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Abstract  

Astrophysical models need calculations in cross section. It is believed that inverse Compton 

scattering in strong magnetic fields near the surfaces of Neutron stars is one of the possible 

mechanisms responsible for X-ray and �-ray emissions. Spin sum is one fundamental variable in 

calculations of  scattering cross sections involving charged fermions in magnetic field. In this 

thesis we explicitly calculate the spin-sum of the solutions of Dirac equation  and using it we 

calculate spin-sum corrected total cross of the inverse Compton scattering in the presence of 

uniform and strong magnetic field. 
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General Introduction 

When a star runs out of fuel its evolution is nearly finished. White dwarfs, neutron stars (NSs) 

and black holes are the remnants of dying stars. Stars like the sun die slowly but quietly and 

become white dwarfs. More massive stars explode and become neutron stars and black holes. 

Such stellar explosions, though marking the death of one star, may trigger the birth of another. 

Moreover, the explosion of dying star blasts into space elements vital to human life such us 

carbon and iron, elements that eventually become incorporated in to new stars, planets and 

ultimately people. 

      A neutron star forms when a massive star’s iron core collapses and triggers a supernova 

explosion. The collapse compresses the core’s protons and electrons together to make neutrons, 

forming a ball of neutrons with a radius of about 10 kilometers but which may contain up to 

about 2 to 3 solar masses. NSs have powerful magnetic field. As the NS rotates, its magnetic 

field sweeps radiations across the sky. A pulsating radio source is thought to be associated with a 

rapidly rotating NS. Neutron stars can exist as a binary system, system where the two stars orbit 

close to each other. Unusually strong magnetic field can also exist in magnetar neutron stars. 

Pulsating X-ray sources, X-ray bursters and �- ray burster are events related with neutron stars. 

On strong magnetic fields (10 
12

-10 
13

G) of magnetospheres of NSs the interaction of electrons 

and protons is greatly altered, because the electrons are restricted to moving perpendicular to the 

field in Landau orbital’s. 

    Calculation of elementary particle decays and scattering cross sections in presence of magnetic 

field become more important after it was understood that the NS cores can sustain magnetic 

fields of the order of 10 
13

 G or more. We assume these field to be uniform so that Dirac equation 

can be solved exactly. Once Dirac equation is solved exactly then we can calculate scattering 

cross sections in the presence of the field. Inverse Compton scattering (ICS) in strong magnetic 

field has been analyzed by Goldreich et al. (1972) and Blandford et al. (1976). Herold (1979) 

calculated the general differential cross section for Compton scattering in a strong magnetic 

field. His result is for electron rest frame (ERF) under the assumption that the  initial and final 

states of electrons are in the lowest Landau level.  
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His expression of cross section has been widely used in astrophysical calculations, because it is 

assumed that  the ICS is talking place near the surfaces of NSs. 

However, in actual calculations the cross section in the laboratory frame (LF) is required. 

Therefore, this thesis aims at a derivation of an exact LF version of  Herold’s expression of cross 

section in the ERF. The advantage of this cross section is that it can be used directly in 

astrophysical calculations for both relativistic and non-relativistic cases. 

     The first chapter of this thesis focuses on the physics of neutron stars (their discovery, 

magnetic field and rays they produce). In the second chapter we calculate spin-sum of Dirac 

equation in strong magnetic field for positive and negative energy solutions (both spin up and 

down states considered). Finally, after finding Feynman propagator of an electron and scattering 

amplitude, quantum mechanical, magnetic and relativistic calculation of total differential cross 

section of inverse Compton scattering corrected for spin sum will be calculated. 
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Chapter 1- Neutron stars 

1.1 Introduction 

Almost all the light we see from objects in the night sky is due to thermonuclear fusion reactions. 

Such reactions are what makes stars shine, and in turn make any surrounding nebulae glow. Even 

the light we see from the moon and planets – which is simply reflected sunlight – can be traced 

back to thermonuclear reaction in the sun’s core. 

By contrast, exotic objects like Crab Nebula in Taurus is undergoing no thermonuclear fusion at 

all. Despite this, the object is so energetic that it is emitting copious amounts X-rays. At the 

objects very center is the source of  all this dynamic activity: a neutron star, the leftover core of 

what was once a supergiant star. 

Before 1967 neutron stars were considered pure speculation. But today we know of more than 

1,300 of these exotic stellar corpuses, and hundreds of thousand more may be strewn across the 

Milky Way Galaxy. Neutron stars have powerful magnetic fields that are billions of times 

stronger than the sun’s filed. As the NS rotates, its magnetic field sweeps beams of radiation 

across the sky. We detect these beams  as pulsating radio signals. 

Unlikely normal stars neutron stars  actually have solid surfaces that can shift and fracture in a 

“starquake”. When such a quake occurs on the surface of a NS with an unusually strong 

magnetic filed, it release a truly colossal burst of radiation that for a fraction of a second outshine 

an entire galaxy of stars. NS’s in close binary system also display outrageous behavior, including 

bouts of explosive fusion that yields a vast outpouring of x-rays.  

A massive star in a supernova explosion, leave behind both a supernova remnant and bizarre 

object called neutron star. Under very high pressure, a proton and an electron can combine to 

from a neutron (as well as a neutrino) through the reaction 

  P+e��n+u , 

the neutrinos escaping the star. 
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  Once a neutron star had formed in response to tremendous pressures, it would be able to resist 

any further compression. The neutrons themselves would provide counterbalancing outward 

pressure, degenerate neutron pressure. 

1.2 Pulsars and the Discovery of Neutron stars 

A pulsar is a pulsating radio source thought to be associated with rapidly rotating neutron 

stars. One type of star that appears to pulsate is an eclipsing binary star system which appears 

dimmer when one star in the binary system passes in front of the other. 

However in order to very in brightness with a typical pulsar period of 1 second or less, an 

eclipsing binary would have to have an equally short orbital period. At the time of its discovery it 

was the Crab pulsar recognized as the fastest pulsar known to astronomers. Its period is 0.0333 

seconds, which means that it flashes 1/0.0333=30 times each second. 

The magnetic field of a NS makes it possible for the star to radiate pulses of energy towards 

our telescopes on Earth. The following two figures show a rotating, magnetized NS. Charged 

particles are accelerated near a magnetized neutron stars magnetic poles, producing two 

oppositely directed beams of radiations. If the stars magnetic axis is tilted at an angle from the 

axis of rotation, the beams sweeps around the sky as the star rotates. If the earth happens to lie in 

the path of the beams, we detect radiation that  appears to pulse (a) on and (b) off. 
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 Earth 

  

                (a)                                                                              (b) 

Fig 1 A rotating magnetized neutron star [17] 

A radio telescope detects regular pulses of radiation, with the one pulse being received for 

each rotation of the neutron star. Since 1968 radio astronomers have discovered more than 1600 

pulsars scattered across the sky, and it is estimated that perhaps 10
5
 more are strewn around the 

disk of the Milky Way Galaxy.  

Each one is presumed to be the neutron star corpse of an extinct, massive stars. Radio 

telescopes have detected pulsars with a wide verity of periods, from a relatively sluggish  8.51 

second to a blindingly fast 0.001396 second. In each case the pulse period is thought to be the 

same as the rotation period of the NS.  

The primary sources of pulsars are thought to be massive stars that become core-collapse 

supernovae, i.e. in many cases pulsars are found within the remnant of all the supernova. 
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A beam of electrons whirled along a circular path within the cyclotron, held in orbit by 

powerful magnets, scientists notified that  it emitted a strange light. It is now known that this 

light, called synchrotron radiation, is emitted whenever high- speed electrons move along curved 

paths through a magnetic field. Synchrotron radiation has a continuous spectrum, but one that is 

distinctively different from the continuous spectrum emitted by a heated blackbody. This 

difference helped astronomers confirm that the  Crab Nebula (that surround Crab pulsar) emits 

primary synchrotron radiation, not black body radiation. Thus, the Crab Nebula must contain 

quite a large number of relativistic electrons spiraling in an extensive magnetic field.    

 

                           

    

Fig 2  Synchrotron radiation : It is emitted by electrons that move at high speed in a magnetic    

field. [17] 
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   1.2.1 Millisecond pulsars  

In 1982, radio astronomers discovered a pulsar whose period is only 1.558 ms. (one millisecond). 

This remarkable pulsar called PSR 1937 + 21 after its coordinate in the sky, is a neutron star 

spinning 642 times per second – about 3 times faster than the blades of a kitchen blender. Such 

incredibly rapid rotation is a clue  to this pulsar’s unusual history. 

    PSR 1937+21 is not the only pulsar with unusually rapid rotation. Since 1982, astronomers 

have discovered more than 180 very fast pulsars, which are now called millisecond pulsars. All 

have periods between 1 and 10 ms, which means that these neutron stars are spinning at rates of 

100 to 1000 rotations per second. (As of 2007 the fastest known pulsar is PSRJ1748-2446ad, 

which rotates 716 times a second). An important clue to understand millisecond pulsars is that 

the majority are in close binary systems, with only a small separation between the spinning 

neutron star and its companion. 

 Few millisecond pulsars, like PSR 1937 + 21, are not members of close binaries. It may 

be that solitary millisecond pulsars were once part of close binary systems, but the companion 

stars have been eroded away by the high – energy particles emitted by the pulsar after it was 

spun up.  

It is also possible that both stars in a close binary system might evolve into neutron stars, 

forming a pair of pulsars. Several such binary pulsars are known. Because the two pulsars are so 

massive and move around each other in tight orbits, they lose energy through of process called 

gravitational radiation. As a result, the two neutron stars spiral towards each other and 

eventually collide. Some of the neutrons are ejected into space, where many of them decay into 

protons and combine to form various heavy elements. Some of them seed the interstellar medium 

with  building blocks of planets. 
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1.3 Magnetic field of Neutron stars 

Magnetic fields are found in various scale and positions in our universe. Neutrons stars have 

powerful magnetic fields that are billions of times stronger than sun’s field. The small size of 

NSs implies that they have intense magnetic field. Every star possesses some magnetic field, but 

the strength of this field is quite low. The magnetic field, which is bounded to the star’s ionized 

gases, becomes concentrated on to an area 10
10

 times smaller than before the collapse, and thus 

the field strength increases by a factor of 10
10. 

 
          A stars magnetic field splits one of its spectral lines in to two or more lines whose spacing 

reveals the fields strength. As an example, the earth’s magnetic field (which is responsible for 

Auroras and Van Allen belts) has a strength of about 0.5G. The sun has field strength of about 

1G.The field at the surface of a refrigerator magnet is about 100G, and the field used in a scanner 

is about 15,000 G.  

The  magnetic splitting of lines in the spectra of certain white dwarfs corresponds to field 

strength’s in excess of 10
6
 G, comparable to the strongest fields ever produced in a laboratory on 

Earth. But the magnetic field surrounding typical neutron star are a million times stronger still, 

on the order of 1 trillion gauss (10
12

G.) Some NSs may have field as large  as 10
15 

 G. 

The combination of a powerful magnetic field and rapid rotation would act like a giant 

electric generator, creating very strong electric field near the neutron star’s surface. Indeed, these 

fields are so intense that part of their energy is used to create electrons and positrons out of 

nothing in a process called pair production. The powerful electric fields push these charged 

particles out from the neutron star’s surface and into its curved magnetic field. As the particles 

spiral along the curved field, they are accelerated and emit energy in the form of electro 

magnetic radiation. The result is that two narrow beams of radiation pour out of the neutron stars 

north and south magnetic regions.  

According to Kebede L.W. (2002), [10], high magnetic fields  can be generated by an 

acquired angular momentum from the basic field. Surface fields by spinning separated charges 

are found to be dipolar. 
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The stronger the magnetic field of neutron stars, the greater the rate at which it emits 

energy in the form of radiation and hence the more rapidly it will slow down. From the slow 

down rate of the Crab pulsar, astronomers calculate that its magnetic field must be about 5x10
12

 

G, which is very close to the previous estimate of 10
12

G.The calculations of the cross sections 

and decay rates in presence of a magnetic field uses a bench mark value of the background field: 

Bc =  m
2
/e = 4.414x10

13
 G, 

Where m is the electron mass and e is the charge of the proton. Bc is some times called the 

‘critical field’ although nothing critical happens at this field strength. The only condition which 

defines the critical field is that when the magnitude of the magnetic field reaches the value Bc , 

the electron cyclotron frequency equals its rest mass in the natural units. If the magnitude of the 

magnetic field is above the critical field the electronic wave functions get considerably modified. 

It is assumed henceforth that while discussing scattering the magnitude of the external fields will 

be around Bc. 

Of all pulsars, three pulsars in question appear to have the strongest magnetic fields of any object 

in the universe, far stronger than those of “ordinary” pulsars. 

 

1.3.1 Magnetars  

A magnetar is an unusual type of Neutron star with extraordinary strong magnetic field 

that can be about 10
15

 G (about 1,000 times stronger than that of the 10
12 

G field of an ordinary 

NS). This field is produced by convection inside the NS when it first formed. 

The magnetic field of an ordinary star like the sun is produced by the motion of its 

electrically conducting gas, or plasma. The same is true for a supergiant stars, i.e. when 

thermonuclear reactions cease, it begins to collapse, the stars magnetic field moves with the 

infalling material and becomes greatly amplified. This amplified magnetic field remains with the 

resulting NS, which typically ends up with a field strength of about 10
12 

G. 

However, Neutron stars can generate an additional magnetic field as it forms. For about 

the first 10 seconds after a NS forms from the core of a collapsing supergiant, it has an extremely 

high internal temperature-about 10
11 

K, as compared to a relatively frigid 1.55x10
7 

K in the 

present - day sun’s core – and there is a furious convection of the NS material.  
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This material includes electrically charged protons and electrons, and the convective 

motion produce a magnetic field. If the newly formed NS spins relatively slowly, so that the time 

it takes a convection cell to rise and full (about 0.005 s) is less than the time required for the NS 

to make a complete rotation, the magnetic fields caused by different convection cells remain 

uncorrelated and do not contribute much to the NS’s magnetism. 

This seems to be what happened for the vast majority of NSs. But,  if a brand new NS has a 

rotation period of less than 0.005 s, its rapid rotation causes the convective motion in different 

parts of the NS to organize together. When the NS has completely formed, it is left with a 

magnetic field that can be as strong as 10
15 

G. The magnetism of such a star could pull the keys 

out of your pocket and demagnetize your credit cards at a distance of 200,000 km, or half the 

distance from the Earth to the Moon. 

   The magnetic field of such magnetars exerts tremendous stresses on the electrically conducting 

material at the star’s surface. From time to time these stresses can cause a localized fracture of 

the surface called a starquake. A starquake on the surface of a magnetar releases magnetic 

energy in the form of an intense blast of X-rays and gamma rays. The theoretical model of a 

magnetar turns out to be excellent description of the three pulsars that produced the energetic 

blasts. Each of these pulsars emit moderate gamma-ray bursts at seemingly random intervals, 

which is why they are also called soft gamma repeaters. This is the origin of the acronym 

“SGR’’ in the pulsars designations (The adjective “soft” means that the gamma rays emitted are 

of relatively low energy). 

In general, because magnetars  represent such an extreme state of matter, with magnetic effects 

stronger than those found any where else in the universe, astronomers are studying them with 

great interest. Even NSs that lack the intense magnetic field of a magnetar can display exotic 

behavior. As we have seen in the previous section of this chapter, this happens when a NS is one 

member of a binary star system in which the two stars orbit close to each other. 

 

 

 



 

 

11 

 

 

1.4   Neutron stars   

A Neutron star is a very compact, dense star composed almost entirely of packed degenerate 

neutrons. NSs have a mass ranging from 1.4- 3 times that of the sun’s mass and a radius of about 

10 km.  Because neutron stars are very small, they should rotate (spin) rapidly. 

The radiation from pulsars gives us information about the surroundings of neutron stars, as well 

as how they rotate. The models for NSs are very different. For one thing, NSs are thought to 

have a solid crust on their surface. Furthermore, the interior of NS is a sea of densely packed, 

degenerate neutrons, with properties quite unlike those of ordinary gases or even  degenerate 

electrons. Detailed calculations strongly suggest that degenerate neutron matter can flow with 

out any friction whatsoever, a phenomenon called super fluidity. Within  a NS, elongated, 

friction-free whirlpools of super fluid neutrons may form. Their interaction with the star’s crust 

may be the cause of sudden changes in a pulsar’s rotation. In addition to the general slowing 

down of pulsars, astronomers have found that they sometimes exhibit a sudden speed up, 

sometimes called a glitch. Current opinion among NS theorists is that glitches are cased by the 

super fluid neutrons within  the NS. 

In addition to super fluidity, models of the internal structure of a NS strongly suggest that 

the protons in the core can move around without experiencing any electrical resistance 

whatsoever. This phenomenon is called superconductivity. This property occurs on the Earth 

with certain substances at low temperatures. Once electric current starts moving in 

superconducting material, it keeps moving forever. We may have been surprised on the existence 

of protons in a neutron star. While neutron stars are made up of predominantly of neutrons, some 

protons and electrons must be scattered through the stars interior. Indeed, a pulsars magnetic 

field must be anchored to the neutron star by charged particles.  Neutrons are electrically neutral, 

so without the protons and electrons in its interior, a neutron star would rapidly lose its magnetic 

field. The following figure shows a model of internal structure of a NS. 
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    Fig 3  A model of a neutron star’s internal structure  [17] 

 

1.4.1 Atmosphere of neutron stars 

       While the deep interiors of NSs. remain mysterious, astronomers have recently found 

evidence that the crusts of neutron stars are surrounded by a highly unusual atmosphere. The 

evidence come from the NS 1E 1207.4-5209, which emits X-rays and lie at the center of a 

supernova remnant. Dips on X-ray spectrum graph indicate that they are caused by absorption of 

certain X-ray wave lengths by an atmosphere around the NS. 

     The atoms that make up such an atmosphere must be dramatically different from those around 

us. In the intense magnetic field of a young NS, ordinary spherical atoms are deformed in to 

elongated cigar shapes and have radically altered spectral lines. So a bizarre property is also seen 

on the atmosphere of a NS. 
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1.4.2 Neutron stars in close binary system (Pulsating X-ray sources) 

          Millisecond pulsar are not the only result of having a neutron star in a close binary system 

with an ordinary star. Even more exotic are pulsating X-ray sources, in which material from the 

companion star is drawn on to the magnetic poles of the neutron star, producing intense hot spots 

that emit breathtaking amounts of X- rays. As the NS spins and the X-ray beams are directed 

alternately to ward us and away from us, we see the X-rays flash on and off. Pulsating X-ray 

sources were discovered in 1971 by the Uhuru space craft. The first X-ray source found to emit 

pulses was Centaurus X-3. The X-ray pulses have a regular period of 4.84s. Similar pulses were 

discovered from Hercules X-1, which had a period of 1.24s. These two sources are members of 

binary star systems. 

   One piece of evidence is that every 2.087 days, Centaurus X-3 appears to turn off for almost 12 

hours. Apparently it is a NS in an eclipsing binary system, and it takes nearly 12 hours for the X-

ray source to pass behind its companion star. Hercules X-1 too, appears every 1.7 days by its 

visible companion, the star HZ Hercules. Putting all the pieces together, astronomers now realize 

that pulsating X-ray sources like Centaurus x-3 and Hercules X-1 are binary systems in which 

one of the stars is a neutron star. All these binary systems have very short orbital periods, which 

means that the distance between the two stars is quite small. The NS can therefore capture gases 

escaping from its ordinary companion. More than 20 such exotic binary systems, also called X-

ray binary pulsars, are known. A typical rate of mass transfer from the ordinary star to the NS is 

roughly 10
9
 solar masses per year. 

            Because of its strong gravity, a NS in a pulsating X-ray source easily captures much of 

the gas escaping from its companion. But like an ordinary star, the NS is rotating rapidly and has 

a powerful magnetic field inclined to the axis of rotation.( see fig 1 .)  As the gas falls toward the 

NS, its magnetic field funnels the incoming matter down  to the stars north and south magnetic 

polar regions.  

The NSs gravity is so strong that the gas is traveling at nearly half the speed of light by the time 

it crashes on to the stars surface. The violent impact creates spots on both poles with searing 

temperatures of about 10
8
K.  
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 Materials raised to these temperatures emits abundant X-rays, and because so much material is 

dumped on to these hot spots the X-ray luminosity reaches roughly 10
31

 watts.  

 

                                                                            

 

Fig 4    A model of pulsating X-ray source  [17]      

 

      This is much greater than the X-ray luminosity of isolated pulsars like the Crab, whose 

surface temperatures are relatively chilly 10
6
k or so. It is also nearly 10

5
 times greater than the 

combined luminosity of the sun at all wavelengths. As the NS rotates, the beam of X-rays from 

its magnetic poles sweep around the sky. If the earth happens to be in the path of one of the two 

beams, we can observe a pulsating X-ray source. 

        We detect a pulse once per rotation period, which means that the NS in Hercules X-1 spins 

at the rate of once every 1.24 seconds. If the orbital plane of the binary system is nearly edge on 

to our line of sight, as for Centaurus X-3 and Hercules X-1, the pulsating X-ray appear to turn off 

when the NS is eclipsed by the companion star. 
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 Other pulsating X-ray sources, such as Scorpius X-1, do not undergo this sort of turning off. The 

orbital planes of these systems are oriented more nearly face-on to our line of sight, so no eclipse 

occur. 

             The NSs in most pulsating X-ray sources have rotation periods (and hence pulse periods) 

of a few seconds. But as time passes, the NS accretes more and more mass from its companion. 

In the process, it will spin up and may eventually become a millisecond pulsar. 

1.4.3 X-ray bursters and neutron stars 

Explosive thermonuclear processes on NSs produce novae & busters. These exotic phenomena 

occur when stellar corpse is part of a close binary system. One example is a nova in which a faint 

star suddenly brightens by a factor of 10
4
 to 10

8
  over a few days or hours, reaching a peak 

luminosity of about 10
5
 times that of the sun.. By contrast, supernova has a peak luminosity of 

about 10
9
 times value of the sun’s luminosity. Every year two or three novae are seen in our 

Galaxy, and several dozen more are thought to take place in remote regions of the galaxy that are 

obscured from our view by interstellar dust. All novae are members of a close binary system 

containing white dwarf. 

A surface explosion similar to a nova also occurs with neutron stars. In 1975 it was discovered 

that some objects in the sky emit sudden, powerful bursts of X- rays. There is an abrupt increase  

of the rays followed by a gradual decline. An entire burst typically lasts for only 20s. Unlike 

pulsating X-ray source, there is a fairly long interval of hours or days between bursts. Sources 

that behave in this fashion are known as X-ray busters. Several dozen X-ray busters have been 

discovered in our galaxy. This burst was recorded by an earth-orbiting X-ray telescope. 

        X-ray busters, like novae, are thought to involve close binaries whose stars are engaged in a 

mass transfer. With a burster however, the stellar corpse is a NS rather than a white dwarf. Gases 

escaping from the ordinary companion star fall on to the NS.  

The X-ray buster’s magnetic field is probably not strong enough to funnel the falling material 

toward the magnetic poles, so the gases are distributed more evenly over the surface of the NS.  
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The energy released as these gases crash down on to the NS’s surface produces the low-level X-

rays that are continuously emitted by the burster. The process on X-ray bursters is explosive, 

since the fuel is compressed so tightly against the star’s surface  that it becomes degenerate, like 

the star itself. 

Note that  we should not confuse X-ray bursters with magnetars, which are also NS’s that emit 

powerful bursts of X-rays. An X-ray burster is a member of a binary system that accrets matter 

from its companion star, then releases nuclear energy when the accreted matter undergoes 

thermonuclear reactions. By contrast, a burst from a magnetar is a release of magnetic energy 

stored in its extraordinary powerful field; no thermonuclear reactions are involved, and no 

accretion from a companion star is required. There is also a huge difference in the strength and 

duration of the two kinds of burst. An X-ray burster releases about 10
32

 joules in a typical 20-

second burst, while a magnetar burst can release more than 10
39

 joules of X-ray and �-ray 

radiation in a mere 0.2 second. 

          One of the great puzzles in modern astronomy has been the nature of an even more 

remarkable class of events called gamma ray bursters. As the name suggests, these objects emit 

sudden, intense bursts of high-energy gamma rays. We will discuss these in the next section. 

1.4.4 Gamma-Ray Bursters and neutron stars 

Gamma-ray bursters (GRBs)are incredibly bright flashes of radiation from remarkably distant 

galaxies, out side the disk of our Galaxy. GRB’s may have been produced when one of the most 

massive stars of these Galaxy’s become a supernova. 

      GRB’s were discovered in the late 1960’s by the orbiting Vela Satellites, whose detectors 

noticed flashes of gamma rays coming from random parts of the sky at random intervals. With a 

new generation of gamma-ray telescopes currently in orbit, new gamma ray bursters are being 

found at a rate of about one per day. GRBs fall in to two types. Long-duration gamma-ray 

bursters, which are more common, last from about 2 to about 1,000 seconds before fading to 

invisibility.  
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The less common short-duration gamma-ray bursters last from a few hundreths of a second to 

about 2 seconds, and tend to emit photons of shorter wavelength and hence higher energy. 

Unlike X-ray bursters, GRBs of both types appear to emit only one burst in their entire history. 

      GRBs are seen with roughly equal probability in all parts of the sky. This suggests that they 

are not in the disk of our galaxy. One idea was that GRBs are relatively close to us and lie in a 

spherical halo surrounding the Milky Way. Alternatively, GRBS could be strewn across space 

like galaxies, with some of them billons of light-years away. As of 2007, the most distant GRB 

yet seen lies within a galaxy some 13 billion (1.3x10
10

) light years way. To be seen at such 

immense distance a GRB must release a truly stupendous amount of energy in the form of 

radiation. A relatively bright long-duration GRB was detected on March 2003, by the orbiting 

gamma ray telescope HETE-2 (High Energy Transient Explorer). This burster denoted GRB 

030329 for the date it was observed-in the constellation Leo. It was so intense that its high-

energy photons temporarily ionized part of the earth’s atmosphere-the only event of its kind ever 

caused by an object beyond our own galaxy. 

Subsequent observations with the Hubble Space Telescope revealed an expanding shell of gas at 

the position of the GRB. A long-duration GRB can not simply be an ordinary core-collapse 

supernova. It releases about 10
46 

joules of energy, of which only about 0.03% is released as 

electro magnetic radiation. Most of the remaining energy goes in to neutrinos, while some goes 

in to accelerating the derbis that expands away from the supernova. 

If we assume that a GRB emits light equally in all directions, the inverse square law that relates 

brightness, luminosity, and distance tells us that the most energetic bursters would have to emit 

about 3x10 
47

 joules of radiation in less than a minute. It would take 100,000 supernovae going 

off simultaneously to release this much radiation. 

The newest tool in the search for answers about GRBs is a NASA satellite called Swift, which 

was launched in 2004.         
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Chapter 2 - Spin sum to Dirac Solutions in a strong 

magnetic field 

2.1 Introduction 

In this section we derive the spin sum of the solutions of the Dirac equation in presence of a 

magnetic field. We will have two spinors which have two different position coordinates in 

general and so their spatial dependence is explicitly shown to be different.  

But before that we will see positive and negative solutions of Dirac equation. Since calculations 

heavily depend on the choice of the background guage field giving rise to the magnetic field, it 

should also be first mentioned. 

2.2 Solutions of Dirac equation in a strong magnetic Field 

The state of an electron in the magnetic field is described by the solution of the Dirac 

equation.Charged fermions in a uniform magnetic field can have a guage conditions given by , 

     ������������������� � �� 

   �������������������� � � � 	�
��                 (2.2.1) 

  �������������������
 � 
 � ��	�
��           (2.2.2) 

Where A is a scalar function of � , 
�is canonical momentum, Q is the sign of the fermion charge 

and e is charge of the proton. The canonical momentum does not remain gauge invariant as in 

case of the free space. Because 

                        Π0 = p0- eQA0  and          (2.2.3) 

                        Πi =pi – eQAi= pi +eQ	A(x) - eQ(Ai+	A(X))       (2.2.4) 

 

 

remain gauge invariant under the gauge transformation Eq. (2.2.1) and (2.2.2) we can also say  
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��������������������� � 
� � ����           (2.2.5) 

is  gauge invariant.  

Let us Consider  the magnetic field to be along the Z-axis  and gauge �
�� � 
�� ���� ��� 
When there is a uniform background magnetic field around  a fermion, the generalied 

momentum is given by 

�����������������������
� � 
� � ����            (2.2.6) 

And  

������������������������
� � 
�            (2.2.7) 

���������������������
 � 
 � ���          (2.2.8) 

Considering interactions given by the above equations the standared form of Dirac equation 

can be written as  

[i�� ��+����- m]y=0              (2.2.9) 

This gives  

� ���� �  !�"               (2.2.10) 

where   B   is Dirac Hamiltonian in the presence of magnetic field.  

 B=#� $ � %&                      (2.2.11) 

The eigen state of     Eq. (2.2.10) could be given as  

        y='(�)* +,-.              (2.2.12) 

Hence Eq. (2.2.10) can be expanded to 

������������ /012345+,6.7/*     = #� 
��	 � ���� 8�'(�)* +,-.9 � &:+,-.['(�)*7                (2.2.13) 

 �����������;'(�)* +,-. � < � =� 
�	 � '>�=� 
�?	 � '>�� � @ '(�)* +,-. � A'(�)* + ,(-.       

                     (2.2.14) 
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Any arbitrary vector T in three dimensions is given as  

 �������������B� C � < CD CE � �CFCE � �CF �CD @����������������������������������������������������������������������������������������(2.2.15) 

Where B denotes Pauli matrices.  Using the above equations, eq (2.2.10) can be written as  

 

��������������
; � &�, � B� 
��	 � ����G               (2.2.16) 

�������������
; � &�G � B� 
��	 � ����,               (2.2.17) 

 

To get rid of G we multiply Eq.   16 by 
; � &� from left side and using Eq. (2.2.17)  we obtain, 

��������������
;H �&H�, � 
B� 
��	 � �����H,               (2.2.18) 

Using the identity relation 

�������������
B� I�
B� J� � I� J � �B� 
I K J� ,                    (2.2.19) 

the right hand side of Eq. (2.2.18) becomes  

�������������LB� 
��	 � ����MH, � 0��	 � ���70��	 � ���7, 

���B� 0
	 � ���� K 
��	 � ����7, 

� 0�	H � ���
	� � � �� 	� � �H�H�H7, 

����������������������������������������������������������B� 0���
� K 	 � 	 K ��7,     (2.2.20) 

����������⟹
;H �&H�, � 0�	H � 
����H�H � ��� +O�� ��F � BP.7,���� � ����
O�O�O1��
�
Because the coordinates R and S do not appear in the above equation but through their 

derivatives, its solution can be written as 

                      , � �(TU�VW
��                   (2.2.22) 

In Eq. (2.2.22)  X  stands for spatial coordinates and is different from �, which is one of the 

component of X. It represents the 3 vector X with out its � coordinate. This means 

                
� X � 
FR � 
DS             (2.2.23)  
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In Eq. (2.2.22) W
��  represent a 2- component matrix which depends on the � -coordinate and 

some momentum component. From Eqs. (2.2.21)  and (2.2.22)  we notice that   W
��  is an eigen 

state of BP with eigen values Y � 1�IZ[�O   , so that 

�����������������BPW\ � YW\.                  (2.2.24) 

Let           W�
�� � +]̂^
E�]̂_
E�.,�������W(
`� � +]_̂ 
E�]__
E�.           (2.2.25) 

From the above equations we can write two independent solutions in general as: 

����������������W�
�� � L]̂ 
E�� M, ��������WH
�� � + �]_
E�.             (2.2.26) 

Using Eq. (2.2.26) in 22 then the result to eq.(2.2. 21) , we get the following 

For Y � 1� 
LHS of eq. (2.2.21): 


;H �&H��TU�V +a��� . � <
;H �&H�a�
��� @ �TU�V           (2.2.27) 

RHS of eq. (2.2.21): 

Since �	H, � b
EH � 
DHc +a�
��� . �TU�V � de_]̂ 
E�eE_� f �TU�V and          (2.2.28) 

g���� +O�� ��E � BP. � 
����H�Hh , ��������������������b���LO�
FM � ��� � 
����H�Hc +ai
��� . �TU�V             (2.2.29) 

⟹RHS=b
EH � 
DHc +a�
��� . �TU�V � de_]̂ 
E�eE_� f �TU�V  

�b����LO�
FM � ��� � 
����H�Hc +a�
��� . �TU�V            (2.2. 30) 

Equating LHS and RHS we get  

e_]̂eE_ ��0���� � 
F7Ha� � 0;H �&H � 
DH � ���7a� � �        ( 2.2.31) 

Similarly, for Y � O� 
e_]_eE_ ��0���� � 
F7HaH � 0;H �&H � 
DH � ���7aH � �        (2.2. 32) 
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In general, for Y � 1�jk�O 

e_]leE_ ��0���� � 
F7Ha\ � 0;H �&H � 
DH � ���7a\ � �            (2.2.33) 

Let us use the dimensionless variable   

  m � n�o�o� �+� � Upqrs.               (2.2.34) 

Where   m � m
��� 
H�   

Which transforms eq  (2.2 33)   to 

+ e_et_ � mH � I\. a\ � �                (2.2.35) 

Where, uv � )_(w_(xy_i1z!vqoros               (2.2.36) 

 Eq.  (2.2.35) have solution uv � O{ � 1 for non-zero integer {. Eq. (2.2.36)   finally gives energy 

eigen values 

;H � &H � 
DH � 
O{ � 1)��o�o� � ���Y.            ( 2.2.37) 

For particular uv solution of |v�?}� 
~�
m� � ���(t_ H� ��(m�                (2.2.38) 

Where �ν are Hermite polynomials of order  ν and �ν are normalization constants given by 

�� � <nqoros��H���@� H�                    (2.2.39) 

Completeness relation can be written as  

� ��
��� ��
��� � n�o�o��
m � ��� � �
� � ���           (2.2.40) 

A charged particle in a magnetic field has a quantized cyclotron orbit with a discrete energy level 

called Landau level. The relativistic form of the Landau energy level is given as  

;�H � &H � 
PH � OZ��               (2.2.41) 

Comparing  (2.2.37) and (2.2.41) the solutions are two fold degenerate for : 

����������������Y � 1             �� � Z � 1    and 

 �Y � O����������������� � Z              (2.2.42)   
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But for n=0, 


O� � 1��o�o� � ���Y� � � �o�o 
⟹�� � � �H 
1 � Y��
Sine � and n are non negative integers, unlike the other n states, n=0 is a non-degenerate state. 

Here n represents the n-th landau level. 

 

2.2.1 Positive energy solutions for spin up and down 

Using eq. (2.2. 26) for the positive energy, 

 

������������W�
��
�� � L��2^
ε�� M,������������������WH
��
�� � + ���
ε�.             (2.2.43) 

For n=0 ,�W� does not exist. We express this fact by 

�������������(�
�� � �              (2.2.44) 

Positive energy solution of the Dirac equation is written as  

  y= '(�x���v��
�� ��            (2.2.45) 

                Where 
� X � 
�X�. Comparing Eqs. (2.2.12), (2.2.22)  and (2.2.45) we get  

������������������������
��� �� � ���(�
����i �         (2.2.46) 

�����������������������H��
��� �� � � �~�
m�G( ��       (2.2.47) 

��  and GH can be solved using eqs (2.2.17) and (2.2.22). So that for Y � O� 
 


; � &� +�^̂�_̂. '�x�� � < �?	P 
�?	� � '>�� � 	H�
�?	� � '>�� � 	H ?	P @ '�
x�Eixy��L��2^
��� M  
(2.2.48) 
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⟹ ���������G�� � U� ¡i¢ ~�(�
m�   and         (2.2.49) 

      Using ~�
m� � � �
H��^ _� 0m ~�(�
m�-£¡2^
t�/�  ]        (2.2.50) 

�����������������G�H � � �H�qs
 ¡i¢� ~�
m�                    (2.2.51) 

Thus,  

 

��������������������
��� �� �
¤
¥¥¦

~�(�
m��§� ¡i¢ ~�(�
m�� �H�qs
 ¡i¢� ~�
m�¨
©©ª         

           (2.2.52) 

Similarly, for Y � O�� 
 

�������������������H��
��� �� �
¤
¥¥¦

�~�
m�� �H�qs
 ¡i¢� ~�(�
m�� U� ¡i¢ ~�
m� ¨
©©ª        

           (2.2.53) 

 

2.2.2 Negative energy solutions for spin up and down 

To find negative energy solution where its energy eigen value is ; � �;�� we can start from 

Dirac equation as  

 

                     y='(�
(o)o�* +,-.       (2.2.54) 

 

Following similar procedure done for positive energy, we can find the following negative energy 

spinors. 
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 «���
��� �� � �
¤
¥¥¦

U� ¡i¢ ~�(�
�m¬���H�qs
 ¡i¢� ~�
�m¬��~�(�
�m¬��� ¨
©©ª      and   ������«H��
��� �� �

¤
¥¥¦
�H�qs
 ¡i¢� ~�(�
�m¬��– U� ¡i¢ ~�
�m¬���~�
�m¬�� ¨

©©ª   

  

                    (2.2.55) 

2.3 Spin sum 

2.3.1 Spin sum for positive energy solutions 

For positive energy spin sum can be written as 

�®L��� R� � �M �¯�\��
��� ��\ ��°v��
����� 
������������������������������������������������������������������������������ � ¡i¢� ~T
m�~±
m�CT�±�T�±²�(� �    (2.3.1) 

 Where CT�±³ Y�Ik��´ K ´�&Iµk�¶�Y�and to find their values we must have matrix multiplication of 

the spinors. 

Summing over all possible spin degree of freedom gives 

        ��������®L��� R� � �M � � �\��
��� ��\ �°v���
����� ����������������������������������������������� ����
��� �� � �°���L���� �M � �H��
��� ���°H��
���� ��   (2.3.2) 

But �°���L���� �M � ����i 
���� ���� ,        (2.3.3) 

where +  is adjoint and �� � % 

⟹�°���L���� �M � 
~�(�
m���������� U� ¡i¢ ~�(�
m���� ��� � �H�qs
 ¡i¢� ~�
m�����·
1��������������������1����������������� � 1������������ � 1¸�� 
O�3�´��

⟹�°���L���� �M���0
~�(�
m�����j��� U� ¡i¢ ~�(�
m������� �H�qs
 ¡i¢� ~�
m����7��� � � �� � � � � � � � � � � � 
O�3�5��
�
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}o�thut� 
����
��� ���°���L���� �M �

¤
¥¥¦

~�(�
m��§� ¡ ~�(�
m�� �H�qs
 ¡i¢� ~�
m�¨
©©ª0
~�(�
m�����j�� � U� ¡i¢ ~�(�
m���� ��� �H�qs
 ¡i¢� ~�
m����7����

� � � � � � � � � � � � 
O�3�6��
�
or 
����
��� ���°���L�1��� �M �
�
¤
¥¥¥
¥¥¦

~�(�
m�~�(�
m�������������� � U� ¡i¢ ~�(�
m�~�(�
m��������� �H�qs
 ¡i¢� ~�(�
m�~�
m������������������������������������������������������������������������������������������������������������U� ¡i¢ ~�(�
m�~Z�1
m������������� � 

S�O
;Z�&�O ~�(�
m�~Z�1
m����������S nOZ��
;Z�&�O ~�(�
m�� �H�qs
 ¡i¢� ~Z
m�~�(�
m���������������S nOZ��
;Z�&�O ~Z
m�~�(�
m���� ������ �H�qs
 ¡i¢� ~Z
m�~�
m���������
~�
m��

¨
©©©
©©ª

   (2.3.7) 

Similarly for Y � 1� 
                    �°H��L���� �M � �H��i 
���� ����         

            (2.3.8) 

�����⟹�°H��L���� �M � À�����~Z
m������� �OZ��
;Z�&� ~Z�1
m������� 
S;Z�& �~Z
m����Á�� � � 
O�3�9��
Thu}��
�H��
��� ���°H��L���� �M �

¤
¥¥¦

�~�
m�� �H�qs
 ¡i¢� ~�(�
m�� U� ¡i¢ ~�
m� ¨
©©ªÀ�����~Z
m������ �OZ��
;Z�&� ~Z�1
m��������� 
S;Z�& �~Z
m����Á��

� � � � � � � � � � � � �� � � � � � � � � � � �����������
O�3�1���
�
� � � �
�
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or��
�H��
��� ���°H��L���� �M

� �
¤
¥¥
¥¥
¦ ������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������~�
m�~�
m���� ������������������������������� �OZ��
;� �&� ~�
m�~�(�
m������� 
D;� �& ~�
m�~�
m������������ � �OZ��
;� �&� ~�(�
m�~�
m��������� ��OZ��
;� �&�H ~�(�
m�~�(�
m���� ����� �D �OZ��
;� �&�H ~�(�
m�~�
m����������������� � 
D;� �&~�
m�~�
m���� ������ �D �OZ��
;� �&�H ~�
m�~�(�
m���� ������ 

D�H
;� �&�H ~�
m�~�
m����¨

©©
©©
ª
�


O�3�11��
�
�
Thu}��

�®L��� R� � �M � ����
��� �� � �°���L���� �M � �H��
��� ���°H��
���� �� �

ÅÆÆ
ÆÆÆ
ÆÇ ~Z�1
m�~�(�
m��������������������������� � 
S;Z�& �~Z�1
m�~�(�
m�������� �H�qs
 ¡i¢� ~�(�
m�~Z
m�����������������������������~�
m�~Z
m���� ����� �H�qs
 ¡i¢� ~�
m�~Z�1
m���� ������� 
S;Z�& ~�
m�~Z
m����� 
S;Z�& ~Z�1
m�~�(�
m���� ����� �H�qs
 ¡i¢� ~�(�
m�~Z
m���� ����� LOZ���
SOM
 ¡i¢�_ ~Z�1
m�~�(�
m����������� �H�qs
 ¡i¢� ~�(�
m�~Z
m���� ����� 
S;Z�& ~�
m�~Z
m������������������������ � LOZ���
SOM
 ¡i¢�_ ~�
m�~Z
m���� ÈÉ

ÉÉÉ
ÉÉÊ�

� �� � � � � � � 
O�3�1O��
�
�
�
�
�
�
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2.3.2 Spin sum for negative  energy solutions 

            Spin sum for negative spinors can be written as, 

                     �ËL��� R� � �M � � «\��
��� ��«Ì\��L���� �M\   

 ���������������������������������������������������� � ¡i¢� ~T
m¬�~±
m¬��CÍT�±�T�±²�(�     (2.3.13) 

 Where CÍT�± �Y�Ik��µÎ��´ K ´�&Iµk�¶�Y�� 
Summing over all possible spin degrees of freedom gives, 

                    �ËL��� R� � �M � � «\��
��� ��«Ì\��L���� �M\  

����������������������������������������������������� «H��
��� ��«Ì���L���� �M � «H��
��� ��«ÌH��L���� �M  (2.3.14) 

But               «Ì���L���� �M �� Ï���i 
���� ����        (2.3.15) 

                    «Ì���L���� �M � 8 
S;Z�& ~Z�1
m¬�� ���� �H�qs
 ¡i¢� ~Z
m¬�� ���� ~Z�1
m¬�������9   (2.3.16) 

 

 

Thus, 

«���
��� ��«Ì���L���� �M �

¤
¥¥¥
¥¥¥
¥¥¥
¦ 
S;Z � & ~Z�1
m¬ �
�OZ��
;� �&� ~Z
m¬ �
~Z�1
m¬�
� ¨

©©©
©©©
©©©
ª
Ð 
S;Z � & ~Z�1
m¬�� ���� �OZ��
;� �&� ~Z
m¬�� ���� ~Z�1
m¬��Ñ 

            (2.3.17) 

 

  



 

 

29 

 

Similarly for Y � O�  
 �«°H��L���� �M � «Hi
���� ����        (2.3.19) 

⟹���������������������«ÌH��L���� �M � 8 �H�qs
 ¡i¢� ~Z�1
m¬�� ������ 
S;Z�& ~Z
m¬ ����������� � ~Z
m¬��9�� 
O�3�O���
So�thut 
�������������������«H��
��� ��«ÌH��L���� �M

�
¤
¥¥¥
¦ �OZ��
;� �&� ~Z�1
m¬�� 
S;Z � & ~Z
m¬���~Z
m¬� ¨

©©©
ª Ð �OZ��
;� �&� ~Z�1
m¬�� ����� 
S;Z � & ~Z
m¬�������������� � ~Z
m¬��Ñ 

 (2.3.21) 

 

Thus, 

«H��
��� ��«ÌH��L���� �M � 
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(2.3.22) 
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There fore, spin sum for negative energy becomes, 

�ËL��� R� � �M � «���
��� ��«Ì���L���� �M � «H��
��� ��«ÌH��L���� �M     

           (2.3.23) 
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(2.3.24) 
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Chapter 3 - Inverse Compton Scattering in strong 

magnetic field 

3.1 Introduction 

Inverse Compton scattering (ICS) involves the scattering of low energy photons to high energies 

by relativistic electrons so that the photons gain and the electrons lose energy. The process is 

called inverse because the electrons lose energy rather than the photons, the opposite of the 

standard Compton effect. ICS in a strong magnetic field can be used in studies of pulsar radiation 

and have important influence on theoretical models of pulsars. Relativistic electrons accelerated 

above the polar cap can Compton scatter off thermal radiation from the neutron star surface, 

producing high energy gamma rays.  

3.2 Compton scattering in laboratory frame 

Harold’s study of the Compton scattering in strong magnetic fields is in the electron rest frame 

(ERF). His expression of cross section has been widely used in astrophysical calculations sine it 

is believed that ICS  in strong magnetic fields near the surfaces of neutron stars is one of the 

possible mechanisms for X-ray and �-ray emissions. However in actual calculations the cross 

section in the laboratory frame (LF) is required. To determine total cross section of ICS we first 

find Feynman propagator of an electron and then scattering amplitude. 

 

3.2.1 Feynman propagator of an electron  

The Feynman propagator  of an electron is defined as  

������������������Ó]
�� R� � �� Ô �o�C"
���"Ì
R��o� Õ����,      (3.2 .1 ) 

for tÖ Õ t× this becomes 

         � �Ô �o�"
��"i��o� Õ     where 

"
�� � � � �Ø� 0¶\��
Ù� µ��\��
��� Ù� � [\��iU_�UÚH\²�Û�²� 
Ù� µ�«\��
��� Ù�7'�Ü�
�
H�H � �
P�P�   
           (3.2 .2 ) 

 

"
��i � � � �Ø� 0¶\��i 
Ù� µ��\��i 
��� Ù� � [\��U_�UÚH\²�Û�²� 
Ù� µ�«\��i 
��� Ù�7'�Ü�
�
H�H � �
P�P�  
           (3.2 . 3) 
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Ó]
�� R� � �Ô � Ýg� � �Ø� 0¶\��
Ù� µ��\��
��� Ù� � [\��iU_�UÚH\²�Û�²� 
Ù� µ�«\��
��� Ù�9 '�Ü
�
H�H ����
P�P�h b� � �Ø� 0¶\��i 
Ù� µ��\��i 
R�� Ù� �U_�UÚH\²�Û�²����[\�� 
Ù� µ�«\��i 
R�� Ù�7'�Ü�
�
H�H � �
P�P�c��o� Õ     

            

          (3.2 .4 ) 

⟹Ó]
�� R� � �Ô �|b� � �Ø_� 0U_�UÚH\²�Û�²� ¶\��
Ù� µ��\��
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Ù� µ�«\��i 
R�� Ù� 
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��� Ù� 
 ��K �¶\��i 
Ù� µ��\��i 
R�� Ù� 
 ����[\��i 
Ù� µ�«\��
��� Ù�[\��
Ù� µ�«\��i 
R�� Ù� 

           K '�Ü
�
H
�H � RH� � �
P
�P � RP�]}���o� Õ         

           (3.2 .5 ) 

Using  the commutation relations of annihilation and destruction operators, 

Þ¶\��

�� µ�� ¶ß�¢i 

H� µ�à � �\ß��¢�U^U_        

           (3.2 .6 ) 

��������������b[\�

�� µ�� [ß¢i 

H� µ� � �\ß��¢�U^U_ ,          (3. 2. 7) 

  we have 

Ó]
�� R� � � �áH Ô �ob¯¯0¶\��
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H�¶\��i 

H� µ��\��i 
R�� 
H�H
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Û
�²�  

 ����������¶\��
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��� 
P�¶\��i 

P� µ��\��i 
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P� '�Ü
�
H
�H � RH� 
�����������������������������������������������������
P
�P � RP�c��o� Õ  

           

 =� TØ_� � 0����
��� 
�����i 
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�U_UÚÛ�²� �������H��
��� 
��H��i 
R�� 
7 '�Ü
�
H
�H � RH� � �
P
�P � RP�c��   

     (3.2 .8 ) 
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Using equation (2.3.3) and (2.3.8),i.e, 

�������������i 
��� 
��� � �°���L���� �Mand 

���������������������������H��i 
��� 
��� � �°H��
��R�� �� 
⟹Ó]
�� R� � � TØ_� � �0U_UÚÛ�²� �°���
��R�� �� � �°H��
��R�� ��7�

�'�Ü
�
H
�H � RH� � �
P
�P � RP�  
    (3.2 .9 ) 

FroA�'quut?on�
O�3�1O���w'�huv'��
�®
��� R�� 
� � �°���L���� �M � �°H��L���� �M7�

⟹Ó]
�� R� � � TØ_� � �®
��� R�� ��U_UÚÛ�²� '�Ü
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H
�H � RH� � �
P
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              (3.2 .10 ) 
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(3.2 .11 ) 
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�
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PH � OZ�����������������⟹
PH � OZ�� ��;�H �&H��
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         (3.2 . 13) 

Let us denote the value in the bracket to be,����Ó�
��� R�� 
�. This gives  

����®
��� R�� �� � �
 ¡i¢� ����Ó�
��� R�� ��               (3.2 . 14) 

Using íLµE � µFM � l?Aî�� (�HïT ð q2ñò
óô2óp�õiTîÛ(Û [ö                 (3.2 .15 ) 

and Eqs 10 and 16 we get,  

Ó]
�� R� � 1áH¯ ÷ [øO$ ¯ Ó�
��� R�� ��
;� �&�
ö � �ù�
Û
�²�

Û
(ÛU_UÚ '�Ü�?øLµE � µFM � �
H
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����
P
�P � RP� 
         (3.2 .16 ) 
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3.2.2 Scattering Amplitude  

The initial and final states of an electron–photon scattering system can be represented by  

 |i,µT〉 = ¶�i

T� µT� Iûñi 
üT� µT�o�〉�  
 |f, µý〉= ¶�i

ý � µý� Iûþi 
üý � µý�o�〉�  
Where ¶�i � ¶H��i  is the electron creation operator, uλ

i�?}�th'�Ühoton��r'ut?on�oÜ'rutor and 
T
ý� 
denotes the incident (outgoing) electron momentum. The scattering matrix is given by  

  ÓýT = �����&�ñ�2��óþ��
 �H���C¶�

ý� µý�u��
üý� µý�¶�i

T � µT��Iûñi 
üT� µT��� 

This gives 

ÓýT = �����&�ñ�2��óþ��
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�H��o� Õ ������ 

���������������������������K 0���Cu��
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T� µT���o�� 
  y+(x ) = � � �ØH\²�Û�²� � 0¶\��i 
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� µ��\��i (��,p)]�(TU_E_2ñ�Ú�P 

      (3.2 .17 ) 

      ���C¶�
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ý � µý��"Ì�
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� � ������������ � �
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Hv²� � ��x_�xÚÛ�²� 0〈�|�¶�

ý� µý�¶\��i 

� µ� �\��i (��� 
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� � �����������������〈�|�¶�
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 � µ �        (3.2 . 18) 
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����������\��i (��� 
���|0〉�(T
U_E_iUÚEÚ���
  = 

�Ø� ��U_�UÚ 0〈�|�¶�

ý � µý�¶H��i 

� µ� �H��i (��� 
���|0〉�(T
U_E_iUÚEÚ��
� � ������ ��U_�UÚ ��ÌÌÌ(��� 
ý��(T
U_E_iUÚEÚ�           (3. 2. 19) 

 

The incident (out going) electron momentum can be expressed as �
T
ý���
���IT
ý��
T
ý���
 ,i.e, the incident (outgoing) electron momentum along the direction of the magnetic field (taken 

as the Z direction)is 
T
ý� and the center of the Landau orbit is ����������-�HIT
ý��
 

⟹ ���C¶�L
ý � µýM"Ì�
k�� µ������Ø��ÌÌÌ(��� 
ý���
(T þ�þ(TUþD^(T�þF^iT þ�^�  (3. 2. 20)   

 Similarly,� 
          〈�|�CIûþLüý�� µý�M��
k��������µ����|0〉���� ���� �nH�þ�ù�
ûþ��
(Tõþ�þ��iT�þ�^(T�þ����������ß̂�������� �(3. 2. 21) 

but����üý��������� k�������?üýE��� � �üýF�R� � �üýD�S��                   (3.2 . 22) 

Wh'r'��üýD � üý ¶jY íý�� � � � � � � � �(3. 2.23 ) 

 〈�|�CIûþLüý�� µý�M������
k��������µ����|0〉���� ���� �nH�þ�ù�
ûþ��
(T�þ�þ��iT�þ�^(T�þôE^(T�þpF^(T�þ ��\�þD^���� � � � � � � � � � � (3.2 .24 ) 

〈�|C"�(kH���� � µ�¶�i(
T� µT)|0〉��Ø��
�H� 
T�����
(T ñ�ñiTUñD_iT�ñF_(T ñ�_�� � �(3. 2.25 ) 

〈�|CIûñi 
üT� µT������
k��������µ|0〉�� ���
�nHõñ�ù�
ûñ��
T�ñ�ñ�(T�ñ�_iT�����������ß_������� 

���������� ���
��H�T�ù�
ûñ��
T�ñ�ñ�(T�ñ�_i�T�ñôE_iT�ñpF_iT�ñ ��\�ñD_��� �(3. 2. 26) 
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E^�E_�%�M
%$_( ¡_
%��iT'Û�²�  

       K �0T%$
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������K �(üT ¶jY íT  +
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 ñ�(õñ��_( ¡_
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T�üý ¶jY íý � /D) exp(üTE �� �iüýE�H)]��(�H� 
T) �������K ���&�ñ�2��óþ�� ���
�0��
;ý+øý)µý + i(;T� � �øT)µT]     (3.2 . 29) 

Where, 

�2ý � ��
ûþ��� ��������������2T � �3)

ûñ� .       (3.2 .30 ) 

The phase factor at the end of Eq. (3.2.29) can be ignored , since the cross section 4 �ÓýT�H 
The spinors �°H��L��� 
ýM� ��
�H� 
T� can be expressed as: 

  

 �°�L��� 
ýM � 5 þi¢H]þ 5
�6H ~�(��� Iý��°ý

ý�      (3.2 .31 ) 

���������������H��7 
�H� 
T� � ÝE|�AOF| Ý16O ~�(�H� IT�
T7

T�      (3.2 .32 ) 

Where 

�°ýL
ýM � <�����1��������� Uþ þi¢@        (3.2 .33 ) 

�T7

T� � +�����1��������� (Uñ ñi¢.        (3.2 .34 ) 

 �
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ÓýT � 
Hï�-Ø_� � q_Hn�ñ�þ�� �Ø_� 0L þ8i¢M
 ñi¢�
	 ñ þ 7�6H��%_�%ÚÛ�²� �

��������K �ð [	�� [	�H ð[/�~�L��� IýM�°ýL
ýM~�
�H� IT��T

T��
��������K � bù 2ý &¡
E^�E_�%�
 ñi�ñ�_( ¡_
%��iTî ù 2T�
øý � ;ý � /���
/� � øT � ;T��
��������K ��LüTF � IT � /FM�L/F � üýF � IýM�
/D � üý �o} íý � 
ý����������K ��
üT �o} íT � 
T � /D�'�Ü�
��üýE�� � �üTE�H��

�������������������������ù 2T Ó�
��� �H� /�
;T � øT�H � ;�H
/D� � �ù � �ù�����������������������K ù 2ý�Løý � ;T � /�M�
;ý � øT � /���
�����������������������K �LüTF � Iý � /FM�LIT � üýF � /FM�
/D � üT �o} íT � 
ý�������������������������K �

T � üý �o} íý � /D�'�Ü�
�üTE�� � �üýE�H�c   (3.2 .35 ) 

 

L't�~� � ð[��	[�H	�L(T�þôE^M~�
��� Iý� Ó�
��� �H� /��
(T�ñôE_�~�
��� IT�   (3.2 . 36) 

und�
~H � ð[��	[�H	 '�Ü
��üTE��� ~�
��� Iý� Ó�
��� �H� /��L(T�þôE_M~�
�H� IT��� � (3.2 . 37) 

W?th�th'�h'lÜ�o|�th'�?nt'grul:�
ð [m��
m��+(
t(:�_; � �$�
O#����Û(Û       (3.2 .38 ) 

Th'}'�two�?nt'grul}�g?v'��
~� � L�PüýiüT(M
�(��O�Z� ��'�Ü�0� �H´ 
üTH
}?n íT�H � üýH
}?n íý�H7�

� � ����������K '�Ü�0��H +IýüýE � �HüýEüýF. � ��H +ITüTE � �H üTEüTF.7   (3.2 .39) 

Wh'r'�üT< � üTE < �üTF�und�üý< � üýE < üýF��� � � � � ��(3.2 .40 ) 
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und���?}�d'|?n'd�b`�� �
�� �

¤¥
¦ OZ
/� �&������������ � OZ/D ������ OZüT(�������
/� �&�������� OZüTi������/D�HüýiüT(OZ/D�������OZüT( ������ OZ
/� �&��������OZüTi ������ /D�HüýiüT(������������ � 
/� �&��HüýiüT(©̈

ª
           (3.2 .41 ) 

 S?A?lurl`��
~H � ð[��	[�H	 '�Ü
��üTE��� ~�
��� Iý� Ó�
��� �H� /��L(T�þôE_M~�
�H� IT�� 
⟹~H �� +ûÚ�þ8�ñ2.
¡2^�H¡�� =�'�Ü�0� û_	 
üTH
}?n íT�H � üýH
}?n íý�H�7    (3.2 .42 ) 

Wh'r'����?}�g?v'n�b`�
�� �

¤¥
¦ OZ
/� �&������������ � OZ/D ������ OZüý(�������
/� �&��Hüý(üTi ������� OZüTi������/D�Hüý(üTiOZ/D ������� OZüý( ������ OZ
/� �&���������OZüTi ������ /D�Hüý(üTi������������ � 
/� �&��Hüý(üTi©̈

ª
    (3.2.43) 
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�
�
Th'r'|or'�th'�vulu'�o|�}�utt'r?ng�uAÜl?tud'�?}��
ÓýT � 
Hï�-Ø_� � q_Hn�ñ�þ�� �Ø_� 0
 ñi¢�L þi¢M	 ñ þ 7�6H��%_�%ÚÛ�²� �
�������K�+�3üW�ü��.
Z�1�OZZ� '�Ü�0� û_	 
üTH
}?n íT�H � üýH
}?n íý�H7�
�������K � b�°W+
W.î>þ?¡@>ñ®ñ 
Uñ�
 ñiõñ�_( ¡_
%��iTî�
�������K ��'�Ü�0��H +IýüýE � �HüýEüýF. � ��H +ITüTE � �H üTEüTF.7��������K �ð [/� ��Løý � ;ý � /�M�
/� � øT � ;T��
üTF � IT � /F��

��������������������K ����L/F � üýF � IýM� + �üý �o} íý � 
ý. �
üT �o} íT � 
T � /D��
�������K ��®°þLUþMî>ñs¡@>þ®ñ 
Uñ�
 ñ(õñ�_( ¡_
%��iTî�

���������������������K �'�Ü�0��H <IýüTE � 1OüTEüTF@ � ��H <ITüýE � 1OüýEüýF@7�
���������������������K ÷[/� ��Løý � ;T � /�M�L;ý � øT � /�M�
üTF � Iý � /F��
��������������������K �LIT � üýF � /FM� <
T � üý �o} íý � /D@ �
/D � üT �o} íT � 
ý�c�

(3.2 .44 ) �
�
�
�
�
�
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⟹ÓýT � 
Hï�-Ø_� � q_Hn�ñ�þ�� �Ø_� 0
 ñi¢�L þi¢M	 ñ þ 7�6H��Û�²� ��
�K � +�OüW�ü��.
Z�1�OZZ� '�Ü�0� û_	 
üTH
}?n íT�H � üýH
}?n íý�H7�
�K � A^
 ñ(�ñ�_( ¡_
%��iTî�
�K �'�Ü 8��H +IýüýE � �HüýEüýF. � ��H +ITüTE � �H üTEüTF.9�
��� A_
 ñ(�ñ�_( ¡_
%��iTî�
�K �'�Ü�0��H +IýüTE � �HüTEüTF. � ��H +ITüýE � �H üýEüýF.7c��K �Løý � ;ý � öT � ;TM�LüTF � IT � üýF � IýM��K �
üT �o} íT � 
T � üý �o} íý � 
ý���

(3.2 .45 ) 

Wh'r'��
B� � �°ýL
ýMù 2ý��ù 2T�T 

T���und�BH � �°ýL
ýMù 2T��ù 2ý�T 

T���� � � (3.2.46 ) 

 

B� � OZ Ð 
/� �&�
T
ýL;ý �&M
;T �&� � 
/� �&�Ñ�
��OZ Ð 
ýL;ý �&M � 
T
;T �&�Ñ 
üT��ýi�TD � üýi�ýD�T( � /D�ýi�T(��

�����������������������HüýiüT(0 
%$i¢�UñUþL þi¢M
 ñi¢�� 
/� �&� � %�Uþ þi¢ � %�Uñ ñi¢7��ýD�TD�
(3.2 .47 ) 

�
�
�
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BH � OZ0 
/� �&�
T
ýL;ý �&M
;T �&� � 
/� �&�7�Ti�ý(�
�����������OZ À UþL þi¢M� Uñ
 ñi¢�Á 

üTi�ý(�TD � üý(�ýD�T( � /D�(i�ý(��

��������� �HüýiüT(0 
%$i¢�UñUþL þi¢M
 ñi¢� � 
/� �&� � %�Uþ þi¢ � %�Uñ ñi¢7��ýD�TD�
(3.2 .48 ) 

�}?ng�th'}'�vulu'}�o|�C��und�CH��th'�}�utt'r?ng�uAÜl?tud'�w?ll�b':��
ÓýT � 
O$�PáH� �HOnøTøý 0�
;T �&�L;ý �&M´;T;ý 7�H���
�0� �H´ 
øTH
Y�Z íT�H � øýH
Y�Z íý�H� �
����K �'�Ü 8���HITLüTE � üýEM � � û_H LüTEüTF � üýEüýFM9 a������K ���L;T � øT � ;ý � öýM�

T � üT �o} íT � 
ý � üý �o} íý��������������������K ���
IT � üTý � Iý � üýF��� � � � � � (3.2 49) 

�Wh'r'�öT�und�öý�ur'�|r'qu'n�?'}�o|�th'�?n�?d'nt�und�}�utt'r'd�Ühoton}�;T��und�;ý��r'Ür'}'nt�th'�'n'rg?'}�o|�th'�?n�?d'nt�und�}�utt'r'd�'l'�tron}��r'}Ü'�t?v'l`�íT ��und�íýd'not'}�th'�ungl'�b'tw''n�th'�?n�oA?ng�
outgo?ng��Ühoton}�und�th'�Augn't?��|?'ld��X�?}�'�Ür'}}'d�u}���
a� � ¯ 1Z�Û

�²� 0d�HüT(üýiO f� '�Ü�
��HüTFüýE�
 a��
;T �ET�H � ;T��i�H � aH�
;T �ET�H � ;T��H ��
���� <û_�ñ2�þ8H @� '�Ü�
��HüTEüýF�
 ]̂�FL ñ(GþM_( ñ�¡8^_ � ]_�FL ñ(õþM_( þ�¡_ �7�

(3.2 .50 ) �
�
�
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Wh'r'�üT< � üTE < �üTF��������üý< � üýE < �üýF���������
��������������������������;T��H � &H � 

T � öT �o} íT�H OZ��                (3.2 .51 ) 

� ������������;ý��H � &H � 

T � öý �o} íý�H OZ����� � � � (3.2 .52 ) 

�n�wh?�h���
�

a��² ����Ð
;T � øT �&�
T

T �øT �o} íT � øý �o} íý�
E� �A�
EH �A� � 
;T � øT �&�Ñ �T(�ýi�
� ���
 Uñ
 ñi¢� 
Uñi�ñ ��\�ñ(�þ ��\�þ�L þi¢M ��
������������������������K�� 0üTi�ýD�T( � üT(�TD�ýi � 

T � öT �o}� �ýi�T(      (3.2 .53 )  

  �����������������FH� � 0
;��ø��&�
�

��ø� �o} í��øW �o} íW�L;W�&M
;��&�  

� ����
 Uñ
 ñi¢� 
Uñi�ñ IJv�ñ(�þ IJv�þ�L þiwM ��
� �����������K �

T � øT �o} íT� � 
;T � øT �&�7�ýD�TD� � � � ����(3.2 .54 ) 

�
a��³ ��� ÐL;T � øý �&M
T

T � øT �o} íT � øý �o} íý�
;T �&�L;ý �&M � 
;T � øT �&�Ñ �Ti�ý(�

�
� ����
 Uñ
 ñi¢� � 
Uñi�ñ IJv�ñ(�þ IJv�þ�
)�iw� ��
� �������������K � 0üTi�TD�ý( � üý(�ýD�Ti � 

T �öý �o} íý� �Ti�ý(� � � �������(3.2 .55 ) 

�
�����������������aH�³ � 0L;T � øý �&M
T

T � øT �o} íT � øý �o} íý�
EH �A�
E� �A� � L;T � öý �&M�
� �
� ������������
 Uñ
 ñi¢� � 
Uñi�ñ IJv�ñ(�þ IJv�þ�
)�iw� ��

T � øý �o} íý�7�ýD�TD��������������������������(3.2 .56 ) 
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�
Wh'r'��T�und��T��ur'�Üolur?zut?on}�o|�th'�?n�?d'nt�und�}�utt'r'd�Ühoton}�und�
����������T< � �TE < ��TF� � � � � � � � � �������(3.2 .57 ) 

����������ý< � �ýE < ��ýF                (3.2 .58 ) 

Th'��on}'rvut?on�o|�'n'rg`�und�AoA'ntuA�ulong�th'�z�d?r'�t?on��?�'��
���������;ý � ;T � øT � øý�� � � � � � � � ���������(3.2 .59 ) 

��nd�
��������

ý � üý �o} íý � 
T � üT �o} íT��� � � � � � ���������(3. 2. 60) 

l'ud}�to�
öý �� �v��_ �þb;T � 
T �o} íý �öT
1 � �o} íT �o} íý� � 0
;T � 
T �o} íý�H�
����������OøT
;T �o} íý � 
T�
�o} íý � �o} íT� � øTH
�o} íý � �o} íT�H7�� � � � � � � � � � � ���������(3.2 .61 ) 

Let����a � a� � aH����wh?�h�?}�g?v'n�b`�
a� � ¯ 1Z�Û

�²� 
�HøTøý }?n íT }?n íýO �(T
,ñ(,þ���'�Ü�
��HøTøý }?n íT }?n íý �o} ,ý }?n ,T��
� K 00?(s
Uñi�ñ IJv�ñ�7��qþ8qñ2is
�þ8qþ�qñ2i�ñ2qñ�qþ87L;����MO�;��Z�1O �
�
� �� 0?is
Uñi�ñ IJv�ñ�7��qþ�qñ�L;����MO�;��ZO �

(3.2 .62) 
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aH � ¯ 1Z�Û
�²� 
�HøTøý }?n íT }?n íýO �(T
,ñ(,þ���'�Ü�
��HøTøý }?n íT }?n íý �o} ,ý }?n ,T��

� K 00?F(s
Uñ(�þ IJv�þ�7��qþ2qñ8(s
�þ2qþ�qñ8i�ñ8qñ�qþ2+;���W.O�;W�Z�1O 7�
� ������������0�0?Fis
Uñ(õþ IJv�þ�7��qþ�qñ�+;��öW.O�;W�ZO 7� � � � � � (3.2 .63 ) 

�
Wh'r'�th'��o'||?�?'nt}�����³��=�ur'�d'|?n'd�b`������������
;T � øT �&�
T
ý � 
;T � øT �&�L;ý �&M
;T �&�� � � (3.2 .64 ) 

����³ � 
;T � øT �&�
T
T � 
;T � øT �&�
;T �&�
;ý �&�   (3.2 . 65) 

����� � 
TL;ý �&M � 
ý
;T �&�       (3.2 .66 ) 

 

Th?}�g?v'}�th'�|ollow?ng��
oÓýToH � 
O$�Lá	�H �	´øTøý 0
;T �&�L;ý �&M´;T;ý 7'�Ü�0��HO 
øTH }?nH íT �øýH }?nH íý�7�

� ����K ���
0��O�HITLüTE � üýEM � ��HLüTEüTF � üýEüýFM7oaoH �
 þi¢�_i
 ñi¢�_�� ����K ���HL;T � øT � ;ý � øýM�H

T � üT �o} íT � 
ý � üý �o} íý��� ���������������K ���H
IT � üTF � Iý � üýF�       (3.2 .67 ) 
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Let the final states of the scattered photon and electron be      

 
�eÚ�þ
Hï�Ú    and  

�eÚUþ
Hï�Ú           (3.2. 68) 

where  
�eÚ�þ
Hï�Ú � ��þ_eMþ
Hï�Ú   

Using �	 � 16$H&Hk�H          (3.2. 69) 

�������������O$�HL;T � øT � ;ý � øýM � C        (3.2.70 ) 

�������������O$�HL
T � üT �o} íT � 
ý � üý �o} íýM � á      (3.2.71 ) 

���������������
�� � 1           (3.2. 72) 

We get, 

⟹�o&þño_7 � 
Hï�NØO�_ �Lï_¢_ß$_
	�ñ�þ 0 �

	 ñ þ7'�Ü�0� û_H 
øTH }?nH íT � øýH }?n(� íý�7�� ���K ����
0��O�HITLüTE � üýEM � ��HLüTEüTF � üýEüýFM7oaoH� �
���K �� �L þi¢M
 ñi¢� �P PH� �H� ��H
IT � üTF � Iý � üýF�     (3.2 . 73) 

�
And finally dividing by the relative incident flux density, 


 ñ(Uñ IJv�ñ�
� ñ             (3.2.74 ) 

oÓýToHC �;�
;� � 
� �o} í�� � 
O$�LáP�H 16$H&Hk�H´øTøý 0 1´;T;ý7'�Ü�0� �HO 
øTH }?nH íT � øýH }?nH íý�7�
� ���K ���
0��O�HITLüTE � üýEM � ��HLüTEüTF � üýEüýFM7oaoH �;�
;��
� �o}í��� �

���K �L þi¢M
 ñi¢� ��H
IT � üTF � Iý � üýF�      (3.2. 75) 

�
�
�
�
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�
3.2.3 Total differential cross section of inverse Compton scattering     

corrected for spin sum  SuAA?ng�ov'r�th'�|?nul�}tut'}�o|�th'�}�utt'r'd�Ühoton�und�'l'�tron��w'�obtu?n'd�th'�rut'�o|�}�utt'r?ng�Ürobub?l?t`��Th'n�?|�w'�d?v?d'�b`�th'�r'lut?v'�?n�?d'nt�|lu��d'n}?t`�w'�|?nd��
[B � � 
O$�Lá	�H $H&Hk�H16øTøý 0 1;T;ý7'�Ü�0� �HO 
øTH }?nH íT �øýH }?nH íý�7�

� �������K ���
0��O�HITLüTE � üýEM � ��HLüTEüTF � üýEüýFM7�
� �������K � o]o_L þi¢M
 ñi¢� �
 ñ(Uñ IJv�ñ� ��þ_eMþ
Hï�Ú �eÚUþ
Hï�Ú �H
IT � üTF � Iý � üýF������� � � � � � � � � � � �� � � � � � � � � � ������
3�O�76���
���������������������������� [B[Rý � k�H´ øýøT &HL;ý �&M
;T �&�
;T � 
T �o} íT��

K �'�Ü�0� �HO 
øTH
}?n íT�H � øýH
}?n íý�H7oaoH�
����������������������������������������������K � b � þ ��
0��O�HITLüTE � üýEM � ��HLüTEüTF � üýEüýFM7�� ��������������K ��H
IT � üTF � Iý � üýF�[P
ý���� � ����������������������
3�O��77��
�
=ut��b � þ ��
0��O�HITLüTE � üýEM � ��HLüTEüTF � üýEüýFM7�

� K �H
IT � üTF � Iý � üýF�[P
ýc������������������ ��0 ñ(
Uñi�ñ IJv�ñ(�þ IJv�þ� IJv�þ7�
3�O�78���
L't����������üT � øT
}?n íT �o} ,T � }?n íT }?n ,T � �o} íT��     and            (3.2.79 ) 

  

���üý � øý
}?n íý �o} ,ý � }?n íý }?n ,ý � �o} ,ý���� � � �������������������������������������
3�O��8�� 
�}?ng��üT(üýi � LüTE � üýEM
üýE � �üýF���� � � � � � ����������
3�O��81��
�
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⟹+û_H üT(üýi.� � 0û_H øTøý }?n íT }?n íý�(T
,ñ(,þ�7���� � � � ����������
3�O�8O���
�
Th'r'|or'�
�
������������ [B[Rý � k�H´ øýöT &HL;ý �&M
;T �&��

K 0 '�Ü�0� �HO 
øTH
}?n íT�H � øýH
}?n íý�H7oaoH
;T � 
T �o} íT� 0;ý � 

T �øT �o} íT � øý �o} íý� �o} íý77�
         (3.2 .83 ) 

�
W'��un�ul}o�r'urrung'�th'�oth'r�'�Ür'}}?on}�u}�|ollow}�
�����������������;T �& � &+ ñ¢. � 1 � &
� � 1���� � � � ������������������������
3�O�8´���
�����������������;ý �& � ;T � øT � øý �&�
��������������������������������� &
;T& �øT& �øý& � 1��
��������������������������������� & +1 � � � �ñ¢ � �þ¢ .�� � � � � ����������������
3�O��85��
FroA��(� � ����������H � �qs�
������⟹�HøTH � �ñ_qs����
�����=ut�|roA�=I � w_1 ���� � ¢_sT

�
Th?}�g?v'}�����������HøTH � �ñ_
¢_ sT�s� ���sTs �ñ_¢_�� � � � � � ���
3�O�86���
S?A?lurl`��������������HøýH � sTs �þ_¢_��� � � � � � � ���
3�O��87��
�
�
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�

;T � 
T �o} íT� � ;T
1 � §ñ ñ �o} íT � ;T
1 � % �o} íT� � &�
1 � % �o} íT���� �����
3�O�88���
0;ý � 

T � öT �o} íT � öý �o} íý� �o} íý7�
��������������������&0�
1 � % �o} íý� ����ñ¢ �� 
1 � �o} íT �o} íý� � �þ¢ }?nH íý7�
��ÜÜ���=���� �� � � � � � � � � � � ������
3�O�89���
�
L't��ø� � qs¢ �?}�th'��`�lotron�|r'qu'n�`��}uAA?ng�ov'r�th'�Üolur?zut?on}�o|�?n�?d'nt�Ühoton}�und�ov'r�}�utt'r'd�Ühoton}��th'�totul�d?||'r'nt?ul��ro}}�}'�t?on�?}�obtu?n'd:�
�
[B[Rý � k�H16 0

øý&�
1 � % �o} íT�øT& 
1 � �� +1 � � � øT& �øý&.7�
����������������������������K 0 '�Ü�0� ��O� 
øTH&H �
}?n íT�H� � øýH&H 
}?n íý�H7oaUoH0�
1 � % �o} íý� �øT& 
1 � �o} íT �o} íý � øý& }?nH íý�77�

      (3.2 .90 ) 

�
�n�wh?�h�=I � w_1 V ´�´1´ K 1�WT V ´�´1´ K 1��PX��?}�th'��r?t?�ul�Augn't?��|?'ld����
oFUoH�?}�g?v'n�b`�
oa³oH�oa³o
1� � 1H�oH � oa³o
1� � OH�oH � oa³o
O� � 1H�oH � oa³o
O� � OH�oH� ������(3.2 . 91) 

wh'r'��
Y� � YH� Y�
H� � 1�
H�� O�
H����r'Ür'}'nt}�th'�}�utt'r?ng�o|�u�Ühoton�|roA�th'�Üolur?zut?on�Y��to��
YH����To�}?AÜl?|`�Eq��
3�O�9���|urth'r��w'�huv'�to�|?nd�'u�h��vulu'}�o|��Eq��
3�O��91�� 
��������������� �
 ñi�ñ�_( ñ�¡8^_ � �¢_ ZT��i� [App. C]             (3.2.92 ) 
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Where ;T��i�H � &H � 
�T � øT �o} íT�H � O
Z � 1���     (3.2.93 ) 

Similarly, 

�� �
 ñi�þ�_( þ�¡8^_ � Zý��i�  and       (3.2.94 ) 

��������������û_�ñ�þ v���ñ v���þH � sTs [T[ý }?n íT }?n íý�ζ��� � � � � 
3�O�95���
�������������������T
,ñ(,þ� � �(T,��

�����0Tû_�ñ�þ v���ñ v���þ v��,þ IJv,ñ7 � �]T
] [ñ[þ v���ñ v���þ v��, � �TH^ v��, � �T^    

(3.2.96 ) 

Where _ � O` }?n , 

To�}?AÜl?|`��ul�ulut?on}�w'��un��hoo}'�th'��oord?nut'�}`}t'A�w?th�,� � ��}o�thut�,H � ,��So�thut���������������üT � øT
}?n íT�� �o} íT��                 (3.2 .97 ) 

� üý � øý
}?n íý �o} ,ý � }?n íý }?n , � �o} ,����� � � � (3.2 .98 ) 

Tuk?ng�?nto�u��ount�th'�|u�t�thut�Ühoton}�huv'�two�trun}v'r}ul�Üolur?zut?on}��th'�Üolur?zut?on}�o|�th'�?n�?d'nt�und�}�utt'r'd�Ühoton}��un�b'��ho}'n�u}�
���������������T� � 
� �o} íT ��������� }?n íT�       (3.2 .99 ) 

� �TH �� 
����� � 1�������         (3.2.100 ) 

� �ý� �� 
�o} íý �o} , � � �o} íý }?n , ������}?n íý�� � � � (3.2.101 ) 

� �ý
H� � 
}?n, ����� �o} , �������       (3.2.102 ) 

Th'�ubov'��ho?�'�?}�not�un?qu'�but�?}��onv'n?'nt�|or��ul�ulut?on}���
For�?n}tun�'��to�obtu?n��a³o
1� � 1H�o��w'��un�u}'������������������T� � 
� �o} íT ��������� }?n íT�   and  

����������������ý� � 
�o} íý �o} , � � �o} íý }?n , ������}?n íý���
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�
S?n�'�th'�Üolur?zut?on�?}�|roA�1��µj�1W��So�thut��
���������������ýi�T( � �ýE�TE � �ýF�TF � ��ýF�TE � ��ýE�TF�
�������������������������� �o} íT �o} íý �o}, � � �o} íT �o} íý �o} ,        

           (3.2.103 ) 

��������������bý(�ýD�Ti � bTi�TD�ý( � LbýE�TE � býF�TF � �býE�TE � �býF�TEM�ýD 
                                                    �
bTE�ýE � bTF�ýF � �bTF�ýE � �bTE�ýF��TD         (3.2.104 ) 

���������������ýD�TD � }?n íT }?n íý         (3.2.105 ) 

The rest are written in [App. D] 

Therefore a³
1� � 1H� can be written as [App. A].  

a³
1� � 1H� � 0
�( �o} íý � �� �o} íT � �H �o} íý7¯ 1Z�Û
�²� `�ZT��i��0T
�i��,7�

��0
�(³ �o} íý � �� �o} íT � �H �o} íý7¯ 1Z�Û
�²� `�ZT��i��(0T
�i��,(c7�

���������������������������}?n íT }?n íý 0�i� ���Û�²� `�ZT���T�,-�i³ � ���Û�²� `�Zý���(T
�,(c�,7�
(3.2 .106 ) 

a³L1T � OýM � �
�( �o} íT � �H�� ���Û�²� `�ZT��i��T
�i��,���
� ������������
�(³ �o} íT � �H�� ���Û�²� `�ZT��i��(T
�i��,iTc� � � (3.2 . 107) 

a³LOT � 1ýM � ��
�( �o} íý � ���� ���Û�²� `�ZT��i��T
�i��,� �
� ��������������
�(³ �o} íý � ���� ���Û�²� `�Zý��i��(T
�i��,iTc� � � (3.2 .108) 

a³LOT � OýM � �(� ���Û�²� `�ZT��i��T
�i��, � �(³ � ���Û�²� `�Zý��i��(T
�i��,iTc����
3�O�1�9��
���
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�n�u}troÜh`}?�}�w'�ur'�Aor'�?nt'r'}t'd�?n�th'�?nv'r}'�CoAÜton�}�utt'r?ng�o|�low�'n'rg`�Ühoton�gu}�w?th�h?gh-'n'rg`�'l'�tron}�?n�u�}trong�Augn't?��|?'ld��Wh'n�[�e 1�th'�}uAAut?on��o|�Equ��1�6�–�1�9��onv'rg'�und�th'�n���t'rA}�doA?nut'�th'��ontr?but?on��
For�|urth'r�}?AÜl?|?�ut?on��w'�?nt'grut'�ov'r�th'�uz?Authul�ungl'�,��0�

� ;7�und�?ntrodu�'�th'�='}}'l�|un�t?on}��
����������������f�
�g�� � �Hï ð [, �o}0Z, � g }?n
,�7Hï� ��n���1�O���� � � (3.2 . 110) 

Th'n�}uAA?ng�uÜ�to�n���w'�g't�
aUU � h�ZT��H � hHZý��H � 8L�iZT�� � �i³ Zý��MH � OL1 � f�
g���M�i�i³ ZT��Zý��9 
}?n íT }?n íý�H�

��O0
�( �o} íT � �H�
�(³ �o} íT � �H� � 
�( �o} íý � ���������������������������������������K �
�(³ �o} íý � ��� � i�iH � �(�(³ 7������������������������������������K � fH
��g��ZT��Zý�� � O0i��i³ ZT��Zý�� � iH�iZT��Zý��7�����������������������K �}?n íT }?n íýf�
�g����� � � � � � 
3�O�111���
For�[�e 1�j�
�k�undjH
�k��ur'�n'gl?g?bl'�und�th'�ubov'��'�Ür'}}?on���un�b'�}?AÜl?|?'d�to�
�����aUU � h�ZT��H � hHZý��H � 0L�iZT�� � �i³ Zý��M7H
}?nl� }?nlH�H�� �O
1 � m�
g���i�i³ ZT��Zý��7
}?n íT }?n íý�H�� � � � (3.2.112 ) 

�Th'�d?||'r'nt?ul��ro}}�}'�t?on��
�3�O�9����un�th'r'|or'�b'�r'du�'d�to�
� [B � B }?n íý[íý��� �� � � � � � � (3.2 . 113) 

wh?�h�A'un}�thut��th'�totul��ro}}�}'�t?on�?}�g?v'n�u}��  

�
�������������������������B� � �� $k�H8

øý &�
[Tß
1 � ��L1 � � � øT &� � øý &� M�

����������������������K qEU�0(]T_]inþ_
o_
\T� �þ�_7o]³³o_03
�(p ��\ �þ�i�ñ ¢� 
�(��\ �ñ ��\ �þ�(�þ ¢� \T�_ �þ�7���������(3.2 .114 )�

�
�
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�
�
Chapter  4 - Result, Discussion and Conclusion 

4.1  Results and Discussion 

According to the results obtained in this thesis, if we have charged particles in a magnetic field 

then their cyclotron orbit will be quantized and the charged particles can occupy orbits with 

discrete energy levels, called Landau levels given by  

   ;� � & � 
 � OZ�� 
where n represents the nth Landau level. The solutions are twofold degenerate for S=1 and 2. But 

for n=0, it is a non-degenerate state and has only one solution for both the positive and negative 

energies.  

 In actual calculations when the strength of the magnetic field is high we require to work with 

n=0 solutions. For lower magnitude of the magnetic field the other Landau levels will start to 

contribute in the electron energy. In general, for a fixed energy of an electron and for very low 

magnetic field  we will have as many possible landau levels. Charged particles on higher Landau 

levels have very short life time. Therefore it is reasonable to assume that electrons either before 

or after the magnetic scattering should be on the ground landau level. 

The discussions of this thesis also show that the spin sum is written in compact form as shown 

below for positive energy solutions  (positive spinors) and negative energy solutions (negative 

spinors) respectively. This spin-sum is highly important in astrophysical calculations of cross 

section 
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�®��
R� R�� �� �¯�\��
R� ���°\��
\ R���� 
� �Ë��
R� R�� �� �¯«\��
R� ��«Ì\��
R�� ��\  

for positive energy solutions  (positive spinors) and negative energy solutions (negative spinors) 

respectively. This spin-sum is highly important in astrophysical calculations of cross section 

and the total cross section we have got is: 

�������������������������B� � �� $k�H8
øý &�

[Tß
1 � ��
1 � � �q� A� � qH A� ��
������������������������������������K qEU�0(]T_]inþ_

o_
\T� �þ�_7o]³³o_03
�(p ��\ �þ�i�ñ ¢� 
�(��\ �ñ ��\ �þ�(�þ ¢� \T�_ �þ�7�
This expression also shows the strong dependence of total scattering cross section on the 

direction of  photons and  incident electron energy. 

�
4.2   Conclusion 

 In this thesis we calculated total cross section of the inverse Compton scattering in the presence 

of uniform and strong magnetic field corrected for spin-sum. The equations show that the 

solutions of the Dirac equation are dependent on the landau levels and the energy of the electrons 

is seen to be degenerate except the lowest landau energy level (n=0), which dominates in the 

case of ICS.  

Spin-sum is a corner stone in calculations of scattering cross-section involving charged fermions 

in the presence of strong magnetic field.  

The magnitude of external field will be around Bc. Magnetic fields can enhance scattering cross 

sections from their vacuum values and on elementary particle interactions it can produce non 

trivial results which can explain some of the interesting observations in astrophysics.  
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Inverse Compton scattering is a possible mechanism for producing high energy photons by 

relativistic electrons. The expression found also shows that total  cross section depends on the 

direction of  photon and initial energy of the electron. 

Finally, we can say that the main application of the properties of inverse Compton scattering in a 

strong magnetic field is that in a study of pulsar radiation  it can have some important influence 

on the theoretical model of neutron stars. 
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Appendices   

Appendix A 

Let us first define reduced quantities, 

 [T� �ñ¢  ,  [ý� �ñ¢  ,  [�� r$¢ ��and  

Reduced Doppler frequencies by 

[Tß� �
1 � % ¶jY íT�[T   and   [Tß� �
1 � % ¶jY íT�[T 
a³
1� � 1H� � 0
�( �o} íý � �� �o} íT � �H �o} íý7¯ 1Z�Û

�²� `�ZT��i��0T
�i��,7�
�0
�(³ �o} íý � �� �o} íT � �H �o} íý7¯ 1Z�Û

�²� `�ZT��i��(0T
�i��,(c7�
�������������� }?n íT }?n íý 0�i � ���Û�²� `�ZT���T�,-�i³ � ���Û�²� `�Zý���(T
�,(c�,7�

a³L1T � OýM � �
�( �o} íT � �H�¯ 1Z�Û
�²� `�ZT��i��T
�i��,�

� ��
�(³ �o} íT � �H�� ���Û�²� `�ZT��i��(T
�i��,iTc� � � � �  

a³LOT � 1ýM � ��
�( �o} íý � ���� ���Û�²� `�ZT��i��T
�i��,� �
� ��
�(³ �o} íý � ���� ���Û�²� `�Zý��i��(T
�i��,iTc(3. . ) 

a³LOT � OýM � �(� ���Û�²� `�ZT��i��T
�i��, � �(³ � ���Û�²� `�Zý��i��(T
�i��,iTc   

�
�
�
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�
�
Wh'r'��
�< � I < J
%� � [T �o} íT�         � �<³ � I³ < J
%� � [ý �o} íý�� � � � � � �� �� � J[ý }?nH íý� � � � � � � � �  

� �H � J[T }?nH íT � � � � � � � � �  

���n�wh?�h��
I � %�
1 � � � [T�
%� � [T �o} íT � [ý �o} íý� � 
� � 1 � [T�
1 � ��
1 � � � [T � [ý� 
I³ � %�L1 � � � [ýM
%� � [T �o} íT � [ý �o} íý� � 
� � 1 � [T�
1 � ��
1 � � � [T � [ý� 

J � %�L1 � � � [T � [ýM � 
%� � [T �o} íT � [ý �o} íý� 
1 � ���
_ � ` }?n ,�

` � ��� [T[ý }?n íT }?n íý�
ZT�� � 1O
[Tß � Z[�� � [TH }?nH íT �

Zý�� � 1OL[ýß � Z[�M � [ýH }?nH íý 
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sttuvwxy��z 

0;ý � 

T � öT �o} íT � öý �o} íý� �o} íý7 � ;ý � �T �o} íý � øT �o} íT ¶jY íý � øý ¶jY íýH 
 But EH � ;T � øT � øý and ¶jY íýH � 1 � }?nH íý 

� ;T � øT � øý � �T �o} íý � øT �o} íT ¶jY íý �øý ¶jY íýH 
� ;T � øT
1 � �o} íT ¶jY íý� � �T �o} íý � øý
 ¶jY íýH � 1� 
� ;T � �T �o} íý � øT
1 � �o} íT �o} íý� � øý }?nH íý  

� ;T
1 � % �o} íý� �&[T
1 � �o} íT �o} íý� � &[ý }?nH íý 

� &0�
1 � % �o} íý� ��[T
1 � �o} íT �o} íý� � [ý }?nH íý7 
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Appendix C 

1
;T � øT�H � ;T��i�H � 1;TH � øTH � O;TøT �&H � �TH �øTH �o}H íT � O�TøT �o} íT � O
Z � 1��� 

                 Using ;T��i�H � &H � 
�T � øT �o} íT�H � O
Z � 1��� 

� 1;TH � O;TøT �&H � �TH � O�TøT �o} íT � O
Z � 1��� � øTH }?nH íT 
� 1O;TøT � �TH � O�TøT �o} íT � OZ�� � øTH }?nH íT 

� 1O&�&[T � O&�%&[T �o} íT � OZ&H[� �&H[TH }?nH íT 
� 1&H0O
[Tß � Z[�� � [TH }?nH íT  

� 1&H ZT��i� 
Similarly, 

�
 ñi�þ�_( þ�¡8^_ � Zý��i�  and  

�HøTøý }?n íT }?n íýO � ��� [T[ý }?n íT }?n íý�
�T
,ñ(,þ� � �(T,�

�0Tû_�ñ�þ v���ñ v���þ v��,þ IJv,ñ7 � �sTs [ñ[þ v���ñ v���þ v��, � �TH^ v��, � �T^ 

Where _ � O` }?n , 
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Appendix D 

Using 

                    �T� � 
� �o} íT ��������� }?n íT�         

� �������ý� � 
� �o} íý �o} , � � �o} íý }?n , � }?n íý��to�|?nd�|��Y
1?� 1W�|�
�ý(�Ti � �ýE�TE � �ýF�TF � ��ýF�TE � ��ýE�TF � �o} íT �o} íý �o}, � � �o} íT �o} íý �o} , 

býi�ýD�T( � bT(�TD�ýi � LbýE�TE � býF�TF � �býF�TE � �býE�TFM�ýD 
 �
bTE�ýE � bTF�ýF � �bTE�ýF � �bTF�ýE��TD 

� 
�øý }?n íý �o}, �o} íT � �øý }?n íý }?n , �o} íT� }?n íý  

�
�øT }?n íT �o} , �o} íý � �øý }?n íT }?n , �o} íý� }?n íT 
Similar procedure is used to find values for  |��Y
1?� OW�| |��Y
O?� 1W�| |��Y
O?� OW�| 
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Appendix E 

oaUUoH � h�ZT��H ÷�(�T�[, � hHZý��H ÷�(HT
,(c� � }?nH íT }?nH íý0�iHZT��H � �i³HZý��H ÷�HTc[, 

�O�i�i³ ZT��Zý��÷�(�T�[,7 � O0
�( �o} íT � �H�
�(³ �o} íT � �H� � 
�( �o} íý � ��� 
�����K 
�(³ �o} íý � ��� � i�iH � �(�(³ 7ZT��Zý��÷�T,�(T
,(c�[, � O
i��i³ ZT��Zý��÷�T
,ic�[, 

      +��iH�iZ���ZH�� ð '(�
,(|� }?n í� }?n íH � O
i��iZ���Z��� ð '�,d, � iH�i³ ZH��ZH�� ð '(�
,(|� 
÷�(�T�[, � ÷�(�T�[, � ÷�(�T� � O$ 

÷�(�T� � O$f�
m� � O$ 1O$÷ [, �o} _
Hï
�  

 � �O$ �Hï ð [, �o}
�` }?n $�Hï� ð �T,�(T
,(c�[, 

 � O$fH
�m� 
For [�e 1�ZT��ZT���IZ[�Zý��Zý������t'rA}��un�b'�n'gl'�t'd 

Let Q= 0
�( �o} íT � �H�
�(³ �o} íT � �H� � 
�( �o} íý � ����
 

K 
�(³ �o} íý � ��� � i�iH � �(�(³ 7ZT��Zý�� 
⟹oaoH � h�ZT��H � hHZý��H � 8L�iZT�� � �i³ Zý��MH � OL1 � f�
`�M�i�i³ ZT��Zý��9 
}?n íT }?n íý�H�

�O
��fH
`��ZT��Zý�� � O0i��i³ ZT��Zý�� � iH�iZT��Zý��7 }?n íT }?n íýf�
�`� 
�
�
�
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Th'n�}uAA?ng�uÜ�to�n���w'�g't�
aUU � h�ZT��H � hHZý��H � 8L�iZT�� � �i³ Zý��MH � OL1 � f�
g���M�i�i³ ZT��Zý��9 
}?n íT }?n íý�H�

�O0
�( �o} íT � �H�
�(³ �o} íT � �H� � 
�( �o} íý � ���������������������������������������K 
�(³ �o} íý � ��� � i�iH � �(�(³ 7�����������������������K fH
��g��ZT��Zý�� � O0i��i³ ZT��Zý�� � iH�iZT��Zý��7 K }?n íT }?n íýf�
�g����
For�[�e 1�j�
�k�undjH
�k��ur'�n'gl?g?bl'�und�th'�'�Ür'}}?on��a³³�un�b'�}?AÜl?|?'d�to�

a³³ � h�ZT��H � hHZý��H � 0L�iZT�� � �i³ Zý��M7H
}?nl� }?nlH�H�� ����������������������������O
1 � m�
g���i�i³ ZT��Zý��7
}?n íT }?n íý�H�� �  

�n�wh?�h�
i� � 
�( �o} íý � ��� �o} íT � �H �o} íý         

iH � 
�(³ �o} íý � ��� �o} íT � �H �o} íý        

�nd�
h� � i�H � 
�( �o} íT � �H�H � 
�( �o} íý � ���H��(H � � � � � �
hH � iHH � 
�(³ �o} íT � �H�H�
�(³ �o} lH � =��H��(³H� � � � �  

For�[�e 1�j�
�k�undjH
�k��ur'�n'gl?g?bl'�und�th'�'�Ür'}}?on�____�un�b'�}?AÜl?|?'d�to�
a³³ � h�ZT��H � hHZý��H � 0L�iZT�� � �i³ Zý��M7H
}?nl� }?nlH�H�� ������������������������������O
1 � m�
g���i�i³ ZT��Zý��7
}?n íT }?n íý�H� � � �� �  �

�
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