 35°). The dot-dashed
line describes the spectrum of y-rays from =° decay; the dotted line the spectrum of photons produced
by bremsstrahlung of secondary electrons; the dashed line the spectrum of photons from Inverse Compton
scattering of cosmic microwave background radiation by secondary electrons (from Bednarek & Calvani
1991). '

of the jet, see Unwin et al. 1985). We then compared the photon spectra from bremsstrahlung of
secondary electrons (eq. 6.1) from Inverse Compton scattering of background microwave photons
by secondary electrons (eq. 6.2) and from 7° decay (p+p — 7%+ anything; 7% — 2, see Bednarek
et al. 1990) with the measurements of X-rays from the jet of 3C 273 and y-tays observed by COS
B from direction of this source (Hermsen et al. 1981). Fits to observational data are presented in
Fig. 6.6. From the fits we can estimate the total energy in relativistic protons in the jet of 3C 273

using the relation:

E ~ 3 x 10''Td%/) ergs, (6.3)

where d is the distance to the quasar in cm, £ = dsinf/sina is the true length of the jet, 8 is the

angular apparent length of the jet.
For A = 70 g/cm? (from the fit), d ~ 860 Mpc and 8 ~ 20” we find E ~ 3 x 10V ergs.
The required power emitted in relativistic protons by the core of 3C 273 is equal to P = Ec/{ ~
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2.6 X 107 ergs/s, which corresponds to a mass loss in relativistic protons of M ~ 0.7Mg/yr in the

jet.

6.3.3 Discussion

We have shown above that the entire spectrum of 3C 273, X-rays from the jet and y-rays from the
direction of this source, can be explained with a simple model in which this radiation are produced
by the interaction of the relativistic proton beam with matter entrained in the jet volume. Our model
is similar to the one of Morrison et al. (1984), but it differs in that we assume that a relativistic
proton beam propagates along the magnetic field which is parallel to the jet axis. We have considered
the angular dependence of the spectrum of secondary electrons produced in the interaction of a
relativistic proton beam. In such a magnetic field, the trajectory of secondary electrons is a helix
along the jet axis. The X-ray (from the jet) and y-ray spectrum from 3C 273 can be accounted for
by bremsstrahlung and Inverse Compton spectra produced by secondary electrons and spectra of
photons produced by 7° decay (assuming a Lorentz factor I' = 6 for the bulk motion of the proton
beam and an angle of a &~ 35° between the jet axis and the line of sight), see Fig. 6.6. From the fit
of the observed spectrum with the theoretical one (bremsstrahlung radiation calculated according
to eq. 6.1, Inverse Compton spectrum according to eq. 6.2 and radiation from 7m0 decay calculated
in Bednarek et al. (1990), we have found that the total power emitted in relativistic protons by
the central core of 3C 273 is equal to P = 2.6 X 10*7 ergs/s which corresponds to a mass loss
of M = 0.7Mg/yr. However we note that a high column density in the jet of 3C 273 is Tequired:
A = 70 g/cm?, and accumulation of a large amount of matter in the jet volume is possible (see,
e.g., discussion in Morrison et al. 1984). Recent observations of emission lines from the jet of Cen
A also supports the hypothesis of an existence of essential amounts of matter in the jet (Morganti
et al. 1992). From another side, numerical simulations of propagation of a jet in the extragalactic
medium by De Young (1986) show that a jet can entrain a minimum of ~ 5M¢g /yr, which implies
a total enrichment as high as 10° My, for some jets.

A few different mechanisms of particle acceleration in active galaxies were proposed (see e.g.
Wiita 1985). Relativistic particles with power law spectrum can be produced by shocks close to the
central engine (see e.g. Blandford & Eichler 1987). Monoenergetic (or close to monoenergetic) rela-
tivistic particles can be accelerated in electromagnetic processes (see e.g. Lovelace 1976; Blandford
& Znajek 1977) or by radiation pressure (e.g. Abramowicz & Piran 1980; Sikora & Wilson 1981;
Calvani & Nobili 1983). In our model we assume that the jet is monoenergetic and made of rela-
tivistic protons. Indeed: a) the existence of relativistic knots far away from the central core of 3C
273 suggests such a distribution of particles (if not, the knots should be diluted and superluminal

motion will not be observed); b) such choice allows us to limit the number of free parameters in
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the model (in fact we are here mainly interested in investigating the main features of our model to
check whether it is in agreement with observations); ¢) arguments supporting a proton beam are
discussed by Roberts (1984).

Our model can work if the energy losses of electrons are not completely dominated by syn-
chrotron processes. This is true if the magnetic field (the perpendicular component to the elec-
tron’s motion)is B [pG] < 1.1n2{2 /E (from comparison of synchrotron and bremsstrahlung energy
losses) and B, [uG] < 14.4W,u[eV/em3] (from comparison of synchrotron and Inverse Compton en-
ergy losses), where E is the energy of electrons in GeV (see Schlickeiser 1982). From polarization
measurements, Roser & Meisenheimer (1986) estimate that the magnetic field in the jet of 3C 273
is of the order of 10uG. If we now compare the synchrotron and bremsstrahlung energy losses, we
find that this value is near the acceptable limit for the most energetic secondary electrons (with en-
ergy &~ 1 GeV') but is well acceptable for the lower energy ones. Synchrotron and Inverse Compton
energy losses for the above parameters are comparable.

The density of photons with power law spectrum below 1015H z in the jet volume of 3C 273
(see Fraix-Burnet & Nieto 1988) is about one order of magnitude lower than the density of the
microwave background radiation (for the volume of the optical jet and the observed spectrum of
photons below 10'5H z from Fraix-Burnet & Nieto 1988). Moreover these photons are probably also
collimated along the jet axis of 3C 273 if we keep in mind some observational evidence of their
synchrotron origin (Fraix-burnet and Nieto, 1988) and the strong collimation of secondary electrons
postulated by our model. Therefore Comptonization of these photons (with power law spectrum)
to the X—ray range is negligible in comparison to Comptonization of cosmic background radiation.

Our model moreover predicts a strong angular dependence of the photon spectrum with respect
to the jet direction. The emission of radiation from the counter jet (produced by secondary electrons
at an angle a ~ 145° to the line of sight) should be much less than the one from the jet pointing
towards us because of much smaller Lorentz factors of secondary electrons produced backwards.

One of the advantages of our model is, we think, its simplicity. Of course, a more realistic
model for 3C 273 should take into account propagation effects of relativistic protons and secondary
electrons and curvature of the jet. In such a case we expect the theoretical photon spectrum to be
more steep in the y—ray range and the deduced parameters of relativistic beam and jet containment

less restrictive.

6.4 Quasar 3C 279

The quasar 3C 279 was the first object in which superluminal motion was recognized (Whitney
et al. 1971). During early 1970s the motion appeared to the rapid expansion with an apparent
separation speed of By, & 9h~! (Cotton et al. 1979). However the VLBI data collected between
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1981 and 1984 shows much slower motion with speed SBops & 2.1h~! (Unwin et al. 1989) which is
only one quarter of early reports. This dramatic change does not imply a deceleration of the earlier
component, but only means that the old relativistic component moved too far to be detected and
the next one, with much smaller velocity emerged. The compact core of 3C 279 shows a flat radio
spectrum contrary to the steep spectrum of the jet. Its optical emission is highly variable on a time
scales of days and strongly polarized (e.g. Webb et al. 1990). 3C 279 is also a relatively strong X-ray
source showing variability on the order of a factor 2 (Zamorani et al. 1984). More recent results
in the X-ray energy range were collected by the Ginga satellite. Observations carried out on two
occasions (June 1987 and July 1988) indicate that the 2-20 keV flux increased by a factor more
than 4, within about a year (Makino et al. 1989). During the outburst, the X-ray spectrum became
slightly harder than in the quiet period, changing from I' = 1.70 & 0.06 to 1.58 4 0.03. This X-ray
flare was also accompanied by a dramatic increase in the optical and near-infrared flux (Kidger et
al. 1992).

3C 279 is one of the objects best studied by Comptel GRO. Its y-ray spectrum can be described
- between 30 MeV to 5 GeV by a simple power law with spectral index 2.02 & 0.07 and intensity
3 (2;8:1:0.4) X 107%ph em~?s~! above 100 MeV (Hartman et al. 1992c), which corresporids to isotropic

emission of 1.1 x 10*8erg/s (for z = 0.538 and Hy = 75km/s/Mpc). Such extremely high photon
- luminosity strongly suggests the beaming of y-ray emission which is consistent with the observations
of superluminal motion in the central core of 3C 279. Another strong constraint on the model of
7—r‘z;y production in 3C 279 is placed by the significant variability on the order of 3 days observed
by/GRO in June 1991 (Kanbach et al. 1992).

In this section we propose a physical scenario in which y-ray production and variability in AGNs
can be envisaged. In the following subsections we describe the main points of cone beam model
and in terms of this model we calculate: the spectra of y-rays and secondary electrons produced
in p + p interactions via pion decay and the spectra of X- and vy-rays produced by secondary
electrons in Inverse Compton Scattering (ICS) of UV photons emitted by the thick accretion disk.
As an example, we compare these results with X- and 7-ray emission from 3C 279. Our model has
some points in common with previous works (see mechanisms of 4-ray production discussed by e.g.
Begelman et al. (1990); Jones & Stein 1990; Bednarek & Calvani 1991), but contrary to them it is

also able to explain the reported variability of y-ray emission from 3C 279.

6.4.1 Physical scenario applied to 3C 279

The basic assumption of the model is the existence of the geometrically thick accretion disk around
the central engine of the AGN (see the review by Begelman et al. 1984 and references therein)
which is also responsible for production of the UV bump in the AGN spectrum (Shields 1978;
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Malkan & Sargent 1982). The structure of such radiation supported disks was studied by e.g.
Jaroszynski, Abramowicz & Paczyniski (1980), and the emission of radiation from the disk funnels

by e.g. Abramowicz, Calvani & Nobili (1980) and Madau (1988).

Moreover, we assume that blobs or shocks containing relativistic particles (e.g. accelerated in
one of the mechanisms discussed by Rees 1984) can emerge sporadically from the region close to
the central engine. A possible model for the blob (shock) production may be the one proposed by
Protheroe & Kazanas (1983) and Kazanas & Ellison (1986) and may be connected with the rapid
change in the accretion scenario in the inner part of AGN or with instabilities of the accretion disk
(Papaloizou & Pringle 1984). The blobs are moving inside the narrow funnel of the thick accretion
disk (see Fig. 6.7). If relativistic particles are emitted by such a blob inside the cone with opening
angle a,,; (which is bigger than the disk funnel angle a;n) then some of the relativistic particles
will interact with matter in the accretion disk. Although this is an ad hoc assumption, it may be
supported by the existence of viscous forces in the disk funnel. As a result of these forces, the
velocity of the relativistic blob (shock) close to the axis of the funnel should be greater than close
to the walls. This effect should cause a bending of the shock and permit emission of relativistic

_ particles inside the limiting angle measured from the axis of the funnel.

We assume moreover, that the disk has a dense corona between angles a;, and agy. In the
inelastic p 4+ p interactions of relativistic protons with matter of the disk (and matter of the
induced wind), the y-rays and secondary electrons from pion decay are produced. The y-rays below
~ 100MeV are produced via ICS of thermal UV photons from the disk by secondary electrons
inside the disk funnel. For the shake of simplicity, we assume that the funnel of the optically thick
accretion disk emits black body radiation with the temperature Tp, = 4.5 x 10* K. A small gradient
of temperature in the narrow funnel of the disk is suspected because of multiple scattering of
radiation on the funnel’s walls. The thermal emission of the funnel is consistent with the upper
limit on the disk radiation of 3C 279 equal to ~ 3 x 10%° erg/s (Makino et al. 1991). We note that

the radiation from such disk is dominated by the emission from the funnel (Madau 1988).

Under energy release of the relativistic particles, the outer part of the thick disk evaporates
producing a strong wind which surrounds the relativistic beam (Fig. 6.7). The efficient escape of
v-rays from 7V decay will be possible only in some region close to the limb of the thick disk (disk
corona, Fig. 6.7), where the column density of matter is not extremely high. In the regions where
matter is opaque to 7y-ray photons (a > oyt ), only high energy neutrinos can escape. We further

point out that X- and v-ray emission from 3C 279 can be described by such a scenario.
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Figure 6.7: Schematic picture of the central part of an AGN (not to scale). The relativistic blob is emerging
from the region close to the central black hole and is moving in the funnel. Protons emitted by the blob
interact with the dense disk corona (region between angles a;, and out) and produce y-rays and secondary
electrons. The optically thick disk emits UV photons which are comptonized by secondary electrons. The
observer is located at the angle 8 to the disk axis.

6.4.2 Production of 4-ray photons

As we mentioned above, the main mechanism of the high energy 7-ray production in our model is
the interaction between relativistic protons and ambient matter accumulated in the thick accretion
disk. In such collisions neutral and charged pions are produced which next decay to y-ray photons,
secondary electrons (electrons and positrons) and neutrinos (p + p — w0+t 4+ 70— 2y
7t 5 e 4, + v,). In order to reduce the number of free parameters, we assume instead a
monoenergetic proton beam with Lorentz factor ,. The beam propagates inside the cone with half
angle a,,; and interacts with matter accumulated between angles a;, and a,y: (see Fig. 6.7). Since
the detailed structure of the thick accretion disk is unknown, we assume for simplicity that the
column density of background matter (\) crossed by relativistic particles is less than one interaction
length for inelastic p + p collisions. In the regions where the column density of matter is greater
than one interaction length (in our case for the angles > o), the efficiency of y-ray emission

significantly drops.
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The angular and energy dependent spectrum of v-ray photons from 7° decay was calculated
by integration over the proton spectrum multiplied by the energy and angular distribution of the

v-ray spectrum from a single p + p interaction:

aN_ dpP dQ,
dE,dQ.dt ~ / / dE,dQ.dt  dE.dS, $dedEy (6.4)

where dP/dE,dQ.dt is the differential proton spectrum and dQ.,/dE.df), is the angular and energy

photon spectrum from single p + p collision (see chapter 3 and Bednarek et al. 1990).

The calculated spectra of y-rays from 7° decay, produced by a monoenergetic cone beam, can
mimic a power law photon spectrum in the energy range between 1-10GeV with spectral index
depending on the parameters: v,, 8, a;n and agy;. Since we assumed a rather low column density
of background matter in the outer parts of the disk (corona), these photons will escape freely.

The angular and energy dependent spectrum of secondary electrons from 7% decay was calcu-

lated by integration over the proton spectrum multiplied by the energy and angular spectrum of

secondary electrons from a single p + p interaction:

dN, dQ =
dB2dQ,zdt =/ / dE, dﬂ 4t dE,.dn,. “redEy (6.5)

where dQ.+ /dE +dQ.+ is the angular and energy spectrum of secondary electrons from a single p

+ p collision (see chapter 3 and Bednarek & Calvani 1991).

The secondary electrons can interact with the magnetic field, matter and radiation in the
funnel of the thick accretion disk and produce v-rays in bremsstrahlung and ICS processes. The
relative importance of these processes can be estimated by comparison of energy losses calculated
for presumable parameters of the emitting volume. We accept that the energy losses of secondary
electrons are dominated by ICS of UV thermal photons which fills the funnel of the accretion disk
with a density of the order of black body distribution. This is true if the magnetic field in the
funnel is B; < T00Gs (obtained from a comparison of synchrotron and inverse Compton losses of
secondary electrons). The bremsstrahlung losses are negligible in comparison to Compton losses
for required parameters of the emitting volume: the estimated height of the thick accretion disk
Tace ~ 10'%cm (to be consistent with observed 3 day variability in 7-rays) and column density of
matter < 70g/cm? (required for efficient escape of y-ray photons).

The energy loss time scale of secondary electrons moving in the field of black body UV photons
(Twp, = 4.5x10*K) is too short to allow escape of electrons from the funnel without significant energy
losses. So the steady state distribution of electrons in the funnel should be calculated assuming a

thick-target model (Ginzburg & Syrovatskii 1964) and is given by:
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dR,+ 1 /Em dN,+

- dET,d0,zdt

= dE’ 6
dE +dQ.+ ¢(E) (6.6)

where dN,+/dE!,dQ +dt is the spectrum of secondary electrons (given by eq. 6.5); e(E) is the

energy loss rate of secondary electrons in ICS process.
Now we can calculate the spectrum of y-ray photons produced in comptonization of black body

UV photons by a steady state distribution of electrons. It is expressed by the formula:

dNComp. dR + / ( )
dE.dQ.dt - dEeidQei

(Eex,€)
dEd ————"dedE,+ (6.7)

where dR/dE +d{Q+ is the spectrum of relativistic electrons (given by eq. 6.6);

dQ(E.+,€)/dE,dt is the cross section for ICS of photons with energy ¢ into the energy E. by
monoenergetic electrons with energy F.+ (see Blumenthal & Gould 1970) and n(¢) is the differential
concentration of UV black body photons. »

The combined spectrum of photons, from 7° decay and ICS of UV photons by secondary
electrons, calculated simultaneously, for fixed parameters (v,, 8, cin and agy), is very nearly
fit by a power low shape with spectral index flatter in soft X-rays and steeper in the GeV y-ray
range. The fast cut-off in the photon spectrum in the higher energy range is determined by the

value of 74, and the relative dependence between 8, a;n, and ayy.
6.4.3 Comparison with y-ray spectrum of 3C 279

The vy-ray spectrum of 3C 279 observed by the EGRET detector on Compton GRO (Hartman et
al. 1992c) is compared with photon spectra calculated in the previous section. As an example, in
Fig. 6.8, we show the fit for v, = 30, 8 = 2°, a;, = 7° and oy = 12° (for redshift z=0.538).
The data in the y-ray energy range are reasonably well fit by the photon spectrum from 7° decay
(above a few hundred MeV) and by a self-consistently calculated spectra of photons from ICS of
UV thermal photons by secondary electrons.

From the fitting presented in Fig. 6.8 we are able to calculate the required total luminosity of the
quasar 3C 279 in relativistic protons which is L, & 2.5x10%7erg/s for a mean column density crossed
by the relativistic proton beam in the disk corona A = 30g/cm? (2=0.538, Hy = 75km/s/Mpc and

= 1/2). We assumed a column density of this order since it supplies enough target for y-ray
production and still permits free escape of y-rays from the accretion disk region. In fact L, is the
lower limit on the quasar luminosity in relativistic protons since substantial number of particles
may also be emitted at higher angles (a > oy ). For such angles y-rays will be absorbed by the
optically thick disk and only a strong neutrino signal may be observed.
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Figure 6.8: The vy-ray spectrum observed by EGRET (error boxes, Hartman et al. 1992¢c) and soft X-ray
spectrum observed by GINGA (long dashed lines - low and high state, Makino et al. 1989) from 3C 279 are
shown. The full line is the fit of the data using the calculated photon spectrum for 1 =30,8=2° aj, = 7°
and ay; = 12°. The dot-dashed line is the photon spectrum from #° decay. The dotted line is the photon
spectrum from ICS of UV photons (T}, = 4.5 x 10°K) by secondary electrons. The short dashed line is the
part of the calculated photon spectrum which is influenced by transfer processes in the matter of the disk
corona (from Bednarek 1992b).

6.4.4 Discussion

We tried to envisage here the physical scenario for the v-ray production in 3C 279 in terms of the
standard model of AGN (thick accretion disk around massive black hole). We assumed that the
inner parts of the accretion disk have a dense corona which is illuminated by relativistic protons.
The protons are emitted within the angle a,,; by a blob (or blobs) moving in the disk funnel which
has the opening angle «;,, less than a,,; (see Fig. 6.7). The y-ray photons are produced in the
inelastic collisions of relativistic protons with matter in the disk via #° decay and in ICS of UV
thermal photons by secondary electrons from «* decay. In order to permit free escape of y-rays
from the production volume, the mean column density of background matter should be essentially
less than one interaction length for p + p collisions. We were able to fit reasonably the vy-ray

spectrum of 3C 279 (see Fig. 6.8). We note that the parameters of this fitting are not unique. In
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order to distinguish between different fits, the simultaneous observations in lower photon energies
(X-rays, soft y-rays) are needed and detailed calculations of the transfer of photons with energies
less than 10 MeV in the disk corona should be performed. However we leave these complicated
calculations to more detailed studies of this model since we are mainly interested here in the high
energy v-trays. The estimated luminosity of this quasar in relativistic protons should be at least
L, = 2.5x10%7erg/s for a mean column density of the background matter A = 30g/cm?. The 3 day
variability in 4-ray emission, reported by Hartman et al. (1992c), can be caused by the crossing of
a relativistic proton blob in the disk limb.

The low and high states of soft X-ray emission from 3C 279 were reported by Makino et al.
(1989). We are not able to calculate detailed spectrum in this energy range because of complicated
transfer of X-ray photons through the disk corona (although significant comptonization of thermal
radiation may occur also in the central part of the funnel by primary electrons where matter is not
present). This emission may be produced as well by Compton scattering of radiation from the disk
by secondary or primary electrons in the region farther from the disk (a scenario similar to that
one recently studied by Dermer et al. 1992) or in the comptonization of synchrotron radiation by
secondary or primary electrons (e.g. Jones, O’Dell & Stein, 1974; Marscher 1980; Ghisellini et al.
1985; see also the model for 3C 273 by Courvoisier & Camenzind 1989). Such a composed model
postulates a time delay between soft X-ray and -ray emission which can be observationally tested.

One of the consequences of the model is the possibility of induction of a strong wind surrounding
the relativistic particle beam since a large amount of energy is transferred to the inner part of the
accretion disk. Such a wind may have a direct relation to the broad emission regions of AGNs.

Our model postulates the high collimation of v-ray emission from AGNs along the axis of the
disk funnel. Provided that magnetic fields do not significantly influence the motion of the protons
we can conclude: a) AGNs, seen close to face on, may emit y-rays and neutrinos during the outburst
phase when relativistic proton blobs are formed; b) some AGNs may only be strong neutrino sources
if observed at large angles to the axis of the disk funnel (a > agy) where the column density of
matter is greater than one interaction length. The intensity and spectrum of neutrinos in case a)
will be similar to the intensity of y-rays from 7 decay (see dot-dashed line in Fig. 6.8). In case
b), the intensity of neutrinos will be essentially larger and the mean energy of neutrinos smaller
(because of the thick target met by the proton beam). Therefore, our model predicts strong, non-
isotropic emission of low energy neutrinos by AGNs, contrary to the model by Stecker et al. (1991)
which postulates isotropic emission of high energy neutrinos (~ 10* + 101° GeV).

We consider a relatively mild relativistic proton beam so the absorption of -rays by isotropic,

thermal UV photons is not important because,

V05 < epr- > By - (1 — cosb) < 0.511 MeV, (6.8)
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where ¢ is the incident angle between photons.

Similar strong collimation of radiation from X-ray up to soft y-ray photons (produced by sec-
ondary electrons in ICS process) with 4-ray photons (originated in decay of 7°) permits free escape
of -ray photons from 3C 279 since the probability of ete™ pair production in v — v collision is
reduced by a factor (1 — cosf).

The physical scenario, discussed by us, can be extended to relativistic proton beams with much
higher Lorentz factors. However, in this case the 7-rays would be very efficiently absorbed by UV
photoﬁs, resulting in multiple ete™ pair production. Such ete~ pair dominated models (see e.g.
Zdziarski et al. 1990) predict the appearance of a strong annihilation line in AGNs spectra and the
spectral index of differential photon spectrum in the GeV energy range significantly steeper than
that observed from 3C 279.

If really only mildly relativistic protons are present in the central part of 3C 279, we should
observe the cut-off in the y-ray spectrum just above ~ 10 GeV. Recent observations of 3C 279 by
the Whipple observatory v-ray collaboration (Weekes 1992b) shows no significant photon emission
above 0.5 TeV during the period 24 March - 8 May 1992. However, they report positive detection
of invariable emission above 0.5 TeV from Mkn 421, which is similar to 3C 279. The main problem
concerning high energy observations of 3C 279 (from soft X-rays up to TeV v-rays) is that they are
not simultaneous and this fact does not allow final conclusions at this stage.

We would like to note that the relativistic blob (shock) will finally emerge outside the region of
the accretion disk but the acceleration of particles by it may continue. Also other mechanisms of v-
ray production may work simultaneously with our scenario, for example, synchrotron self-Compton
emission from a relativistic beam (see e.g. Grindlay 1975b; Kénigl 1981) or proton initiated cascade
(Mannheim et al. 1991). They may be responsible for the stable photon emission above 0.5 TeV
reported recently from Mkn 421 during the period 24 March - 8 May 1992 (Weekes 1992).

This chapter partially base on two papers: "X and Y-ray emission from 3C 273” 1991, A&A 245, 41 by
W. Bednarek & M. Calvani (included in an Appendix) and ”On the y-ray emission from 3C 279” 1992b,
ApJL submitted by W. Bednarek.
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7 Summary and Conclusion

The amount of our knowledge concerning discrete 4-ray sources suddenly increased during last two
years due to the new generation of operating instruments. However detailed analysis of the already
collected data (and expected) will take a few years and at present only some preliminary conclusions
may be reached. The most important is that the vy-ray sky is highly variable. The strong v-ray
variability was recently reported for e.g., the quasar 3C 279, Galactic center annihilation source,
Nova Musca etc... These results connected with previously discovered transient y-ray sources like:
Solar flares, v-tray bursts or even some transient features observed in the vy-ray light curves of radio
pulsars (e.g. Vela pulsar), strongly support the above conclusion. The observations, mentioned here,
will surely stimulate the theoretical efforts for the next decade since their present understanding is
unsatisfactory.

Another fact, we think important, is that the vy-ray emission from most of the sources (e.g.,
AGNs, pulsars, X-ray binary systems, Solar flares) is probably strongly anisotropic. This feature
is crucial for the construction of models of y-ray sources since most of the theoretical efforts were
concentrated on the isotropic scenarios which are, however, much easier to analyze in detail. In
this thesis we calculate the angular and energy dependent 7-ray spectra from the interaction of
a relativistic electron beam with radiation (inverse Compton scattering) and from the interaction
of a proton beam with background matter (y-rays created directly from the decay of m° and in
bremsstrahlung and ICS processes of secondary electrons, which, in turn, originate from the decay
of 7+). We propose that such calculations may play an essential role in the binary systems (the

specific case of Cyg X-1 is discussed in sect. 3.3), old accreting neutron stars, and AGNs.

The main result of this thesis is contained in the propositions of physical scenarios, for a few
types of discrete sources, in which some aspects of y-ray production can be envisaged. Our work
concerns the y-ray emission from radio pulsars, X-ray binary sources and AGNs, and is summarized

below.

e The nature of the y-ray production in the radio pulsars in not completely clear. It is now
commonly believed that the main role in these sources is played by the leptonic processes

of y-ray production in strong radiation and magnetic fields (see sect. 4.2). The excellent
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signature of such processes will be the appearance of the ete™ annihilation feature in the
pulsar spectrum and, in fact, such a redshifted ete™ annihilation line at ~ 440 keV was
recently reported from the Crab Nebula pulsar. We propose the picture, based on the pulsar
model of Ruderman and collaborators, in which the origin of this line can be envisaged.
In our scenario, the positrons are produced by photons of MeV energy hitting the pulsar
crust, which, in turn, are generated by inverse Compton scattering of electrons (positrons)
accelerated in the inner polar gap of the pulsar. The ete™ line should be also accompanied
by the emission feature at ~ 150 keV, due to the Compton backscattering of 0.511 MeV
photons. The estimated flux of this feature is comparable to the sensitivity of the OSSE
detector on Compton GRO, and may be an important test of our proposition. Because of the
tuning required by our picture, it is possible that the emission features in the Crab pulsar
spectrum are transient and occur only in the region of one polar cap of the neutron star.
We suggest, moreover, that these two features may be also physically related to the other
transient features, which are sporadically reported in the Crab pulsar y-ray spectrum (e.g.,

MeV bump, variability of MeV — GeV pulsar light curve, PeV y-ray bursts).

The evidences of an excess of particles with energies > 10!! eV from several X-ray binary
systems were one of the most fascinating reports of last decade. It is almost certain that the
very high energy v-ray emission from these sources must originate in hadronic collisions. In
this thesis, we discuss a few possible mechanisms which may be responsible for such emis-
sion, taking into more detailed consideration Cyg X-3. It is concluded that reported neutral
emission in the TeV — EeV energy range from Cyg X-3 may be explained in terms of two
mechanisms which are not in contradiction with other features of Cyg X-3 (see sect. 4.3).
In the first one, the relativistic neutrons emitted by the compact object interact with the
matter accumulated in the binary system. In the second one (originally proposed by Hillas),
the relativistic nuclei (e.g., He) initiate the cascade in the matter and magnetic field. In both
scenarios the TeV — PeV emission observed from Cyg X-3 is interpreted as due to photons

and EeV emission as due to extremely relativistic neutrons.

The v-ray production in AGNs we discuss in more detail in the ¢ase of two sources 3C 273 and
3C 279 (chap. 6). The physical scenarios, proposed by us, apply hadronic interactions as re-
sponsible for 7-ray production. It is now too early to definitively answer the question whether
the main role in the production of y-rays in AGNs is played by leptonic interactions (e.g.,
synchrotron self-Compton mechanism) or hadronic interactions (decay of pions) interactions.
The hadrons are favourite candidates, because of fewer problems with their acceleration to

very high energies. However, vy-ray production in AGNs may be a more complicated process
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§ 7. Summary and Conclusion

than discussed up to now (sect. 6.2). Different ranges of the y-ray spectrum may originate in
different mechanisms which, moreover, may be located in different places of AGNs (e.g., the
central core may be responsible for lower energy 7-rays, jets or extended halos for very high
energy y-ray emission).

We propose that the y-ray emission from 3C 273 may originate in the extended optical jet
of this source, in the interactions of relativistic protons with the matter entrained in the jet
volume. As a result of these interactions, 4-ray photons are produced via decay of =° and
in the bremsstrahlung and ICS of microwave black body radiation by secondary electrons
originated, in turn, in decay of 7%, Our model postulates long term stable y-ray emission
from 3C 273. Preliminary results of analysis of the Compton GRO data and earlier data
collected by the COS B can not conclusively answer the question whether the y-ray emission
from 3C 273 is time variable. We note also, that postulated, by our model, relativistic motion
in the extended optical jet of 3C 273 is supported by recent observations of other (closer)
AGNs (see discussion in sect. 6.3). Similar processes of y-ray production, however in a different
physical scenario, have been applied by us to recently discovered -ray emission from 3C 279
(sect. 6.4). In our model, the 7-ray emission originates in the funnel of the thick accretion
disk, as a result of the interactions of relativistic particles with the matter of the disk walls.
The y-ray spectrum is formated by photons from the decay of #° and by comptonization of
the thermal radiation of the disk by secondary relativistic electrons from 7% decay. The model
can fit reasonably well the observed v-ray spectrum and explain the reported variability of
~-ray emission from 3C 279 as due to the crossing of the disk limb by the relativistic blobs.
Note that such model can not explain possible y-ray emission above ~ 10 GeV (although,
not detected up to now from 3C 279), because of the absorption on the thermal UV photons.
The possible emission above ~ 10 GeV may be caused by the relativistic blobs which already
emerged from the disk funnel. However, in this case the variability time scale of emission
should be much longer. The scenario, summarized here, may be in general agreement with
observations of the stable TeV 7-ray emission from another active galaxy Mkn 421, which is

similar source to 3C 279.
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Abstract. We study the Inverse Compton Scattering (ICS) of
arbitrary background radiation by a relativistic electron beam
and the photon production from proton-proton interactions via
7 decay of a relativistic proton beam, in order to obtain the
photon spectra. The results of the calculations in the case of
interactions of the electron-proton beam with the surrounding
matter and/or radiation are presented for selected beam Lorentz’s
factors and selected angles 2, between the direction of the emitted
photons and the beam axis.

The calculations of differential photon spectra due to ICS
were performed for isotropic bremsstrahlung and black body
background spectra. The shapes of the comptonized bremsstrah-
lung spectra are similar to that of the background spectrum, while
the shapes of the comptonized black body spectra differ. In both
cases, the comptonized spectra are determined by the shape of the
background spectrum, the electron beam Lorentz's factor and the
angle between the direction of the emitted photons and the beam
axis.

The photon spectra from n° decay, produced in the inter-
action of the relativistic proton beam with the matter, show a
strong dependence on the beam’s Lorentz factor y and on the
angle between the direction of the emitted photons and the beam
axis. For small angles a, (with respect to 1/7), the intensities and
positions of the maxima of the photon spectra increase propor-
tionally to the beam’s Lorentz factor. For large angles x, (with
respect to 1/7), the photon intensities are almost independent of
the beam's Lorentz factor, while the positions of the maxima are
determined by the value of this angle.

Key words: gamma-ray production - Inverse Compton Scattering’

- 7° decay - relativistic beams

1. Introduction

There is a great deal of observational evidence for highly aniso-
tropic emission and nonspherical structure in the case of some
astronomical objects. Jet-like features have been detected in more
than 100 extragalactic sources (Bridle and Perley, 1984) and for a
number of sources within our own Galaxy e.g. SS 433, SCO X-1,
CYG X-3 (see review paper by Rees, 1985). Superluminal motion
has been discovered in the central regions of 13 extragalactic

Send offprint requests to: F. Giovannelli

radio sources (Cohen and Urwin, 1984; Porcas, 1985; Zensus et
al,, 1987), which suggests that particles are moving with Lorentz
factor y> 1, at small angles, towards the line of sight. Moreover.
X-ray and y-ray emissions have been detected from some sources
with jets (e.g. 3C 273, Cen A, M 87).

Relativistic particles emitted by the central engine of such
sources should interact with the surrounding radiation and
matter. In the case of Active Galactic Nuclei (AGNSs), isotropic
background radiation can be produced in the surrounding hot
plasma (Frank et al, 1985). In the case of Galactic sources,
relativistic particles emitted by pulsars or black holes can interact
with the radiation and matter of SNR, or in close binary systems
with thermal radiation and matter from the stellar companion. In
both cases (AGNs and Galactic sources), anisotropic background
radiation can be produced from accretion disks or disk coronae.

Several studies have considered specific models for particle
acceleration by different objects (e.g. neutron stars, black holes).
In some papers, mechanisms either of acceleration of particles in
the high electrical potential produced at the surface of pulsars or
accretion disks (Goldreich and Julian, 1969; Lovelace, 1976:
Blandford, 1976; Chanmugam and Brecher, 1985), or of acceler-
ation by a magnetic dipole in a strong wave (Gunn and Ostriker, ~
1969) were proposed. Other proposals, concerning either the
acceleration by diffusive shock fronts at the outer boundaries of
the SNR, or shock acceleration in accretion flows onto massive
black holes, have been also discussed (Krymsky, 1977; Axford et
al,, 1977; Bell, 1978a, b; Blandford and Ostriker, 1978; Protheroe
and Kazanas, 1983; Kazanas and Ellison, 1986). Most of these
models consider non-isotropic acceleration of the particles.

In this work we derive the differential photon spectra in the
case of single interactions of a mono-energetic, one-dimensional
electron-proton beam with the surrounding matter and.or
radiation.

In Sect. 2 we analyze the ICS of the electron beam with the
background photons (bremsstrahlung, black body, etc.) in the
general case: ie. for an arbitrary photon spectrum and selected
Lorentz factors of the electrons 7.

In Sect. 3 we derive the high energy photon spectra produced
in the interactions of a relativistic proton beam with matter via
decay. Since the observer can see the beam axis under different
angles, we calculate the photon spectra for different angles with
respect to the beam axis.

In Sect. 4 we discuss some applications of these calculations to
explain the emission of high energy photons from point-like
sources and AGNs.
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2. The photon spectra from ICS of an electron beam
with background photons

The comptonization of photons by relativistic electrons has been
studied in an astrophysical context by several authors (e.g.
Blumenthal and Gould, 1970; Schlickeiser, 1979; Sunyaev and
Titarchuk, 1980; Canfield et al, 1987; Begelman and Sikora,
1987). These authors usually introduce some assumptions — such
as the Thomson limit, highly relativistic electrons, low optical
depth, etc. — since in the general case the solution is very difficult
to achieve.

In this paper we analyze the ICS of arbitrary background
photons by a relativistic one-dimensional electron beam.

The comptonized photon spectra (Q) were derived for a given
electron beam’s Lorentz factor and fixed angle «, between the
direction of the emitted photons and the beam axis. These spectra
are described by the formula:

dN n,
de, dQdrdV y*(1—Bcos(2,))

Hj TR BT W
Cnile, ) ———— T T
a0, ao ao, o4 W

where: dQ;/dQ* =1,dQ'/dQ, =1 are the Jacobians (see Appendix
A), 1/y2(1—Bcos(a,)) the Jacobian of the transformation of the
photon spectrum from the electron’s rest frame to the observer’s
frame, r'(¢', @) the distribution of the background photons in the
electron’s rest frame, d2o/dQ de’, Klein-Nishina cross-section, n,
the beam electron density, ¢ velocity of light. For details of this
analysis see Appendix A.

The calculations were made for isotropic bremsstrahlung and
black body-type background photon spectra normalized to the
photon energy density equaltol MeVem™ 3 and for the electron
beam parameters: n,=1cm” 3and y> 1.
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Fig. 1. The comptonized black body spectra (T= 10* K) for the electron
heam Lorentz's factors y = 10, 102, 103, 10* and two values of the angles
between the direction of the emitted photons and the beam axis: 2, =0
tsolid liney and 10° (dashed line)
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Figures 1 and 2 show the comptonized black body spectra
(T=10*K and 107K, respectively), for beam’s Lorentz factors
y=10, 10%, 10% and 10%, and for two values of the angle between
the emitted photon direction and the beam axis (x, =07 and 10°).
Figure 3 shows the comptonized black body spectra for y =107
T=10"K at different angles z,.

Figures 4a and 4b show the background black body and
bremsstrahlung spectra, respectively, for an arbitrary value of the
electron beam Lorentz factor 7: (i) in the electron rest frame for
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Fig. 2. The comptonized black body spectra (T=10"K) for the electron
beam Lorentz's factors 7= 10, 102, 10, 10* and two values of the angles
between the direction of the emitted photons and the beam axis z, =0°
(solid line) and 10° (dashed line)
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Fig. 3. The comptonized black body spectra (T=10" K) for the electron
beam Lorentz's factor 7= 10> and selected angles x,
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Fig. 4. The background black body (a}and bremsstrahlung (b) spectra in
the electron rest frame for an arbitrary value of the electron beam's
Lorentz factors 7 and selected angles between the direction of the incident
photon and the beam axis: x=0° (curves 1), z= 1807 (curves 2) and the
photon spectra in the observer frame {curves 3)

two angles between the direction of the incident photons and the
beam axis, namely a=0° (curves 1) and «= 180° (curves 2),
respectively; (ii) in the observer frame (curves 3).

In the low energy range (where photon energies in the electron
rest frame are &; <g; & is the photon energy below which all the
spectra have a spectral index about 1, see Fig. 4a), the com-
ptonized black body spectra are independent of the angle %, and
their shapes are the same as that of the low energy part of the
black body background spectrum, as also shown in Fig. 3. -4 -3 -2 -1 0 1 2 3 4
Analyzing formula 1 for the case of Thomson cross section, one log €, [Mev]
can easily understand such spectral features. For photon energies
in the electron rest frame & < £}, < &) (Where &), is the photon energy ~ Fig. 5. The comptonized thermal bremsstrahlung spectra (7= 10° K for
above which all photon spectra have a spectral index essentially ~ €lectron beam Lorentz's factor 7 = 10, 10%, 10, and 10%, and two values of
different from 1, see Fig. 4a), the spectra become flat showing the angles l.)etv.veen the directions of §mitted photons and the beam axis:
broad plateaus as is also indicated in Fig. 1. The widths of the a,=0" (solid line) and 10° (dashed line)
plateaus are proportional to 2. The flattening of the comptonized
spectra in this energy range is clear, since the main contribution to
the spectra comes from the area which, in the case of the black intensities in the peaks, for fixed angles, are roughly independent
body spectrum, is inversely proportional to the photon energy in of y as shown in Fig. 2.
the electron rest frame. For photon energies in the electron rest Figure 5 shows the comptonized thermal bremsstrahlung
frame &, > ¢}, the comptonized spectra have an exponential cut-  photon spectra (T= 108 K) for 7 = 10, 102, 103, 10* and two angles
off as is also shown in Fig. 1. From Fig. 2 one can also note that 2, =0 and 10°. In general, these comptonized bremsstrahlung
for small angles %, (with respect to 1/7) the cut-off energy in these  spectra are similar in shape to the background spectrum because
spectra is determined by y, while for large angles (ie.2,=10°)the the main contribution to the spectra comes from a very small area
position of the cut-off energy is independent of y and, on the around the beam axis (curve 1 for =07 in Fig. 4b). For photen
contrary, is determined by the value of these angles, as more energies in the electron rest frame &) <g (see Fig. 4b), all the
clearly depicted in Fig. 3. comptonized spectra are of power law type with power index

In each case the width of the plateau is determined by the equalto —1.For photori energies €} > ¢, the comptonized spectra
electron energy. For high values of 7 (10 and 10* see Fig. 2) before  are characterized by an exponential cut-off. The energy of the cut-
the sharp cut-off at energies & =7 m, the spectra display a offinthe comptonized bremsstrahlung spectra is derived as in the
characteristic peaked shape. The appearance of these peaks is case of comptonized black body spectra, because these features
caused by a rapid extension of the limits of integration (derived  are produced by the kinematics of ICS. We note that in the case of
from the kinematics of ICS) and by the shape of the black body ~comptonized bremsstrahlung spectra the peaked features do not
spectrum. appear at an energy near ¢, =7 m (seethe curve for y=10" and

In general, the intensities of these comptonized black body a,=0"inFig. 5), while they are present in the comptonized black
spectra, for small angles z,, are inversely proportional to y (Figs. 1~ body spectra (see the curves for y= 103 10* and 2, =07 in Fig. 2).
and 2). For large angles 2, the intensities are determined by the  The intensities of the bremsstrahlung comptonized spectra for
angle %, itself (Fig. 3), and for fixed values of these angles, they are  small angles z, are proportional to 7, while for large angles these
inversely proportional to y* (Figs. | and 2). The maximum intensities are inversely proportional to ;> (se¢ Fig. 5).
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3. The photon spectra from the interaction
of a proton beam with matter

The relativistic proton beam passing through a ydrogen cloud
loses its energy by proton-proton inelastic interacgions. The high
energy photons can be produced by the decay of #° produced in
the reaction p+ p—=°+ anything. Analyzing such a process, we
have obtained the photon spectra (Q) from a monoenergetic beam
and hydrogen cloud interaction for a given angle #; between the
direction of the emitted photons and the beam axis. These spectra
are described by the formula:

dN 3 DJ‘JJd36(px;, cosf,., 0..)
dE,dQdidV dp,.d(cos8,.)do,.

x P(E., cos 6, ¢)dp,.d(cosf,.)do,., (2)

where: D= Bcnyny. ny the hydrogen density in the cloud, n, the
proton density in the beam, fc the proton velogity, p,. the n°
momentum in the observer’s frame, 6., @,. the angfes between the
direction of the momentum of the emitted n° and beam axis in the
observer’s frame,

436 (pyer €S O, 9 P ( d’a)
dp.d(cosB,)de,. E.\ "dp’

the cross section in polar coordinates, E,.d3c/dp® the invariant
cross section (Stephens and Badhwar, 1981), P(E,, cosb, @) the
energy and angular distribution of photons from =~ decay in the
observer's frame, E,, 6, ¢ the energy and angles in polar co-
ordinates of the emitted photons in the observer's frame. For the
details of this analysis, see Appendix B.

Let us note that in a detailed analysis of models describing the
interaction of a proton-beam with matter, Dermer (1986) showed
that for a photon energy lower than 3 GeV the characteristics of
this interaction are very well described using an isobar model. For
a photon energy greater than 12.5GeV this interaction can be
described reasonably well using the scaling model and the
approximation of the invariant cross section given by Stephens
and Badwar (1981). Since we are interested in the interaction of a
high energy proton-beam (Lorentz’s factor y > 10) with matter, we
have used the latter model.

The differential photon spectra from n° decay were numer-
ically calculated according to formula (2) in the case of a beam
Lorentz factor 73 1, and for unit density of the proton beam and
the hydrogen cloud.

Figure 6 shows the differential photon spectra from n° decay
for proton beam Lorentz factors y=10, 10, 10%, 10* and two
values of the angles 2, =0° and 10°. In Fig. 7, we illustrate the
differential photon spectra from n* decay for ;= 10* and selected
angles x, =07, 0.057%, 0.57°, 5.7°, and 57".

In general, the shapes and the intensities of these spectra are
very sensitive to 7 and;or z,. For small angles x, (with respect to
1 7). the intensities of the photons spectra, and the widths and
positions of their maxima grow proportionally with 7 (Fig. 6),
since in this case the moménta of the n°s, which create these
photons. are proportional to 7. For large ,. the shapes and
intensities of the photon spectra are practically independent of 7
tsee Fig. 6) since the momenta of the n's, which create these
photons, are roughly the same (see Appendix B). In a certain
range of photon energies, the intensities of the spectra, calculated
for = const, are comparable in the rising part for different values
of %, (eg for y=10% this is roughly valid in the range

(18]
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Fig. 6. The photon spectra from n* decay for the proton beam Lorentz's
factors =10, 102, 103, and 10* and two values of the angles between the
direction of the emitted photons and the beam axis: 2, =0 (solid line) and
10° (dashed line), for unit densities (n,=ny,=1cm™?)
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Fig. 7. The photon spectra from 7 decay for the proton beam Lorentz’s
factor 7= 10* and selected angles 2, calculated for unit densities (n, =ny
=lecm™3)

—1<log(E)<2 and for 0°<x2, <5.7°). We note that for large
angles the positions of the maximum intensities of the photon
spectra are determined by the values of the angle z; and are
independent of y (see Fig. 6).
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4. Discussion and conclusions

The interaction of a relativistic electron beamm with the back-
ground electromagnetic radiation (ICS) and the interaction
of a relativistic proton beam with the surrounding matter
(p+p—r’+ anything. n°—2;) have been analyzed in order to
obtain the differential photon spectra.

The production of charged pions which decay into electrons
and positrons generates a y-ray continuum via bremsstrahlung.
This continuum dominates the n’-decay component for y-ray
energies E <50 MeV independent of the interstellar gas density
(Schlickeiser, 1982). In our case, the considered energies of the
y-rays are E>67.5 MeV, which is the peak energy coming from
n°-decay (Giovannelli et al., 1982a: 1982b). At these energies the
n -decay component dominates.

The expression for the photon spectra from ICS has been
derived for an arbitrary distribution of the background photons,
various electron beam Lorentz factors y and selected angles 2,
between the direction of the emitted photons and the beam axis,
by using Klein-Nishina cross section. Numerical calculations of
the photon spectra have been performed for optically thin
thermal bremsstrahlung and black body background radiation in
the case of an isotropic distribution of photons, and for y» 1.
Such background photons probably surround AGNs and close
binary systems. Bremsstrahlung radiation can be originated from
clouds at temperatures of about 105K, surrounding AGNs
(Frank et al.,, 1985); or black body radiation from an accretion
disk, at a temperature of about 10" K (Shakura and Sunyaev,
1973); and/or from a stellar companion with temperature > 10* K
in close binary systems.

In general, for an isotropic distribution of photons, the shapes
of the comptonized spectra are determined by the shape of the
background spectrum, but the cut-offs of the comptonized
spectra strongly depend on the electron beam Lorentz factor and
on the angle between the direction to the observer and the beam
axis (see Figs. 1,2, 3, and 5). The main features of these spectra are:
for large angles %, (with respect to 1.'), the comptonized spectra
are mainly determined by the angle x, itself, while for small angles
a,, they are essentially dependent on the electron beam's Lorentz
factor y. We can note that for large ; and small %, the com-
ptonized black body spectra show peaks just before the sharp cut-
off for an electron energy &, =ym (curves for ;=10%, 10* and 2,
=0 in Fig. 2). These spectral features should be observed trom
sources emitting monoenergetic electron beams which propagate
in optically thin fields of quasi isotropic background photons.

The expression for the photon spectra from #° decay has been
derived for various Lorentz factors of the proton beam 7 and
selected angles %, between the direction of the emitted photons
and beam axis. The photon spectra have been calculated in the
case of y»1 and for unit densities of the proton beam and
hydrogen cloud.

In general, the shapes and the intensities of the photon spectra
from n” decay are very sensitive to the proton beam's Lorentz
factor and/or to the angle x,. The main features of these spectra
are: for small angles x, (with respect to 1/) the intensities, the
widths and positions of the maxima of their spectra grow
proportionally with 7, while for large angles 2, they are deter-
mined by the value of this angle, and are practically independent
of 7 (Fig. 6). The last feature means. that for large angles , in spite
of the different shape of the proton spectrum and propagation of
the proton beam, the photon spectra should have roughly the
same shape.

drdQde;,

Up to now, a number of point sources which emit photons in
TeV and PeV energy range — e.g. Cyg X-3, the Crab Pulsar.
Hercules X-1, Vela X-1, 4U 0115+ 63 (Hillas, 1983; Hillas. 1987
Lamb, 1987, Lewis et al, 1989) have been discovered. The
presence of such high energy photons (if they are produced in the
interactions of a proton beam with the background matter via 7°
decay) means that relativistic particles should move practically in
our direction inside a cone x, [rad] < 1/(E,,[GeV]), (see Fig. 7).
From a statistical ‘point of view, the existence of TeV photon
sources suggests that a number of photon sources should be
observed at much larger angles ,. So, if we observe two identical
photon sources, the first one at a very small angle 2,, and the
second one at a larger angle x,, both should be observed with
comparable intensity in the GeV range, while only the first one
¢".ould be observed in the TeV range (see Figs. 6 and 7).

In our next paper we shall use these results in order to explain
the experimental photon spectrum of Geminga measured by
COS B (Masnou et al, 1981) and the experimental photon
spectrum of Cyg X-1 in the MeV region (McConnell et al., 1987).

Acknowledgements. We wish to thank the referee, Dr. G.
Kanbach, for his valuable suggestions.

Appendix A: the calculation of the photon spectra from ICS

The scattering of a photon with an energy ¢’ and with an incidence
angle 2’ (with respect to the direction of the electron velocity). and
an angle 2| and an energy &) in the electron rest frame and in the
observer's frame, are shown in Figs. Ala and Alb. respectively.

We derived the photon spectra in the electron rest frame and
then transformed these spectra into the observer’s frame.

In the electron rest frame, the distribution of the scatere
photons per electron is given by the following formula:

dN

n'fe(e, )] Q'de’. tAl)

G
c——d
dQde}
The differential photon density in the electron rest frame

n'[e(¢’, 2")] for isotropic distribution is expressed by:

1
n'[e(e, 1')]=Z;Jln[e(e')] 1A2)

where: J, = 1/7(1 — Bcos(2’)) the Jacobian of the transformation.
nfe(e’)] the differential photon energy density in the observer's
frame.
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Fig. Alaandb. Kinematics of the ICS in the electron rest frame (a) and in
the observer frame (b)



In the electron’s rest frame. the Klein-Nishina’s cross section
is given by:

d*c 1‘1 AVEIRT 2
=-rgl — —’—+-7+COS'(6)“1
dQ de} 2 € & £

’

€

xX0|g —

’

1 +E—(1 —cos(6)
m

So, the photon spectra in the electron’s rest frame can be
expressed by:

dN c JJ‘J’ nle(e)] d*e dQ) dO Q. de
- = — :
dr'dQ*de; 4n +(1 = Beos(x) dQ de} dQ* dQ,  *
(A3)
where:  dQ*=d(cos(z}))de’, dQ\= d(cos(8)de’, dQ'=

d(cos(x")de,, dQ,=d(cos(8)dp, (see Fig. Ala), —cos(z)
=cos(0')cos(x})+sin(6")sin(x})cos(¢p,) the relation between the
angles derived from spherical trigonometry (see Fig. Ala),
g =7e(l+ Pcos(x), &y =v¢e, (1 — Bcos(xy)), o) =arctan
(sin(,)/7[cos(x;)— B]).

The integration over d{cos(8)), in the formula (A3), was
analytically performed, by using Dirac’s é-function:

dN _I_E_ , JJ‘n[ys'(l—cos(z'(x)))]
drdorde, 247 ) ) 91— peos(x ()

1 /¢ €
X ——| —+—+x*—1)do,de (A4)
(e \e), ¢
where, x=cos(0')=1—m/e| +m/e".

The limits of integration in the formula (A4), over ¢, and &’ are
given by:

m
for ¢,>—, g;<e¢'<ec and 0<e,<2m,
2
, _m €
for e\<—. &\ <e'< and 0<¢,<2n.
2 €
1-22
m

The photon spectra were obtained by the transformation of
the formula (A4) into the observer’s frame. It is expressed by:

dN J dN
didQde, dv 2 drdarde,

(AS)

where, J,=1/3?(1—Bcos(x,)) is the Jacobian of the trans-
formation.

We note that, for an angle between the photon emission
direction and the beam axis 2, =0°, and x, = 180°, the integration
over @, in the formula (A4) can be easily performed, since the
function under the integral is independent of @,.

a

Appendix B: the calculation of the photon spectra from =" decay

We derived the detailed formula for the photon spectra from r°
decay which was directly used in the calculations.

The distribution of the photons in the n” rest frame is isotropic
amd can be described by:

(28]
~1
(™

P(cos(0), @', E;)d(cos(0')de'dE;,

2d 8'))de’ .
=M§(£;-f’i>dg (B
47t 7 ‘) i

and after the transformation into the observer's frame. the
distribution of the photons takes the form:

Picos(f), o. E,)d(cos(8))de dE,

2 .
.—_13;5 (','R;E.,.(l — B cos(G))—m—,)3-> d{cos(f))dpdE, (BI)

where, J,=2E_/m,. is the Jacobian of the transformation.

Substituting into formula (2) the photon distribution in the
observer's frame (B2), we obtain the expression for the photon
production spectrum:

dnN 5 J”p,f; (E 5%)2572
dE,dQdvdr e JE “Zp? ) m.. 4n

x 5( E,(1-B, cos(G))——rz;i)d(cos (0_))do. dp,.. (B3

where the angle 6 (between the directions of the #° momentum

and the emitted photons) is expressed via spherical trigonometry
(see Fig. Bl):

cos (6)=cos (0,.)cos (x,)+sin(6,.)sin (2, ) cos (p,.).
In order to perform numerical calculations, we distinguish

two cases:

(i) For angles between the direction of the photons emitted
and the beam axis, 2, #0° and «, # 130°.

The integration over ¢,. in the formula (B3) was analytically
made taking into account the properties of Dirac’s d-function:

dN P 32 ; 3
m=5c"u"b A(pe. & 2 E)dp, dS

P st

min

p: 52
+J { A(p,..:,z,s;.)dpzzd:} (B4)
4

1 ¢ 83
where
Lpr ([ &\l , .
A(pn-vévul, E,)z—“"‘(E,.l TT)'—{SKH'(IJ(I—;')
nE,. ¢ D
1 N 23-12
L5 (1= -seea]
Po .

Fig. Bl. Geometry of the photon production in the proton-proton
interaction via n” decay in the observer {rame



Fig. B2. Thelimit values of the 7° momenta (Puia» P1. P2) Which produce
photons with energy E, in the direction 2,

E=c05(04), Prmin ="Mz (N2=1)/2N, N=m /2E,, Pmin the min-
imum 7° momentum which can produce photons with energy E,
at an angle , with respect to the beam axis (see Fig. B2).

Transforming the maximum z° momentum in the central
mass system into the observer's frame, it is possible to evaluate the
limits of integration over the n° momenta (p,,p,) for a given
proton energy (E,) (Fig. B2), by solving the equation:
cos (™) =cos(x, £0), (BS)
where:

o —(p*2 2312

COS(O,::ax)zmv I Is (pmax+rnu°)

m. (72— DGe— DI

is the cosine of maximum angle of n° emission for a given proton
energy and fixed #° momentum,

s=2m,(m,+E,), 7,=Ep+mp/\/s,

s—dm?—m2)r—16m2mi |'"? V=N
pl:‘la!:[( z . £ ? COS(0)= ,"‘-—"—""
4s \/-,.3:__1
Solving the Eq. (B5), we obtained the limit values of Lorentz
factors for the n° and then the n° momenta p; and p,.
The limits of integration over ¢ for a given n° momentum are

equal to:

&, =cos(x, +0), &,=cos(x,—0), &=

where:

1 * 2 1,2
M =-—[<pm“> + 1] ;
Ts L\ Mg

(ii) For angles between the direction of the emitted photons
and the beam axis x, =0% and %, = 180".

In this case the function under the integral in the formula (B3)
is independent of ¢,., so that the integral over ¢, can easily
be evaluated, and the integral over cos(f,.) can be analytically
performed taking into ‘account the properties of Dirac’s
5-function. The final result is expressed by:

dN ""’"2p,f, £ 3o\ dp,.
dE,dede_menH E.N\ " ¢p’) pe

Pman

(B6)

where: p,;, defined as in the case (i), Peax derived from Eq. (BS).
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Abstract. The interactions of beamed relativistic particles with
matter and;or radiation could be one of the possible mechanisms
of high energy y-ray production in point sources. The shape and
the intensity of the photon spectra, produced in such interactions,
strongly depend on the beam’s Lorentz factor and on the angle
between the direction to the observer and the beam axis
(Bednarek et al., 1990, hereafter Paper I).

"From the calculated photon spectra from Inverse Compton
Scattering (ICS) of the background radiation by relativistic
electron-beams and photon spectra from proton-proton inter-
action via n° decay for relativistic proton-beams, we search for the
best fit between these theoretical spectra and the experimental
data from Cyg X-1, at energies above | MeV, and from Geminga,
in the COS B energy range.

The behaviour of Cyg X-1 at energies greater than 1 MeV can
be explained with the comptonized spectrum of the companion
star HDE 226868, if the relativistic electrons. with a Lorentz
factor equal to about 600, are emitted in our direction. The
derived lower limit on the emissivity of relativistic electrons is
N.=1.510% electrons™!, corresponding to the electron lumin-
osity L, = 7.010°* ergs™'. If the high energy photons detected
from Geminga originate in proton-proton interactions of beamed
relativistic particles with surrounding matter, the required beam
parameters should be: Lorentz factor greater than 30, the angle
between the beam axis and the direction to the observer equal to
about 35°. The derived lower limit on the emissivity of the proton-
beam, from the COS B data best fit. is N, = 7.5107* d%/x,, d
being the distance to Geminga in ¢cm and x, the column density of
the background matter in g cm ™2,

Key words: 7-ray spectra — Cyg X-1; Geminga

1. Introduction

The discovery of ;-ray point sources stimulated research on the
mechanisms of high energy photon production. It is generally
believed that such energetic photons originate either in hot
plasma (e"e” annihilation. = decay. bremsstrahlung. etc.) or in
the interactions of relativistic particles with matter and or radi-
ation [r'decay. Inverse Compton Scattering (ICS). etc.].
Recently, we have studied this second mechanism of photon pro-
duction (Bednarek et al., 1989. 1990, Paper I). We have obtained

Send offprint requests to: F. Giovannelli

the photon spectra from ICS of an arbitrary background radi-
ation by a relativistic electron-beam, and photon spectra from
proton-proton interactions via n* decay for a relativistic proton
beam. The results were given for different beam’s Lorentz factors
and different angles between the directions of the emitted photons
and the beam axis.

In this paper we use these calculated spectra in order to fit
the experimental high energy spectra from Cyg X-1 and 2CG
195+ 04 (Geminga). For this purpose we can briefly summarizs
the main characteristics of these two sources.

1.1. Cygnus X-1

Cyg X-1 was discovered at the beginning of the X-ray astronomy
era as one of the most intense and interesting X-ray sources
(Bowyer et al., 1965) and identified as a radio source by Braes and
Miley (1971) and by Hjellming and Wade (1971). Since the error
box of the radio source was only about 17, the only star
(HDE 226868) contained in it was associated as the optical
counterpart of Cyg X-1. HDE 226868 is an 09.7 Iab-5.6 day
spectroscopic binary (Webster and Murdin, 1972; Bolion, 19721
For details of the history, the characteristics and multifrequencs
behaviour of the system Cyg X-1/HDE 226868, see the two review
papers by Oda (1977) and by Liang and Nolan (1984; and the
references therein.

Briefly, the main parameters of this system are: orbiral
period = 5.6d: separation of the two components = 310'? cm:
mass function = 0.22 M 5 distance = 2.5kpc: orbital inclination
=307 (Ninkov et al, 19387a).

Since the oldest analysis of the parameters of the system
{Webster and Murdin. 1972; Bolton, 1972), the mass of the
collapsed object was estimated between 8 and 11 M, also
confirmed by the most recent paper by Ninkov et al. (19%7a). This
suggests that the nature of the collapsed object is very likely a
black hole. :

The problem of the accretion of matter onto the collapsed
companion is not yet definitively solved, even if all the curren:
models for this system assume that the matter flowing from the
optical star is responsible for the X-ray emission. But whether
matter is accreting via accretion disk or via stellar wind is still an
unsettled question. Nevertheless, suggestions that the matter is
accreting onto Cyg X-1 via an accretion disk have been given by
Bolton et al. (1975) and supported by the observed 294d X-ray
periodicity which can be interpreted as due to the precession of
the accretion disk (Priedhorsky et al. 1983). On the contrars.
Beall (1984). Ninkov et al. (1987b) found no evidence of the
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existence of a large accretion disk around the collapsed object
Cvg X-1.

1.2, 2CG 195+04 (Geminga)

The ;-ray source 2CG 195+04 (Geminga) was discovered by the
SAS-2 satellite (Kniffen et al, 1975; Thompson et al., 1983) and
further detected by the COS B satellite (Hermsen. 1980: 1983) at
energies greater than 50 MeV with an integral flux of about
510~% photon em~2s”! at 100 MeV (Masnou et al. 1981)
Geminga is one of the 25-y-ray sources reported in the second
COS B catalog (Swanenburget al,, 1981). Among them, only four
sources were identified with known astrophysical objects. namely:
the Crab pulsar, the Vela pulsar, 3C 273, and the p Oph molecular
cloud. Up to now, two contradictory suggestions exist about the
identification of Geminga with known astrophysical objects in
other wavelength regions. The first counterpart candidate of
Geminga is the radio source 0630+ 180, with a flat spectrum,
which was optically identified as a quasar with redshift 1.2
(Moffat et al.. 1983). The second counterpart candidate is the X-
ray source 1 E 0630+ 178 detected by the Einstein satellite in the
range 0.1—4.5 keV, which was claimed to be a neutron star at a
distance of about 100 pc (Bignami et al., 1983). Recently two
identifications of Geminga with optical objects have bee
reported:

(i) with a 21st magnitude blue star outside the X-ray error
circle of the Einstein observatory (Caraveo et al., 1984).

(i) witha25.14 magnitude blue star inside the Einstein error
circle of the Einstein observatory (Halpern and Tytler, 1988).
They placed this star at a distance of 500-1000 pc.

2. Origin of the high energy photons from Cyg X-1
and 2CG 195+ 04 (Geminga)

2.1. Origin of the MeV photon spectrum from Cyg X-1

Cyg X-1 is a source with variable radio emission (Hjellming and
Wade, 1971; Braes, 1976), and a definitively non-thermal spec-
trum (Woodsworth et al., 1980). The spectral measurements of
Cyg X-1, at energies less than 10 keV, indicate the presence of a
time-variable spectrum, which shows essentially two states of
emission: low and high. At greater energies, up 10 100 keV, the
spectrum can be fit with a flat power law (Oda. 1977; Liang and
Nolan, 1984: and the references therein). A long term spectral
variability in the harder region, up to about 1.5 MeV, shows three
different emission states and, in general. the spectrum falls steeply
(Liang et al, 1987). From balloon experiments, the spectral
measurements, in the range roughly 1-10MeV, showed a very
flat spectrum (Baker et al., 1973; Mandrou et al.. 1978: McConnell
et al., 1987). Moreover, recent observations of the Moscow State
University Group reported a shower excess from the direction of
Cyg X-1 (Fomin et al., 1937).

Up to now several suggestions attempting to explain the
complex shape and behaviour of the spectrum of Cyg X-1 have
been published. At energies below 1 MeV. the spectrum is
generally described by a single-temperature inverse Compton
model with the electron temperature ranging from 20 to 80 keV
and optical depths from 2 to 5 (Sunyaev and Titarchuk. 1980:
Nolan et al.. 1981: Steinle et al., 1982). At energies above | MeV.
the nature of the spectrum seems to be different. In order to

explain the origin of this spectrum. some proposals concerning
thermal mechanisms have been discussed, namely:

(i} annihilation e"e” process in a high temperature plasma
(Zdziarski, 1980; Ramaty and Meszaros, 1981}

(i) two temperature Compton model (Pozdnyakov et al.
1983):

(i) bremsstrahlung of electrons created by the decay of
charged pions (Eilek and Kafatos, 1983).

On the contrary. we suggest that the photon spectrum of Cvg
X-1, in the MeV region, is non-thermal. In fact, from the radio
measurements performed by Woodsworth et al. (1980). a non-
thermal nature of the spectrum was unambiguously derived. They
proposed a model in which the radio emission comes from
relativistic electrons in a stellar wind. So. following the expression
of the photon production spectra derived by us in Paper 1. we
developed a model in which the MeV photon spectrum originates
from ICS of the background photons by relativistic electrons.

The experimental high energy spectrum of Cyg X-1, above
1 MeV (McConnell et al., 1987), can be fitted very well with a
comptonized black body spectrum (Too=310* K). coming from
the supergiant companion HDE 226868, by relativistic electrons
with a Lorentz factor 600, emitted in our direction. Figure 1
shows the best fit of the experimental data with our calculated
spectrum at energies above 1 MeV, and with the derived spec-
trum from the single-temperature inverse Compton model
(Sunyaev and Titarchuk, 1980) at energies below 1 MeV.

In our model. the observed photon spectrum of Cyg X-1 ¢an
be expressed by:

1 R

Iobs:Ilhcurﬁph;.—:_;Nc (21)
0 T T T
\
\*. Cng—'I
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= \
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Fig. 1. The differential photon spectrum of Cyg X-1 (McConnell et al.
1987) and the best fitted calculated spectra: dashed line refers to the single-
temperature inverse Compton model tSunyuev and Titarchuk. 1980y full
line refers to the comptonized black body spectrumi T,n=310* K. for the
electron-beam’s Lorentz factor ;=600
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where:

I, - the observed photon spectrum, measured by McConnell
et al. (1987);

I eor — the comptonized photon spectrum, calculated for a
Lorentz factor of electrons equal to 600 and a black body
temperature Ty, =310* K (Paper 1)

Py - the average photon energy density (=5 107 MeV cm™3)
along the line of propagation R, calculated from the absolute
magnitude of HDE 226868 and the temperature of the radiation:
M,=—65and T=310*K:

d~distance to the binary system Cyg X-1/HDE 226868:
2.5 kpg;

R ~the range in which the comptonization of the background
photons into the MeV region is important: 4 10'? em, calculated
for the orbital inclination angle =30 and the separation of the
two components of the binary system a=3 10'2 cm.

All the parameters of the system are from the papers by
Ninkov et al. (1987a, b).

N_—the emissivity of the relativistic electrons;

c-velocity of light.

From the observed intensity of the photons above
1 MeV, we have estimated the lower limit of the emis-
sivity of the relativistic electrons, which is equal to about
1.510%8 electron s™ !, corresponding to an electron luminosity
7.010%*ergs™!.

The attenuation length 2 in the background photons at
310* K for 0.3 GeV electrons is equal to 1.1 10'? cm (Karakuta
and Tkaczyk, 1987). So, the electron’s Lorentz factor does not
change drastically during the propagation, since, in this case,
R/.=0.36.

We want to remark that the background photon radiation in
this system is dominated by HDE 226868, since there is no
evidence for the existence of a large accretion disk around the
collapsed object Cyg X-1 (Beall, 1984; Ninkov et al, 1987b). A
contribution to the photon flux from the system Cyg X-1/
HDE 226868 is expected from the bremsstrahlung process oc-
curring because of the interaction of the electron beam with the
stellar wind from the supergiant. This contribution is negligible
since the directional bremsstrahlung spectra (Gluckstern and
Hull, 1953; Dermer and Ramaty, 1986) give the same flux as that
from ICS ~for an angle between the emitted photon direction and
beam axis, «, =0° - when the density of the stellar wind is about
810'° H cm ™~ 3. An evaluation of the terminal stellar wind velocity
of HDE 226868 gives 1500 kms~! (Ninkov et al,, 1987b). So, to
obtain such a high density in the wind a mass loss rate of about
3.510% M yr~!is required. This value is one order of magnitude
greater than the mass loss rate (3.5 1078 Mg yr™?) derived by
Persi et al. (1980). Moreover, the directional bremsstrahlung
spectra are more collimated than the comptonized black body
spectra coming from the supergiant. So that in order to have a
significant contribution to the emitted photon flux from brems-
strahlung. a mass loss rate much greater than 3.5 105 Mg yr!
should be necessary.

Al
2.2, Origin of the MeV photon spectrum from Geminga

The differential photon spectrum of Geminga in the energy range
100 MeV-3.2 GeV is consistent with a single power law (x E™"%)
{Masnou et al., 1981). At energies below 100 MeV, the spectrum
flattens significantly. This is also suggested by several observa-
tions in the softer regions, such as hard X-ray and soft j-ray
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ranges (Haymes et al.. 1979; Graser and Schonfelder, 1982: Baker
et al,, 1983). On the contrary, at energies above 3.2 GeV, the
spectrum steepens as suggested by the highest energy point of
COS B (Masnou et al, 1981), by the lack of any significant
detection above 10!! eV (Helmken and Weeks, 1979: Cawley et
al, 1985) and by the upper limit of the photon flux from the
direction of Geminga at energies 10'° eV (Karakuta et al., 1985)
derived from the Tien Shan data (Nikolsky et al., 1984). Let us
note that the only positive observation in a higher energy range
(=210'2eV) reported by Zyskin and Mukanov (1985) is in
contradiction with the former results.

Several proposals have been made in order to interpret the
nature of the spectrum at energies greater than 1 MeV, namely:

(i) inelastic collisions between cosmic-ray particles and the
interstellar gas: relativistic electron bremsstrahlung in the inter-
stellar gas (Cesarsky et al, 1976 Bignami et al, 1976
Abdulwahad and Morrison, 1978).

(ii) ICS of background photons by relativistic electrons (e.g.
Stecker, 1971; Chupp. 1976).

These two mechanisms have difficulties in explaining the high
energy photon emission from Geminga.

In our model, we propose that the high energy photons
coming from Geminga originate in the interaction of beamed
relativistic particles with the surrounding matter. Such a mech-
anism of high energy photon production can be realized in close
binary systems, where beamed relativistic particles emitted by a
collapsed object (e.g. neutron star) interact with the matter from
the stellar companion.

In our previous paper (Paper 1) we obtained the photon
spectra from the interactions of a monoenergetic proton beam
with a hydrogen cloud for a given angle x; between the direction
of the emitted photons and the beam axis. We compare in Fig. 2
the theoretical photon production spectra with the spectral
measurements of Geminga from COS B satellite (Masnou et al..
1981). In Fig. 2 one can see that the photon spectrum - calculated
for an angle z, = 35° between the direction to the observer and the
beam axis and a proton-beam's Lorentz factor v>30 - fits very
well the COS B data. In order to show how the fit is sensitive to
the angle «,, we have reported in Fig. 2 also the theoretical curves
obtained with the same value 7 and with the angle z, equal to 30°
and 40°, respectively.

In this model, which is the best fitting to experimental data.
the relationship between the intensities of the theoretical and
experimental spectra is given by the formula:

y
Iobs?lxhcor(7'2307 1‘=35:)EE. (:2)

where:

I, — the intensity of the observed spectrum (Masnou et al..
1981);

Ipeor — the theoretical photons production spectrum {Paper [1:

d - the distance to Geminga in cm; :

V — the volume in which the proton-beam interacts with the
surrounding matter, in cm?.

From the best fit we obtain the emissivity of the proton-beam.
necessary to produce such a spectrum. It is:

5

d
N,=7.510"* —(particle s~ h,

<5

(2.3

where x, is the column density of particles crossed by the proton-
beam. in gem ™.
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Fig. 2. The differential photon spectrum of Geminga measured by the
COS B experiment {Masnou et al.. 1981), multiplied by E* and the best
fitted calculated spectra from the interactions of monoenergetic proton
beam with hydrogen cloud for angles between the direction of the emitted
photons and the beam axis z, equal to 30, 357, and 40" and Lorentz’s
factor 7 equal 30

This corresponds to a proton luminosity L,=m, 7N, where
m, is the proton rest energy.

We want to comment on the problem connected with the
generation of the charged pions which decay into electrons and
positrons. These secondary electrons and positrons generate a
+-ray continuum via bremsstrahlung and synchrotron radiation.
The energy loss time scale of electrons with energy E > 400 MeV
can be expressed by {Schlickeiser, 1932):

E _410°

E)=——
=10

[yr]

where n, is the concentration of the ambient matter.

Our proposed model is in favour of a distance to Geminga of
order a few hundred parsecs. So, even in the case of very high
concentration of the ambient matter such as 10 ¢ cm ™2, corres-
ponding tong=210*H cm™?, the bremsstrahlung loss time scale
is greater than the electron propagation time from the source to
the observer. Moreover, comparing our spectra from n° decay
with the directional bremsstrahlung spectra (Gluckstern and
Hull, 1953; Dermer and Ramaty, 1986), we have found that the
bremsstrahlung spectra are more collimated toward the direction
of the beam axis than the former ones. Since the best fitting
spectrum from n’decay to experimental data gives an angle
between the direction of the emitted photons and the beam axis of
357, the contribution from the bremsstrahlung emission of the
secondary electrons and positrons to the photon spectrum is
negligible.

3. Discussion and conclusions

In this paper we have examined the possibility of using the
electron. proton-beam scenario models for two 7-ray sources:
Cyg X-1and 2CG 195 + 04 (Geminga). We have used the results
of the electron/proton-beam interactions with the surrounding
matter and; or radiation, derived in our previous paper (Paper 1).

For Cyg X-1 we have shown that its behaviour at energies
greater than 1 MeV are compatible with the comptonized spzctra
(derived in Paper ). if the relativistic electrons with a Loreniz
factor of about 600, are emitted in our direction. The hard tail in
the MeV region could be caused by comptonization of the black
body photons from the supergiant companion HDE 226868.
From the observed intensity of the photons above 1 MeV, we
have derived the lower limit of the relativistic electron emissivity

N.=1.510*" electrons™!, corresponding to an electron

luminosity L, =7.010% ergs™.

We want to remark that our model expects variations in the
intensity of the high energy photons according to the orbital
period.

For Geminga. we have shown that the very high energy
photons originate in the interaction of beamed relativistic par-
ticles with a Lorentz factor equal to 30 (or greater) and the angle
x, between the beam axis and the direction to the observer equal
to 35°. From the best fit of the COS B data. obtained with the
calculated photon spectrum from 7*decay (Paper 1) and the
former parameters, we have derived the emissivity of the proton-
beamn of Geminga N,=7.5107* d*/x, particles” ! corresponding
to a proton luminosity L,=m7 N,

If Geminga were an extragalactic source. such as the quasar
QSO 0630+ 180 placed at == 1.2 as suggesied by Moffat et al.
(1983). these values would grow drastically and proportionally to
42, So. from the energetical point of view, our model excludes the
identification of Geminga with the QSO 0630+ 180. and favours
that one with a galactic source (1 E 0630+ 178) as suggesied by
Bignami et al. (1983) and recently by Halpern and Tytler
(1933).

Our model is definitively valid in the case that Geminga is a
binary system, where a density x, is expected 10 be several
gcm ™. In this case 2 distance of the order of several hundred
parsecs would be acceptable. If Geminga were associated with an
isolated neutron star, and then low density in the SN remnant. as
suggested by Halpern and Tytler (1988). our model would require
a very large proton emissivity (N,=10%%x, particle st fora
distance =1 kpe).
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Abstract. In this paper we first investigate the angular dependence
of the spectrum of secondary electrons and positrons (differential
number of particles vs. energy) which originate in the decay of
charged pions that, in turn, are produced in the interaction of a
relativistic proton beam with ambient matter. We then apply these
results to the qliasar 3C 273 and we show that the X-ray emission
from the jet and the y-ray emission from this source can be
explained in terms of: 1) bremsstrahlung radiation from secondary
electrons and positrons; 2) radiation from Inverse Compton
scattering of background microwave photons by secondary
electrons and positrons and 3) radiation arising from neutral pions
decay. We assume that neutral and charged pions are produced in
the interaction of the relativistic proton beam with matter
entrained in the jet. We finally deduce, from the fit with the
observed spectrum, that the core of 3C 273 must emit a power of
P =2.6 10*" erg/s which corresponds to a mass loss of relativistic
protons M = 0.7 Mg/yr in the jet.

Key words: active galactic nuclei —jets of — X-rays — y-rays — quasar
3C273 — radiation mechanisms

1. Introduction

The spectrum of the quasar 3C 273 extends over several decades in
frequency — from radio to y-rays - being variable and complex
with no strong evidence of correlation between different wave-
lengths (Courvoisier et al. 1987). Soft X-ray emission was detected
during several rocket flights and the shape of the spectrum was
approximated by a power law with spectral index of 1.5 (Turner et
al. 1985; 1990). Hard X-ray emission was first reported by Worrall
et al. (1979) and Primini et al. (1979) and subsequently confirmed
by balloon flights (e.g. Dean et al. 1990). In this energy range the
spectrum is usually described by a power law with index 1.5
(however Bezler et al. 1984 observed a much flatter spectrum with
an index of 1.2 up to 200 KeV). A small fraction of the soft X-ray
emission is connected with the optical part of the jet of 3C273
(Willingale 1981; Harris & Stern 1987). y-ray emission ( > 50 MeV)
was discovered by the SAS 2 satellite (Swannenburg et al. 1978)
and confirmed by COS B (Bignami et al. 1981).

According to Bassani & Dean (1981, 1986), the variability of
the X-ray flux implies that X and y-rays cannot be produced

)

Send offprint requests to: W. Bednarek (italic address)

isotropically in the same place because of the large compactness
parameter ~“the X-ray source. They conclude that either X and y-
rays are both beamed or that they are produced in different places.
Moreover Bignami et al. (1981) reported the y-ray emission to be
stable during observations with COS B. It seems therefore quite
reasonable to locate the production of y-rays in the jet of 3C273
and that of hard X-rays in the compact core. Indeed, the presence
of relativistic particles in the jet is strongly supported by the
discovery of superluminal expansion (Seielstad et al. 1979;
Pearson et al. 1981) which, if interpreted in terms of bulk
relativistic motion (Rees 1966), implies a Lorentz factor of
I'=~6xh™!(h= H/100km/s/Mpc where H is the Hubble const-
ant) with propagation at an angle o £ 16° x 4~ ! to the line of sight
(e.g. Unwin et al. 1985).

The above observations led Morrison et al. (1984) to propose a
model in which y-rays are produced by relativistic secondary
electrons from p-p collisions in the optical part of the jet,
assuming isotropization of relativistic protons by weak magnetic
field. However they assumed the jet of 3C 273 to be one-sided in
order to avoid difficulties with isotropic production of photons in
the outer part of the (possible) counter jet. Although one-sided
emission (or flip-flop behaviour) is sometimes invoked in compact
sources, there are evidences (e.g. Laing 1988) that the jets are
usually two-sided.

In a recent paper Anyakoha et al. (1990) investigated the
production of high energy y-rays from extragalactic jets. However
they also assumed isotropization of relativistic protons by random
magnetic field, and assumption that is difficult to reconcile with
the observed orientation of the magnetic field along the jet axis in
3C273 (Roser & Meisenheimer 1986) and lack of deceleration of
relativistic motion in the inner part of the jet in 3C 273 (Unwin et
al. 1985). Moreover Laing (1988) and Garrington et al. (1988)
suggest existence of bulk relativistic motion in the outer part of
some jets (e.g. Cygnus A) which would be in contradiction with
models postulating isotropization of relativistic protons.

In this paper we investigate the possibility that y-rays from
3C 273 are produced in the jet. In particular, we develop a non-
isotropic model according“to which y-rays are produced by
secondary electrons and positrons (hereafter we shall use the
common name electrons for both kind of particles), from the decay
of charged pions, in bremsstrahlung process and from the decay of
neutral pions. In our scheme moreover soft X-rays from the jet are
due to the Inverse Compton scattering of microwave background
photons by secondary electrons.
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2. Spectra of secondary electrons

The interaction of the relativistic protons in a jet with the ambient
matter gives rise to charged pions which then decay via muons into
secondary electrons (p + p —» 1 — p* — e*). We are here mainly
interested in the angular dependence of the spectrum of the
secondary electrons with respect to the axis of the proton beam
(the jet). Note that similar calculations which assumed however an
isotropic distribution of protons, were applied by Ramaty (1974)
to investigate the spectrum of cosmic electrons and, more recently,
by Murphy et al. (1987) to study solar y-ray flares.

‘We consider a monoenergetic, one-dimensional proton beam
with Lorentz factor I~ The beam propagates at an angle « to the
line of sight. The spectrum of muons from the decay of pions is
then described by the formula:

dR —A”j do(p,, cosl,,d,)
dE,dQ, drdV - dp.d(cosb,)do,

: P(-/n Eu’ Qu) dpndQn

d*c
(E” dpi)

and: E, x d*g/dp? is the invariant cross-section for the production
of charged pions, taken from Tan & Ng (1983); P(y,,E,,Q,)
describes the energy and angular distribution of muons, in the
observer’s frame, from the decay of pions with momentum p, and
Lorentz factor y,; 4 = f, cn, ny with f§, = relative velocity of the
beam, c=velocity of light, n, =concentration of the beam,
ny = concentration of ambient matter. For details of the calcu-
lations see Appendix A.

Assuming then that muons decay instantaneously, the angular
dependent spectrum of secondary electrons is given by:

dv___qpp_dR
dE,dQ,didv ~ ) dEdQ didv

¢y

where:

da(pﬂ’ Cosgﬂ’¢ﬂ) — _’i;‘;
dp.d(cos0,)dp,  E,

Jn* (E¥, Q%) dE,dQ, @

where: dR/(dE,dQ, dt dV) is the angular dependent spectrum of
muons from decay of pions expressed by Eq. (1); J=y, ' (1 =5,

cos §,)" ! is the Jacobian of the transformation of the spectrum of
electrons from the muon rest frame to the observer’s frame,
neglecting the electron rest mass with respect to electron’s energy
and n* (E¥, Q) is the energy and angular distribution of electrons
in the rest frame of polarized muons (Lee & Young 1957). For
details of the calculations see Appendix B.

Numerical results for the spectrum of secondary electrons are
presented in Figs. 1a, bfor Lorentz factors I'= 10, 10,103, 10* of
the monoenergetic proton beam and for angles a=0°,10°.
Concentrations of the proton beam n, and of background matter
ny were taken equal to one particle per cubic centimeter.

The general behaviour of the spectra of secondary electrons is
very similar to the spectra of photons from z° decay (Bednarek et
al. 1990). The shape and maximum intensity of the spectra
strongly depend on I"and «. For small «’s (with respect to 1/7") and
in the relativistic limit "> 1, the value and the position of the
maxima grow proportionally to I" (Fig. 1a). The spectra of
secondary electrons have smaller intensities and are shifted to
lower energies than the spectra of secondary positrons because of
the difference in the cross sections for #~ and n* production in
p+p collisions. For large «’s the shape of the spectra and the
position of the maxima are practically determined only by the
value of a, the intensities for different /s in relativistic limit being
comparable (Fig. 1b).

3. X- and y-rays from the jet of 3C273

In the previous Section we have investigated a simple model in
which a monoenergetic, highly collimated proton beam interacts
with matter entrained in the jet volume. Turning now to 3C 273, its
extended optical jet (in which we locate the production of X- and
y-rays), is elongated at least 22° to the direction of the inner jet
observed in radio wavelengths (Greenstein & Schmidt 1964;
Unwin et al. 1985). The secondary electrons produced by the
decay of charged pions (originated in p—p collisions) can emit
observable X- and y-rays via bremsstrahlung processes, if the
column density of matter in the jet is high enough, and Inverse
Compton scattering of microwave cosmic background radiation.

Iil]ill[l!\l(l[ —12|!Il|'lb|]|bll|lil
-8 = — positrons — + —— positrons b
SRR electrons 4 ) e electrons
S ~10 — 5 - -
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Since secondary electrons are highly relativistic (Lorentz factor up
to 10%), the produced radiation is strongly collimated along the
direction of motion of the electrons (Koch & Motz 1959;
Bednarek et al. 1990) and we can assume that significant
contribution to the bremsstrahlung spectrum emitted at the angle
« is given by the secondary electrons moving very close to a.

Under such assumption the spectrum of the bremsstrahlung
radiation produced by secondary electrons (calculated according
to Eq. 2) is given by:

ANyrem aN

~/; 5‘ dQ(Ee)
dE,dQdidv = ") dE,dQ,didV

dE,

dE, 3)
where: A is the mean column density traversed by relativistic
electrons in particles/cm?; dN/(dE,dQ,drdV) is the angular de-
pendent spectra of secondary electrons from decay of polarized
muons, (see Eq. 2) and dQ(E,)/dE, is the bremsstrahlung spec-
trum produced by monoenergetic electrons with energy E,
(Blumenthal & Gould 1970).

The spectrum of the Comptonized photons produced by
secondary electrons (whose spectra were calculated according to
Eq. 2) is given by:

ANeomp | dN

! dP(E,.¢)
dE,dQdidV ™ ¢ | iE @, diav

dE,dt

j' n{e) dedE,

4)
where: / is the distance on which Comptonization of photons
occurs; ¢ is the velocity of light; dN/(dE,dQ,dtdV) is the angular
dependent spectrum of secondary electrons from decay of pola-
rized muons, (see Eq. 2); dP(E, e)/dE, dt is the cross section for
Inverse Compton scattering of photon with energy ¢ into the
energy range E,: E, + dE, by monoenergetic electrons with energy
E, (see Blumenthal & Gould 1970; formula 2.42) and n () is the

In order to apply the above results to 3C 273, we have adopted
proton beam parameters: Lorentz factor I'= 6 and angle a = 35°
(which is reasonable if we take into account possible curvature of
the jet, see Unwin et al. 1985). We then compared the photon
spectra from bremsstrahlung of secondary electrons (Eq. 3) from
Inverse Compton scattering of background microwave photons
by secondary electrons and from n° decay (p+p — =° + anything:
7% — 2y, see Bednarek et al. 1990) with the measurements of X-
rays from the jet of 3C 273 and y-rays observed by COS B from
direction of this source (Bignami et al. 1981; Hermsen et al. 1981).
Fits to observational data are presented in Fig. 2. From the fits we
can estimate the total energy in relativistic protons in the jet of
3C 273 using the relation: Ex3 107 I'd? /). erg where d is the
distance to the quasar in cm, / = dsin f/sin « is the true length of
the jet, Bis the angular apparent length of the jet. For £ & 70 g/cm?
(from the fit), d~ 860 Mpc and S~ 20" we find Ex3 10%%erg.
The required power emitted in relativistis protons by the core of
3C273 is the equal to P=Ec//~ 2.6 10*7 erg/s, which corre-
sponds to a mass loss in relativistic protons of M = 0.7 M g/yr in
the jet.

4. Discussion

Several models have been suggested in order to explain the X- and
y-ray emission from the quasar 3C 273. However all of them have
some difficulties in explaining all current observations. Let us see
some of these models in more details:

(1) Synchrotron self-Compton models in which y-rays are
produced by Comptonization of X-ray photons (Jones 1979) or by
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Fig. 2. The observational data of X- and y-ray emission from 3C 273 are shown.
The full line is the fit to the data of the calculated photon spectrum (Lorentz
factor y = 6 and x = 35%). The dot-dashed line describes the spectrum of y-rays
from =° decay; the dotted line the spectrum of photons produced by bremsstrah-
lung of secondary electrons; the dashed line the spectrum of photons from
Inverse Compton scattering of cosmic microwave background radiation by

secondary electrons

first order Comptonization of lower energy photons (radio or
ultraviolet: Kdnigl 1981; Jones & Stein 1990) have troubles in
explaining the observed lack of correlations between different
wavelengths (Bignami et al. 1981; Courvoisier et al. 1987; Turner
et al. 1990).

(2) Spherically symmetric models in which X- and y-rays are
produced in (p+p) interactions (via pions decay) in the core of
3C 273 have difficulties with the compactness of the central source
evaluated from X-ray variability (Marshall et al. 1981; Dean &
Bassani 1981), lack of correlation between X- and y-rays (Bignami
et al. 1981) and do not take into account the existence of the jet in
3C273. In particular Protheroe & Kazanas (1983) assume that
protons are accelerated in spherical shocks around the central
black hole, while Giovannelli et al. (1984) investigate the y-ray
production in a high temperature electron-proton plasma which
forms during accretion onto the black hole.

(3) Models which locate the production of y-rays in the jet
(Morrison et al. 1984; Anyakoha et al. 1990) postulate isotropi-
zation of relativistic particles during propagation and one-sideness
of the jet. However, as we noted in the Introduction, this
assumption is difficult to reconcile with the observed orientation
of the magnetic field along the jet axis and with the lack of
deceleration of relativistic motion in the inner part of the jet.

We want to stress here that observations of 3C273 are
sometimes scarce and controversial; therefore conclusions based
on them may not be confirmed by future -observations.
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In this paper we have shown that the entire spectrum of
3C 273, X-rays from the jet and »-rays from the direction of this
source, can be explained with a simple model in which these
radiations are produced by the interaction of the relativistic
proton beam with matter entrained in the jet volume. Our model is
similar to the one of Morrison et al. (1984), but it differs in that we
assume that a relativistic proton beam propagates along the
magnetic field which is parallel to the jet axis. We have considered
the angular dependence of the spectrum of secondary electrons
produced in the interaction of a relativistic proton beam. In such
magnetic field, the trajectory of secondary electrons is a helix
along the jet axis. The X (from the jet) and y-ray spectrum from
3C 273 can be accounted for by bremsstrahlung and Inverse
Compton spectra produced by secondary electrons and spectra of
photons produced by z° decay (assuming a Lorentz factor '~ 6
for the bulk motion of the proton beam and an angle of « x 35°
between the jet axis and the line of sight). see Fig. 2. From the fit of
the observed spectrum with the theoretical one (bremsstrahlung
radiation calculated according to Eq. 3, Inverse Compton spec-
trum according to Eq. 4 and radiation from =° decay calculated in
Bednarek et al. 1990), we have found that the total power emitted
in relativistic protons by the central core of 3C273 is equal to
P=2610%"erg/s which corresponds to a mass loss of
M=0.7 M g/yr. However we note that a high column density in
the jet of 3C 273 is required: £ = 70 g/cm?, and accumulation of
high amount of matter in the jet volume is possible (see e.g.
discussion in Morrison et al. 1984). Numerical simultations of
propagation of a jet in the extragalactic medium by De Young
(1986) show that a jet can entrain a minimum of x5 M /yr, which
implies a total enrichment as high as 10° M, for some jets.

A few different mechanisms of particle acceleration in active
galaxies were proposed (see e.g. Wiita 1985). Relativistic particles
with power law spectrum can be produced by shocks close to the
central engine (see e.g. Blandford & Eichler 1987). Monoenergetic
(or close to monoenergetic) relativistic particles can be accelerated
in electromagnetic processes (see e.g. Lovelace 1976; Blandford &
Znajek 1977) or by radiation pressure (e.g. Abramowicz & Piran
1980; Sikora & Wilson 1981; Calvani & Nobili 1983). In our model
we assume that the jet is monoenergetic and made of relativistic
protons. Indeed: a) the existence of relativistic knots far away
from the central core of 3C273 suggests such distribution of
particles (if not, the knots should be diluted and superluminal
motion will not be observed); b) such choice allows us to limit the
number of free parameters in the model. In fact we are here mainly
interest to investigate the main features of our model to check
whether it is in agreement with observations; c) arguments
supporting a proton beam are discussed by Roberts (1984).

Our model can work if the energy losses of electrons are not
completely dominated by synchrotron processes. This is true if the
magnetic field (the perpendicular component to the electron’s
motion) is B, [uG] < 1.1 n}{?/E (from comparison of synchrotron
and bremsstrahlung energy losses) and B, [uG]£14.4 W,
[eV/em?] (from comparison of synchrotron and Inverse Comp-
ton energy losses), where E is the energy of electrons in GeV
(see Schlickeiser 1982). From polarization measurements. Rdser
& Meisenheimer (1986) estimate that the magnetic field
in the jet of 3C273 is of the order of 10pG. If we now compare
the synchrotron and bremsstrahlung energy losses, we find that
this value is near the acceptable limit for the most energetic
secontary electrons (with energy x1GeV) but is well acceptable
for the lower energy ones. Synchrotron and Inverse Compton
energy losses for the above pgrameters are comparable.

The density of photons with power law spectrum below
10'* Hz in the jet volume of 3C 273 (see Fraix-Burnet & Nieto

1988) is about one order of magnitude lower than the density of
the microwave background radiation (for the volume of the
optical jet and the observed spectrum of photons below 10! Hz
from Fraix-Burnet & Nieto 1988). Moreover these photons are
probably also collimated along the jet axis of 3C 273 if we keep in
mind some observational evidences of their synchrotron origin
(Fraix-burnet & Nieto 1988) and the strong collimation of
secondary electrons postulated by our model. Therefore Comp-
tonization of these photons (with power law spectrum) to X-ray
range is negligible in comparison to Comptonization of cosmic
background radiation.

Our model moreover predicts a strong angular dependence of
the photon spectrum with respect to the jet direction. The emission
of radiation from the counter jet (produced by secondary electrons
at an angle « = 145° to the line of sight) should be much less than
the one from the jet pointing towards us because of much smaller
Lorentz factors of secondary electrons produced backwards.

One of the advantages of our model is, we think, its simplicity.
Of course, a more realistic model for 3C 273 should take into
account propagation effects of relativistic protons and secondary
electrons and curvature of the jet. In such case we expect the
theoretical photon spectrum to be more steep in the y-ray range
and the deduced parameters of relativistic beam and jet contain-
ment less restrictive.
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Appendix A

In this appendix we derive in details the spectrum of muons
produced in the decay of charged pions which in turn are produced
in proton-proton collisions.

The kinematics of the production of muons with energy E, at
an angle x, with respect to the direction of motion of the
relativistic proton is shown in Fig. 3. The number of muons
produced in the above process is given by:

3
dR= d U—(pn’ C050n9¢7c)

P(y..E,.cos0,,¢,)

dp,d(cos0,) do,
- dp, d(cosl,) dp,dE, d(cosb,) dp,

(A1)

Fig. 3. The kinematics of production of the angular dependent spectra of
secondary electrons in proton-proton interaction (p+pn~ —u* —e*) is here
shown



Theenergy and angular distribution of muons in the observer’s
frame from the decay of pions with momentum p, (Lorentz factor
) is described by:

P(./Jn’Euﬂ Cosgg’(’sp) =zl;;Jl5[y,,(E,,—-ﬂ,[p,[coseﬂ)——E:] (Az)

where: J, =p,/p¥ is the Jacobian of the transformation of
distribution of muons from the rest frame of pions to the
observer’s frame; Ef = (mj +m2)/2m, and p} = (mZ —m2)/2m,
are the energy and the momentum of muons in the pion rest frame
while E,, p, are in the observer’s frame; f, is the relative velocity of
pions. All angles are defined in Fig. 3.

Substituting A2 into A1, we obtain the angular dependent
spectrum of muons (per unit energy, solid angle, volume and
time):

dR
dE, d(cosa,) dp,dV d:

= Ap,u % j‘j‘j d30'(pn, C059n1¢n)
dnpx dp,d(cost,) dp,

. 5[?1: (Eu —‘:Bn:pu cos 9;1) - E:] Jg_d(COS gp) dpn d¢Y

(A3)
where the angle cos 0, is expressed via spherical trigonometry (see
Fig. 3) by:

cosd, =cosf, cosa, +sind, sina, cos ¢y

and jacobian

_d(cosf,)do,

27 d(cosa)dpy 1

A-described in paper (Eq. 3). The integration over cos§, in A3 is
done analytically using the properties of Diracs -function. After
changing variable of integration from p, to y, we obtain:

dR m?

dE, &, dvadi ~ “ (o — )

.jyd:‘a(pn’cosgnaqbn) 1

dpod(cos,) dp, By, =01 B4
where:
— F% /|
cos 9“ = ME_//_") (A 5)

Bepy

from the Lorentz transformation. m,, m, are the masses of the
charged pions and muons respectively.
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Let us discuss now the integration limits. The minimum and
maximum values of the Lorentz factor y, of the pions that can
produce muons with energy E, are calculated for the cases when

cosf, =1 (minimum) and cosf,= —1 (maximum). They are
given by:

* L * * *
}’min = (Eﬂ Eun.lZpup“ ) s Ymax = (E# El‘nj;, p“pﬂ ) (A 6)

" "

In order to perform the numerical integrations, we distinguish two
cases:

(i) The energy of the muon emitted at the angle «, in the
observer’s frame is less than the energy of the muon in the pion’s
rest frame (m, £ E, < EF).

Since the cross-section for pions production in p+ p interac-
tions is given for y, =2 (see Tan & Ng 1983), the function W
describing possible values of pion Lorentz factors (see A 5) which
can produce muons with energy m,<E, < EF is inside the
function ¥V describing the maximal ellipsoid of momentum of
pions produced in p+p interactions (see Fig. 4a). The limits of
integration (in A4) are given by:

miné xé?max and _n§¢Y§n-

(ii) The energy of the muons emitted at the angle «, in the
observer’s frame is greater than the energy of the muon in the pion
rest frame: E, > E¥. This case is shown in Fig. 4b.

Three possibilities arise now depending on the relative values
Of Yimin> Pmax (A6) with respect to the maximum value of the
Lorentz factor of the pions y, produced in p+ p interaction at the
angle a, (see Fig. 4b), where:

M+ K|/ M?*+ K*—1

Ve 1_K2

(AT)

M=E}, Jm,ys; K=fscosa,; EX, is the maximum energy of
pions produced in p+p interaction in the center of mass of the
colliding protons (see Tan & Ng 1983); ys, Bs are the Lorentz
factor and relative velocity of the center of mass of the colliding
protons, ys=|/(E,+m,)/2m, (E,—energy of relativistic pro-
tons). The three cases are:

(2) 7min 2 7,- No muons with energy E, at an angle «, are
produced.

(B) Ymin = 7o < Ymax- Lhe limits of integration (in A4) are:
Ymin =V S, With —n <S¢y <7, and y, <y, <y, with —¢, =

by = do.

Pp

a

b

Fig. 4a apd b. The maximal ellipsoid of momentum of pions produced in p+ p interactions is shown together with the function describing the production of
muons with fixed energy in the pion momentum space. Case a is for m, S E, < E¥ and case b for E, > EF



46

b

Fig. Saand b. The maximal ellipsoid of momentum of muons produced from pions decay is shown together with the function describing the production of electrons
with fixed energy in the muon momentum space. Case a is for E, < E* and case b for E,>E}

The values of pions Lorentz factors y, and y, are obtained by
solving w.r.t.y, the equation

COS Opan = €08 (0, +2,) (A8)
where:

w~ *
cosf — Ya7s Emax/mn

max ~

YIzﬂn'ySﬁS

while cos 8, is given by (AS5).
The angle ¢, is found from:

€05 0, —€0OS B, COS U,
sinf, sina,

Cos g =

(C) 722 Ymax- The limits of integration are :
with —n< ¢y <7

For the particular values «, = 0° and a, = 180°, the integrand
function in A4 does not depend on ¢y and this integration can be
performed analytically.

Vmin ..S_ Vn § 7max

Appendix B

We present here a short description of the calculations needed to
obtain the angular dependent spectra of secondary electrons
(positrons) from the decay of muons which were produced in the
reactions: p +p—n* + anything; n¥ - pu* + v,. The decay of
muons in three particles (u* —e®* + v, + v,) was described by
Lee & Yang (1957) in the case of negligible electron rest mass
w.r.t. the muon rest mass. In the following derivation we assume
that E, > m,.

The number of electrons emitted at the angle « per unit energy,
solid angle, time and volume is described by:

dp
dE,dcosxdg; dV dt

_ dR(E,, cosa,) dN (E¥, cos 8%)
={1 dE,dcosa,dgsdVdt ~' dE} d cos 0F dp*

~JydE, dy d cos b,

(B1)

where the two fractions in the integrals are described in the paper
(Eq.2); Jy=p./pf=1/y,(1=f,cosb,) is the Jacobian of the
transformation from the muon rest frame to the observer’s frame
of the distribution of secondary electrons; p,, p¥ are respectively
the momentum of electron in the observer’s frame and in the muon

rest frame and J, = d cos «, d¢,/d cos adgy, = 1 is the Jacobian of
the transformation of the solid angles; cos «, is given via spherical
trigonometry by: cosa, =cosf, cosa+sind, sinx cos ¢y . All
angles are defined in Fig. 3. Substituting then into Eq. (B1) the
distribution of secondary electrons in the muon rest frame (Lee &
Yang 1957), the Jacobians J; and J, and changing variable of
integration from E, to y,, we obtain:

dpP
dE,d cosa dg; dVdt

_2E « ”J. dR(E,, cosa,)
T m, dE,d cosa, dps dVdt
~ef(3—2e) + (1 —2¢) cos OF] dy, dpwd cos b, (B2)

where:  e¢=2E,y,(1—p,cos8,)/m,; OF=arctan [sind,/y,
(cos@,—B); E,, y,, m, are the energy, Lorentz factor and rest
mass of the muon.

In order to perform the numerical integration, one has first to
fix the integration limits. This is straightforward, although quite
involved. In general there are two different relevant cases: 1)
E, < E} (see Fig.5a) and 2) E, = E¥, where Ef =m,/2, see
Fig. 5b. In both of them the integration is performed over the
common part of the two three-dimensional functions in the
momentum space describing respectively, the ellipsoid of maximal
muon momentum (function V) and the permitted values for
muons momentum which can produce electrons of energy E,
(function W). The relative positions of function ¥ according to
fixed function W depends on the electron energy and many
different cases are possible. Two of such configurations are shown
in Fig. 5a,b where the hatched area denotes the volume of
integration.
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ON THE 440 keV LINE IN THE CRAB NEBULA PULSAR
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ABSTRACT

We consider the observations of an emission line at 440 keV from the Crab Nebula pulsar. A picture is
proposed where the line is due to redshifted positron annihilation in the neutron star crust. The positrons are
produced by photons of MeV energy hitting the pulsar cap, which in turn are generated by inverse Compton
scattering of electrons in an inner electric gap (E - B # 0). It is shown that the picture appears in agreement
with basic constraints of pulsar electrodynamics and follows the main ideas of the pulsar model of Ruderman

and collaborators.

Subject headings: elementary particles — gamma rays: theory — pulsars: individual (Crab Nebula) —
radiation mechanisms: miscellaneous

1. INTRODUCTION

The existence of an emission feature at 440 keV associated
with the Crab Nebula was suspected since the observations of
Leventhal, MacCallum, & Watts (1977). However, the feature
was confirmed and disproved by various groups, so that the
possibility of an intrinsic variability is seriously considered.
For a detailed review on the subject we refer to Owens (1990).
Among the most recent and significant observations we quote
the ones from the FIGARO 1I team. The feature was observed
in two balloon flights, one in 1986 (Agrinier et al. 1990), and
one in 1990 (Massaro et al. 1991), and it appears only in corre-
spondence with the secondary pulsar peak. Its significance, as
from the addition of the data from the two flights, is about 3 ¢.
The line is located between 0.43 and 0.46 MeV, and its width is
consistent with the energy resolution of the detector; its inten-
sity is I = 0.86 + 0.33 x 10™* photons cm ™2 s~ . An obvious
interpretation of the feature is that it is due to the 511 keV
e*e” annihilation line redshifted by the gravitational field of
the neutron star (see Owens 1990 for references). Although far
from being uncontroversial, we accept this interpretation as a
valuable working hypothesis.

In this paper we discuss some implications that the obser-
vation of the annihilation line may have on the pulsar electro-
dynamics.

2. CONSTRAINTS ON PULSAR PARAMETERS

Assuming a distance of 2 kpc and a beaming factor k, the
observed flux corresponds to a rate of release of annihilation
photons

R =4 x 10°%,,, photons s~ ! ,

where ko0 is k/0.01.
This corresponds to a line luminosity

)

Ly, =3 x 10%%k, ergs s~ 1.

. 2
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which is a small fraction of the total pulsar luminosity

Ly = 10%%k 4 ergs s™* (3)
and of the nebula luminosity
anbula = 1038 ergs S"l . (4)

The 511 keV photons are produced by annihilation of posi-
trons, which in turn will be a product of an electromagnetic
shower. We now consider that the showers are produced by a
flow of particles accelerated toward the neutron star. The
picture will be specified in the following text. It seems difficult
to us to consider an atmosphere of pairs, since due to the huge
fields, it would immediately expand, and the annihilation
process, if occurring at all, would take place in a region of low
gravitational redshift. In this context the picture may be differ-
ent from that envisaged for annihilation line production in
y-ray burst sources (see, e.g., the review by Hameury & Lasota
1984).

The flow of particles responsible for the generation of the
showers, and therefore ultimately for the annihilation photons,
can be expressed as

P, =4 x 10387, 00571, )
where ¢ is the number of annihilation photons outgoing from
the star for infalling primary particle.

The current associated to the particle flux is

I, =ePg =2 x 1031 ¢ Yk g esus™? . (6)

The associated magnetic field can be estimated from Ampere’s

law, if a relevant space dimension [ is chosen. Assuming as a

scale the radius of the neutron star Iy = 1/10° cm, we get

B, =21 /(ch) =13 x 101315 ¢ Yk 00 G . (7)

If I = 10° cm which is the dimension of the active polar cap
and k40 = 1, one would have

B, ~10'%/¢ G. 8)

The magnetic field on the Crab pulsar surface is estimated to

be ~6 x 10'? G s. Therefore in order not to destroy the
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neutron star magnetic field, the number of annihilation
photons ¢ produced in cascade which is initiated by single
relativistic particle should be

&> 100 . ©)

In order to have an estimate of a realistic value &, we consider
first relativistic electrons hitting the neutron star surface. In
particular, we have considered a Monte Carlo simulation of
showers produced by electrons impinging perpendicularly
onto an iron slab. Based on the EGS4 (electronn gamma shower
simulation program: Nelson, Hirayama, & Rogers 1985) the
code follows the shower development dowr to energies of a few
keV and gives full information for the particles going back
from the slab. Possible effects due to strong magnetic fields are
not taken into account. A plot of ¢ as a function of electron
energy is given in Figure la, while in Figure 15 the fractional
energy which is released in the form of an outgoing annihi-
lation line is given versus the electron energy. Independently of
the energy of the impinging electron, the *hoton yield is ~3,
which means that energetically it is much more favorable to hit
the surface with low-energy positrons (electrons, photons).
Even taking into account effects typical of neutron star matter
(see calculations of cascade in the iron crust by Jones 1979;
Bogovalov & Kotov 1990), it seems difficult to consider much
higher values of £ Therefore it appears that condition (9)
cannot be fulfilled.

It seems to us that a possibility that remains is that the
current is indeed transported by primary relativistic particles,
but the shower starts to develop above the crust, because of the
interaction of electrons and photons with the magnetic and
photon field.

The particles will arrive at the crust with low energy, and the
yield of annihilation photons may be reasonably high. If such a
situation may be established, the limitation due to the condi-
tion of not overcoming the neutron star magnetic field (eq. [7])
may be fulfilled, and the yield of annihilation photons may be
still compatible with the observations.

A further constraint to energy E_;, of the particle impinging
the star crust can be set by the upper limit on the thermal

10 T t t } 1 t

0.1 ; f ; ; ; ;

1 10
Energy [MeV]

10

FiG. la
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emission from the neutron star which is known to be L, ~ 5.8
% 10°* ergs s™! (Toor & Seward 1977; Harnden & Seward
1984). The shower developing in the crust will heat up the crust
at rate

LSh = Eprirn PSh = 4 x 1038Eprimk100€m1 €rgs S“l ’ (10)

where E_ ;. is the energy of primary electron in ergs.
From Lg, < Ly, and assuming k;oo = 1 and ¢ independent
of the energy of the primary electron (see Fig. 1), we obtain

Eim[MeV] < 900¢ , (11)

which gives immediately E ;, < 100 MeV for ¢ ~ 0.1.

The limitations derived in this section from consistency with
pulsar electrodynamics put strong constraints on the possible
models. In the next section we present a picture which attempts
to satisfy these constraints.

3. DESCRIPTION OF THE MODEL

We refer to the model of Ruderman and collaborators where
particles are accelerated in an outer gap (far away in the mag-
netosphere: Cheng, Ho, & Ruderman 1986a, b) and in a second
gap close to the polar cap (see Ruderman & Sutherland 1975).
The surface of the polar cap is heated to a much higher tem-
perature than the temperature of the neutron star because of
the flux of high-energy particles on it. Typical temperatures are
supposed to be 105107 K (Helfand, Chanan, & Novick 1980).
According to Cheng et al. (1986b) for a young pulsar, one
would have in the outer gap production of 3 x 1032 electrons
s~ ! with energy ~ 10'2 eV moving toward the star surface (in
fact, in the paper the case of the Vela pulsar was exemplified).
The associated magnetic field is negligible (see eq. [7]).
Primary electrons with energy ~10'2 eV will produce an elec-
tromagnetic cascade via curvature radiation (CR) in the strong
magnetic field, inverse Compton scattering (ICS) of thermal
photons emitted by the neutron star, and pair production in
the strong magnetic field by photons which in turn were pro-
duced in CR and ICS (such a cascade, although in an opposite
direction, was calculated by Daugherty & Harding 1982).

0.1 F

Energy [MeV]
FiG. 1b

F16. 1.—(a) Number of outgoing annihilation photons vs. the energy of the electron producing an electromagnetic shower impinging on an iron slab. (b) Fraction
of energy outgoing in the form of annihilation photons vs. the energy of the electron producing the electromagnetic shower.
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From such calculations it is possible to derive that the amplifi-
cation of the number of particles will be of the order 103,
yielding a flux moving downward ~ 10*° electrons s™!. We
suppose that a fraction of particles will enter the inner gap.

The energy of these particles will be strongly influenced by
the resonant ICS in strong magnetic field, which in the vicinity
of the neutron star is regulated by the surface temperature and
strength of the magnetic field. We calculated energy losses of
relativistic electrons on the ICS of thermal photons in a strong
magnetic field following analytical formulas derived by
Dermer (1990) (see also numerical calculations by Xia et al.
1985 and Daugherty & Harding 1989). However, contrary to
Dermer (1989), we assumed again that electrons are moving
toward the surface of the neutron star. In Figure 2 we report
the results of our calculations of the energy loss versus the
electron energy for various temperatures and magnetic field
6 x 10'% G. From Figure 2 it is apparent that for temperatures
larger than 10° K, energy losses are so large that one can
assume that the final Lorentz factor of electrons will be small,
and therefore its energy just above the polar cap will be of the
order of a few MeV. The cascade process in the pulsar magne-
tosphere will not be modified by the electric field since
E-B=0.

The situation is different when electrons are propagating in
the polar gap because now E - B # 0 (see model by Ruderman
& Sutherland 1975). In the polar gap there is a competition
between electron energy losses and energy gains. In Figure 3
we have calculated such losses and gains versus the energy of
electrons entering the polar gap for a magnetic field B, = 6
x 10'? G, temperature of the polar cap T,. = 10" K, and a few
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F1G. 2—Energy losses of electrons by ICS in a strong magnetic field vs.
Lorentz factor for a magnetic field strength 6 x 10'? G and different tem-
peratures of blackbody radiation emitted by the polar cap. Dotted lines rep-
resent the electron energy gain for various homogenous electric fields.
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strengths of the electric field in the gap, which we assumed in
the first approximation as homogeneous through the gap. The
interesting property is that there are two Lorentz factors of
electrons (y,) for which energy losses are equal to energy gains
y; and y,. If y, > 7,, electrons will be accelerated reaching very
high energy. If y, <y, < y,, electrons will be quickly deceler-
ated and achieve Lorentz y,. If y, <y,, electrons will be
quickly accelerated also to the Lorentz factor y,. This means
that the electron distribution during their propagation in the
polar gap will be strongly peaked in the y,.

The characteristic energy of Comptonized photons by elec-
trons crossing the polar gap will be determined by y, and the
temperature of the polar cap,

€ph ™~ €therm '}’% 2 (12)

where we assumed €, == 3 kT,
perature of the polar cap.

For some parameters of y, and T, the energy of Comp-
tonized photons is peaked at about 1 MeV. If the potential
drop in the polar gap is of the order of ~10'*-10'2 eV, which
is suggested in the original paper by Ruderman & Sutherland
(1975), one obtains that each electron crossing the polar gap
will produce about 10° photons with energy close to 1 MeV.
So, the total number of MeV photons entering the surface of
the polar cap is of the order 3 x 103? (from the outer gap)
times 10% (multiplication in the magnetosphere) times 10°
(multiplication in the polar cap in ICS) =3 x 10*°. From
comparison of this value with P, (eq. [5]), we obtain for
kygo =1 that &, ~ 1072 This value is consistent with the
expectations from the Monte Carlo simulations (see Fig. 1 and

and T, is the surface tem-
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~ acceleration deceleration acceleration -
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FiG. 3—Same as Fig. 2. The y, and y, points are indicated for a particular
value of energy gain 10° Vem ™!, and T = 10". K, and B = 6 x 10'? G. They
define regions of acceleration and deceleration of electrons in the inner gap.
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calculations by Bogovalov & Kotov 1990). The total energy of
MeV photons falling onto the polar cap in the above picture is
consistent with the condition of not overheating of the polar
cap (eq. [10]). The high collimation of produced annihilation
photons along the magnetic field lines, which is inferred from
the observed pulsation of the annihilation line, is consistent
with calculations of photon spectra from e*e™ pair annihi-
lation at rest in a strong magnetic field (see Kaminker, Pavlov,
Mamradze 1991).

4. DISCUSSION

We considered a picture where the annihilation line is
created by positrons interacting with the neutron star surface.
The first result is that the required positron current has an
associated magnetic field which exceeds the pulsar field; there-
fore the positrons must hit the neutron star in the form of pairs
or showers. However, it is not possible to consider very ener-
getic electrons hitting the surface, because in that case the
shower would develop well inside the crust, and the yield of
outgoing annihilation photons becomes very small. In that
case the neutron star crust could be overheated. The particles
hitting the surface must be of energy of about 1 MeV. We have
then shown that within the model of Ruderman and collabo-
rators such a situation can be envisaged. The outer gap is used
as a source of particles moving downward. They are multiplied
and slowed down by the interaction with the magnetic field
and the photon atmosphere. In the inner gap the electrons
acquire a fixed energy such to radiate downward gamma rays
which interact with the surface and produce positrons. Posi-
trons can be produced also by nuclear interaction in the crust
(see, e.g., Jones 1978, 1979; Bogovalov & Kotov 1990), but here
we have concentrated on the electromagnetic channel.

The positrons in the crust cool very efficiently, losing their
energy in synchrotron and bremsstrahlung processes up to
energy of the order of 10 keV (Ramaty, Lingenfelter, & Bussard
1981; Lamb, Wang, & Wasserman 1989) and next annihilate
with thermal electrons of the crust (T, ~ 10°-107 K). The
width of the annihilation line is determined by two processes:
broadening in the strong magnetic field and Doppler broaden-
ing. These processes are not considered in our Monte Carlo
simulation. The broadening in the strong magnetic field is of
the order (AE,/E )pwum = 0.35B/B,, (see Daugherty & Bussard
1980) and for Crab pulsar magnetic field B =~ 6 x 10'2 G s is
~20 keV. The first-order Doppler broadening in nonrelativis-
tic plasma is Awp = (2kT mc?*)'/?, which for the temperature of
the plasma kT = 1 keV is ~30 keV. While it is fully consistent
with the energy resolution of the FIGARO II detector of about
59 keV (Massaro et al. 1991), it may conflict with a line width
~3 keV reported by Leventhal et al. (1977) and ~15 keV
reported by Ayre et al. (1983). However, these two measure-
ments were performed with wide field of view detectors, and no
phase analysis were done, so these results may not refer to the
Crab pulsar. The FIGARO II experiment did not observe
these lines because of automatic subtraction of off-pulse
spectrum.

Our model, however, requires that the central energy of the
line remains essentially unchanged since annihilation of posi-
trons is proposed to occur in the crust of the star at a well-
defined redshift. This is not in contradiction with suggestions
of the possibility of variation of the position of the line. As we
mentioned above, the positive measurements of the line emis-
sion by Leventhal et al. (1977) and Ayre et al. (1983) did not
refer to a periodic signal.
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FiG. 4—The gap electric field—cap temperature plane is divided in three
parts. In part I, the electrons are accelerated, in part II they reach steady
energy y, which yields Compton photon with an energy above 1 MeV, and in
part 111 the Compton photons have energy below 1 MeV.

Another problem concerns the escape of 0.511 MeV photons
from the region of the polar cap and the possibility of Comp-
tonization by impinging electrons. We note that electrons
impinge the polar gap only along the magnetic field lines which
connect the inner and the outer gap. The 0.511 MeV photons
are expected to be emitted from a much bigger area.

Depending on the photon atmosphere (i, on the tem-
perature of the polar cap), the magnetic field, and the electric
field in the inner gap one may have a situation where the
gamma rays produced by the Comptonization are too ener-
getic in the sense that the showers enter too deeply in the crust.
Oppositely, it is possible that the photons are below the thresh-
old of pair production. Figure 4 illustrates the parameter space
obtained from the calculations. Note that for a magnetic field
of the Crab Nebula pulsar ~6 x 10!*> G and the electric field
of the inner gap 10® V cm ™! we obtained from Figure 4 that
the efficient Comptonization of photons into the MeV energy
range occurs for a polar cap temperature ~3.5-6 x 105 K.

Because of the tuning required to produce photons in the
correct energy interval it is possible that the annihilation line
occurs only in one polar cap in correspondence with the sec-
ondary pulsar peak, as suggested by the observation of line
emission. The same argument may also justify the variability of
the line intensity.

We are grateful to the FIGARO II team for informing us of
their results in advance of publication. This work is supported
by the Italian Ministero dell’'Universita e della Ricerca Scienti-
fica e Tecnologica.
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Abstract. We discuss different production mechanisms of very
high energy (VHE) photons and neutrons (> 10'! eV). Our aim
is to distinguish which of them, and under what conditions, can
be responsible for the VHE emission reported from several dis-
crete sources. We will concentrate on the Cyg X-3 (one of the
most frequently mentioned in VHE photon energies) since the
recent evidence of an excess of neutral particles above 510!7 eV
from the direction of this source. We show that, among the
proposed models, only two are able to describe the general shape
of the spectrum of Cyg X-3 above 10'! eV being not in contra-
diction with the estimates of the magnetic field strength derived
from radio observations. In the first, the VHE neutrons emitted
by the compact object interact with low column density of the
background matter. In the second, relativistic nuclei (e.g. He)
develop an electromagnetic cascade in matter and magnetic field.

Key words: radiation mechanisms - y-rays — neutrons; discrete
sources — Cyg X-3

1. Introduction

During the last 20 years several discrete sources were reported at
energies >10'! eV, for a review we refer to e.g. Weekes (1988).
Most of them are pulsars (or supernova remnants) and X-ray
binary systems. Although increasing scepticism concerning these
observations, still new positive results appear. In this paper we
try to establish which kind of mechanism can be responsible for
the VHE emission from these sources using for more detailed
considerations the X-ray binary system Cyg X-3.

Cyg X-3, a low mass X-ray binary system with orbital period
of 4.8 h (Parsignault et al. 1972; Becklin et al. 1972), shows
a variety of peculiar behaviour in all ranges of the observed
spectrum. For a review of wide range observations of Cyg X-3
{form radio up to 10'%eV), see Bonnet-Bidaud & Chardin
(1988). The discovered 12.6 ms period by Chadwick et al. (1985)
(see also Brazier et al. 1990), although not confirmed by indepen-
dent otservations (e.g. Fegan et al. 1989), suggests that the Cyg
X-3 system consists of a main-sequence star plus a neutron star.
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One of the most interesting features of this source is the
discovery of very high energy emission in the TeV (10'2 eV)
(Vladimirsky et al. 1973) and PeV (10'3eV) (Samorsky
& Stamm 1983; Lloyd-Evans et al. 1983) energy ranges. These
first positive observations were later confirmed by other experi-
ments (more recently Baltrusaitis et al. 1987; Muraki et al. 1991),
although negative results were also reported (see for review et al.
Weekes 1988 or Fegan 1990). All positive observations of Cyg
X-3 above TeV energies show an excess close to two phases of the
4.8h orbital period, at 0.2 and =0.6 (starting from X-ray
minimum). However, recent reports concern only the emission at
this second phase. The surprising detection of Cyg X-3 in EeV
(10'® eV) energy range was reported by the Fly's Eye group
(Cassiday et al. 1989, 1990). This excess of particles, although not
seen in Haverah Park data (Lawrence et al. 1989), was again
confirmed by the Akeno group (Teshima et al. 1990; Hayashida
et al. 1991). Also another X-ray binary 2A 1822-37 was recently
reported as a source of neutral particles above 10'7 eV (Clay et
al. 1992).

The integral photon spectrum from Cyg X-3 (from MeV up to
PeV), summed over different periods of the observations, can be
described by a power law with spectral index close to —1.1. The
results reported by Lloyd-Evans et al. (1983) suggest the presence
of a cut-off at energies 10 PeV. However the neutral emission at
energies >0.5 EeV (Cassiday et al. 1989, 1990; Teshima et al.
1990) seems to follow the spectral index —1.1. In Fig. 1 are
shown some results of observations of neutral emission from Cyg

-X-3 in TeV and PeV energies (collected by Watson 1985 plus

some most recent) and fluxes in EeV energies observed by Cassi-
day et al. (1989, 1990) and Teshima et al. (1990).

Cassiday et al. (1989) recently suggested that the excess of the
neutral particles from the direction of Cyg X-3 above 0.5 EeV can
be caused by relativistic neutrons. Sommers and Elbert (1990)
discussed in detail the consequences of the TeV~EeV emission
from Cyg X-3 and proposed several different mechanisms of EeV
neutron production in this source.

Based on the reported observational parameters of Cyg X-3,
we fit the general spectrum in TeV-EeV energy range by the
spectra of photons and neutrons calculated selfconsistently ac-
cording to different production mechanisms. From these fittings,
we calculate the required total luminosity of Cyg X-3 in relativis-
tic particles. The model in which the EeV emission from Cyg X-3
is due to neutron flux is favorable from energetical viewpoint
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Fig. 1. The observational results of VHE emission from the direction of
Cyg X-3 above 10! eV fitted by the y-ray spectrum from: (1) the photo-
excitations of relativistic Fe nuclei (power low, spectral index 2.7) by low
energy black body photons with kT=10 eV - long dashed line; the
photoproduction of neutral pions created in the interactions of nuclei
with thermal photons — short dashed line; (2) by the neutron spectra from
the photodisintegration of Fe nuclei - dotted line

(acceleration of particles to lower energies is postulated) and
avoids difficulties concerning attenuation of VHE photons in the
strong magnetic field of the binary system. We show that a model
in which relativistic neutrons, emitted by the compact object,
interact with the background matter occulting the compact ob-
ject in the orbital phase period observed in TeV and PeV energy
ranges, seems to be the most successful in describing the spectrum
of Cyg X-3 and gives reasonable values for the required total
particle luminosity. Also a model in which the electromagnetic
cascade initiated by nuclei (e.g. He) and developing in the matter
and magnetic field surrounding the binary system is consistent
with observations.

2. Production of y-rays and neutrons in Cyg X-3

The VHE observations of Cyg X-3 postulate the acceleration of
particles in the source to extremely high energies (at least
~10'8 eV). It is difficult to imagine a model of acceleration of
particles up to so high energies if we keep in mind additional
radiative processes that take place in strong magnetic and radi-
ation fields. It seems very likely that electrons cannot be respon-
sible for this emission because of the huge synchrotron losses that
would result during acceleration processes. Also small rigidity of

electrons will not allow them to propagate linearly through the
binary system and observed emission close to fixed phase of 4.8 h
orbital cycle should be diluted.

The source of energy, required by observations, seems to be
problematic in the accretion scenario onto a neutron star if we
assume isotropic acceleration of particles. Super-Eddington ac-
cretion of matter onto a neutron star, accretion onto a more
massive object (e.g. black hole) or highly anisotropic acceleration

of particles by neutron star is recommended. For a recent critical -

discussion on energy generation and particle acceleration in Cyg
X-3, we refer to the paper by Mitra (1991). .

A few different mechanisms of production of VHE emission
by Cyg X-3 were recently discussed by Sommers & Elbert (1989).
In general they can be classified depending on the kind of target
encountered by the relativistic particles: matter or radiation. The
most promising of them are:

(a) Interaction of relativistic nuclei (emitted by the compact
object—CO) with background photon field. The VHE photons
are produced through de-excitation of relativistic nuclei
(A+7,s—AT—A; +7) and through decay of neutral pions pro-
duced in the interaction of nuclei (and their fragments) with low
energy photons (p+7,m—n®+ - -; n°—2y). The neutrons are
produced from fragmentation of nuclei (A+7,,—n+--+) and
in charge exchange of protons during their interactions with
photons (p+7y =0+ );

(b) Interaction of relativistic protons (accelerated by CO)
with thin column density of matter. The VHE photons
are produced through the decay of neutral pions (p+p-—
%+ ---;n%-27) and the neutrons from charge exchange of
proton beam (p+p—n+---);

(c) Interaction of relativistic neutrons (produced in CO) with
thin column density of matter. The VHE photons and neutrons
are produced like in item (b) plus neutrons which escape without
interaction;

(d) Formation of the VHE neutral spectrum from Cyg X-3 in
cascade initiated by monoenergetic particles. TeV and PeV
photons are produced in electromagnetic cascade calculated by
Hillas (1984). EeV neutrons are produced in fragmentation of
nuclei during their interaction with matter.

(e) Interaction of relativistic nuclei (with power law spectrum)
with thin column density of matter (<1 interaction length). The
VHE photons are produced through the decay of neutral pions
(A+p—n®+---;n%>2y) and neutrons mainly from frag-
mentation of nuclei and charge exchange of relativistic protons.

Of course, in reality several - if not all - of these mechanisms
can be important. However, for simplicity we will discuss them
separately as a unique explanation of possible VHE emission
from Cyg X-3.

.

3. Interaction of nuclei with the photon field

The production of VHE photons in the interaction of relativistic
nuclei with radiation field was firstly investigated in the context
of cosmic y-ray sources by Balashov et al. (1990). The authors
described the VHE photon spectra from two sources: Cyg X-3
(108-10'6 ¢V) and the Crab pulsar (10''-10'6 eV) by a com-
ponent model, iron nuclei and protons interacting with radiation
field. However, their fitting to Cyg X-3 spectrum is somewhat
controversial (spectral indexes of photons seems to be incorrect)
and within the model it is impossible to describe the recent
observations in the EeV energy range and the spectrum below

i
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10! eV only by photons from p+p interaction. The required
amount of energy in relativistic particles would be enormous and
EeV photons should be absorbed in magnetic field.

We performed calculations of the photon spectra including
also contribution of neutrons from fragmentation of iron nuclei
to the total emitted spectrum. It was assumed that the relativistic
Fe nuclei (accelerated by e.g. neutron star) with a power law
spectrum and high energy cut-off interact with black body radi-
ation (Tpy=10 V) emitted by the stellar companion and/or
accretion disk around compact object in Cyg X-3 system. The
spectra of photons from deexcitation of nuclei were obtained in
an approximate way following the calculations of multiplicity
and average energy of photons produced during the decay of
nuclear giant resonance (Moskalenko & Fotina 1989). The com-
plete disintegration of Fe nuclei was assumed. The spectra of
photons from photoproduction of neutral pions in
particle-photon collisions were calculated according to reson-
ance approximation (see Stecker 1973). This approximation is
good enough since the considered energy range is far away from
jet region of particle-photon interaction where the cross section
raises again (for detailed results see Mannheim & Biermann
1989). The spectrum of neutrons from fragmentation of nuclei
and further interaction of products of fragmentation with back-
ground photons were calculated assuming an elasticity coeffic-
jent equal to 0.4 and a probability of proton conversion into
neutron equal to 0.5 (Kirk & Mastichiadis 1989). The probability
of survival of relativistic neutrons against decay on the way from
Cyg X-3 to the Earth was included in the calculations by the
formula P=exp[ —0.108D (kpc) E(Eev)] (Cassiday et al. 1989).

In Fig. 1 are shown some results of observations of VHE
neutral emission from Cyg X-3 (fluxes reported from a 4.8 h
periodicity search) and the calculated spectra of photons and
neutrons according to the above prescription. As we can seg, it is
possible to achieve a reasonabile fit for the following parameters:
power law spectrum of the iron nuclei with spectral index 2.7 and
cut-off at 10! GeV; temperature of the background photon field
e=10 eV; column density of background photons equal to one
interaction length for pion photoproduction in particle-photon
collision.

From the fitting of the observed flux of neutral emission from
Cyg X-3 by calculated photon spectrum (deexcitation in TeV
range, photoproduction in PeV range) and neutron spectrum
(from fragmentation in EeV range) we obtained the required
luminosity of Cyg X-3 in the energy range 10°—10'! GeV in
relativistic Fe nuclet:

L (erg s™1)=2.21038 AQ(sr)/5t

where: AQ is a solid angle in which relativistic nuclei are emitted;
ot is duty cycle of photon emission. The distance to Cyg X-3 is
taken 10 kpc.

If we assume dt=1/20 and AQ =1, the calculated luminosity is
much higher than the classical Eddington one [ = 1.3 x 10°® M/M,
(erg s™1')] for a typical mass of the neutron star. This can be
accepted if particles emitted by Cyg X-3 are strongly collimated
or if the mass of the compact object is much bigger than 1My
(however a black hole would contradict the reported 12.6 ms
periodicity).

The photon flux in TeV energy range is consistent with
observations (Fig. 1, curve b), if we assume that the magnetic field
in the source volume does not influence the electromagnetic
cascade initiated by VHE photon in the background photon

field. In such case, the essential part of TeV photons can emerge
from the source region if the mean value of the magnetic field in

the source region is \/F(G)< 10'2 x ¢/E,, (see Gould
& Rephaeli 1978), which e.g. for photon energies ~10'® eV
yields \/1733 <410~*G. In the opposite case (important magnetic
field - electromagnetic cascade do not develop), a much smaller
absorption length must be used (see Gould & Schreder 1967) and
the VHE photons are strongly attenuated (see Fig. 1 curve long
dashed “a”). Another restriction on the magnetic field in this
model is connected with the reported evidence of a periodical
emission of photons from Cyg X-3 at certain phases of the 4.8 h
orbital period. In order to be self-consistent with this observa-
tion, the relativistic particles interacting with the photon field
have to propagate 2Jrost linearly through the source diameter.
This requirement puts an upper limit to the magnetic field of
~1G for nuclei with energy 10'® eV and Z=26 and source
diameter r=10'? cm.

From modeling of the quiescent radio emission Cyg X-3,
Vestrand (1983) estimated the magnetic field strength of
B% 1000 G, at distance r=10'! cm with linear decrease for
farther regions of the binary system. Stephens & Verma (1984)
gave the lower limit B3 2100 G, from the consistency of radio
observations with the Razin-Tsytovich effect. These lower limits
on the magnetic field in Cyg X-3 are much higher than the above

upper limits and therefore make this model inconsistent at TeV

energies.

When the optical depth for nuclei in the radiation field is
much less than the interaction length on photoproduction pro-
cess, we can neglect the production of photons through the
photoproduction of neutral pions. In such case, it is possible to
describe the neutral flux from Cyg X-3 in TeV and PeV energy
range by the photon spectrum from deexcitations of nuclei if the
spectrum of relativistic nuclei is a power law type with spectral
index close to 2. However, the neutron flux in EeV energy range
from photodisintegration of nuclei (calculated simultaneously)
will be much higher than fluxes reported by Cyg X-3 by Cassiday
et al. (1989, 1990) and Teshima et al. (1990). Moreover, the
previous problems concerning the limit on the magnetic field
strength are still valid and the required luminosity of Cyg X-3 in
relativistic nuclei should be even greater.

4. Interaction of relativistic protons with background matter .

The mechanism of VHE photon production in p+p collisions
(via n° decay) as a possible explanation of TeV and PeV emission
from Cyg X-3 was first proposed by Vestrand & Eichler (1982).
The fittings of the general shape of Cyg X-3 spectrum by the
calculated photon spectra from of p+ p interaction in thin target
model were discussed by e.g. Bednarek et al. (1990) and Pis-
kunova (1990). Here, we developed our previous calculations
including simultaneously calculated spectra of neutrons from
charge exchange of relativistic protons. In Fig. 2 we show the
observational data from Cyg X-3 above 10'? ¢V and the photon
and neutron spectra for spectral index of primary proton spec-
trum equal to 2 and different cut-offs at Eo=10° GeV,
E,=10'° GeV and E,=2.510' GeV. As we can see, the fitting
to the observational data in broad energy range by calculated
photon spectrum is quite good (for cut-off in proton spectrum
x~10!% GeV), although the contribution of neutrons from charge
exchange of protons in EeV energy range is negligible. From this
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Fig. 2. The observational results as in Fig. | fitted by the spectra of
photons and neutrons produced in the interaction of relativistic proton
beamn with background matter: dotted line - y-ray spectrum from the
decay of neutral pions; dashed line — spectrum of neutrons; full line
- total spectrum {photons plus neutrons). The spectrum of relativistic
protons is a power law type with spectral index 2 and different cut-offs at
Eo. E\ E;

fit one can compute the proton luminosity in the energy range
102-101'° GeV for distance to Cyg X-3 equal to 10 kpc

L,(erg s™')=510°°AQ(sr)/dt/x u(g cm k)]

where xy is the column density of background matter in g cm -2,
If we assume x=230g cm ~2, §1=1/20 and 6Q =1, the proton

fuminosity is equal to L,~3.210%% ergs™".

Again, the main trouble of this model concerns the value of '

the average magnetic field which is required in the Cyg X-3
system in order to avoid strong attenuation of E€V photons in
the magnetic field through magnetic pair production processes
(Erber 1966). To be consistent with the positive detection of Cyg
X-3 at about EeV, the average magnetic field strength up to the
distance 10'3 cm from the center of the binary system should be
of the order of ~2 G. However, the lower limit on the value of
the magnetic field (=100 G, see Sect. a) is much higher. The
problems concerning requirements of nearly linear propagation
of relativistic protons through source volume in order to guaran-

tee photon emission in fixed phase of 4.8 h orbital period are also
still valid.

5. The interaction of relativistic neutrons with matter

The emission of VHE neutrons by compact object is quite prob-
able since it is difficult to imagine the escape of charged relativis-

tic particles from very compact source. During propagation
through dense photon field (e.g. from accretion disk or magneto-
sphere of neutron star) or through the high column density of
matter with strong magnetic field (accretion), neutrons from
discharge of relativistic protons (and neutrinos) can be the only
relativistic particles which escape without troubles (see e.g. the
model by Kazanas & Ellison 1986). )
Based on such scenario of neutron production, we have
calculated the spectra of photons (from n+p—n? n°-2y) and
neutrons (from n+p-sn+ ---; plus neutrons which escaped
without interaction) for the power law spectrum of neutrons with
differential spectral index 2. The cut-off at the neutron spectrum
was put at 4 10° GeV (which is the maximal energy of particles
observed from the direction of Cyg X-3, Cassiday et al. 1990).
Since we do not know what is the duty cycle for neutron emis-
sion, we made calculations for a few different cases, among which:
0.05 — duty cycle observed in TeV and PeV photon energies;
0.3 - suggested by Cassiday et al. (1990) in EeV energies and
1 - suggested by Teshima et al. (1990) also in EeV energies.
The results of these calculations with their fit to the observed
flux of particles from Cyg X-3 are shown in Fig. 3. As we can see,
the best fit in EeV energies was obtained for neutron duty cycle
equal to ~0.25 (which is close to value ~0.3 suggested by
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Fig. 3. The observational results as in Fig. 1 fitted by the spectra of
photons and neutrons produced in the interaction of relativistic neutron
beam with background matter: dashed line — spectra of photons cal-
culated for different values of magnetic field in the source region (Bo,
B, and B, ), dotted line — spectra of neutrons calculated for different duty
cycles of neutron emission Do, D; and D,. The spectrum of relativistic
protons is a power law type with spectral index 2 and cut-offat 4 10° GeV
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Cassiday et al. 1990). We note here that obtained the duty cycle
for neutron emission (EeV energy range) is different from the
duty cycle for photon emission (TeV and PeV energy range). This
can be understood if only a small part of the broad neutron beam
emitted by the compact object is obscured by background matter
where photons are produced. Such a picture postulates that the
photon emission can appear sporadically (when the observer is
inside the broad cone of neutron beam) although the 4.8 h modu-
lation during this active period can be observed.

The estimated neutron luminosity of the compact object in
the energy range 102 —4 10° GeV is equal to

L (ergs™')=4.510°%AQ(sr)/6t/xu(g cm -2

where &t is the duty cycle for photon emission.

Corresponding to the above value, the luminosity of charged
particles emitted by the compact object is about 2-4 times higher
(see estimations of the conversion of luminosity from protons to
neutrons by Kazanas & Ellison 1986).

This model has two big advantages. First, there is no problem
with linear propagation of relativistic neutrons in the Cyg X-3
binary system which allows to observe particle emission concen-
trated in spatial phases of 4.8 h cycle. Second, the EeV emission is
well described by neutrons which contrary to photons, are not
attenuated in the magnetic field of the binary system. The cut-off
in Cyg X-3 photon spectrum (at first calculated by Stephens
& Verma 1984; and shown in Fig. 3) for average magnetic field
(BY=100 and 300G for a source radius R=10'3 cm, is not
restrictive for the model. For such values of magnetic field, this
model predicts a big dip in the integral spectrum of Cyg X-3
between 10 and 100 PeV.

6. Electromagnetic cascade initiated by monoenergetic
relativistic particles

The mechanism of production of YHE photons in electromag-
netic cascade initiated by monoenergetic protons with energy
~10'7 eV was applied to Cyg X-3 by Hillas (1984) in two
scenarios:

— when the column density of background matter is very
high (~ 16 radiation length) and magnetic field is negligible;

— when the column density of matter is of the order of 1-4
radiation lengths but magnetic field is of the order ~500 G
(which is the value proposed by Vestrand 1983).

Both models can successfully describe the general shape of the
Cyg X-3 spectrum in TeV and PeV energy range if the luminosity
of monoenergetic protons is ~10%% ergs™% -

However the efficiency of energy conversion of relativistic
protons into photons with energy above 1012 eV is very small in
the thick target model (less than 1%) while for thin target models
(e.g. xy =30 g cm ~?), this value can be of the order of 10% (see

~ e.g. Stanev 1990). That’s why from an energetic point of view, the
second proposition seems to be more relevant.

In the second proposition, Hillas (1984) showed that if the
magnetic field in the matter is >10 G, the electromagnetic cas-
cade develops through synchrotron emission of VHE photons
since bremsstrahlung losses are much lower. However if we want
to describe observations of EeV neutral emission from Cyg X-3
by this model, the magnetic field should be less than ~2 Gin
order not to attenuate EeV photons on magnetopair production
process. This seems in contradiction with the assumption on
magnetic field strength > 10 G, required by the model.

Moreover in both propositions, the EeV emission from Cyg

"X-3 cannot be also described by the neutron flux from discharge

of relativistic protons, since it is proportional to the photon flux
calculated in Sect. 4 (see Fig. 2) and is not able to supply the
reported flux at EeV energies.

A much more promising scenario able to explain recent
observations also in EeV energies is initialization of the above
mentioned cascade by nuclei e.g. helium (a possibility also sug-
gested by Hillas). The energies of nuclei should be =10 PeV in
order to explain TeV-PeV emission but significant number of
nuclei should have energy close to ~ 10 EeV in order to produce
enough free neutrons (from fragmentation of He) in the EeV
energy range.

For simple estimations we can assume that all He nuclei have
energy ~ 10 EeV and luminosity of Cyg X-3 in relativistic par-
ticles is ~103% erg s ™! (required to explain flux in TeV-PeV
energy range). We can roughly calculate the total number of
interacting He nuclei equal to ~610%" He s™%. For column
density of target matter equal to 2 radiation lengths, the number
of neutrons produced in fragmentation of He nuclei is equal to
~ 1032 peutron s~ ! which corresponds to a neutron luminosity
of L,~210% erg s ~* above 1 EeV. This value is the upper limit
since in reality the nuclei with energy greater than ~ 10 PeV take
part in the production of the observed flux of photons in
TeV-PeV energy range (but on the Earth we can observe only
neutrons with energy >0.5 EeV). The derived upper limit is in
very good agreement with the estimate of total luminosity from
Cyg X-3 above 0.5 EeV equal to 210%* erg s~ 1 (Cassiday et
al. 1989) and allows to explain the EeV emission by neutron flux.

The electromagnetic cascade discussed above cannot be in-
itiated by relativistic neutrons because the time of decay of
secondary muons (produced in neutron-proton interaction) with
Lorentz factor ~ 10° into electrons is long enough for them to

~escape from the binary system.

7. The interaction of relativistic nuclei with matter

The interaction of relativistic nuclei (with a power law spectrum)
with matter can be an efficient source of photons from =° decay
and neutrons from fragmentation of nuclei. In the case of Cyg
X-3, the nuclei cannot be very heavy since the data reported by
Fly's Eye experiment do not contain cosmic ray background
events with energy greater than 80 EeV which for the most
energetic particles reported from Cyg X-3 gives an upper limit of
Z ~20 (Sommers & Elbert 1990).

If we take into account the Helium nuclei interacting with
‘background matter, we can assume that very high energy protons
and neutrons (bound in helium nuclei) interact with matter as
separate particles. So, in rough approximation, the interaction of
helium nuclei can be treated as a sum of processes discussed in
Sects. 4 and 5. Figures 2 and 3 clearly show that it is impossible to
describe the flux from Cyg X-3 in TeV-EeV energy range for low
column density of background matter because of too small flux of
neutrons in EeV energy range and attenuation of photons with
EeV energy in magnetic field.

8. Conclusion

In this paper we discussed the probable emission mechanisms of
TeV-EeV neutral particles from discrete sources taking as an
example for detailed discussion Cyg X-3. We showed that it is
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Cassiday et al. 1990). We note here that obtained the duty cycle
for neutron emission (EeV energy range) is different from the
duty cycle for photon emission (TeV and PeV energy range). This
can be understood if only a small part of the broad neutron beam
emitted by the compact object is obscured by background matter
where photons are produced. Such a picture postulates that the
photon emission can appear sporadically (when the observer is
inside the broad cone of neutron beam) although the 4.8 h modu-
lation during this active period can be observed.

The estimated neutron luminosity of the compact object in
the energy range 102—410° GeV is equal to

L.(ergs™1)=4510% AQ(st)/5t/xy(g cm ~2)

where 6t is the duty cycle for photon emission.

Corresponding to the above value, the luminosity of charged
particles emitted by the compact object is about 2~4 times higher
(see estimations of the conversion of luminosity from protons to
neutrons by Kazanas & Ellison 1986).

This model has two big advantages. First, there is no problem
with linear propagation of relativistic neutrons in the Cyg X-3
binary system which allows to observe particle emission concen-
trated in spatial phases of 4.8 h cycle. Second, the EeV emission is
well described by neutrons which contrary to photons, are not
attenuated in the magnetic field of the binary system. The cut-off
in Cyg X-3 photon spectrum (at first calculated by Stephens
& Verma 1984; and shown in Fig. 3) for average magnetic field
{BY=100 and 300G for a source radius R=10'3 c¢m, is not
restrictive for the model. For such values of magnetic field, this
model predicts a big dip in the integral spectrum of Cyg X-3
between 10 and 100 PeV.

6. Electromagnetic cascade initiated by monoenergetic
relativistic particles

The mechanism of production of VHE photons in electromag-
netic cascade initiated by monoenergetic protons with energy
~10'7 eV was applied to Cyg X-3 by Hillas (1984) in two
scenarios:

— when the column density of background matter is very
high (~ 16 radiation length) and magnetic field is negligible;

_ when the column density of matter is of the order of 1-4
radiation lengths but magnetic field is of the order ~500 G
(which is the value proposed by Vestrand 1983).

Both models can successfully describe the general shape of the
Cyg X-3 spectrum in TeV and PeV energy range if the luminosity
of monoenergetic protons is ~10%% erg s ™.

However the efficiency of energy conversion of relativistic
protons into photons with energy above 1012 eV is very small in
the thick target model (less than 1%) while for thin target models
(e.g. xy=30gcm =2) this value can be of the order of 10% (see
e.g. Stanev 1990). That's why from an energetic point of view, the
second proposition seems to be more relevant.

In the second proposition, Hillas {1984) showed that if the
magnetic field in the matter is > 10 G, the electromagnetic cas-
cade develops through synchrotron emission of VHE photons
since bremsstrahlung losses are much lower. However if we want
to describe observations of EeV neutral emission from Cyg X-3
by this model, the magnetic field should be less than ~2 G in
order not to attenuate EeV photons on magnetopair production
process. This seems in contradiction with the assumption on
magnetic field strength > 10 G, required by the model.

~ Moreover in both propositions, the EeV emission from Cyg
X-3 cannot be also described by the neutron flux from discharge
of Telativistic protons, since it is proportional to the photon flux
calculated in Sect. 4 (see Fig. 2) and is not able to supply the
reported flux at EeV energies.

A much more promising scenario able to explain recent
observations also in EeV energies is initialization of the above
mentioned cascade by nuclei e.g. helium (a possibility also sug-
gested by Hillas). The energies of nuclei should be >10 PeV in
order to explain TeV-PeV emission but significant number of
nuclei should have energy close to ~ 10 EeV in order to produce
enough free neutrons (from fragmentation of He) in the EeV
energy range.

For simple estimations we can assume that all He nuclei have
energy ~ 10 EeV and luminosity of Cyg X-3 in relativistic par-
ticles is ~103° erg s~ ! (required to explain flux in TeV-PeV
energy range). We can roughly calculate the total number of
interacting He nuclei equal to ~610°' He s~ !. For column
density of target matter equal to 2 radiation lengths, the number
of neutrons produced in fragmentation of He nuclei is equal to
~ 1032 neutron s~ ! which corresponds to a neutron luminosity
of L,~210%8 erg s ~* above 1 EeV. This value is the upper limit
since in reality the nuclei with energy greater than ~ 10 PeV take
part in the production of the observed flux of photons in
TeV-PeV energy range (but on the Earth we can observe only
neutrons with energy >0.5 EeV). The derived upper limit is in
very good agreement with the estimate of total luminosity from
Cyg X-3 above 0.5 EeV equal to 210°° erg s~ ! (Cassiday et
al. 1989) and allows to explain the EeV emission by neutron flux.

The electromagnetic cascade discussed above cannot be in-
itiated by relativistic neutrons because the time of decay of
secondary muons (produced in neutron-proton interaction) with
Lorentz factor ~10° into electrons is long enough for them to
escape from the binary system.

7. The interaction of relativistic nuclei with matter

The interaction of relativistic nuclei (with a power law spectrum)
with matter can be an efficient source of photons from n° decay
and neutrons from fragmentation of nuclei. In the case of Cyg
X-3, the nuclei cannot be very heavy since the data reported by
Fly's Eye experiment do not contain cosmic ray background
events with energy greater than 80 EeV which for the most
energetic particles reported from Cyg X-3 gives an upper limit of
Z ~20 (Sommers & Elbert 1990).

If we take into account the Helium nuclei interacting with
‘background matter, we can assume that very high energy protons
and neutrons (bound in helium nuclei) interact with matter as
separate particles. So, in rough approximation, the interaction of
helium nuclei can be treated as a‘sum of processes discussed in
Sects. 4 and 5. Figures 2 and 3 clearly show that it is impossible to
describe the flux from Cyg X-3 in TeV-EeV energy range for low
column density of background matter because of too small flux of
neutrons in EeV energy range and attenuation of photons with
EeV energy in magnetic field.

8. Conclusion

In this paper we discussed the probable emission mechanisms of
TeV-EeV neutral particles from discrete sources taking as an
example for detailed discussion Cyg X-3. We showed that it is
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possible to fit the general shape of the spectrum of Cyg X-3 above
10! eV by the spectra of photons and neutrons calculated ac-
cording to different mechanisms (see Figs. 1, 2 and 3). However,
additional features of Cyg X-3 source like: (1) the required lumin-
osity of relativistic particles derived from the above fittings; (2)
the value of magnetic field suggested in Cyg X-3 binary system
(Vestrand 1983; Stephens & Verma 1984) and (3) the observa-
tions of VHE emission in spatial phases of 4.8 h orbital period,
allow us to reject the mechanisms of:

(1) interaction of relativistic nuclei with background radi-
ation field (see Sect. 3);

(2) interaction of relativistic protons with matter (see Sects. 4
and 6);

(3) electromagnetic cascade initiated by monoenergetic pro-
tons (see Sect. 6);

(4) interaction of relativistic nuclei with matter (see Sect. 7).
Two models are able to describe the VHE neutral emission and
they are not in contradiction with the above mentioned features
of Cyg X-3 system.

In the first model, the interaction of relativistic neutrons
(emitted by compact object) with low column density of back-
ground matter is able to describe TeV and PeV emission from
Cyg X-3 by photon spectra produced from decay of z° and EeV
emission by neutrons from n+p-on+---; plus neutrons which
escape without interaction (Fig. 3). The spectrum of neutrons was
assumed as a power low E 2 with cut-off at 4 10° GeV (which is
the maximal energy of particles from Cyg X-3 reported by Cassi-
day et al. 1990) and duty cycle of neutron emission 0.25 [the
value ~0.3 was suggested by Cassiday et al. 1990 on the base of
observations), the required neutron luminosity L, ~4.51038
AQ(sr)/0t/xy (gem™?) above 10% GeV] is reasonable if
xp=20-30g cm ~? and duty cycle of photon emission &t = 1/20.
We note that only a part of the broad neutron beam (duty cycle
~0.25) emitted by the compact object is obscured by back-
ground matter where photons are produced. This conclusion
suggests the possibility of long term sporadic appearance of VHE
photon emission. During this active phase the emission is
modulated according to orbital period 4.8 h.

In the second model (proposed by Hillas 1984), the TeV and
PeV emission from Cyg X-3 was successfully described by VHE
photons produced in electromagnetic cascade initiated by mono-
energetic relativistic particles. However, EeV emission cannot be
explained in terms of photon production since photons should be
strongly attenuated in magnetic field on magnetopair production
process (see, Stephens & Verma 1984 and discussion in Sect. 6).
We suggest that if nuclei (e.g. helium) are the primary particles
initiating the cascade as calculated by Hillas, then the EeV
emission can be caused by neutrons from their fragmentation.

explanation of TeV-PeV emission from Cyg X-3 can also easily
supply the observed luminosity ~ 2103 erg s "' above 0.5 EeV,
if x0.5% of luminosity of Cyg X-3 is in the form of relativistic
helium nuclei with energy close to ~ 10 EeV.
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ABSTRACT

Intense 7-ray emission was recently discovered from the direction of the
quasar 3C 279 by the Compton GRO. It is proposed here that y-rays are pro-
duced in the inelastic collisions of a mildly relativistic proton beam with matter
of a thick accretion disk via decay of neutral pions and as a result of Comp-
tonization of UV thermal photons by secondary electrons from decay of charged
pions. The cone proton beam propagates along the axis of the disk funnel and
illuminates its walls. From the fit of the observed data by calculated pho-
ton spectra we estimate a minimum power of 3C 279 in relativistic protons of
L, =25 x 10*erg/s.
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1. INTRODUCTION

Recent observations by Compton GRO reported several new extragalactic ob-
jects as powerful and variable v-ray emitters above 30 MeV (e.g. Michelson et al.
1992; Fichtel et al. 1992), and now it is clear that high energy processes are common
and dominant features of AGNs. One of the objects best studied by GRO is the su-
perluminal quasar 3C 279, which shows outbursts observed from radio (e.g. Unwin et
al. 1989) up to X-rays (e.g. Makino et al 1989) with variability time scales from years
to hours. Its y-ray spectrum can be described between 30 MeV to 5 GeV by a simple
power law with spectral index 2.0240.07 and intensity (2.8 40.4) x 107 °ph em™2s7*
above 100MeV (Hartman et al. 1992), which corresponds to an isotropic emission of
1.1 x 10*%erg/s (for z = 0.538 and Hy = 75km/s/Mpc). Such extremely high photon
luminosity strongly suggests the beaming of 4-ray emission which is also supported
by the observations of superluminal motion in the central core of 3C 279 (Whitney
et al. 1971). Another strong constraint on the model of y-ray production in 3C 279
is put by a significant variability on the order of 3 days observed by GRO in June
1991 (Kanbach et al. 1992).

In this letter we propose a physical scenario in which -ray production and
variability in AGNs can be envisaged. In the following sections we describe the main
points of this model and calculate the spectra of -rays and secondary electrons
produced in p + p interactions via pion decay and the spectra of v-rays produced by
secondary electrons in Inverse Compton Scattering (ICS) of UV photons emitted by
a thick accretion disk. We then focus on the y-ray emission from 3C 279. Our model
has some points in common with previous works (see mechanisms of y-ray production
discussed by e.g. Begelman et al. (1990); Jones & Stein 1990; Bednarek & Calvani
1991) but contrary to them it is also able to explain the reported variability of y-ray

emission from 3C 279.

2. DESCRIPTION OF THE MODEL

The basic assumption of the model is the existence of the geometrically thick
accretion disk (radiation tori) around the central engine of the AGN (see the review by
Begelman, Blandford & Rees 1984 and references therein) which is also responsible
for production of the UV bump in the AGN spectrum (Shields 1978; Malkan &
Sargent 1982). The structure of such radiation supported disks was studied by e.g.
Jaroszynski, Abramowicz & Paczynski (1980), and the emission of radiation from the
funnels by e.g. Abramowicz, Calvani & Nobili (1980) and Madau (1988).

Moreover, we assume that blobs or shocks containing relativistic particles (e.g.
accelerated with one of the mechanisms discussed by Rees 1984) can emerge spo-

radically from the region close to the central engine. A possible model for the blob

2



(shock) production may be this one proposed by Protheroe & Kazanas (1983) and
Kazanas & Ellison (1986) and may be connected with the rapid change in the ac-
cretion scenario in the inner part of AGN or with instabilities of the accretion disk
(Papaloizou & Pringle 1984). The blobs are moving inside the narrow funnel of the
thick accretion disk (see Fig. 1). If relativistic particles are emitted by such a blob
inside a cone with opening angle a,,+ (which is bigger than the disk funnel angle
ain ) then some of the relativistic particles will interact with matter in the accretion
disk. Although this is an ad hoc assumption, it may be supported by the existence
of viscous forces in the disk funnel. As a result of these forces, the velocity of the
relativistic blob (shock) close to the axis of the funnel should be greater than close
to the walls. This effect should cause a bending of the shock and permit emission of
relativistic particles inside the limiting angle measured from the axis of the funnel.

We assume moreover, that the disk has a dense corona between the angles a;,
and ogy¢. In the inelastic p + p interactions of relativistic protons with matter of
the disk, y-rays and secondary electrons from pion decay are produced. The v-rays
below ~ 100MeV are produced via ICS of thermal UV photons from the disk by
secondary electrons inside the disk funnel. For the shake of simplicity, we assume
that the funnel of the optically thick accretion disk emits black body radiation with
the temperature T}, = 4.5 x 10* K. A small gradient of temperature in the narrow
funnel of the disk is suspected because of multiple scattering of radiation on the
funnel’s walls. The thermal emission of the disk funnel is consistent with the upper
limit on the disk radiation of 3C 279 equal to ~ 3 x 10*® erg/s (Makino et al. 1991).
We note that the radiation of the disk is dominated by the emission from the funnel
(Madau 1988).

Under energy release of the relativistic particles, the outer part of the thick disk
evaporates producing a strong wind which surrounds the relativistic beam (Fig. 1).
The efficient escape of v-rays from =« decay will be possible only in some region
close to the limb of the thick disk (disk corona, Fig. 1), where the column density
of matter is not extremely high. In the regions where matter is opaque for y-ray
photons (@ > @), only high energy neutrinos can escape. We further point out

that X- and y-ray emission from 3C 279 can be described in such a scenario.

3. PRODUCTION OF ~-RAY PHOTONS

As we mentioned above, the main mechanism of the high energy v-ray produc-
tion in our model is the interaction between relativistic protons and ambient matter
accumulated in the thick accretion disk. In such collisions neutral and charged pions
are produced which next decay to y-ray photons, secondary electrons (electrons and

positrons) and neutrinos (p+p — 7’ + 7% + ;70 = 2y; 7T S eF £, + v,). The
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application of a power low distribution of relativistic protons seems to be natural,
because of their possible acceleration by shocks (see the review by Blandford & Eich-
ler 1987) and the observed power law photon spectrum of 3C 279. However in order
to reduce the number of free parameters, we assume instead a monoenergetic proton
beam with Lorentz factor «,. Since the detailed structure of the thick accretion disk
is unknown, we assume for simplicity that the column density of background matter
(A) crossed by relativistic particles is less than one interaction length for inelastic p
+ p collisions. In the regions where the column density of matter is greater than one
interaction length (in our case for the angles > @g,:), the efficiency of y-ray emission
significantly drops.

The angular and energy dependent spectrum of v-ray photons from ¥ decay was
calculated by integration over the proton spectrum multiplied by energy and angular

distribution of the v-ray spectrum from a single p + p interaction:

AN dP Q.
dE,dQ.dt / / dE,dQ.dt  dE.dQ, 1 dldE, (1)

where dP/dE,df}.dt is the differential proton spectrum and dQ./dE.df, is the an-
gular and energy photon spectrum from single p + p collision (see Bednarek et al.
1990).

The calculated spectra of y-rays from 7" decay, produced by a monoenergetic
cone beam, can mimic a power law photon spectrum in the energy range between 1-
10GeV with spectral index depending on the parameters: Ypy B @in and a,y¢. Since
we assumed a rather low column density of background matter in the outer parts of
the disk (corona), these photons will escape freely.

The angular and energy dependent spectrum of secondary electrons from 7=
decay was calculated by integration over the proton spectrum multiplied by the energy

and angular spectrum of secondary electrons from a single p + p interaction:

dN .+ dQ. =«
] d
dE,+dQ,+ dt et dQ s dt // dEde dt dEe:t dfd, + dfdedFy (2)

where dQ .+ /dE, +dQx di is the angular and energy spectrum of secondary electrons
from a single p + p collision (see Bednarek & Calvani 1991).

The secondary electrons can interact with the magnetic field, matter and radia-
tion in the funnel of the thick accretion disk and produce y-rays in bremsstrahlung
and ICS processes. The relative importance of these processes can be estimated by
comparison of energy losses calculated for presumable parameters of the emitting vol-
ume. The energy losses of secondary electrons are dominated by ICS of UV thermal
photons which fills the funnel of the accretion disk with a density of the order of black
body distribution. This is true if the magnetic field in the funnel is B, << 700Gs
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(obtained from a comparison of synchrotron and inverse Compton losses of secondary
electrons). The bremsstrahlunglosses are negligible in comparison to Compton losses
for the required parameters of the emitting volume: the estimated height of the thick
accretion disk r4cc ~ 10'®cm (to be consistent with observed 3 day variability in 7-
rays) and column density of matter < 70g/cm? (required for efficient escape of y-ray
photons).

The energy loss time scale of secondary electrons moving in the field of black
body UV photons (T}, = 4.5 x 10*K) is too short to allow escape of electrons, with
Lorentz factor v, > 10, from the funnel without significant energy losses. So the
steady state distribution of electrons in the funnel should be calculated assuming a

thick-target model (Ginzburg and Syrovatskii 1964) and is given by:

dR.: 1 /Em dN,+
g dE . dQ.:dt

= dE'
dE.+dQ.+  e(E) (3)
where dN,+ /dE,+d{)+dt is the spectrum of secondary electrons (given by eq. 2)

;
e(E) is the energy loss rate of secondary electrons in ICS process.

Now we can calculate the spectrum of y-ray photons produced in comptonization
of black body UV photons by a steady state distribution of electrons. It is expressed
by the formula:

dNComp. dRei dQ(Eei , E)
dE.df).dt /dEcﬂ:dQei /n(s) dE. dt dedB+ (4)

where dR/dE +d{.+ is the spectrum of relativistic electrons (given by eq. 3);
dQ(E,+,¢€)/dE.,dt is the cross section for ICS of photons with energy € into the energy
E. by monoenergetic electrons with energy E,+ (see Blumenthal & Gould 1970) and
n(e) is the differential concentration of UV black body photons.

The combined spectra of photons, from 7’ decay and ICS of UV photons by
secondary electrons, calculated simultaneously, for fixed parameters (7p, B, @in and
@outs Thy), is very nearly fit by a power low with spectral index flatter in soft ~-rays
and steeper in GeV y-ray range. The fast cut-off in the photon spectrum in the
higher energy range is determined by the value of 7p and the relative dependence

between (3, a;, and a,y;.

4. COMPARISON WITH 4-RAY SPECTRUM OF 3C 279

The 7-ray spectrum of 3C 279 observed with the EGRET detector on Compton
GRO (Hartman et al. 1992) is compared with photon spectra calculated in the
previous section. As an example, in Fig. 2, we show the fitting for v, = 30, 8 = 2",
ain = 7Y, agur = 12Y, and Ty, = 4.5 x 10* K (for redshift z=0.538). The data in

the y-ray energy range are reasonably well fit by the photon spectrum from 7w decay
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(above a few hundred MeV) and by a self-consistently calculated spectra of photons
from ICS of UV thermal photons by secondary electrons.

From the fitting presented in Fig. 2 we are able to estimate the required total
luminosity of the quasar 3C 279 in relativistic protons which is L, = 2.5 x 10*7erg/s
for a mean column density crossed by the relativistic proton beam in the disk corona
A = 30g/cm® (2=0.538, Hy = 75km/s/Mpc and gy = 1/2). We assumed a column
density of this order since it supplies enough target for y-ray production and still
permits free escape of y-rays from the accretion disk region. In fact L, is the lower
limit on the quasar luminosity in relativistic protons since substantial number of
particles may also be emitted at higher angles (& > a,y¢). For such angles v-rays
will be absorbed by the optically thick disk and only a strong neutrino signal may

be observed.

5. SUMMARY AND DISCUSSION

We tried to envisage here the physical scenario for the «-ray production in 3C
279 in terms of the standard model of AGN (th.ick accretion disk around a massive
black hole). We assumed that the inner parts of the accretion disk has a dense corona
which is illuminated by relativistic protons. The protons are emitted within the angle
@out by a blob (or blobs) moving in the disk funnel which has the opening angle a;,,
less than o,y (see Fig. 1). The «-ray photons are produced in the inelastic collisions
of relativistic protons with matter in the disk via 7% decay and in ICS of UV thermal
photons by secondary electrons from 7% decay. In order to permit free escape of
v-rays from the production volume, the mean column density of background matter
should be essentially less than one interaction length for p + p collisions. We were
able to fit reasonably the y-ray spectrum of 3C 279 (see Fig. 1). We note that the
parameters of this fitting are not unique. In order to distinguish between different
fits, the simultaneous observations in lower photon energies (X-rays, soft v-rays) are
needed and detailed calculations of the transfer of photons with energy less than
10 MeV in the disk corona should be performed. The estimated luminosity of this
quasar in relativistic protons should be at least L, = 2.5 x 10*"erg/s for a mean
column density of the background matter A = 30g/cm?. The 3 day variability in
7-ray emission, reported by Hartman et al. (1992), can be caused by the crossing of
a relativistic proton blob in the disk limb. |

The low and high states of soft X-ray emission from 3C 279 were reported by by
Makino et al (1988). We are not able to calculate the detailed spectrum in this energy
range because of complicated transfer of X-ray photons through the disk corona
(although significant comptonization of thermal radiation may occur in the central

part of the funnel by primary electrons). This emission may be as well produced by
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Compton scattering of radiation from the disk by secondary or primary electrons in
the region farther from the disk (a scenario similar to this one was recently studied by
Dermer et al. 1992) or in the comptonization of synchrotron radiation by secondary
or primary electrons (e.g. Jones, O'Dell & Stein, 1974; Marscher 1980; Ghisellini et
al. 1985; see also the model for 3C 273 by Courvoisier & Camenzind 1989). Such
composed model postulates a time delay between soft X-ray and y-ray emission which
can be observationally tested.

One of the consequences of the model is the possibility of induction of a strong
wind surrounding the relativistic particle beam since a large amount of energy is
transferred to the inner part of the accretion disk. Such a wind may have a direct
relation to the broad emission regions of AGNs.

Our model predicts high collimation of the v-ray emission from AGNs along the
axis of the disk funnel. Provided that magnetic fields do not influence significantly
the motion of the protons we can conclude: a) AGNs, seen close to face on, may
emit vy-rays and neutrinos during the outburst phase when relativistic proton blobs
are formed; b) some AGNs may only be strong neutrino sources if observed at large
angles to the axis of the disk funnel (o > a,u:) where the column density of matter
is greater than one interaction length. The intensity and spectrum of neutrinos in
case a) will be similar to the intensity of y-rays from 7¥ decay (see dot-dashed line in
Fig. 2). In case b), the intensity of neutrinos will be essentially larger and the mean
energy of neutrinos smaller (because of the thick target met by the proton beam).
So then our model predicts strong, non-isotropic emission of low energy neutrinos
by AGNs which is contrary to the model by Stecker et al. (1991) which postulates
isotropic emission of high energy neutrinos (~ 10* <+ 10 GeV).

We consider a relatively mild relativistic proton beam so that the absorption of

~-rays by isotropic, thermal UV photons is not important because,

\/0.5- < evr > -Ey - (1~ cosb) < 0.511MeV (5)

where 8 is the incident angle between photons.

Similar strong collimation of radiation from X-ray up to soft «-ray photons
(produced by secondary electrons in ICS process) with +-ray photons (originated in
decay of m") permits free escape of y-ray photons from 3C 279 since the probability
of eTe™ pair production in 4 — v collision is reduced by a factor (1 — cosb).

The physical scenario, discussed by us, can be extended to relativistic proton
beams with much higher Lorentz factors. However, in this case the 7-rays would
be very efficiently absorbed by UV photons, resulting in multiple ete™ pair produc-
tion. Such eTe™ pair dominated models (see e.g. Zdziarski et al. 1990) predict the

appearance of a strong annihilation line in AGNs spectra and the spectral index of
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differential photon spectrum in the GeV energy range significantly steeper than that
observed from 3C 279.

1f really only mildly relativistic protons are present in the central part of 3C 279,
we should observe the cut-off in the v-ray spectrum just above ~ 10 GeV. Recent ob-
servations of 3C 279 by the Whipple observatory v-ray collaboration (Weekes 1992),
shows no significant photon emission above 0.5 TeV during the period 24 March - 8
May 1992. However, they report positive detection of invariable emission above 0.5
TeV from Mkn 421, which is similar to 3C 279. The main problem concerning high
energy observations of 3C 279 (from soft X-rays up to TeV v-rays) is that they are
not simultaneous and this fact does not allow final conclusions at this stage.

We would like to note that the relativistic blob (shock) will finally emerge outside
the region of the accretion disk but the acceleration of particles by it may continue.
Also other mechanisms of v-ray production may work simultaneously with our sce-
nario, for example: synchrotron self-Compton emission from a relativistic beam (see
e.g. Grindlay 1975; Konigl 1981) or proton initiated cascade (Mannheim & Biermann
1992). They may be responsible for stable photon emission above 0.5 TeV reported
recently from Mkn 421 during the period 24 March - 8 May 1992 (Weekes 1992).
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FIGURE CAPTIONS

Fig. 1.

Schematic picture of the central part of an AGN (not to scale). The relativistic blob is
emerging from the region close to the central black hole and is moving in the funnel.
Protons emitted by the blob interact with the matter of the disk in the disk corona
(region between angles a;, and a,y¢) and produce v-rays and secondary electrons.
The optically thick disk emits UV photons which are comptonized by secondary

electrons. The observer is located at the angle § to the disk axis.

Fig. 2.

The v-ray spectrum observed by EGRET (error boxes, Hartman et al. 1992) and
soft X-ray spectrum observed by GINGA (long dashed lines - low and high state,
Makino et al. 1989) from 3C 279 are shown. The full line is the fit of the data using
the calculated photon spectrum for v, = 30, 8 = 2°, aj, = 7’ and oyt = 12°. The
dot-dashed line is the photon spectrum from " decay. The dotted line is the photon
spectrum from ICS of UV photons (Tj; = 4.5 x 10*K) by secondary electrons. The
short dashed line is the part of the calculated photon spectrum which is influenced

by transfer processes in the matter of the disk corona.
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