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Abstract

We began by considering Dirac equation to derive the inverse compton scattering
cross section in strong magnetic field and this cross section has simple form for the
scattering of a low frequency photon with relativistic electron.

We also derived the spectrum function from this cross section,which has a direct
application on the hardening of thermal photons(soft x-rays)through inverse compton
scattering by relativistic electron beams on the surface of strongly magnetized neutron

stars to get the highest scattered photon energy of magnitude:
wp = 4y2w;

for the incident photon angle 6; = 7 and scattered photon angle 6y = 0 which
can give hard x-ray spectrum in the energy range of 12KeV-50MeV by considering
soft X-ray as incident photon and to get this spectrum the electron energy~y for
pulsars(rotating Neutron stars)is considered as well. And we showed the application
of Inverse compton scattering in X-ray Astronomy during Roche Lobe overflow and
formation of Accretion disc in the compact object in our case(Strongly magnetized

Neutron stars).
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Introduction

An X-ray is a quantum of electromagnetic radiation with energy three orders of
magnitude greater than that of the optical photons.X-rays are divided in to soft and
hard X-rays based on their energy. The soft X-ray band covers the energy range
between 0.5KeV and 12 keV. The hard X-ray extends to 50 MeV (Manojendu, 2005).
High-energy astronomy pertains to the observation of the sky in this regime of the
electromagnetic spectrum. The X-ray luminosity is generated by the release of the
gravitational potential energy of the accreting matter, which is in turn supplied by a
close binary stellar companion. The X-ray beam pattern is determined by the external
magnetic field of the neutron star as it is clearly shown in the following figure 1, the
resulting funneling of the accretion flow, and the complex radiative transfer processes
of X-rays propagating from the vicinity of the neutron star surface through regions

of accreting magnetized plasma (Paul C.Joss et al.1984).



Figure 1: Beamed X-ray Emission From Hot Spots at Magnetic Poles of Neutron Star

We can possibly categorize X-ray binaries in to Low-Mass X-ray binaries in which
the companion star is light, M < Mg, where Mg is the solar mass and in high-mass
systems the companion has M > Mg . In addition to the two stars, most LMXB
contain an accretion disk through which mass flows on to the compact object. As
Juho Schultz (2004) cited in his paper LMXB dominate the luminosity at different
wavelengths. The inner accretion disk around the neutron star dominate in the soft
X-ray below 12 keV. In some special states the accretion disk corona dominates in
the hard X-ray above 12 keV. Rudiger Staubert,2003 indicate that accreting X-ray
pulsars are believed to be highly magnetized neutron stars in binary system. These
objects are powered by gravitational energy which is released when material accreted
from the companion falls down along the magnetic field lines on to the surface of the

neutron stars, in a small area close to the magnetic pole.



As it is clearly stated above X-ray pulsars are rotating and strongly magnetized
B = 10"G neutron stars that accrete matter from a stellar companion (Lars Bildsten
et al. 1997). As the accreting material approaches the neutron star, the plasma is
channeled to the magnetic polar caps, where it releases its gravitational energy as
X-ray and v-ray.

In this work, we restrict our attention to X-ray sources that are widely believed to
be neutron stars undergoing accretion in binary systems in which matter over flows
from the secondary (companion) to primary (compact) star. In active galactic nuclei
the primary X-ray emission is due to Inverse Compton Scattering by electrons in a hot
Corona of the UV /soft X-ray disk photons. It is likely to be significantly polarized
(Haardt and Matt 1993, Poutanen and Vilhu 1993) because the system is unlikely to
have a spherical symmetry. Part of the primary emission illuminates the disk and is
reflected and polarized via Compton Scattering and this polarization determines the
direction of magnetic field.

Hard X-ray emission generally arise in inverse comptonisation of soft photons
by energetic electrons(Fender 2001.) This shows that inverse Compton Scattering
is very important in astrophysics, mainly in X-ray astronomy in which this work
mainly focuses on. In X-ray astronomy, the accretion disk surrounding a neutron
star is believed to produce a thermal spectrum. The lower energy photons produced
from this spectrum are scattered to higher energies by relativistic electrons in the
surrounding corona.

The main purpose of this work is to show the production of hard X-ray from
accreting binary neutron stars using Inverse Compton Scattering. As it is stated

above Inverse Compton Scattering is applicable in X-ray astronomy. So, here we try



to develop Inverse Compton Scattering cross section in strong magnetic field and show
how the incident low photon energy will be changed in to high energy photon when
matter falls from the normal (Secondary)star to the primary star during accretion

process after filling its Roche Lobe and passing through its lagrangian point.



Out Line Of The Thesis

This thesis mainly focuses on the production of Hard X-rays from Accreting Neutron
Stars and has the following out line.

In chapter One, we will give an over view of Neutron stars and their properties and
binary systems as well. Chapter two extends the interaction of binary systems,through
accretion, and discusses the mechanism of feeding the accretion, the formation of
accretion disks and their role in X-ray production.

In Chapter Three we will try to elaborate accretion as a source of energy and the
spectral mode. Chapters Four and Five will focus on the derivation of the necessary
formulas for the production of hard X-rays from accreting Neutron stars using Inverse

Compton Scattering in Strong Magnetic field.



Chapter 1

Over View Of X-ray Astronomy

When Giacconi tried to observe X-rays from the moon during a short rocket flight in
June 18,1962 using a simple X-ray detector, he opened up a completely new field of
astronomy.Instead of X-rays from the moon, he discovered X-rays from somewhere
in the vicinity of the Scorpius constellation(Giacconi et al.1962)and there fore called
this new X-ray source Scorpius X-1(Sco X-1). Since the X-ray detectors available
in the 1960s did not have a good spatial resolution, optical follow up observations
were required to determine the exact location of the source. It took several years
until Sandage et al.(1966)could finally determine the position of Sco X-1. The na-
ture of the process capable of producing X-rays in the observed quantity were also
a mystery for quite some time after the discovery of Sco X-1. Morton(1964),as cited
in Ingo Kreykenbohm 2004, was the first to suggest neutron stars as a possible X-
ray source, which had been a purely theoretical construct until then.The same year,
Zel’dovich(1964)and Salpter(1964) were the first to suggest that accretion of material
on to a massive object(not necessarily a compact object) could be an important astro-
physical energy source. In the following years, the picture of X-rays being produced

by accretion of material on to a compact object became generally accepted.
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As the Earth’s atmosphere is opaque for hard UV and X-rays, X-ray sources
can not be observed from the ground. In the beginning, rockets were used to carry
detectors to high altitudes such that X-rays could be observed.The major draw back
is that these rocket flights only lasted for a few minutes such that detailed studies
of X-ray sources were not possible. Only a few years after the discovery of Sco X-1,
the first X-ray satellite(UHURU, Swahili for freedom) was launched in 1970. This
satellite discovered and observed over 400 X-ray sources.

The next major step was the Einstein observatory which provided X-ray imaging
capabilities for the first time. This allowed to study extended sources like supernova
remnants and also led among others to the discovery of the ”double pulsar” (Lamb et
al.1980).

About ten years later in 1990, ROSAT was launched. ROSAT provided not only
excellent imaging qualities, but also allowed to create high quality spectra over the en-
ergy range(.1 —2KeV. Apart from pointed observation, ROSAT also performed an all
sky survey resulting in the discovery of~ 120,000 previously unknown sources.(Ingo
Kreykenbohm,2004)

In the mid 1990s, the Rossi X-ray Timing Explorer(RXTE)and BeppoSAX (Boella
et al.1997), were launched for the purpose of offering unknown broad band spectral
coverage from 1KeVup to over100 KeV.

The end of the millennium was characterized by two new major instruments:
NASAs Chandra (formerly AXAF)and ESA’s XMM-Newton. While both have imag-
ing capabilities,the spatial resolution of Chandra is unsurpassed in the X-rays. XMM-
Newton,however,covers the impressive energy range from 200eV up to~ 12 KeV with

excellent energy resolution and a large collecting area.



In October 2002, ESA launched the most recent major X-rays/+-ray observatory:
INTEGRAL(Ingo Kreykenbohm,2004). INTEGRAL offers unprecedented broad band

coverage from~ 2KeVup to 100M eV with supreme energy resolution.

1.1 Neutron Stars

Following an early speculation by Badde and Zwicky(1934) soon after the discovery
of the Neutron in 1932, Openheimer and volkoff(1934) presented a classic analysis of
the theoretical viability of neutron stars, based on the General Theory of Relativity
and nuclear physics that was then known. The term neutron star as generally used
today refers to stars with a mass ”M” on the order of 1.5 solar masses(M), a radius
R of 10 — 12 km. and a central density as high as 5 to 10 times the nuclear equi-
librium density~ 0.16/fm3 ~ 1014% of neutrons and protons found in laboratory
nuclei(J.M. L attimer et al. 2004). A neutron star is thus one of the densest forms of
matter in the observable universe. Although neutrons dominate the nucleonic com-

ponent of neutron stars, some protons (and enough electrons and muons to neutralize

the matter) exist.

1.1.1 Neutron stars Magnetic Field

Neutron stars are found to possess magnetic fields ranging from 10%G to 10'°G, much
larger than achievable in terrestrial laboratories (Dong Lai, 2006). As Legesse (2002)
stated plasma density gradient, which is inherent to degenerate neutron star matter,
is shown to lead to large scale plasma diffusions and subsequent charge separation.

The surface (internal fields) generated by the spinning separated charges are found



to be dipolar with intensities of 10G (for the surface fields) very early in the life
time of typical neutron star.
Consider a magnetic dipole, of dipole moment P,,, which radiates electromagnetic

radiation at the rate of

—dE  pio| P
dt — 67C3
This equation is obtained by replacing the electrostatic constants fj—z by magne-

tostatic constants % where P, is the magnetic dipole moment of the neutron

star.In the case of rotating magnetic dipole. We can write
P, = P,,osinQt

where () is the angular velocity of the neutron starP,,pis the component of magnetic

dipole perpendicular to the rotation axis.

P, = QP,,cosQt

Pm = —Q2Pm0 sin ¢

—dE ol — Q2P0 sin” Qt|? B Ut P2
dt 6mC3 - 6mC3

Now, the magnetic dipole radiation extracts rotational energy from the neutron star

and if ”I” is the moment of inertia of the neutron star.

—dGI9%) A2 mQ'Pr

dt At T 6mC3
This will give us the relation

2 =03
at >

If the magnetic braking mechanism is responsible for the slow down of the neutron star

estimates can be made of the magnetic field strengths at the surface of the neutron
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star. To estimate the magnetic field of the neutron star,we can use the classical result

P,
B:,uo 0

3 [2 cos 0, + sin O,4]
wr

at 7 = R, B, ~ o P,04mR3substituting this back in to the previous equation, we can

find:
—dQ  wPPL, o ATRB, .,
dt — 67C3I _67TC'3I< Lo )
83 R B2
3uoC31

Here we can use I = %M R2for a uniform sphere rotating about its axis.

1.1.2 Neutron Stars in Binary System

Neutron stars are observed in two families:

1.Isolated, mainly from their non-terminal emission as radio pulsars. These are
relatively young objects (107yrs).

2.Many of the stars in our galaxy are double systems. X-ray binaries are stellar
binary systems consisting of a’normal” ,example,main sequence star, and a compact
object that is either a white Dwarf, a Neutron star, or Black Hole.During some phases
of the evolution of the binary system under certain circumstances, material can be
transferred from the normal star(ordinary companion star or secondary,or donor) to
the compact object(primary,or accretor) as shown in the following figure.The kinetic
energy of the material is released as X-rays.

Binary systems have periods ranging from a few hours in the case of close binary
system to thousands of years and this can strongly influence their evolution,if they
are members of close binary systems (Griffin 1985). According to recent statics, more

than half the stars in the galaxy may be members of binary systems mainly as X-ray
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Figure 1.1: System of Binary stars

sources. These are usually, but not always, old stars of age(> 107 yrs). They are
observed in thermal X-rays associated with accretion from their companions, or from
near surface nuclear explosions of accreted matter. (M. Ruderman, 1985).

The first of the binary X-ray pulsars were discovered in 1970 with the UHURU
satellite (Giacconi et al. 1971, Schrier et al. 1972 a, Tananbauma et al. 1972) and
with a balloon born instrument (Lewin et al. 1971). It was almost immediately
recognized that the source of energy for the pulsed X-ray radiation was accretion of
matter on to the magnetic polar caps of the rotating neutron stars. The accreted

matter is transferred to the neutron star from the binary companion star.



Chapter 2

Accretion

In this chapter we are going to give the detail explanation of accretion and topics
related to it.

Accretion is the accumulation of diffuse gas or matter on to some object under
the influence of gravity (Malcolm S.longair, 1997). Little attention was given for the
process of accretion, until the discovery of X-ray binary systems in early 1970. The
discovery of intense X-ray sources in close binary systems which contained neutron
stars, initiated a new era in high energy astrophysics, when it was realized just how
efficient the process of accretion on to compact objects could be.

Data from X-ray observatories have enabled the discovery of about a thousand X-
ray sources in the Milk Way and nearby galaxies (Cherepashchuk, 1996; 2003). Most
are close binary systems in which an optical component supplies mass to a neutron
star. Accretion on to the surface of a neutron star at sub relativistic velocities results
in an enormous release of X-ray energy and higher luminosities (A.I Bogomazoov et

al. 2005).

12
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2.1 Mass Accretion By Neutron Stars

A considerable fraction of observed neutron stars have increased their masses in the
course of their evolution, or are still increasing their masses (e.g. in X-ray sources).
It is clear that the only origin of a mass increase is accretion. It is evident that the
over all change in the mass of a neutron star is determined not only by the accretion

rate, but also by duration of the accretion stage.
ta . .
AM = / Mdt = Mt,
0

where M is the mean accretion rate and t, is the life time of the accretion stage.
Here we emphasize that, in the case under consideration, the accretion rate is the

amount of matter falling on to the surface of the neutron star per unit time.

2.2 Feeding The Accretion

When we study X-ray binaries, or in general binary systems, we will take into account
the importance of accretion as a source of energy. Binary systems reveal more about
themselves, their masses and dimensions, than other astronomical objects do.

The importance of accretion is manifested by the realization that probably a
majority of all stars are members of binary systems, which at some stage of their
evolution, under go mass transfer.

The detailed study of interacting binaries shows that angular momentum of ac-
cretion is very important in the formation of accretion disk. Because, during mass
transfer from the Secondary star, the transferred material cannot land on the ac-

creting star until it has ride itself of most of its angular momentum. This is the



14

mechanism in which accretion disks are formed, which can convert (change) gravi-
tational potential energy into radiation (J. Frank et al. 1985). There are two main
ways in which binaries transfer matter at some stage of their evolutionary life times;

Roche Lobe overflow and Stellar wind accretion.

2.2.1 Roche Lobe Over Flow

A binary system has a much more complicated gravitational potential than an isolated
star:an idealized version of such a system is taken as three-body-problem considering

the stars to be point masses.

Figure 2.1: Equipotential surfaces of the Roche potential with a mass ratio M; :
My = 5; My, M, are the masses of the two stars. LitoLs are the Lagrange points and
S is the center of mass of the system (from Kretschmar 1996).

This potential has two gravitational wells(one for each of the two stars)and five
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points of equilibrium as shown in the figure. This potential was first studied by
Eduard Albert Roche in 1849 in Paris.In a co rotating frame of reference, this Roche

potential is given by (J.Frank et al., 1985)

= om r—m 2D

o(r)

In a close binary system the equipotential surface are destroyed in the rotating
frame of reference frames when the stars fill a substantial fraction of their Roche
Lobes. If the Secondary star fills its Roche Lobe in the course of evolution, mass is
transferred from the secondary to the primary through the inner Lagrangian point (L)
as the over flowing matter seeks a lower gravitational potential as it is shown in
the above figure 2.1. Roche lobe of the binary system is a critical equipotential
surface which encompasses both stars. The equipotential surfaces within the Roche
lobe shows that the shape of the stars are significantly distorted from spheres if they
fill a significant fraction of their Roche lobes.(S.Longair 1997)

For non-contact close binaries,the stars don’t fill their Roche lobes and the stars
evolve more or less as normal stars. Interesting phenomena occur as the stars evolve
off the main sequence. the more massive of the pair evolves off the main sequence at
an earlier time than the less massive star, and, as it becomes a red giant, it expands
to fill its Roche lobe. Matter always seeks the lowest gravitational potential,and
this is achieved if matter passes through the lagrangian point L on to the secondary
companion. In this way, the mass of what was initially the less massive star increases

whilst the mass of the secondary decreases.
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Figure 2.2: A simulation of a low mass X-ray binary system. The low mass optical
companion has reached its Roche Volume and is loosing material. The material forms
an accretion stream and flows from the star to the accretion disk around the compact
object. The material moves inward and is finally accreted onto the compact object.
Image from UCSD computing center. Rcirc = J2

Wind Fed Accretion

Since all normal stars have weak stellar wind this will play great role in accretion. In
this type of accretion one of the stars, may at some evolutionary phase, eject much
of its mass in the form of stellar wind and some of this material will be captured

gravitationally by its companion.
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2.3 Accretion Discs and their Role in X-ray Pro-
duction

As already discussed to some extent in previous section, at certain phases of the binary
evolution, mass transfer between the two stars is possible:When the optical companion
evolves,it will also expand.If the star exceeds its Roche volume(see fig.2.2),the material
outside the Roche volume is no longer gravitationally bound to the star.This material
can now be captured by the compact object. The material captured by the compact
object can not ,however, be accreted directly. Due to the rotation of the donator
star, the material has too much angular momentum. As a result, an accretion disk
forms, where the material is stored.In this disk the material looses slowly its angular
momentum such that it can move further in wards. However, since the angular
momentum must be conserved, some material will also move out wards and can
finally escape from the disk. Now let us incorporate strong magnetic field ~ 102G
and as already derived earlier in section 1.1.1, the strength of the magnetic field B

at radius v’ from the neutron star can be written as

- Fo
r3

where o is magnetic moment.Though the magnetic field decreases with increasing
'’ .the influence of 'r’ on the in falling material in the vicinity of the neutron star is very

It
8mrb *

strong. According to J.Frank et al.1985 the magnetic pressure is given by P, =
This means the magnetic pressure on the in-falling material is increasing strongly the
closer the material gets to the surface of the neutron star. This increasing magnetic

pressure will at a certain radius,the Alfven radius,be equal to the ram pressure of the
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in falling gas
po _ (2GM )%M
5
dmri,

8rs,

At the Alfven radius (also called the magneto spheric radius), the magnetic field
disrupts the incoming gas stream and forces the material to follow the magnetic field
lines.This transition region from, a stable disk to the material following the field lines
and where the disk ceases to exist,is also known as the boundary layer. The following
picture shows accretion from an accretion disk on to a strongly magnetized neutron

star.
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Figure 2.3: Schematic of the accretion from an accretion disk onto a strongly magne-
tized neutron star (Ghosh and Lamb 1978). At the transition layer the magnetic field
disrupts the disk and the material follows the magnetic field lines on to the neutron
star figure from Kuster 2003

In another words, the boundary layer is the region where the rapidly spinning disk
material reaches the more slowly spinning accreting star as it is shown in the figure
above, is crucial element of an accretion disk (Robert Poham et al.2000).In a thin
accretion disk,the gas rotates at approximately the Keplerian velocity,and so by the
time it approaches the surface of the accreting star, half of the gravitational potential
energy released in the accretion process has been converted in to rotational energy of
the gas (J.Frank et al.1985). Unless the star is rotating rapidly most of this energy
will be released in the boundary layer.Further more, since this energy comes from a
small region close to the star,the boundary layer should be hotter than the disk and

should be produce harder radiation. Thus, the boundary layer is expected to be the
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dominant source of high energy emission from accretion disks, which for accretion on

to neutron stars takes the form of X-rays.

2.4 The Eddington Limit

For a spherically symmetric accretion, let us assume the accreting material to be
mainly hydrogen and to be fully ionized. Under these conditions, the radiation exerts
a force mainly on the free electrons through Thomson scattering, since the scattering

me

Me]2 smaller, where m,/m, ~ 5 x 10™"is the ratio
P

cross section for proton is a factor |

of the electron to the proton mass. (J. Frank et al. 1985). If S is the radiant energy

flux =% and op = 6.7 x 107*°cm? is the Thomson cross section, then the out ward

radial force on each electron equals the rate at which it absorbs momentum, O'T%

where o = 8{(#202)2

If there is a substantial element other than hydrogen which has retained some
bound electrons, the effective cross section, resulting from the absorption of photons
in spectral lines, can exceed o7 considerably.

The attractive Coulomb force resulting between the electrons and the protons

means that as the electrons move out they drug the protons with them. In effect, the

radiation pushes out electron-proton pairs against the total gravitational force.

GM(m, +m.)  GMm,

r2 r2
acting on each pair at a radial distance r from the center. If the luminosity of the
accreting source is L(erg/s), we have

S = ﬁ using spherical symmetry. The net inward force on an electron-proton
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pair is

LO'T 1

The limit at which the above expression vanishes is called the Eddington limit.

LUT 1
GMm, — ——)— =
(GMm, 47TC’)T2
I 4rCGMm,,
or
4rCGMm M _erg
Lpgg= ————2 ~13x10¥(—)—=
fdd or X (M@) s

At greater luminosities the out ward pressure of radiation would exceed the inward
gravitational attraction and accretion would be halted. If all the luminosity of the
source were derived from accretion this would switch off the source.

For the derivation of the Eddington limit we assumed spherically symmetric ac-
cretion. To make further extension of this limit, if the accretion occurs only over a
fraction 7 ¢” of the surface of a star and dependent on the radial distance, r, then the
corresponding accretion luminosity is gLggq-

For accretion powered objects the Eddington limit implies a limit on the steady
accretion rate, M (£). If all the kinetic energy of in falling matter is given up to
radiation at the stellar surface, R, then the accretion luminosity is given by:

GM, M
Lyee = ———
R,
From the above value of Edddington limit, It is important to note that once the
Eddington limit is reached, the accretion rate can not grow any more. A slight increase

increase of the luminosity and the material will be blown away by the increased

radiation pressure, switching the source off.



Chapter 3

Accretion as a Source of Energy

3.1 Spectral Modes of X-Ray Binaries

Physists of the 19"" century, believed that gravity was the only source of energy in
celestial bodies. However, in late 20 century, it is to gravity that we look to power
the most luminous object in universe, for which the nuclear sources of the stars are
wholly inadequate. Nowadays it is possible to extract gravitational potential energy
from materials which accretes onto the gravitating body and this is now known to be
the principal source of power in several types of close binary systems, and is widely
believed to provide the power supply in active galactic nuclei and quasars (J.Frank
et al.1985). Thus, the new role for gravity arises because accretion onto compact
objects is a natural and a powerful mechanism for producing high-energy radiation.
Therefore the increasing recognition of the importance of accretion has accompanied
the expansion of observational techniques in Astronomy in particular the exploitation
of the full range of the electromagnetic spectrum from the radio to X-rays and v rays.

As J.Frank et al.(1995) stated, for a body of mass "M” and radius R, the grav-

itational potential energy released by the accretion of a mass ”m” on to its surface
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is
GMm

*

AEvobcc =

where G is the universal gravitational constant.

From this calculation we would expect the energy to be released mainly in the
form of Electromagnetic radiation and from the above form of equation the efficiency
of accretion as an energy release mechanism is strongly dependent on the compactness

of the accreting object. The larger the ratio RM*, the greater the efficiency.

M
b Ry

For a fixed value of the compactness the luminosity of an accreting system
depends on the rate M at which matter is accreted. At high luminosities,the accre-
tion rate may it self be controlled by the out ward momentum transferred from the
radiation to the accreting material by scattering and absorption.

Studies of the accretion flow on to neutron stars have largely focused on the case
where the neutron star has a very strong magnetic field(Popham et al.,2000).According
to Pringle and Rees,(1972),Basko and Sunyaev (1976) and Gosh,Lamb and Pet-
ick,(1977) the magnetic field is believed to truncate the accretion disk at some inner
radius and channel the accretion on to magnetic field lines, so that ultimately it falls
on to polar caps corresponding to the poles of the magnetic field.

Pringle and Rees(1972) and Lamb,Pethick,and Pines(1973) indicate the change in
period over sufficiently long time is due to the accretion of external angular momen-
tum, while period fluctuations on shorter time scales are caused either by fluctuations
in the accretion torque(Elsner and Lamb,1976) or by variations in the torque exerted
on the crust by the liquid interior (Lamb,Pines and Shaham,1978a).

The spectra of X-ray binaries are often modeled with a two-component model

modified by interstellar absorption. A thermal component,a black body or multi
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color black body is assigned to the inner part of the accretion disk(in Black hole
systems)or to the surface of the neutron star.The thermal component is dominant
in the soft part of the spectrum.At higher energies,above (~ 12keV.),the luminosity
is usually dominated by a comptonized component produced in the accretion disk
corona (Juho Schultz,2005).

As Herold 1979,X.Y.Xia et al.1985,Yi Xu et al.2001 stated inverse compton scat-
tering is the mechanism for X-ray production from accreting neutron Stars.Hard X-
rays and Gamma rays can also be produced by accreting neutron stars having strong
magnetic field and hot surface temperature (10°K). As it is stated above X-ray bi-
naries have spectra and it is possible to make some order of magnitude estimates of
the spectral range of the emission from compact accreting objects, and ,conversely,
suggest what type of compact object may be responsible for various observed behav-
ior. Now let us begin by letting 7},4 be the temperature of continuum spectrum of
the emitted radiation and hr is the energy of a typical photon and is of order KT,.4

and this will lead us
hv
Trad = ?
where we don’t need to make precise choice of v.
For an accretion luminosity L,.. from a source of radius R,, we define a black

body temperature ,T}, as the temperature the source would have if it were to radiate

the given power as a black body spectrum.

L(ICC
dr R20

Ty = ( )2

Let us now define Ty, as the temperature that the accreted material would reach if

its gravitational potential energy were turned entirely into thermal energy. For each
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proton-electron pair accreted, the potential energy released is

GM(m, + m,) N GMmp
R, R,

and the thermal energy is 2 X %K T therefore:

If the accretion flow is optically thick, the radiation reaches thermal equilibrium
with the accreted material before leaking out to observer and T}.,q ~ Ti.

In general, the radiation temperature may be expected to lie between the thermal
and black body temperature, and ,since the system can’t radiate a given flux at less

than the black body temperature.
Ty < Traa < Tin

But, these estimates assume that the radiating material can be characterized by
a single temperature.The above approximation need not apply to a non-Maxwellian
distribution of electrons radiating in a fixed magnetic field(J.Frank et al.1985).

By applying the limit in black body temperature 7; and thermal energy 73, to

the case of a one solar mass neutron star,we have.
Tin ~ 5.5 x 10" K

or

KTy, ~ 50Mev

By taking Lce ~ Lgag ~ 10%<2 T, ~ 10K or KT, ~ 1KeV and range of the photon

energies as a result of accretion on to neutron stars will be
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1KeV < hv < 50MeV.

Thus we can expect the most luminous binary systems as a medium to hard X-ray

emitters and possibly y—ray (J.Frank et al.1985).



Chapter 4

Compton Scattering In Strong
Magnetic Fields In Laboratory
Frame

4.1 Introduction

Since Herold’s study of the Compton scattering in strong magnetic fields in the elec-
tron rest frame(ERF), his expression of cross-section has been widely used in astro-
physical calculations. However,in actual calculations the cross-section in the labo-
ratory frame(LF)is required. The difficulty of obtaining a LF version of Herold’s
cross-section in the ERF is due to the fact that the QED processes in an external
magnetic field are relativistic invariant only in the direction of the field and, there-
fore ,no exact relativistic transformations are available to recover the full expression
of cross-section in the LF from Herold’s expression. In this chapter, we aim at a

derivation of an exact LF version of Herold’s full expression of cross-section in the

ERF.
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4.1.1 Derivation of the magnetic Feynman Propagator

Charged particles on higher Landau levels have a very short lifetime 7 due to the
cyclotron radiation in strong magnetic fields,7 < 107's. It is therefore reasonable to
assume that electrons either before or after the magnetic scattering should be on the
ground Landau level. That is to say an electron can only occupy a higher Landau
level in its intermediate states. Taking into account the fact that the ground Landau
level is not degenerate due to the spinor u; o(xy, k) = 0,the initial and final states of

an electron-photon scattering system can be represented by:

|f:ts) = g (py.tr)ax, (ky,t7)]0) (4.1.2)

where, ¢j = ¢3 is the electron creation operator, a} is the photon creation operator
and p;(y) denotes the incident(outgoing) electron momentum.We stress here that the
operators in these two expressions are Heisenberg ones , not the free ones, mean-
ing that interaction have been considered. The scattering matrix can be generally

expressed by:

Sgi= lim  (0|T[co(ps, ty)ax, (kg tr)cg (pir ti)ad (ki t;)]]0) (4.1.3)

t;——00,t —00

Introducing the incoming interaction picture and making perturbation expansions,
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one then obtains under the Born approximation:

Sp =, dim e [ dadta Tl )
< WO U T 0
X ((01Tas, (kyst5) Au(o0)[0) (01, (s, £ A0
(01T, (ks )4, (22)|0) O, (1) 4, (1) )

x (0| (x2)cqy (piy t:)]0)

Spi = tﬁ_lglﬁoo62{/d4$1d4562(0’T00(Pf7tf)¢($1)’0>’Vu(0’T1/1(301)¢(5€2)!0>%
(0| Tay, (kg t7) Au(z1)]0)]0)(0Tal, (ki ;) Auay)|0) (0| T (22) g (pi, t:)]0)
+ /d4$1d4$2<0\T00(pf7tf)w(ifl)\0>%<0\T¢($1W($2)\0>%><0’Ta§f(k'f,tf)Au(wz>|0>

X {0ITa}, (ki 1) Apan) | 0)OI T () (pi, 1:)]0) HOI T (1) (2)|0) (4.1.4)

X

The Feynman diagram for the above equation is as follows: In fig.(A) at point (X7, ')
electrons with momentum P and photons with k distruct.Similarly at point (zs,t)
electrons and photons are created. For fig.(B)at (x1,t) electrons distract but photons

will create. But at (x2,¢ ) photons distract and electrons will be created.
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(X2, t) m Yy {35, T}
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Figure 4.1: Feynman diagram for the scattering amplitude equation(4.1.4) given
above

For the derivation of the magnetic Feynman propagator let us Consider the Dirac

equation in the form,

[i0 — eA(x) — m]Y(z,t)] =0 (4.1.5)

where A(x) = v#0,, in which e > 0 is assumed and the asymmetry gauge is taken,i.e. A(x) =

(0, Bzxq,0).The solution of(4.1.5)with positive energy is:

* (2,1) = ]\fusm(xhp)e[—z‘En(103)1:—s—z‘pzarzz4—1‘1039&3]7 s=1,2 (4.1.6)

s,n

where FE,indicates the Landau energy of an electron and N is a normalization



constant.

E,(p3) = (m? —l—pg + 2neB)1/2, N =]

The spinors uy ,(z1,p),uzn(x1, p) are given by:
[nfl(x17p2>
0
ul,n(‘rlap) -
El(ﬁﬁjnfl(l'hpz)
L Eln\{ﬁmjn(xlapﬂ i
_ ; -
u (x p) — In(x17p2)
2n L1, = Y
En@]”—l(xh]h)
L %In(fﬂl,pg) ]

in which 7,,(z1,p2) is the harmonic oscillator wave function,

In(xlva) = ()\ﬁ2nn!)_1/26[_1/2(%4‘)\172)2}Hn(% + )\pQ)

obeying the orthogonal condition

/dxlln($1,p2)fm($l»p2) - 5nm

where A™! = v/eB. The solution of (4.1.5) with negative energy is

V) (2) = N, (27, p)elifn@s)ttiverativsasl g — 1 9

S,n

with the spinors vy, (21, p) vo, (21, p)given by

%In—l(xh}b)

ﬁjn(xDPQ)
In—1<x17p2)

0

(21, p) =

E,(ps) +m]l/z
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(4.1.7)

(4.1.8)

(4.1.9)

(4.1.10)

(4.1.11)

(4.1.12)

(4.1.13)
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E’Lné:ji) In—l(x17p2>

En(;):irm) ]n(xhpQ)

0
[n(3‘317p2)

V. (T1,p) = (4.1.14)

It is clear that the spinors ug,(z1,p),vsn(x1, p), s=1,2 form a complete and orthogo-
nalized basis in the four-dimensional vector space. Therefore the Dirac field operators
can be expanded as:

00 2
1 .
=D 7 D leanlp ucn(wr,p) + Al (p tvan(wa, p)le @2 Hm)(4.1.15)

n=0 s=1  p2,p3

S (0, s (1, 9) + i, ) g, p) s
n=0 s=1 P2 \D3
(4.1.16)
We know that the Feynman propagator of an electron is given by:
Sr(z,y) = —i(0|TY(2)¥(y)]0) = —i(0 (x)y* (y)7°]0), (4.1.17)
for t, > t,
co 2 1
= SF(%?J) = _Z<0|Z ﬁ Z{[Cs,n(p7 t)us,n(xlap> +d+87n(p7 t)vs,n(xhp)]
n=0 s=1 D2,P3
X [C::n(p7 t)“;n(:yh p) + dS,n(p7 t>v;i:n(y17 p)]} (4118)

% eipz(xa—y2+ip3(x3—y3)70|0>
oo 2 1
= Sp(z,y) = —i(0] Y Y T2 > Alesn(p, htsn (@, p)et, (p, )l (y1, )]
n=0 s=1 Pp2,p3
+ [Cs,n(pa t)us,n(mla p)ds,n(p7 t)v;n(yl ) p)]
+ [dFs,n(p, t)vsplzr, p)ed, (0, t)ud, (Y1, p)] (4.1.19)

+ [dTs,n(p, ) s (1, p)den(p, t)vT (Y1, p)]} x eP2E2-v2HPa(E3=ys) 10| 0)
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From the anti-commutation relations between the annihilation and destruction oper-

ators, we have
Cs,n(pla t)Cj,m(p% t) + C:r,m(p% t)cs,n(pa t) = 5sr5nm5p1pg (4120)

ds,n (p1> t)d::m(p% t) + d::m(p% t)ds,n(pla t) = 6sr5nm5p1p2 (4121)
Therefore,

<O|cs,n(p1at)cj,m(p%t)l(» - 5 5 51711)2
<O|d87n(p17t)dj,m<p27t)|0> _5 5 5:012927

Using these two identities in(4.1.19),we will have

Se(ey) = =013 3" 25 S (lean(p: s, D)L (0 (01, )

n=0 s=1 D2,D3
« eipz(wryﬁips(rs*ys)fyﬁ|0>

(4.1.22)

= Sr(,y) ZZ > gy, p)ul, (g1, p)e®? v slram) A0 (41 93)

n=0 s=1 p2,p3

—1 - i - ips(z3—
=73 2 > (@, p)ul (v, p) + (0, p)ub (31, p) pe2 (e il 0
n=0 p2,p3

(4.1.24)

Infl(x17p2>

0
ul,n(xlap)ui":n(ybp) =
Eﬂ(iﬁ[n 1(231,]?2)

| By ln(T1:72) |

X [[nfl(yhpQ) 0 &(ﬁmln—l(yhm) i (iz)efm[n(yhm)
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(4.1.25)

(4.1.26)

(4.1.27)

[ iv/2neB ]
I 11n 0 Eﬂ(iﬁ[n—lln—l En(p3)+mjn_1["
0 0 0 0
N — __ 1 : V2neB
En(f{;)ﬂ]"—lln—l 0 (En(p3§+m)2]n_ll7L—1 _Zp3mfn—1fn—1
iV 2neB Iv2neB 2neB
| Bem it O mEgTE e e
0
ug (1, p)ub, (y1,0) = tnle1p2)
1 ) 2,’)7, 1 - i e
Tt Ine1 (@1, p2)
| Eorm (1 p2)
< [0 Lp) 2ZE L (pe) 5T, pQ)]
[0 0 0 0 T
iv2neB _
_ 0 I.I, —En(p3)+mI"I"_1 —En(p§§+m[n]n
—iv/2neB 2neB iv2neB
En(ps)+m In—lln (En(p3)+m)? In—ljn—l (En(p3)-gm)2 In—lln
- —ip3v2neB P
0 Bl Geormeindt Epgrmr e
Summing (4.1.25)and (4.1.26),we will obtain:
In—l-[n—l 0 —En(£§)+m'[n_1'[n_1 —Ei\{ﬁm‘[n_lln
iv2neB —p
O In[n ( gn(p?:)‘i';n In[n_l En(pgi—‘,—m -[n-[n
—iv2neB p5+2neB
Earmin-1n1 Finy o In-1In - Glpe ez In-11n-1 2 0
_iV2neB __—p3 (p2+2neB)
L En(p3)+m]-n[n71 En(p:s;-i-m[n[n 0 (Eng(p3)+m_)2 InIn_

We know that

En(ps) = (m+p3i+2neB)? = pi+2neB = E}(ps) —m® = (En(ps) —m)(En(ps) +

m)

After inserting this relation into (4.1.24) and multiplying by~°,the propagator will

have the form:
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371 ylap) [—iw(te—ty)+ip2 (T2 —y2)+ips(z3—Yys3)]
r(e,y) L2Z/ (w+i€)( En—l—m)><6
Pp2,P3
(4.1.28)
where,
(B, +m) 11, 0 sl i2neBl, 1, |
S ) 0 (En(ps) +m) —iv2neBI, I, p3l, 1,
n\L1,Y1,P) =

p3InIn —i\/ 2neBIn_1In —<En - m)]n_lln_l 0
i 2neBI,1,_; —p3l, 1, 0 —(E, —m)I,1,

(4.1.29)

4.1.2 Calculation Of The Scattering Amplitude
In the previous section we have already derived the Feynman electron propagator ,
So using this result, we can calculate the scattering amplitude,Sy;.

ZZZ > et (ptud, (21, p) + don(p, Yo7, (21, p)Je 227757 (4.1.30)

n=0 s=1  pa,p3

(0| Tco(py, t)p(r1,1)|0) = (Olco(py.tp)e(re, £)[0),t; — oo

= (0|Co(pfatf)¢+(7“1: £)7°(0)

= ZZ Z 0|CO pf7tf sn(pa) ('1:17 )’70|0>

n=0 s=1 ~ p2,p3

+ <O|C (pf7 tf)ds n(p7 t) ($17 )’YO|0>} _i(p2$2+p3333)

= ZZ > _[Oleopr, t)es (o, thudy (w1, p)r°J0)] x e Pretrace)

n=0 s=1 " p2,p3

1 —i(p2x T
= > [Oleolps. tr)edo(p, thuso(wr, ) °[0)] x e Paeatpaee)
P2 »P3

= = Z Ug(y, py)e P2ratrors) (4.1.31)

P2 »P3
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The incident (out going) electron momentum can be expressed as p; sy = (0, a;(y), pi(y)),meaning
the incident(outgoing) electron momentum along the direction of the magnetic field(taken

as the Z direction) is p;(y) and the centre of the Landau orbit is— A2 a;(f)
1 ) ) ) )
= (01T co(ps, 1), 1]0) = s, py)elErtrpmmiomtiBrn (4.1 39)

similarly,
1 1
Vu

but,z'k_}.ﬁ = ikfle + il{:fyyl + i/{:fzzl,

(01T ax, kg, t) Ay (7, 1)]0) = ) (Tt rivgti =ik 7i) (4.1.33)

where k¢, = kycosty
1 1
Vu

EL/\f)e(fiUthf+iUth1 7’ikfwx17ikfyy1 7ik2fCOS€fZ1)

(O[T ax, (ky, ;) Au(r1,1)|0) =

(4.1.34)
- 1 ikt +ip;zot+ia;ys—iE;
(1T (r3, t)cg (pis £:)|0) = Zuo(fﬁz,pi)e( Bititipizatioiye=ibits) (4.1.35)
1 1 . . -

(0|T'ay, (ki t:) Au(r1, 1)[0) = N 2w‘el(fi)e(lw”t"ﬂ“”h“ki'”) (4.1.36)

1 1 < . ‘ . ‘
<0‘T@;\r (k“ ti)Au(rla )’0> \/_ > 6}(5\1’)e(lwiti*’lwitQ+ZkizI2+lkiyy2+lki0059i22) (4137)

3 wl
1 A )
Spi = t‘HfloioHtlfﬂoo 62/d4w1d4x22u_0(x17pf)G_Z(Eftf_Eftl)_z(pr1+afy1)

X (0T (1 )h(2) |0),

% 1 1 EEL)\f)6(_iwftf+iwft1_ikfzx1_ikfyyl_ikfcosele)
\/5 QWf

% ]' 1 E()\i)e(iwitifiwitg+ikizx2+ik¢yy2+ikicosaizz)
VV V2w *

% 1 1 el(l)\f)e—i(wftf—wftg)—ikfxxg—ikfyyg—ikfcosefZQ
\/5 2wf

% ( 1 1 G(Ai)ei(witi—iwit1)+ikix$1+ikiyy1+iki0059i21)
VV 2w ¥
1 .

(Bt —E;te)+i(pizeta;
X T oz, pi) el 2)Fi(pizataiye) (4.1.38)
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e? / d4x1d4x2u_o($1; pf)%t

1 1
.
ti—>—olor,lt1f—>oo L2V | /4wiw

Z/d% 371,33'2,(1)
2 — q — FE2(q,) +ie

qy,9z

expliqo(ts — t1) +1iqy(y1 — y2) +1q.(21 — 22)]
{[exp[—i(Est; — Etr) — i(ps= + agyn)en”
exp|—i(wsty —wysty) — kg1 — thpyys — ik cos Bz
Q) expli(wit; — wity) + ikizas + ikiyys + ik; cos 0;2)]
[exp[—i(Eyty — Eyty) — i(prz1 + agyr)es”
exp|—i(wsty — wyste) — ik o — thkpyys — ik cosOpzs)

GL)‘i) exp[i(witi — witl) + Zkzxxl + ikiyyl + Zkz COS el'zlu}

2\/W Z I Z/ d4x1d4x2/ Yaotto (1, s)

dy,qz
[é Sn($1>962761)
B+ w)? = B3 q:) +ie

O(kiy + a; — q,)0(qy — kgy — ay)0(q. — kycostf — py)
Sn(xlyx%(n

d(kicosb; + p; — q.) exp(—ik 21 + ikiyzo) + €
€ro(wy — B +qo)o(Ef —wi — qo)
O(kiy — ay + qy)0(a; — kpy — q,)0(q= + ki cos 0; — py)

d(pi — kycosbr — q.) exp(ikizx1 — ik pp2)ug(z2, pi)

lim  exp[—i(Ey +wp)ty +i(E; — w;)ti] (4.1.40)

tij——00,t f—00

(Ei —wp)® = Ef(gz) +ic
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after substituting all the expressions given from(4.1.31)to(4.1.36) into(4.1.4),wheree; =

Af i
6 ks = e

The phase factor at the end of(4.1.40)can be ignored,since the cross-section~

|St4)?. The spinors g (z1, py),uo(ze, p;) can be expressed as:

_ Er4+m 1
o (21, py) = | J;Ef ][(xl,af)uf(pf) (4.1.41)
E;+m_1
ug (22, p1) = [— 5o 12 Iy (22, a:)ul (ps), (4.1.42)
where
u_f(pf):<0 10 Ef”im) (4.1.43)
W) =(0 1 0 52 (4.1.44)

L2V Ty L2 4E Ef

qy,qz

X /d4:1:'1d4x2/dqofo(:cl,af)ﬂf(pf)lo(:vg,ai)ui(pi)

N Sn(xlvm%q)
B ) B e
X O(kiy + ai — qy)0(qy — kpy — ay)d(qz — kycosfy —py)

€b(wr + Ef —qo)d(qo — wi — E)

X 0(k;cosO; + p; — q.) exp(—iksyx1 + thiys)

é Sn(xlax%(D
(B; + wi)? — E%(q.) + i€
X €r0(wr — Ei +qo)d(Ef —w; — qo)

X O(kiy —ar + qy)0(a; — ky — q,)0(q. + ki cos0; — py)

X O0(pi + kpcosbr — q.) exp(ikizx1 — tkpp22)} (4.1.45)

Let [, = [ doidaseHe20) [g(21, ay) Sy (21, 2, q) 22 [y(29, a;),and
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I = [ datdaie ") [y(21, ar) Sy (21, T2, q)e 1222 [ (29, a;)
With the help of the integral:
S dEH,(E) exp[—(§ — @)?] = /T(2c)" these two integrals yield values,

(k7)) v |
L 271714” exp[—z(k? sin? 6; + k;ch sin? 6y)]
1 1
X eXp[i}‘z(afkfx + §kkafy> - iAQ(aikix + §kixkiy)], (4.1.46)

where k" = kiz £ ikiy and kf = kg, + ik, and A, is defined by

2n(go +m) 0 —2nq, —2nk;
0 Ntk —2nk} Nk kS
A, = (90 +m)Xky by " e By i (4.1.47)
2nq. —2nk; —2n(qy — m) 0
271]6}_ —qz)\Qk}_ki_ 0 —<C]0 _ m))\Qk}l—kl—
Similarly,
(\hy ki)Y XL, Y
I = 2n—n!Bn eXp[—Z(ki sin® 0; + k7 sin” 0)]
1 1
X expl—iX*(aghiz — §kml@-y) + iN(aikgr + §kkafy)], (4.1.48)

with the matrix B,, given by

2n(qo + m) 0 —2nq, 2nk;
0 + m)N2k K 2nk; Nk K
B — (g0 +m)Aky ky ne; Ay i (4.1.49)
2nq, —2nk; —2n(qy — m) 0

—2nk; — Nk kS 0 —(go — m)Nk; K}
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(27 (Ei +m)(Ef+m),1
Si ==
I LQV 1 ZL2Z e

wwf =0 —
)\2k+l{;. (n—1) )\2
el 0, + s )

< { uy(py)€rAnéiui(p;)
(Bi +wi)? — E2(q.) +ic

1 1
X exp[i)\Q(afkfm + §kkafy) - Z)\Q(CL,]CH + §kfmk‘zy)]
X /qu(5<Wf + Ef — C]O)(S(QO — W; — Ez)é(kly +a; — qy)

X 5(qy — ]{ny — (lf)(s(q,z — k?f COSQf —pf)5(k:i COchi — PDi — qz)

Uy (pr)éiBn€rui(p:)
(B —wy)? = E2(qz)+26

1
X GXp[ 2(6Lf/{3 — kakzy) + i)\Q(aikfx + §kfmkfy)]

X /d(Jof5(wf — Ei + q)0(Ey — wi — qo)0(kiy — ay + qy)

X 0(a; —kfy — qy)0(pi — kpcosOp — q.)0(q. + kicost; —ps)} (4.1.50)
But,

Z /dqoé(wf‘l'Ef_qo)d(qo_Wz'_Ei)d(kiy+ai_Qy)é(Qy_kfy_af)a(qZ_kf cosfy—py)

Qy 7l1z

%0 (k; cos 0;—pi—q.) = 0(ws+Er—w;—E;)d(kiy+ai—ky—ayr)d(k; cos 0;+p,—kg cos 0 r—py)

Similarly,

Z /dqoé(wf—Ei—{—qo)(S(Ef—wi—qo)(5(kiy—af+qy) x8(a;—kypy—qy)d(pi—kycosbr—q.)

Qy 7Qz

%0 (k; cos 0;+q,—py) = O(wr+Er—w;—E;)0(kiy+a;—ksy—ay)d(k; cos 0;4+p;—kgcos0p—py)



X

X

L2V /4Wiwf — L2 4E1Ef

)\2k3+]{5_ (n—1) 2

( fQ”ln') exp|—— (k7 sin® 0; + k7 sin” 0;)]
{ =

(Ez + wi)2 — E,%(qz) + i€
1
exp[i)\Q(afkfm + §kkafy) — i\ (aikip +

Py
(Ei —wp)? = Ei(g:) + ie

1 1

1

5 Kickiy)]

S(wy + By —w; — Ey)d(kiy + a; — kyy — ay)

d(kicosb; +p; — kycosOf — pg),
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(4.1.51)

_ N _ C . A
where Py = uy(py)erdnéui(p;) andPs = us(py)é;Bucrui(pi), whereer = €,’v,

AN
€ = 6;1,17#

These two scalar matrix products(i.e.PrandP;) for all combinations of 7, y2, 3

will have the form:

Pl = 2”[

(qo +m)P Py

+ 2n]

(Ei +m)(Ef +m)
Py

+(q0 — m)]efe;

i

+ MRk

P2 = 271[

+
Ef—i—m Ei—i-m

](k;z-e}reiz + k}‘FEfZG; + QzE?E;)

(qo +m) P, Py q. Py n q.F;

(qo +m) PPy

+ (g0 —m) +

(El-—i—m)(Ef%—m) Ef—l—m E;,+m

— 2n|

(Ei +m)(Ef+m
Py

7t (q0 —m)]e;" €y
P,

+ NEFE

](k;re;eiz + k:;ej’efz + qzeje;)

(qo +m)P; Py q. Py q. P

+ (g0 —m) +

(E; +m)(Ef +m) Ef+m  E; +m

Jer.€4.1.52)



42

Evaluating expliX*(asky, + $kpokpy) — iN*(aikiz + 3kiokiy)] and exp|—iX*(aski, —
%km/{?zy) + i)\Q(aikfx — %kfmkfy)]

at the value ay = k;y + a; — kyy:
12 1 S\ 2 1
expliX“(arky, + ékkafy) — i (aikiy + §kmkly)]

1 1
= eXp[i)\2(kiykfx + (Zik’fx - kkafy + §kfx/€fy) - z)\z(alkm + ékw}kzy)]

1 1
= exp[i)\Q(kiykfx + aikfx — ékkafy) — z)\Q(alkm + §km]€1y)]

1 1

1y
= eXp(i/\Q(kiykfw)) eXp[_%(kixkiy + kkafy) - i)‘2ai<kiw - kfw)]

Similarly
1 1
exp[—i)\2(afkm — §k1zk§zy) + i/\2(aikfw - §kkafy)]
)2

. IA ‘
= exp(z)\z(k:izkfy)) exp[—T(k:ixk‘iy + kokypy) — z)\Qai(k‘m — k)]

and substituting it back into the original equation together with P, and Ps,the full

expression for the Sy; will be:

(2m)® e (& +m)(Ef+m).1 Ao 2 o2
Sy = T 4wiwf[ 1B, ]2 exp[—z(u}i sin” 0; + wy sin” 0]
2

X eXP[_i)\zai(kiz - kfw) - Z%U@wkzy + kfwkfy)]X

X O0(E;+w; — Ef —wg)d(p; + kicost; —pr — kgcosby)

X 5(&1 — kiy —ay — k’fy) (4154)

where w; and wy are frequencies of the incident and scattered photons ,E; and

E; represent the energies of the incident and scattered electrons,respectively,d;(6y)
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denotes the angle between the incoming(outgoing)photon.X is given by the following

expression as follows:

<1 NkkT X, X,
X _ il 3 n 2\ 2 .
> D e N kb (G o )
n=0 ’ ’
A2k kT X, X,
(T exp(iX2kinky, )( L ; JH.1.55)

+
2 (E12 — wf)2 - E]% (Ez — wf)2 - E?,n

n+1

in which k" = kig £ ikiy, kf = ko £ ikyy,

E}, =m® + (pi + w; cos§;)* + 2neB (4.1.56)

Ej%n =m?+ (pi — wycos ;) + 2neB (4.1.57)

and X, X;,i =1, 2,are given by

(E; +w; +m)p;(p; + w; cosl; —wy cosby)

X1 = + Ei+wl-—m €i_€+
1 | (E;i +m)(E; +m) ( eie;
+o( Di pi—irwicos@i—wfcosef)
Ei—i-m Ef+m
X [kfepe; +kiene; — (pi+wicosbi)ese;] (4.1.58)
X, — [(Ei + w; + m)p;i(p; + w; cos B; — wy cosby)
T (E; +m)(E; +m)
+ ( Di pi—FwiCOSei—WfCOSQf)
X (pi +wicosty) + (E; +w; —m)]esze. (4.1.59)
' (E; —wg +m)pi(pi + w; cosb; — wy cos by) B
Xy = + (BE; —wy —m)leje
1 [ (Ez—i—m)(Eerm) ( f )] i O f
v Di pi+WiCOSQi—WfCOSQf>
E,;—l—m Ef+m

x [kl ei.e; +kyepel + (pi — wycosby)efe;] (4.1.60)
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' (E; —wg +m)pi(p; +w; cosl; —wypcosby)

X, = E,—w; —
? | (E; +m)(Ef +m) + wy —m)
Di pi—l—wiCOSQi—WfCOS@f
i — 0 i2Cfs 4.1.61
+ (Ei+m B +m )(pi — wycosby)leier.  ( )

where e; and e; are polarizations of the incident and scattered photons and e =
€z T ieiy,ef = ef; = Fies,. The conservation of energy and momentum along the z
direction,i.e.

E; = E; +w; —wys and py + kfcosty = p; + k; cos 0; ,leads to

1
wr = - 7 {E; — picos bty +w;(1 — cosB; cosb) — [(E; — p; cos 9]“)2
sin” 6

+ 2w;(E;cosff — p;)(cos by — cos ;) + w?(cos Oy — cos 01-)2]%} (4.1.62)

This replaces the well-known Compton formula without magnetic field where the

electron motion is not restricted to ’one dimension’.

(2m) et (Ei+m)(E;+m) N, :
|1Spi? = Tiy2 4w-wf[ 4EE; ]exp[—?( ?sin® 6; + wisin® 6;)]

x 6*(E;+w; — Ef —w;)8(p; + kicos0; — py — kycosby)

x 0% (a; — ki, —ay — kp,) (4.1.63)

In the expressions for X;,X,,X,,and X,putting p; + w; cos 6; — wycosby = pg,we get

the following.
X1 ={[A = B(pi +wicosb;)eje; + B(kfep.e; + ki ewep)}(Ef + m) N E; +m)7 !,

Xo = {[A+ B(pi + wicosb)es.e;. HEs + m)_l(Ei + m)_l,
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X, = {[A" = B(p; —wy cos 0p)lesef —B(k:]?efze;"+ki+eize]7)}(Ef+m)_1(Ei+m)_1and
Xy ={[A"+ B(p; — wy cosOy)]es.ei. } (B +m) " (E; +m) ™!

In the above two expressions the coefficients A, A", B are defined by

A= (E;+w,+m)pips + (E; +w; —m)(E; + m)(Ef +m) (4.1.64)
A = (BE; —wy +m)pips + (E; — wp —m)(E; +m)(Ef +m) (4.1.65)
B = pi(Ef +m) + ps(E; + m) (4.1.66)
respectively.

Substituting these results back into the expression for X:

(e o]

1 NkRE
X = Zm[( 5 f) exp(iN?kiyks.)

n=0

([A — B(pi +wicosty)lefe; + B(kjep.e; + ki eief)(Ep+m) ' (E; +m)™!
(Bi +wi)? — B2
[A+ B(p; + wicost)epei.(Ey +m)(E; + m)*l)
(Ei +wi)? — B,

X

o
5 )" exp(iX“kigkyy)
y ([A' — B(pi —wycosty)lesef — B(kyep.ef +kiever)(Ep+m) (B +m)~!
(EZ - wf)Q o E]%,n—i-l
[A" + B(p; — wycosOp)|es.ei.(Ep +m) " (E; +m)~!
(El - wf)z - E]%,n

+

)] (4.1.67)
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o0 . 0 . 9
Z l wzwf S111 U5 S1n f —i(¢; ¢>f)) z)\lewf sin ; sin 05 cos ¢ 5 sin ¢;
n! 2

y ([A— B(pi +wicosty)leje; + B(kjep.e; + ki ei.ef)(Ep +m) (B +m)~!

(EZ + wl) E12n+1
N [A+ B(p; + w; cos ei)]efzeiz(Ef +m) Y E;+m)” 1)
+ ()\ wiWys Slne Slnef i(pi qbf))”ei)\QwiwfSineisinefsinqﬁfcosqﬁi
2

([A' — B(pi —wycosty)lesef — B(kyep.ef + ki eiep)(Ep+m) (B +m)~"
X

(E’l - wf)z - E]%n—i—l
[A" + B(p; — wycosOp)|es.ei.(Ep +m)~ (B + m)*l)]

+
(El - wf)Q - E]%,n

(4.1.68)

Letting

1 )\ w;wy sin 6; Slnﬁf B
Y — 4 i(¢i— ¢f)
! ; n‘< 2
y [[A — B(pi +wicosty)lese; + B(kjer.e; + ki eie)
(Ez + wi)Q — Ei2,n+1
[A+ B(p; + w; cos Gi)]efzeiz]
(EZ + wl-)2 - Ez2,n

)" exp(iX*wiwy sin 6; sin 0 cos ¢ sin ¢;)

1, Nw; 0; sin 0 n . . . .
Y, = Z ( wiwr sin f; sin f il ¢f)) exp(i\2w;wy sin 6; sin 0 sin ¢ cos ¢;)

— n! 2
y [[A/ — B(p; — wy cos Qf)]e;ef — BQ(k:]?efze;|r + k;reize;)
(EZ - Wf)Q - Ef,n—i—l

+

[A/ + B(p; — wy cos Hf)]efzeiz}
(EZ - wf)z - E/%,n

=Y =Y1+Ys) = X(Ef+m)(E; +m)

_ Y
= X = (Er+m)(Eitm)

Y2 :
Substituting | X |* = W in [Syl?
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(2m)° exp(4) . (Ei + m)(E; +m) N :
’Sfi‘2 = a2 4wwf[ 4E~E; ]exp[—;( 1281n29i+wj2csm29f)]

Y]?
(Br + m)(Es + )
X 0*(E;+w; — Ef —wys)0(pi + kicos0; — py — kycosfy)

X eXp[—i2)\2ai(kiz — k’fx) — Z)\Q(k‘wk’ly + k’ka’fy)]

x  6%(a; — kiy —ay — kyy) (4.1.69)
Taking the final states of the scattered photon and electron to be %amd% and
w2
Y;j;f = Vd; i?f ,and also using e? = 16m*m?r2
1S |? (27)8 1672m?rd . 1 ANy, 5 . 9
T = T Ty [4EiEf] exp[—;(u)i sin” 0; + wy sin” 0y)]
X exp[—zZ)\Qal(km — kfw) — Z)\QU{?mk’zy + k’kafy)]
Y|? T L1
X ¥l ———0%(a; — kiy — ay — ky,) (4.1.70)

(Ef+m)(E; +m)2r 2T

where we have used
6*(Ei4w;— Ef—wy) = =6(E;+w; — Ef—wy) = .=, because from the conservation
of energy stated earlier E; + w; — Ey — wy = 0 and we know that 6(0) = 1 similarly
6%(ps + ki cos0; —py — kycos ) = %5(191- + k; cos0; — py — ky cos Gf):% because from
conservation of momentum stated earlier the term in the bracket is 0 Dividing this

result by the relative incident flux density, (Zizpicosfi).

VE;
|Sfi‘2 VE; (27r)6 mQTg 1 A2 2 .. 92 2 .. 9
_ L 0. 9
T (B —picosf) ~ DVt BiE,) OPIm g (wisin b+ wpsin 6y)
x  exp|—i2\%a;(kiy — kfo) — iN (Kiokiy + kpokpy)]
Y2 VE,

X

(Ey +m)(Ei +m) (E; — picosb;)
X 52(ai — kiy —ay — k‘fy) (4171)



48

4.1.3 Cross Section in Laboratory Frame

From the scattering amplitude derived earlier, Summing over the final states of the

scattered photons and electrons,ky,ar, psto obtain the rate of scattering probability

which is then divided by the relative incident flux density, Zi—zicos?i).

VE;
2 6 2,.2 1 )\2
do = (‘;? % E—f] exp[—g(wi2 sin® 0; + w} sin® 0)]
X exp[—i2/\2ai(l€w — k?fz) — Z)\Z(k’wkzy + kfzkfy)]
y Y ? 1 Vwidws Vdp,
(Ef+m)(E; +m) (E; —p;cosb;) (2m)® (2m)3
x  6%(a; — kiy —ap — ky,) (4.1.72)
Ao rgwy m*
dsdy 4w (Ef+m)(E; +m)(E; — p; cosb;

)\2
X exp[—?(w? sin® 0; + wi sin® 0;)][V]?

1
X {F exp[—i2>\2ai(km — /{me> — Z)\Q(]fmkzy + /{Zfzkfy)]
!
X 52(ai — kiy —ay — k‘fy)d?)pf} (4173)

But,

1
[Ef — (p; + w; cos B; — wy cosby) cos Gf]

1
= {E— exp[—iZ)\Qal-(k:ix - k’fx) - Z)\2(]€mkzy + k’ka'fyﬂ
f

X 0% (a; — kiy — ap — kpy)d’py}

Therefore,
do  rjwy m?
dQr 4w (E;+m)(E;+m)
=A2002 20+ 240201V |12
y exp[ =5~ (w; sin® 0; w} sin Y] (4.1.74)

(E; — picosb;)[Ef — (p; + w; cos 0; — wy cosby) cos O]



49

in which rq is the classical electron radius
The above result is performed by letting:
ki = wj(sin 0; cos ¢;, sin 0; sin ¢;, cos 0;), and k?f = wy(sinfy cos ¢y, sinfy sin ¢, cos O)
A2 A2 .
= (?k‘;k;{)" = [7wiwf sin @; sin 0 je (P2
using k; kT = (kix — ikiy) (kpe + ikyy)

In the ERF, p; = 0, (4.1.74) is reduced to Herold’s expression,as expected. However,the
expression(4.1.74) cannot be derived vice versa by relativistic transformations from
the latter.Fore example, the photon frequencies in(4.1.74) are not all the Doppler
ones as they would be according to relativistic transformation rules,and the terms in
(4.1.74) multiplied by p; like those in(4.1.64)-(4.1.66)cannot be recovered,since one
obtains nothing from zero by relativistic transformations. To simplify calculations,we

choose the coordinate system with ¢; = 0.Denoting ¢; = ¢,we can write
ki = w;(sinb;,0,cos6;), ky = wy(sinfy cos ¢y, sin @ sin ¢, cos ¢) (4.1.75)

Taking into account the fact that photons have only two transversal polariza-

tions,the polarizations of incident and scattered photons can be chosen as

egl) = (—cos0;,0,sin6;); ez@) = (0,-1,0) (4.1.76)
65}) = (—cosfy cos ¢, — cos O sin ¢, sin 6y); 6;2) = (sin ¢, — cos ¢, 0). (4.1.77)

The above choice is not unique but is convenient for calculations.Now we define

reduced quantities

Ai:—';Af:—;Ao:% (4.1.78)
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wherewy = % is the cyclotron frequency.We denote the reduced Doppler frequen-
cies by
Ay =1 = Fcosb)A;; Ap, =y(1 — Beosbp) A (4.1.79)

summing over the polarizations of incident photons and summing over those of scat-

tered photons,the total differential cross section will be:

2
do 1 2 ) e%(wf sin? 9,~+w? sin? 9f)\Y|2

do 1 Z rewg  m
aQly 2 DA dw; (E; +m) (Ef+m)(E; — Pycost;)[Ey — (P, + w;cost; —wycosby) cos O]
B (4.1.80)
where Y = Y] + Y,
Note that: wy = Apm, w; = Aym and E; +m = m(2) + 1 = m(y+1) and in
similar way By +m = E;+w; —wp+m=m(Z +<% - 2L 4 1) = m(14+9+ A, — Ay)
and w? = A?m? = Nw? = A2A?m? = B A? Similarly:
Nwi = NATm? = %Afc and E; — P,cos; = E;(1 — % cosf; = E;(1 — Bcosh;) =

my(1 — Bcosb;)

E; — (P; + wicosb; — wy cosby) cos O = Ey — P;cos 0y + w; cos ; cos 0y + wy cos 67
(4.1.81)

Using the usual trigonometric relation cos? 6y = 1 —sin®§and Ef = E; — w; — wy

E; —w; —wy — Pycos Oy + w; cosb; cos O + wy cos? 0f (4.1.82)
E; + wi(1 —cosb;cosbs) — Picosbr + wf(cos2 6 —1) (4.1.83)
E; — P,cos 0 + wi(1 — cosB; cos ;) — wysin® O (4.1.84)

This gives = E;(1 — Bcosff) + mA;(1 — cos; cos ;) — mAsin® 0
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and this will reduce to:m[y(1 — Bcos ;) + A;(1 — cos; cos 07) — A g sin® 0]

Using all this back in the expression d%’fgives

do 1 Z rg mA;  mPe 2 (A sin® 07 +A sin6

dy 2 4 m2A, m(y+ Dm (1—|—fy—|—Al-—Af)m

€

1,2 .2
efelef

1

4.1.85
8 [v(1 — Beosty) + Ay(1 — cos0; cos0;) — Ay sin® ] ( )

Where/\;, = (1 — Bcosb;)A; Now

do— TO Af e QB (A 51112 6f+A? SiI‘l2 92)
d_Qf 8 A+ +A - Af) [v(1 — Bcosby) + A;(1 — cosB;cos ) — Aysin® 6]
Y]?
. Z . g (4.1.86)
;€565

Now let us find >~ 1 1 2 » |22 whereY = Y] + Y, as was stated before

€;,€5,€5,€
f

1 _ 1 , 1 , 1 :
V(i = 1P+ 5[V (1 = 2/)° + V(2 = 1) + —5[V (20 = 2/)]°

Where A; — A, Aip) = Li(p), 2i(p)represents the scattering from the polarization

Ai to Ay now let us find what |Y'(A\; — Af|’s are

V(1 — 1) = [Yi(li = 1) + Ya(1i — 1f)|
since Y = Y] + Y5 we get in Y7:
¢i = 0,0y = ¢ and

Nwwrsinb;sinf; B,
2 2B

—SN\;Agsing;sinfy = ¢
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and e—z’(qbi—qﬁf) — ei¢ and e[i)\Zwiwf sin @; sin 05 cos ¢ 5 sin ¢;] _ 60 =1

1 1
(Bi+wi)?— E2, 1 E}4w?+2Ew; —m?— P? — w?cos?0; — 2P,w; cos b; — 2(n + 1)eB
(4.1.87)
Using E7,, | = m* + (P + w; cos 0;)* + 2(n + 1)eB
! (4.1.88)
E? + 2F;w; — m? — P? — 2Pw; cosf; — 2(n + 1)eB + w? sin® 0, o
_ ! (4.1.89)
" 2Bw; — 2Pw; cos 0; — 2neB + w?sin®6; o
_ ! (4.1.90)
©2maymA; — 2myBm A cos 0; — 2nm?2 Ny +m2A? sin® 6 o
1
= 4.1.91
m2[2(AZT — ’TLA()) + A% Sin2 01] ( )
1
= S (4.1.92)
Similarly in Y5 we will get the following
1 1
_ (4.1.93)

(Bi —wp)? = %, m?[2(Ap +nlg) — A} sin? 0]

)\Qwiwf sin 0; sin 5

- #Sf,n—i-l and 5 = ZB—éAiAf sinf;sinfy = ¢ and

e’i(@‘*‘?f) — 67i¢>7e[iAQwiwfsineisinafsin¢fcos¢i] — G%AiAfsineisiHHfsin¢ _ ei2§sin¢> — eig
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where n = 2(sin¢ then Y =Y, + Y,

— 1
Y| = [A— B(Pi+wicosb;)eje; + B(Kfep.e;y + K eef)] E m(n Sy npr€™®
n=0

=11 .
+ [A+ B(P + w;cosb;)|es.e;. Z Egnﬁ&,nem‘ﬁ
n=0

_ _ — ]' n 1 —ino+i
+ [(A' = B(P, —wycosty))esef — B(Kyep.ef + Krenef)]> —C"—Snire gin
n=0

o0

1
+ [(A"+ B(P;, — wycosby))es.e;.] Z C —Sf,ne_m(b“” (4.1.94)

nO

Then to obtain |Y (1i — 1f)| we will use the following polarization components:
651) = (—cosb;,0,sin6;)

and

egcl) = (—cosfy cos ¢, — cos Oy sin ¢, sin Oy)
and using also
K; = w;(sin6;,0,cos6;), K; = ws(sin @y cos ¢, sin f sin ¢, cos ¢)
to calculate K and K ; Now let us calculate the following:
e;ej = €12Cig T €fyCiy — L[y €1y + 1€ 1565y = cOS 0; cos by cos ¢ — icos b; cos by sin ¢
e}re; = €2Cizp + €pyCiy + 1€y Cip — 1€ 5yL4y = COS B; cos O cos ¢ 4 1 cos b cos Oy sin ¢
K;{efzei_ + Ki_eize;f = (Kppeir + Kpyesy +iKppein — iK€ )ep,

+ (Kizepe + Kiyep, + iKivepy — iKyer)ei, (4.1.95)

K;{efze; + K{eize? = (—wysinb; cos ¢ cosb; — iwysin by sin ¢ cos §;) sin by

+ (—w;sin; cos ¢ cos by — iwy sin ; sin ¢ cos ) sin b
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€f.€;, = sind; sin 0y

K;efzej + K;reize; = (Kjp€in + Kpyeiy + 1K 64

— iKyeip)er, + (Kigeps + Kiyery + 1K e, — 1K €ep,)€i,

Kf’efzef + Kfeize; = (—wysinfcos ¢ cosb; + iwysin by sin ¢ cos ;) sin

+ (—w;sin; cos ¢ cos Oy + iw; sin 6, sin ¢ cos O¢) sin 6

Using this we will calculate terms in square bracket then the first term will give

us:

[A — B(Pi+wicost;)lefe; + B[(Kfep.e; + K[ epef)]

= [((Ei + wi +m)PiPr + (E; + w; —m)(E; +m)(Ey +m))]

— [(P(Ef+m)+ Pr(E; +m))(P; + w; cos §;)][cos ; cos 85 cos ¢ + i cos §; cos O sin ¢

+ (Pi(E;+m) + Pi(E; +m))(—w; sin® §; cos ¢ cos ; — iwy sin® O sin ¢ cos 6);

—  w; sin?#6; cos ¢ cos 0 — iw; sin? ; sin ¢ cos br) (4.1.96)

= m3[(By(1+~v+ A)(By + Ajcost; — Apcosfp) + (v — T+ A (1 +9)(1+ A — Ap))

— (By(14+~v+ A —Ap)+ (By+ A;cosb; — Apcosbr)(1+7))(By + Aicosb;)] cos by

— By +v+ A = Ap) + (By+ Ascosb; — Ajcos ;) (1 +7)Aysin® ;) cos b,

— By +v+ A = Ap) + (By+ Ascosb; — Ajcos ) (1 + v)A; sin? 0;) cos 0]

Similarly for the second square bracket:

(4.1.97)
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(A+ B(P, +w;cost))er.e.)] = (Ei+wi+m)PPr+ (E; +w; —m)(E; +m)(E; +m))]
+ [(Pi(Ef +m) + Pr(E; +m)) (P + w; cos 6;)] (sin 0; sin 040;)]
= m3[a + b(By + A; cos ;)] sinf; sinf; and for the third square bracket:
(A" — B(P,—wyscosty)erel — B(Kyepef + Kepep)]
= [[((Ei —wy + m)EPy + (E; — wp — m)(E; +m)(Ef +m))]
— (P(E;+m)+ Pi(E; +m))(P;, — wyscosby)(cos; cos s cos ¢ — icosb; cos b sin ¢)
— (P(Ef +m) + Py(E; +m))(—wy sin® ; cos ¢ cos 0; + iw sin? 6 sin ¢ cos 6;

—  w;sin?6; cos ¢ cos 0 + iw; sin? 6; sin ¢ cos )] (4.1.98)

= ¢ m([(By(1+7y = Ap)(By + Aicosi — Agcos ) + (v — 1 = Ap)(1+7)(1+ A = Ap))

— (By(A+ v+ A = Ap) + (By+ Ajcost; — Apcos ) (14 7))(8y — Afsin ;)] A g sin® 6 cos 6;

+ (BY(L+v+ Ay — Ap) + (By + Ajcos0; — Ajcos ;) (1 + 7)) A, sin® 6, cos 0)] (4.1.99)
and the fourth square bracket can be solved as:
[(A"+ B(P; —wycosby))epzei:] = [[(Ei—wp+m)PPy+ (B —wy — m)(E; +m)(Ey +m)]

+ (P(Ef+m)+ Pi(E; +m))(P, —wycosb;)]sinb; sin O¢
=m3[a’ + b(By — Ay cosBy)]sinb; sin
Thus substituting this back in to |Y| gives Y (1i — 1f) thus:

= 1
Y(li = 1f) = m*{[(A_cosfy — By)cosf; — Bycosty] Y  —(" nSintl i(n1)g
n.

m2
n=0

=18, ,
— [(A” cosfy + By) cosb; + By cos 0] § _‘fv_2+1€—z[(n+1)¢—n}
n. m
n=0

+ sin0;sin 6y A+Z C Sim e A’Jrz 'g nSfn e ino=m
! n!

m2
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WhereAy = a + b(By + AA;cos0;, A, = a’ + b(By — Ajcosby), by = bAjsin®f;in
which

a=0v1+v+2A)(By+A;cos0; —Apcosli) + (v —14+20)(1+v)(1+v+ A —Ay)

d = By(L+v—Ap)(By+Aicost— Agcosfp) + (v — 1+ Ap) (L +9) (L +v+ A, — Ay)
b=0v1+~v+ A, —Ap)(By+ A;cos0; — Apcosbr)(1+7)

Again we will proceed in similar steps as above to obtain Y(1; .27y, Y(2i—15) and Y(9;op)

(1)

for Y(1;25) we will use the following e, ” = (— cos 6;, 0,sin 6;), 6;2) = (—sin¢, — cos ¢,0)

and K; = w;(siné;,0,cosfs, K¢) = wy(sinfy cos ¢,sin by sin ¢, cos ¢) Then e}Lei— =

€f2Cix +CfyCiy — 1€ fy €1y 1€ f5€4 = — SIN P cOs 0; 41 cos ¢ cos 0; e;e;r = €f2Ciz € pyCiy+
1€ fyCig — 1€ 4€5y = — SiN @ cos B; — i cos ¢ cos 0;
K;[efzei_ + K{eize;{ = (Kjplin + Kypyesy + iKpyeiy

— inxeiy)efy + (Kixefx + Kz-yefy + Z'Kmefy — iKiyefx)eiz

K;refzeﬁ + Ki_eize}' = (—w;sinb; cos cosB; — iwysin Oy sin ¢ cos ;) (— cos @)
+ (w;sinf; sin ¢ — iw; sin 6; cos ¢) sin 6; (4.1.100)
€f2€iz = 0
Kf’efzef + K;reizejj = (Kypeir + Kypyeiy — iK yein + 1K preiy)ess

+ (Kigers + Kiyepy — 1Kpepy, + iKep, e,
Kf_efzezr + K;“eize; = (w; sin 6; sin ¢ + iw; sin 6; cos @) sin 6);
using this we will calculate terms in the square bracket |Y|
= [(A— B(P; + w;cosb;))](—sin ¢ cosb; + i cos ¢ cos ;)

+ B(w;sin®; cosb; cos ¢ + iwy sin Oy sin ¢ cos §; cos ¢ + w; sin? 6; sin ¢ — iw; sin? 6; cos )
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Y21, = D1S;1€" — DaSp1e7" O 4 sin6; sin0;[AySio — A}Spoe™  (4.1.101)
Y1, —2,) = i(A_cost; — By)Si1e'? +i(A" cosl; + By)S e @7 (4.1.102)
Yo, 1) = —i(A_costly — B)S; e —i(A" cosff + Bl)Sfyle’i(‘z””) (4.1.103)
S/(Qi_af) = A,SZ'JQMS - ALSf}leii(qﬁin) (41104)

= [(Bi +wi+m)+ (B + w; — m)(E; + m)(Ef +m)]

— (pi(Ef +m) + pr(E; + m))(pi + w; COS 491)} [— sin ¢ cos 6; + i cos ¢ cos 6;]

+  [pi(Efr 4+ m) + pp(E; +m)][w; sin® 0; sin ¢ — iw; sin® 6; cos @] (4.1.105)

= iem?[[(By(1+ v+ A;)(By + A, cosb; — Ag cosby)

+ (=14 A0+ A +v+ A —Ap))

— (ByA+v+ A= Ap) + (By + Ay cosb; — Apcosb)(1+7)) (87 + A; cos ;)] cos b;

— (By(Q+7+ A= Ap) + (By+ Ajcos0; — Apcosp)(1+7))A;sin® 6] (4.1.106)

= ie"’m®[[a — b(By + A cosb;)] cos f; — bA,; sin” ;]
= ie"*m3[A_ cos; — By (4.1.107)
and the second square bracket,
[[A+ B(p; + wi cosb;)]es.e;.] =0 (4.1.108)
the third square bracket, [[A" — B(p; — wy cos 0p)le; e — B(kyep.el + k;reize;)}
= [[(EZ —ws+m)pips + (E; —wp —m)(Er +m)(E; + m)]
—  (pi(Ef +m) +ps(E; + m))(pi — wy cos by ) (—sin ¢ cos 0; — i cos ¢ cos ;)

[(pi(Ef +m) 4 ps(E; + m))][w; sin® 6; sin ¢ + iw; sin® §; cos ¢]| (4.1.109)
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= e m?[[By(1 4+~ — Ap)(By + Aicos; — Apcosty) + (v — 1 — Ap)(L+7)(L+v+ Ay — Ay
— (By(L+ v+ A= Ap) + (By + Ascos; — Apcosbp)(1+ 7)) (By — Ay cos0y)] cos b;

+ (BrA+7+ A= Ap) + (87 + Ajcos0; — Ay cos ) (1 + 7)) A; sin® 6] (4.1.110
= e ¥m? [[a/ — b(By — Ajcosby)| cosb; + bA,; sin® 6;]
— e ®m®[A_ cosb; + By (4.1.111)
finally,the fourth square bracket,
[A" + B(p; — wycosby)]es.e. = 0 (4.1.112)

Then,substituting these results back:

e}

' ‘ 1 ZTL
Y2y = ie"*m®[A_ cos 6; — By Z_l ;1 e
—0 m
+ ie”m’[A_ cosf; + By Z—, SLni emimotin - (4.1.113)
. m
=0

1 .
= milA_ cost; — By E _‘C”Simﬂez(nﬂw
n!
n=0

; =1 : .
+ mi[A_ cos; + By] Y | —("Sppqqe IO (4.1.114)
n:

n=0
To calculate Y3, .o ),We use
e,gQ) =(0,—1,0), e}l) = (—cosfycos ¢, —cosfysin g, sinfy) and
ki = (w;sin®;,0,w; cos0;), ks = (wssin @y cos ¢, wy sin B¢ sin ¢, w; cos )
= e}rei_ = €f2€iz + CfyCiy + 1€5yCix — 1554 = COS O sin @ — i cos b cos ¢,

e;e;“ = €f2€iz + €fyCiy — 1€y Cigx + 1€f,€4 = COS 0 sin @ + i cos O cos ¢

kfep.e; +kiei.ey = (ko +ikpy)(ein —ieiyer.) = (—ikpaeiy + kpye)es.
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= (iwysinfycos ¢ — wyssinfysin @) sin by

k]?efze;r + k:;“eize]? = (ky — ikpy)(€ix + iesyer,) = (ikfpeiy + kpy€iy)ess
= (—iwysinfy cos ¢ — wysin Oy sin @) sin O

and ef.e;, =0

Therefore,the first square bracket,

[[A = B(pi +wicosb;)lefe; + B(kfep.e; +kZei.ef)]

= [[(Bi 4+ wi + m)pips + (E; +w; — m)(E; +m)(Ey +m)] — (pi(Ef + m) 4 ps(E; +m))
X (pi + w;cosb;)(cosbysin ¢ — icosfycos )

+  [pi(Ey +m) + pr(E; + m)][iws sin® 7 cos ¢ — wy sin® 0 sin ]| (4.1.115)

= —iem3[[(By(1 + 7+ Q) (By + A cos 0 — Ay cosby)

+ (VAN A 7+ A = Af) = (Br(1+ 7+ A = A)
+ (By+ Aicos i — Agcosfy)(1+7)) (B + A, cos ;)] cos b

— (BY(L+7) A+ v+ Ay — Ap) + (By + Ajcosb; — Ay cosby)

X (147))Aysin® 6] (4.1.116)
= —ie’m?[[a — b(By + A, cosb;)] cos Oy — bAy sin® 0]
= —ie“m?[A_cosf; — B (4.1.117)
The second square bracket,
[A+ B(p; + wicosb;)les.e;. =0 (4.1.118)

the third square bracket,

[[A" — B(p; — wy cos 05)le; el — B(krepef + k’feize]?)]
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= [[(Bi —wp + m)pips + (E; — wy — m)(E; + m)(Ey +m)] — (pi(Ef + m) + pr(E; + m))
X (pi —wycosby)(cosBfsin g+ icos by cos @)

— [pi(Ef +m) + ps(E; + m)][—iwy sin® 0 cos ¢ — wy sin® O sin ¢]] (4.1.119)

= —ie®m? [[(By(1+ 7 — Ap)(By + Ajcos§; — Ajcosby)

+ (V=1 AL+ A+ + A= Ap) = (Br(L+y+ A= Ay)
+ (By+Ascosfi — Apcosty)(1+7))(By — Ascosy)] cos by

+ (B +y+ Ay = Ayp) + (By + Ajcos§; — Ay cosby)

X (1+7))Aysin® 6] (4.1.120)
= —ie m? [[a/ —b(By — Ajcosby)] cosby + bAsin® 0]
= —ie"®m3[A cos; + By (4.1.121)
and the fourth square bracket,
(A" + B(p; — wycosOf)|eg.ei = 0 (4.1.122)
Substituting back these four results:

Sln n
Yo o1, = m?[A_ cosf; — By Z ¢ ZLAL ging

m?2

+ —ie"®m?[A" cos; + By Z — wSntL —ing-in (4.1.123)

m2

=1 .
= —im[A_cosO; — Bi] Z mg”si7n+lez(n+1)¢
n=0 "~

, =1 : .
+ —im[A_cosO; + Bi] Y | —=("Sppqqe IO (4.1.124)
n:

n=0



Now,to calculate Y (2; — 2),we need:
652) = (0,-1,0), 6;2) = (sin ¢, — cos ¢, 0) and
ki = (w;siné;, 0, w; cosb;), ky = (wysinfy cos ¢, wy sin Oy sin ¢, wy cos @)
€€ = CaCin + CpyCiy T iCsyCip — 1€fyCiy = COS Y + i8N P
e]?ej = €f4€iz + CpyCiy — 1€ 1y€iz + 1€1,€5 = COS P — iSin ¢

k;{efzei_ + k[eize;f =0 ,k;efze:r + kfeize; =0 and ef.e;, =0

The first square bracket, [[A — B(p; + w; cos Gi)]ej[ei_ + B(k?efzei_ - k‘ieize;)}
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= [[(Bi + wi +m)pips + (Ei +wi — m)(E; +m)(Ef +m)] = (pi(Ef +m) + py(E; +m))

X (pi + w; cos ;)] (cos ¢ + isin @) (4.1.125)
= “m?[[(By(1+ v+ A)(By+ A;cos0; — Ay cosby)
+ (=1 A)A A+ + A= Ap)) = (Br(L 47+ A = Ay)
— (ﬁ’y(l + ’7)(1 +’7 + Az — Af) + (ﬂ’)/ + Az COSQZ' — Af COS@f)
X (147))(By + Aicos;))]] (4.1.126)
= e“m?la — b(By + A cosb;)]
= mlA_ (4.1.127)
The second square bracket,
[A+ B(p; + w;cosb;)|esei, =0 (4.1.128)

The third square bracket, [A — B(p; — wycos0y)]e; e — B(kjep.ef +kleie;)

= [[(Bi = wy + m)pipy + (B — wyp — m)(E; +m)(Ef +m)] — (pi(Ef +m) + py(E; +m))

X (pi — wycosfy)](cosd — ising)

(4.1.129)



e mP[(By(1+~ 4+ A;)(By + A cos§; — Ay cos by)
(V=14 A0+ +7+Ai = Ay))
(By(L4+ v+ A = Ay) + (By + Ajcosb; — Agcosby)

(1+7))(By = Ay cosby)]

= —em?ld — b(By — Ajcosby)]

= —e UmiA

and the fourth square bracket,

[A, + B(p; —wycosby)les.e. =0

substituting back these four results:

do
a2y

+1
}/Z2i~>2f) = 1(]5 3‘4 Zn'Cn 7’” Z?"L(b

m2

ie —ig 3A Z 'C an-i-l —zn¢+z17
n.

m2

= mA_ Z (" Sire T
— mA/, Z Ecnsf’n+1€fi(n+l)¢+in
n=0
o Ay

§Air(1+v>(1+v+A-—Af)
exp[—25(A%sin® 05 + A7 sin’ ;)] -

||2

X

[v(1 — B cos Qf) + A;(1 — cos; cos ) — Ay sin® 0]
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(4.1.130)

(4.1.131)

(4.1.132)

(4.1.133)

(4.1.134)

(4.1.135)
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Where B is the magnetic field with the direction taken to be along the Z-axis,A; =

AV w—ﬂf are the reduced incident and scattered photon energies(m is the electron

rest energy),f; and 0y are the incident and scattered photon angles with respect to B

field,¢,the azimuth angel of the scattered photon(the azimuth angel of the incident

photon is taken to be zero),,the electron energy,f = /1 — 7%, ro,the classical electron

radius ,B = m72 ~ 4.14 x 10°T is the critical magnetic field ,and A, Ay A, are
eB

defined respectively byA;, = yAs(1 — Bcosby),A, = £ = L where wy = < is the

m B.?

cyclotron energy.|Y'|? in Eq.(4.1.86) is given by

V2=V (L = 1) + V(L = 20)P + V(2 = 1) + V(2 — 20)F (4.1.136)
Where \; — Ay represents the scattering of a photon from polarization A; to Ay,and
Y(1; = 17)] = m[(A_cosf; — By)cosbe’® — Bycosfre ) i C"S; 1™
n=0
— m[(A" cosO; + By)cosBie ® + By cos fe'?] i C"Sf7n+1ei"(¢_’7)

n=0

+ msin®;sin (ALY ("Sine™ = ApY (S e O] (4.1.137)
n=0

n=0
Where
A:t :aib(ﬁv—AfcosQf) (41138)
A+ =d'(By— Ajcosby) (4.1.139)
By = bAssing, (4.1.140)

By = bA; sing, (4.1.141)



in which

a = Byl +~v+2A)(By+ Aicost; — Aycosby)

+ (Y =14+2)0+ )+ 7+ A - Af)

a, = B7(1 +'Y - Af)(ﬂ”}/—i‘ Az COSQZ‘ — Af COSQf)

+ (v—14+A)04+y)(1+~v+A,—Ayp)

b=0y(1+~v+ A —Af) + (By+ Aijcos; — Apcosby)(1+7)

and

( sin ¢,
B,

QBAlAf Sin HZ Sin 9f7

1

n![2(As — nlo) + AZsin® 6]
1

nl2(Ap +nlo) — AF sin® 0]’

mi(A_ cosl; — Bs) Z (" Sy’ TIe

n=0
)

mi(A” cosb; + By) Z (S pyre  HDOHIN

n=0

—mi(A_cosf; — By) Z (" Syl

n=0
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(4.1.142)

(4.1.143)

(4.1.144)

(4.1.145)
(4.1.146)

(4.1.147)

(4.1.148)

(4.1.149)

mi(A’ cosff + By) Z ("S e DSR4 1 150)

n=0
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Y(2i —2f)| = A- Z (" Singre I
n=0
AN ¢S e T (4.1.151)
n=0

In astrophysics one is interested in the inverse compton scattering of a low energy
photon by a relativistic electron in a strong magnetic fields satisfying A; < 1,7 > 1.
We consider first the condition/\; < 1.In this case the summations in the above
three equations converge rapidly ,so that keeping only the term n = Ois already a
satisfactory approximation. To show this we first integrate over the azimuth angel¢
and retain only the leading terms, then the differential cross section (4.1.86) is reduced

to

do = o(A;, 0;,7,6)sin0sdb; (4.1.152)

where

QN

r Ay
4 Ap(T+7) A +v+Ai—Ay)
Be A2 oin2
X —ap By i b)) —{4.1.153)
[y(1 = Becosby) + Ai(1 — cos b cosfy) — Aysin® 6]

U(Aiaezﬁr)/v ef) =

and Y, is given by

+ [(A4Si0 — AL Sp0)” +2(1 — Jo(€) A+ AL S;.0S) 0] (sin 0 sin 07)f4.1.154)
in which
c1 = (A_cosf; — By)*(1+cos®6;) + (A_cos; — By)* + (Bycosy)® + A2 (4.1.155)

¢y = (A" cos By + By)*(1 + cos®6;) + (A" cos; + By)? + (Bacos ) + A% (4.1.156)
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and Jy(Q) is the zeroth order Bessel function. It is worth pointing out here that
the approximation 4.1.154 can also be justified by considering the non relativistic

limit in the ERF (y = lor = 0).Infact under the Thomson limit(Ay ~ A; < 1)it is

easy to see thatJy(¢) =~ 1,A_ = —A” =~ 4A;,B; = By = 0 and A, = —A/ = 4A,,
then eq.(4.1.135) can be simplified to

Y |2 , . .

|m_|2 = {D}S; ¥ + D%Sile’m(d”") + sin® 0; sin® 0;[A S; 0 — A'LSp0e™?

+ 2(DySi1e" — DaSpie ") sin 0, sin 07[A, Si 0 — A’ Sfoe™]
+ 2D1D25i716i¢5?716_i(¢_")} + ] = (A_cos; — By)*S? ™

— (A" cosb; + Bo) 82 2U0=m _ 9(A_ cosB; — By)(A" cosb; + By)S;15¢1¢"%
+ | = (A_cosOy — By)?S? €% — (AL_cos Oy + By)*S} e 2@

— 2(A_cosfy — By) (A cos; + By)S;1Sp1e e

+ |A2S7 €M+ APST e — 24 Al S, €S e ) (4.1.157)

taking the magnitude of |Y|? leads to:

|3;—|22 = [D} + (A_cosbt; — By)* + (A_cosy — By)* + A2]S}1e*? + [D3 + (A_ cosb; + B,)?
+ (AL cosOp + By)® + A?]S7,e7%7 4 sin® 0; sin® 0, (A1 S50 — A Sy e
+ 2[(A-cosb; — By)(A_ cosb; + By) + (A_cosf; — By)(A” cosb; + By)
— DDy — A,AL]ei¢’e’i(¢’")Si7le71
+ 2(DySire”™ — DySs1e” @ sin 0, sin 0[A, S; o — A, Sy oe™ (4.1.158)
% = C157,€7% + 087 16727 sin® 0 sin® 0, [A% 57 + A2ST (e

— 2A, A S 0Ss0e™ + 2[(A_ cos 0;) (A cosby + Bs) + (A_cosfy — By) (A" cos; — By)

— D1D2 — A,AL]Gweii@in)S@lSﬁl + 2(D1A+Si’15f706i(¢+n D2A+S'L ()Sf 16 o 77))

-+ D1A+Si715i’0€i¢ + DQA'JFSfJSf,Oe_i(d’_”))ei”
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Now integrating over ¢ the above equation gives the following:

Y]?
mQ

= C15h / e*?d¢p + C55%, / e 207 4 sin® 0, sin® 0,[A2 S7, + AZST, / e*Mdg

— 2AL AL Si0Sk0 / e"de] + 2[(A_ cos0; — By) (A’ cosO; + By) + (A_cosf; — By)

x (A" cosby+ By) — D1Dy — A_A’_]Si,lsﬁl/ei¢e—i(¢—’7)d¢ - Q(DlA’JrSMSﬁO/ei(qﬁwLn)dqb
+ DA, S80S / e~ sin §; sin 07 + 2(D1 A4 S;.1S:0 / e"dp + Do A’ S;1Sk0 / e~i(@=m)
Since [ €*?dg = [ e 2 Md¢ = [€* =27 and [ " = 21.Jo(§)=2m5- f()% d¢ cosn =

2m o= fo% dg cos(—(sin) [ e®e M dp = 21.Jy(—€) Let Q = [(A_ cos 0;—By)(A”_ cos 0+
By) + (A_cosff — By)(A_cosbs + By) — D1Dy — A_A" |

Li—f = 2rC1S}, 4 2mCyS7, +sin’ 0 sin® 05 [2m A% 52 — 24, A S 051,021 Jo(¢)
+ 24 A S;0S02m —2AL ALLS; 0S)027]
= 2[(QS;157,12mJ5(C)] — 2[D1 A’ S; 1502w 1 (—C) + Do ALLS; S 1211 (—€)] sin 6; sin 0
+ 2[DyALS1S:02m + DoA, Sy 1S 027] (4.1.160)
Y 2 2 L 2p F o2 :
sy R C1Si; + CaSy +sin 0;sin” 04 [(A; S;0 — AL Sf0)* + 24, A Si0S50(1 — Jo(Q))]

+ 2@51"15}0,1(]2(@.) — 2[D1A’+Si,15f70 + DQA_;.SL()SJIJ] sin ‘91 sin ijl(—g‘)

+ 2[D1A+S¢7152‘70 + DQA/_i_SfJSf,o] (41161)
Si1Si0 and Sf1S5¢0 can be neglected since both are S;,,S¢,, terms

= C182, + (oS + [(A4Sio — A Spo)? 4+ 2(1 = Jo(Q)) AL Al S 0Sp0](sin b sin )

+ 2(Q)J2(§)Si715f71 - 2[D1A/_~_Si715f70 + DQA.’.SZ"OSf,l] sin GZ sin ijl(—C) (41162)
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Now substituting back the value of ) we will get

Y]?
27m?2

01821 + CQSJ%J + [(A+Si,0 - A;Sf70)2 + 2(1 - Jo(f))A+A:LSi705f’0](SiH (91 sin Gf)z
+ 2(¢)J2([(A= cosb; — By)(AL cosb; + By) + (A_cosOf — By)(A” cosb; + By)

— DlDQ — A_A/_])SLlSﬁl — Q[DlA/_i_Si,lSﬁo + D2A+Si705f71] sin 91 sin Gle(—C)

Dy = (A_cosff — By)cosb; — BycosOy

= 4A;cos0;cosly

C, = Di+ (A_cost; — By)* + (A_cosf; — By)* + A%
= Dj+ (4A;cos6;)* + (44, cos )% + (4A;)?

= (4A;cos0;cos0;) + (44 cos6;) + (4A; cos 0;)° + (4A,;)?

D, = (AI_COSQf—f-Bl)COSGi—I—BQCOSQf

= —4A,;cosb;cos by

Cy = D2+ (A cosb + By)*+ (A cos; + By)? + A

= (—4A;cos0;cos0f) + (—4A; cos 0;)* + (—4A; cos 07)* + (—4A,;)?
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)/7« == 01521 + OQS?J + [(A_;_SZ"O — A;Sf70)]2(sin Qz sin 9f)2
+ [2(1 — JO(C))A+AI+SZ‘7()S]070](81H 9, sin 9f)2

= C187 + oS, + [(A4Sio — AL Sp0)]*(sin6;sin )2
= [(44;cosb;cosf;)* + (4A; cosb;)? + (44, cos;)* + (4Ai)2](%)2
2(A; — Ay)

+ [(—4A; cosb; cos Hf)2 + (—4A; cos 0;)* + (—4A; cos Qf)Q + (—440:)%)( L

+ [(4A>(21A) (—4Ai)(i)2(sin9isin9f)2

1 1
B =2 (Bt Aoy

= 4A?[cos® 0; cos® O + cos® O; + cos® O + 1][

+ 16sin®6; sin® 0,
2 2
(A; — Ap)? (A + A0) ]
A2 A2
DA T Bt Ay

= 4[cos® O(cos® 0; + 1) + 1(cos® 6; + 1)][

= 16sin®6;sin® 0 + 4(1 + cos® 6;)(1 + cos 0;)|

2(A; + AO))2

+ 16 8in? 6; sin 9f

where Y, = 23:;2
2y,
A, 0,0, = —°2°
U( i Vi f) 4 4
) ; ;
oy 2 9 2 2 A =
= E{16sm 0;sin” 05 + 4(1 + cos” 0;)(1 + cos ef)[(Ai_A0)2 + (Aﬂrﬁo)z]}
A, 0. 1 A Af
0(;,—21,9]0) — sin®6, sin®0; + Z<1 + cos? 60;)(1 + cos? ef)[Ai —ZAo + A, +ZA0]
(4.1.163)

which is just Herold’s non relativistic result, a well known widely used expression
in astrophysics especially in scattering problems for the production of hard X-ray.
To end this, we have derived the magnetic compton scattering cross section and its

simplified form in LF ,which can be reduced to herold’s result in the ERF but can not
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be recovered vice versa from Herold’s expressions by relativistic transformations.This
implies that this cross section may lead to some revisions to past astrophysical calcu-
lations based on Eq.4.1.163, for example, the number and power spectra of scattered
photons resulting from the magnetic inverse compton scattering of a photon gas with

a relativistic electron beam which are detactable for observers.



Chapter 5

Hard X-ray Production From
Thermal Photons Through Inverse

Compton Scattering

5.1 Calculation Of Spectrum Function Of Mag-
netic Inverse Compton Scattering.

In the following we use the simplified cross section derived in previous chapter,that is,
eq.4.1.152,4.1.153 and 4.1.154 to calculate the spectrum function of the the magnetic
inverse compton scattering resulting fromthe scattering of a thermal photon gas in
our case soft X-ray with a relativistic electron beam, which is supposed to happen at
the surface of a neutron star. Consider the scattering of thermal photon(soft X-rays)

by a monochromatic () electron beam. The density of scattered photons per unit

71
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time is

dN (v)
dt

:ne/sin@dei/sinﬁfdef/n(Ai)dAi(l — Bcost)o(A;,0;,7,65)f(cosb;)
(5.1.1)

Where n, is the density of the electron beam and f(cos#;) an anisotropic factor
for the incident photons. If the incident photons are isotropic, then f(cos6;) = 1.
Taking in to account energy conservation and the condition A; < 1, it is easy to

drive

(1 — Beosy) + Ai(1 — cosb; cos ;) — Af sin? QfdA
!

1.2
Ag(y = Agcosty) (512)

sinefdﬁf = —

with substitution of this variable transformation in Eq.(5.1.1), the spectrum of power
density per unit scattered photon energy of a low frequency photon gas scattered by

the monochromatic electron beam can be derived: Since

dN(';gAf) = ne/sm&,d@z/sm@fdef/n(A,)dAz(l —ﬂCOSQi)

X 0(Ag,0;,7,05)f(cos 6;)

Now we will substitute sin §;dfsgiven in equation Eq.(5.1.2) and (A, 8;,, 0) shown

in Eq.(4.1.153) in the above equation we will get the following:
dN (v, Ay) _ ne/sinﬁidﬁi /[7(1 — Beostp + A;(1 — cosb;cos ;) — Ay sin® Qf)]
dt Ag(y— Aycosty)
mrg A
4 Ap(y+ D)L +7+ A —Af)
¢ 38, AF sin’ b1V, f(cos 6;)
[v(1 = Bcosby) + Ai(1 — cos 0 cos 0y) — A} sin? 0]

N / n(A)dA(1 — Beos b))

X

(5.1.3)
Multiplying this equation with d%’f usingA\;,. = vA;(1 — Bcosb;) and

YA+ DL +7+ A= Ap) =72 (v = Ay)
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forA; < 1 and v > 1 We obtain

AfdN(v,Ay) 9 / / - Ay
e AN e V) ADNdA. ap.=2f
didA, 8rrgne [ n(A;)dA; [ sin6;db; A
32792 (y — Ag)(y — Ay cos b) -
ApdN (v, Ay) 2 /
2NN R . o .
dtdAf 87Tr0ne n(Al)dAl (77 AM Af)
AraN(, Ay) = SWrgne/n(Ai)dAiF('y, A, Ay), (5.1.5)
dtdA

where

, Ay Yeoexp|5EA%sin® O]
F(v, A Ar) = 0;d0;— 0 1.
(18 85) /Sm A 3292 (y — Ap)(y — Apcosty) fleosfp),  (516)

is just the desired spectrum function. Now we take in to account the condition
7 > 1, under this condition the constants By, B, Ay, A, A_, A" will be reduced to

their results given from Eq.(5.1.7)to Eq.(5.1.12)as follows;

B, = bA; singf
= [By(A+~v+A; = Ap) + (By+ Ajcost; — AjcosOp) (1 + )] A sin® 0,
= [By+ 67" + ByA; — ByAs + By + By + Ajcos b; + SA; cosb; — A cos by
— yAjcosff]Aysin® 6,
= Y26 +26y — Ap(B 4+ cosbf)]Ar(1 —cosby)(1+ cosby)
= (2y — Ap(1+cosby)]y(1 —cosby)(1+ cosby)

= 27— Ap(1+cosbf)](1+cosbf)Ay,.

similarly
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By = bA; singi
= [By(A+~v+ A — Ap) + (By+ A;cosb; — Ajcos ) (1 + 7)]A; sin® 6
= [27 — A;(1 + cos8;)]A;(1 — cosb;)(1 + cosb;)
= [2y — A;(1+ cosb;)](1+ cosb;)A;(1 — cosb;)

= [27 — A;(1 + cos8;)](1 + cos ;) A,
and

Ay = a+b(By+ A;cosb;)
= By(1+7+A)(By + Aicost; — ApcosOy) + (v — 1+ A)A + 7)1+~ + A — Ap)
+ 27 = Ay(1 + cosby)]y(By + Aicosb;)
= BBy — Aycosty) + 77 (v = Ap) + [27 — Ap(1+ cos )]y (By + Aicos ;)
= 29" = *Ag(cos by +1) + [27 — Ap(1 + cos 0f)]y(By + A, cos 6;)
= (27— Af(cosB; + 1)) + [2y — Ap(1 + cos ;)]

= [2’)/ — Af(]. 4+ cos 9f)]2’72
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similarly

AL = d +b(By— Afcosty
= By(1+7—Ap)(By+Ascost — Apcosty) + (v — 1 — Ap)(1+)(1+7A; — Ay)
+ 27— Ap(1 +cos0p)|(By — Ay cos Oy)
= By = Ap)(By = Agcosly) + (v = Ap)v(y — A)
+ 2y = Ap(1+cosp)](By — Ay cosby)
= [Bv(By = Apcosby) + (v = Ap)l(y — Af)
+ 2y = As(1+cosOp)](By — Ay cos by)
= [By* = ByAgcosty + 97 — yAs(y — Ap)
+ 2y = Ap(1 +cos0p)|(By — Ay cos Oy)
= [2v—Ap(1+cosby) — [2y — Ap(1 + cosbf)|yAy)
+ Y27 = Ap(1 +cos0y)](By) — [27 — Ap(1 4 cos0y)] (A cos Oy)
= [27 = Ap(1+cos0p)]29° — [27 — Ag(1 + cosOp)|[yAf cos Oy + yAy]
= [29 = Ap(1+cosOy)][29* — yA(1 + cosfy)]

Ay = 2y = Ap(1+cosOy)][297 — vA s cos Oy)]



similarly,

A- = a—0b(By+ Aicost)
= [2y — Ap(1 +cosbp)] — y[2y — A
X (14 cosbf)|(By + A;cosb;)
= [27v = Af(1 +cosby)](v* = 728 — yAi cos b;)
= [2v — Ay(1 + cosby)][—vAi cos b;]

A_ = [2’7 — Af(l —+ cos Hf)]AZT
Similarly A" =a’' — b(8y — Ay cosby)

= 27 = As(1 +cos )] = vAs] — [27 — As(1 + cos by)]
X y(By* —yAgcosby)

= —[27 = Ap(1+cosOp)](yA; = 7* + B7* — yAs cosby)
AL = —[27— Ap(1+cosby)|yAp(1 — cosby)
AL = —[2y = Ap(1 4 cosby)|Ay,

A_ =2y — Af(1 + cosbf)| Ay,

AL = =2y = Ap(1 +cos )| A,

Ay = 27 = Ap(1 + cosby)]297,
AL =2y — Af(1 +cos0p)](27° — Apy),

By =2y — Ap(1 +cosby)|(1 + cosbf) Ay,

By = 2y — Af(1 + cosby)|(1 + cos 0;) Ay,
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(5.1.7)
(5.1.8)
(5.1.9)
(5.1.10)
(5.1.11)

(5.1.12)
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and the spectrum function can be derived as follows:For v > 1 We can calculate

Cy and () as follows:

Cy = (A_cos; — By)*(1 + cos® 0;) + (A_cos 0y — By)* + (Bycosfy)? + A

Cy = (27— Ap(1+cosbp)] Ay cos Oy — [27 — Ap(1 + cos0f)](1 + cos 05 Ay,))* (1 + cos® 6;)
+ ([27 = Ap(1 + cos0p)] Ay cos 0; — [27 — Ap(1 + cos 0)](1 + cos 6;A,,))?

+ ([27 = Ap(1 + cos0p)](1 + cos ;) Ay cos 07)% + ([27 — Ap(1 + cos 0)]Ayr))?

Ci = (29— Ap(1+cosbp))?[(AscosOp — Ap (14 cosby))*(1 + cos? 6;)

+ [Aycos8; — A (14 cos ;)] + [(1 + cos? 0;) Ay, cos 0] + A ]
Cy = (29— Ap(1+cosbp))?[(AsrcosOp — Ap (14 cosby))*(1 + cos® §;)
+ A2 (1+cosb;)?cos® 0 + AZ]

Cy
(27 — Ay(1 +cosby))

5 = (Agcosly — Ay (1+ cos07))*(1 + cos® 0;)

+ AZ[2+ (14 cosb;)? cos® 0]
D, = [A; cosff— Ap.(1+ cos Qf)]Q(]. + cos? 0;)
+ AZ[2+ (14 cosb;)]* cos® by
Cy = (A" cosO; + B1)*(1 + cos®6;) + (A" cosb; + By)* + (Bycos;)* + A2
Cy = (=[2y = Ap(1 +cos )] Ay, cos b + [27 — Ap(1 4 cos;)](1 4 cos0;) A, )% (1 4 cos® 6;)

+ (=27 — Ap(1 + cos05)] Ay, cos b; + [2y — Ap(1 + cos07)](1 + cos 0;A;,))?

+ ([27 = Ap(1 + cos0p)](1 + cos ;) Ay cos 05)% + (=27 — Ap(1 + cos ;)] A,))?
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Co
2v — Ar(1 4+ cosfy)]?
f !

= A7(14cos”0;) + [Ny (1 + cosb;) — Ay, cos 0]
+ A2 ((1+cosb;)?cos®0y) + A%,

Dy = [Ai(1 4 cos8;) — Ay, cos 0> + A%,(2 4 cos® 6;) + AZ (1 + cos6;)? cos® ¢
Now

_B .
EA? sin? 0

Af Y; €
A; 3292 (v — Af)(y — Ay cosby)

F(’}/, Az,Af) = /stdeZ f(COS@Z‘)

can be rewritten as

Ar Y —B a2
F(v,A;, Af) = /sin@ideixjw—;fwcAfM % f(cos 6;)

! _ Y,
WheI'QY; T (v—=Ap)(y—Afcosby)

, 1 /
= ANt = Bycosty i T O [(ArSio — A S0

+ 2(1 - J()(&))A_FAQ_SZ"Osf’()](SiH 91 sin Gf)Q]

Now let us substitute the values of Cy,Cy and S;,, St

Cy = [2y — As(1 + cosf)]>D,

Cy = [27 — Ap(1 + cos0f)]> D,
1
n![2(As — nlg) + AZsin® 6]
1
van = 2 12
nl2(Agr +nlg) — A% sin® 0]
With A, and A/, given in the previous calculation
1 [ 27 — Ay(1 + cosby)]* Dy (27 — Af(1 4 cosb;)]* D,
T (7= Ap(y = Aicos ) [2(Ai — Ag) + AZsin® 6,2 [2(Ag + Ag) — A sin® 0]
( 27 — Ap(1 +costp)]*29* 2y — Ap(1 + cosby)](2* - AfT))Q
20, + A?sin?0; 20, — Afcr sin® 0
2(1 = Jo(§))[27 — As(1 + cos07)]29°[2y — Ap(L + cos 0f)](29* — Ayy)
(24, + AZsin? 0;)(2A 4, — A? sin® 6y)

Si,n -

] sin? 6, sin” 6]
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v 27— g1+ costp)]? b
T Ay = Ay — Agcosty) (Ay — Ag)2 + (Ay — Ag)AZsin® 6; + 4A] sin® §;
D,
" (Afr + Ay — %A? sin? 9f>2
2’}/2 (2’)/2 — Afr) 5 . o .
a 0; 0
" (Air + %A? Sim2 6’i Afr _ %A? Sin2 ef) sSin sin” 0y
L A= SN2 — Agy) sin® 0 sin” 0

2
(Afr — %A% Sin Qf)
Up on using the approximation

27 = A1 4cosbp)]*
Ay — Ap)(y — Aycosty)

andA; < 1 This will reduce to:

Yy — Dy + D, + (272 . (272 - AfT) )2
r (Aip = D)2+ T3 (Apr 4+ D¢ — 0.5AFsin6,)2 ~ “Aj Ap — 0.5A% sin* 0
4(1 — Jo(€))7v3(272 — Ay,) sin 6, sin® 6

Afr(Afr - 05A3¢ SiIl2 Qf)

X sin® 6; sin® 0 ¢+

Where 2 = (A;, — Ag)AZsin? §; + 4A} sin® 0;

A Y! —-B
F(v,A;,Af) = /Sin QideinSQ;? exp[z—BCAi sin? 0] f(cos 0;), (5.1.13)
where
Y, = b 2 7+ D 2 20 2
(Air = Ao)? + 15 (Apr + A, — 0.5A% sin” 0y)
272 272_Afr 2 .2 2
—_ 0, 0
+ [Air Ay, —O.5A§ sin? Hf] S VS
401 — 2222_A fn2 0 2
[ Jo(Q)%]v* (2 zfr-) 52111 g; sin® 0 (5.1.14)
Ay (A — 0.5Af sin” ;)
in which

Dy = [Aycos0p — A, (1+cos07)]*(1+cos? 0;) + AZ [2+4 (1 +cos 6;)? cos® 0], (5.1.15)
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Dy = [Ay(14cos6;) — Ay, cos 0;]° + A%, (2+cos® 0;) + AZ (1 +cos 6;)* cos® 0 (5.1.16)

and I'y is related to the inverse life time of an electron intermediate states which is
usually estimated according to the transition rate of an electron from the first landau

level to the ground state Daughery and Vantura 1978 as cited in Yi Xu et al.2001;that

is Iy = %oz(B%)z with « the fine structure constant. In obtaining Eq.(5.1.13), use has

been made of the following approximation.

[2’)/—Af(1+(3089f)]2 -
4(y — Agp)(y — Ay cosby)

(5.1.17)

To see this we note that Ay reaches maximum only at 6y = 0 and §; = 7, s0
Ay < v if 0f is not close to zero , then it is clear that Eq.(5.1.17) is also valid, thus
the approximation is justified. It can be shown that Aysinf; can also be neglected
if there are other dominant terms. Using again the energy conservation, we get the

following approximate expression, From conservation of energy we have
E = Ez + W; —w f

but

E¢ — Ppcosty = E;(1 — E:;isef) + w;i(1 — cos ; cos ) — wy sin® O

= my(1 — Bcosfy) + mA;(1 — cosb; cos ) — mA;sin® 0

E; P
—f——fCOSQf:’)/<1—60080f)+Ai(1—COSQiCOSQf)—AfSiIl29f
m m
1 AV Ay
—(E; — Prcosf) =1 — Bcosl; + —(1 — cosB; cosf) — —L sin? H
e (Er = Py eosty) T == i
SineeAf<<7Wherewehaveused];—f:E’ﬂ;—ifw:l—{—m(ﬁ;—fﬂ:landg—i:

Pi+w;cosf;—wycosly mA,; cosb; mA s cosly
Ey - ﬁ + my - my = ﬁ

A,
1 —Bcosb; =[1—[coshy + —(1 — cosb;cosby)]
fy
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But
A;(1— Bcosb;)(1 — [cosby)
Ag(1— Bcosby)

1—fcosby = %fmei) Substituting this back:

1 —fBcosby ~

A;(1 = [ eosb;)
Ay

=[1— Fcosby + %(1 — cos ; cosby)]

A,
A;(1 —Bcosb;) =[1— [Fcosbf + 72(1 — cosb; cos )| Ay

[1— Bcosby+ &(1 —cosb;cosbs)|Ar = (1 — Fcosb;)A,. (5.1.18)
gl

For further simplification, we consider the case where 0; is not close to zero, then

Eq.(5.1.18)can be simplified to

(1—pBcosbp)Ar=(1—Pcosb;)A; (5.1.19)

A,
1 — Bcosby+ 71(1 —cosB;cosOf)|Ay = (1 — Fcosb;)A; (5.1.20)

Af — (14+B8)A;

I Beont+ 2 (Lremty) For maximum scattered photon frequency 0; = 7 andfy = 0

A~ A+ BN+ )
T7 (1= 62 + 7221 + )
P+ 8w
YT (1 BA,
(148w
YT T2+ A,
-~ 4yPw;
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This means that the Doppler frequencies of the incident and scattered photons
are equal A;; = Ay, which is just the Thomson limit in the LF.Equation(5.1.18)

tells us also that the highest scattered photon energy is of magnitude % ~
4v2%w;

b AA),WhiCh becomes 4v%w; for vA; < 1,which is derived earlier. This is a well-

known feature of inverse compton scattering. Applying the Thomson limit Eq.(5.1.19)

and expanding Jy(¢) up to ¢* ;Eq.(5.1.14) is reduced to
Dy = [Ajcos0p — Ap, (1 + cos07)]2(1 + cos® ;) + AZ[2 + (1 + cos 6;) cos® 0]
SinceA; ~ Ay,

Dy = A? [(cosOf — 1 —cos0f)*(1 + cos® 0;) + 2 + (1 + cos 6;)? cos® O]
Dy = A2 (14 cos®6;)(1 + cos®0;) + 2(1 + cos §; cos® ;)]
Dy = [Ai(1 4 cos8;) — Ay, cos 0,2 + A% (2 4 cos® 6;) + AZ (1 + cos6;)? cos® ¢
= A [1 + 2+ cos® 6; + (1 + cos® 0; + 2 cos 0;) cos® ]
= A2 [(1+ cos?6;) + 2 + (1 + cos® ;) cos® O + 2 cos 0; cos® O]

Dy = A2 [(14 cos®6;)(1 + cos® 05) + 2(1 + cos §; cos® §;)]

Thus Dy = Dy = CAZ2 where C' = (1+cos? 6;)(1+4 cos? 0;) +2(1 + cos §; cos? ) Now

CA? CA2 292 (29* — Ay
y! = vy ir Hv_(v )
(A —A80)2+TF (A + Ap)? AV AV
41— 1+ 2637227 — Ay,) sin® 6; sin” 6;

AirAfr

]?sin” 0; sin® 0

(5.1.21)




83

Where we have neglected Afc sin f; Since the first two terms will not change through

the calculation we only solve the last two terms:

2’72Air - 272Air - Air

| 262722 sin? 0, sin® 0
Air

AirAfr

]? sin” 6; sin® 0 +

Where 292 — Ay, ~ 292 and since { = < A; Ay sin® 6; sin® 65 then this will lead us to:

2[.B, sin® 6, sin® 0]

YAYAf(1 — Feosb;)(1 — Fcosby)

sin? 6, sin? 6 5+

B
sin? 6, sin 0 + 0.5(§)27Ai’yAf(1 —cos6;)(1 —cosB)(1 + cos6;)*(1 + cos )

B.
sin® 6, sin® 0 + 0.5(§

)2 [vAi(1 — cos 0:)][7Af(1 — cosb)](1 + cos 0:)*(1 + cos Hf)2
Bc

sin®0; sin® 0 + 0.5( =

12(Ai)(Ap) (14 cos 0;)%(1 + cos 6;)?
Then collecting terms left before to get the required formula

Yl . CA?T + CA?,,,
T (A — Ao)2+ T3 (Air + Ap)?

B
+  0.5[A;(1 + cos6;)(1 + cos Qf)(EC)P

+ sin? 6, sin? @ h

, oaz onz
v = +
(Aj — D)2 +T12 0 (A + Ay)?
B
+ (sin®;sin ;) + 0.5[A; (1 + cos 8;)(1 +cosﬁf)§c]2, (5.1.22)

where the coefficient ”C” is defined by

C' = (1+ cos®6;)(1 + cos®O;) + 2(1 + cos b; cos® 0y). (5.1.23)
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Now let us solve C' = (1+cos? 6;)(1+cos? §;) +2(1+cos 6; cos® §;) Our aim is to show
thatC(w) = (1422 +2?)(2 — 2 + 5) + 2[1 + (1 — 2)(1 — £2)] Leta = (1 — cosf; ~
(1 — ) cosb;) Then

Itcos?fp=1+(1-2)P2=1+1-245 9 242

Since cosfy =1 — = Because

(1 —Bcosbf)Ar = (1 — [cosb;)A;)

(1 —ﬁcosﬁf)i—f =1—[cosb; (1 —[Fcosbf)w, =z

x
Wr

1 —fceosOp = ~1—cosbly = cosly=1—
1+cos?6; =1+ (cosb;)?’but # =1 —cosb; = costy =1 —x1+(1—-2)=
1+1—-2x+22=2—2x+ 22 2(1+COS€Z'COSQJ2¢):2(1—}-(1—1‘)(1—%)) Again for

x = (1—cosb;) =~ (B — cosb;), with its lower limit being determined by Eq.(5.1.18)

YA§(1 — Beosty) =v(1 — Beosbs)A; — Ay(1 — cosb; cosby)

But
Ay
Ap(1—Bcosby) = (1 — Fcosb;)A;(1— 7)
Ap(1—pPcosby) (1+ [Fcosby)
Hmin = A1 — ﬂ) <(1 + B cosby)
! gl
Where we have used,1 — Bcosf; =2 & 1 — Bcos?; = 1 — 3% = 7%
_ A0 =5
¢ gl
A
VA1~ =
Trnin A i (5.1.24)

A
292A(1 — =F)

the spectrum function can be expressed as

F=F +F+ F; (5.1.25)
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in which we have used
Y(1 = Beosby)wr = yaw;
since Ay, = v(1 — fcosf)w; this implies

2 2

.TZ_ AfT _ Air
T A2,02 T A2, 02
s VW

We know that Ay = %2 = BEC’Ai = “‘from this ratio we get

1 AO . 1 Wo .
Y Az B Y Wi -
From this we can get Ay = agv4;
P CA? CA?
F — T d ir i g.
1 —3272 /mmm x[(AiT A+ T + (B +A0)2]f(cos i)
But (1 — Bcosby)Ar = (1 — Fcosb)A;, v(1 — Beosbp) Ay = (1 — Fcosb)A;, Ay, =
YAz, Aiy = yAsx similarly Ag = yA;ap and T'? = AFE’YQ
w,  [? C(x)v2 A2 C(x)v2A22?
o 2/ . (z)y N ()7 A; JF(1— )
3292 Jo, . (VA —yAja)? + TE2AL (YA — vAja)
wy  [* VA2C ()22 VA2C () 2>
o= 2/ x[22 PRY 2 2A2 2](1—:1:)
3292 S . VA —ao)? + 1G] v2AX (2 + ao)

: Ay 1
Fro= [ sind gl using P (cost)

ffmm da 5375 (1 — cos® 0;)(1 — cos® 6y) f(cos 0;) Here we can write

(1 —cos?l; = (1—(1—1x)%

=1—142z—2?

(1—cos?f; = (1—(1— wir)?)
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Then the above expression will reduce to:

2 w 2v 2’
= " (20 — 22 (ZE — ) f(1 —
|-t - S0

A= g / dz(2 - 2)(2 = =)o f(1 - )

T 32')/2 o Z x ; x x

2
By = in 0;df;—— — ———(5[Au(1 0.)(1 Deqo
3 /xrmsllqﬁZ QZAi 3272(2[ (14 cosb;)( +cosﬁf)B] )

w(Be)? 2 4r2e((2 - 2)(2 - 2)]PF(1 - )But

Tmin r

Ay YRa?A2

7 7
wA? B, [? T 9
=St [ b -ne- DR
w, [? r2c(x) 22c(x)
= — d 1-— 5.1.26
L3292 /xmm x[(x —a,)?+12 (v + ao)Q]f( =) ( )
12
Fy = / (2 — 2)(2 — )22 f(1 — z) (5.1.27)
’ 3272 Tmin Wr ,
wA? B 2 x
Fy=——(= 2—2)](2—- —)Pf(1 - 1.2
=) [ e -wle- DPf0-n, (12s)
wherew, = 7La, = 2 ' = 2a(B/ B,)? /37*Aj,and ¢(x) can be read from Eq.(5.1.23),
() =(2—2x+ 2)(2_2_x+$_2)+2[1+(1_ )(1—3)2] (5.1.29)
c(z) = T+ T ot T o)k 1.

From a simple observation of the above spectrum functions F, is much smaller

than FjorF3.So the dominant contribution to the spectrum function is fromFjand
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F3.Resonant scattering occurs whenz,,;, < ag < 2is satisfied wheref’| becomes very
large. This means that resonant scattering becomes operative when the following con-

ditions are satisfied:

<2
Ywi

and

wWo > wy

T 902, (1 _ Ar
Wi 29%w(1 7)

Which can be expressed alternatively by

and
2wy
< 70
YI=110A,

To this end,the existence of high temperature near the cap of neutron stars(pulsars),T” ~
108K there is a large number of soft X-ray photons resulting from thermal radi-
ation.On the other hand,there are also high energy electron beams in the magneto
sphere produced by electrostatic acceleration.According to the above two conditions,it
is possible to produce hard X-ray emmision on the surface of a strongly magnetized

neutron stars(pulsars) through the resonant magnetic compton scattering.



Chapter 6

Results And Discussion

When a matter falls from the Secondary to the primary star in binary system after
filling its Roche lobe and passing through its lagrangian point,then the matter will
form an accretion disk around the neutron star and during this time,there will be an
inverse compton scattering due to the in falling matter which has soft X-ray photon
when striking a relativistic electron in the accretion disk and will result in the pro-
duction of hard X-ray with energy band range between 12 KeV and 50 MeV (J.Frank
et al.1985)

In this work, we developed the method for getting hard X-ray from accreting
binary neutron stars using inverse compton scattering and got the total differential

cross section to be:

[\

T Af
A, 0, =
exp(—gg A sin0,)Y,

[v(1 — Bcosby) + A;(1 — cosB;cosOf) — Aysin® 6]

(6.0.1)

Where Y, is clearly derived in chapter 4. And this equation shows that the differential

cross section depends on the incident angle,the electron energy . And this tells

88
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us that the the cross section become very high as the incoming photon frequency
approaches a resonance frequency.
Using the above cross section it is possible to derive the magnetic inverse compton

scattering and we get the density of scattered photon per unit time as:

N(v, A
% = ne/sin@id@-/sintdHf/n(Ai)dAi(l—ﬁcosGi)

X (A, 0;,7,05)f(cosb;)

where n, density of electron beam and f (cos 6;)is an isotropic factor for the incident
photons,if the incident photons are isotropic f(cosf;) = 1. In astrophysics we are
more interested in the application of inverse compton scattering in the production of
Hard X-ray from accreting neutron stars and for this to happen we made different
assumptions like A; < landy > 1

So.for our work we derived earlier we got maximum scattered frequency which lies
in the frequency range of hard X-ray for the scattered angle 0; = 0 and 8; = 7. These
angles are measured with respect to the Z axis,we considered also that the magnetic
field is also along Z direction. We can see this relation from the following graph.The
graph indicates that as the angle of scattered photon(f;) decreases, the scattered

frequency (wy) increases.This spectrum lies in the hard X-ray range.
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Figure 6.1: Relationship between the scattered photon frequency and the scattered
photon angle

The above graph is drawn using equation 5.1.18 along with the maximum scattered
frequency photon which is given by w; = 47%w; and its 'FORTRAN’ program is

attached at the end of the thesis.
A;
[1—fBcosby+ 7(1 —cosb;cosbs)|Ar = (1 — Fcosb;)A; (6.0.2)

From conservation of energy used in chapter 5, we got the maximum scattered photon
frequency to be of magnitude

Wy = 4y2w;

assuming that yA; < 1 taking the incident photon to be soft X-ray (0.5 — 12KeV)
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and harden in to hard X-ray using inverse compton scattering.Now let us discuss
the numerical analysis of the result obtained above considering the electron energy
~v = 100,1000 and other possible values greater than these. But for simplicity let
us analyze for the first casey = 100 Let us change the incident photon energy in to

frequency using the following relation
E = hw

h = 1.054592 x 10734J.Sec

500eV = 1.054592 x 1072*J.Secw

B 5 €V
w=4.74117 x 10 T See

But

leV =1.6 x 10797

1
= w = 7.585872 x 10" ——
Sec.

Using similar steps above 12KeV will give as w = 1.8206 x 10" g.- Then the incident

photon frequency range will be

1 1
w; = 7.585872 x 10'"—— — 1.8206 x 109 ——
Sec. Sec.

As we derived earlier the maximum Photon frequency after hardening process
using inverse magnetic compton scattering in strong magnetic field of neutron stars
we got

Wy = 472%

using this formula we can show that the scattered photon frequency range to be

1 1
wy = 3.0343488 x 10225— — 7.2824 x 10—

ecC. Sec
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This photon frequency spectrum shows that the final frequency lies in the range of
hard X-ray which is stated in chapter 2, which is similar to others work, J.Frank et

al.(1985).

6.1 Conclusion

From the very beginning to the end of this work, we have stated and formulated
that in active galactic nuclei the primary X-ray emission is due to inverse compton
scattering by electrons in a hot corona of the UV /Soft X-ray disk photons as it is
done in detail in chapters Four and Five.

For this work, we began by considering Dirac equation to derive the Feynman
propagator which is very important in the derivation of scattering amplitude and
the total differential cross section.using this cross section derived in chapter Four we
have stated the spectrum function which is the core of our work and we calculated
the frequency of the scattered photon (wy) using inverse compton scattering,which is
crucial in the hardening of soft X-rays (thermal photons), showing the production of
hard X-rays with energy range 12KeV — 50MeV taking in to account the electron
energy .

Finally,we can conclude that accreting neutron stars,if they form binary system,
can generate hard X-rays and for this process to happen strong magnetic field should

be taken in to consideration.
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