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Abstract 

Under the relativistic plasma diffusion theory (Kebede, 2002, 1996), we investigate 

the magnetic field evolution of millisecond pulsars beyond the X-ray death line by 

taking the competitive nature of magnetic field revival due to mass accretion and its 

decay due to one of the cooling sources called photon emission leading to pulsar field 

evolution at about threshold magnetic field for X-ray productions into account. Our 

study shows that the magnetic field is no more monotonous for old pulsars. This 

evolution of the magnetic field is applied to address the issue of the 35 day cycle of 

X-ray radiations of Hercules X-l. 
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Introd uction 

At a present there is no as snch a self-consistent theory for the origin of Neutron Star 

(NS) magnetic fields. The current understanding is that it can either be a fossil rem­

nant (the standard picture) or it may also be generated by surface thermal processes 

soon after the formation of the NS [1, 2J. Models for field decay may follow either 

of these venues even though both of them have their own share of weakness. Very 

recently, however, separated charges have been suggested as a more likely source for 

NS magnetic fields [3, 4, 5J. In particular [5J has shown that charge diffusion driven by 

the huge plasma density gradient inherent to NS matter results in separated charges 

large enough to generate surface magnetic fields which, very early in the life time 

of a typical NS are at least two cirders of magnitude stronger than those normally 

observed from young pulsars such as the Crab or Vela pulsars (~ lO l2G). Recently 

pulsars data indicate that there are a good number of young pulsars (age 103 - 10,1 

years) having surface magnetic fields greater than lO'4G. 

The author to the new model has shown [4J that magnetic and viscous coupling be­

tween the various parts of a neutron star will, according to this model, lead to dynamic 

properties of the magnetic moment which are totally foreign to the standard model. 

These extra dynamical features have been successfully utilized to address such worri­

some issues in pulsar astronomy today as the paucity of long period pulsars, missing 

pulsars and delayed pulsar onset [6, 7, 8 J. 
Investigation indicates that no serious magnetic decay occurs in a NS life time [9J. 
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This raises question of how magnetic moments of the so called millisecond pulsars 

(MPs) in low-mass X-ray Binaries (LMXBs) decay from a typical value of ~ 1030Gcm3 

down to 1025-26Gcm3 in a timc window of about 107- 8years [IOJ. Obviously, Ohmic 

decay alone cannot be responsible for the indicated low magnetic moment. In fact, 

whether or not magnetic moments to pulsars undergo Ohmic decay is still an open 

question [l1J. Whatever little effect there could be Ohmic decay, it is further sup­

pressed by space-time curvature scenarios [12J. The problem of low magnetic moments 

of MPs has recently prompted a series of semi-empirical models for magnetic moment 

decay [13J including such approaches as the one involving mass-accretion induced de­

cay scenarios [14J. The effects of mass-accretion induced decay scenarios, however, 

are expect to be over-shadowed by post-accretion in cease of the magnetic moment 

due to re-diffusion of the buried fields toward the surface [15J. In contrast, however, 

the new model [4, 5 J suggests that NS magnetic fields are internal temperature and 

rotational frequency dependent indicating that pulsars fields decay primarily due to 

neutrino and photon emissions which according to standard calculations are respon­

sible for NS cooling. 

Most importantly it also hints to the fact that pulsars fields could go through a sce­

nario of field revival whenever the magnetic pressure is weak enough to admit mass 

accretion onto the NS surface. This implies a possible competition between mass 

accretion and cooling sources leading to a unique scenario of pulsar field evolution at 

about the threshold field for X-ray production. 

In this thesis I investigate the nature of the evolution of pulsar magnetic fields past 

the X-ray death line and apply it to a known X-ray source named Hercules X-I which 

is known to have not a well understood 35 day cycle in its X-ray spectrum .. 

This thesis consists of four chapters. The first chapter is about neutron star cooling 

due to neutrino and photon emissions. Here we will derive an expression for the mag­

netic field decay due to photon emission during mass accretion. The second chapter 
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discusses about accretion, disc accretion and its formation. In this chapter we will 

calculate the magnetic field at which the neutron star admits accretion and also the 

time evolution of magnetic field due to mass accretion based on [5] model. Chapter 

three is devoted to magnetic field evolution of millisecond pulsars past the X-ray death 

line which is our ultimate goal. Based on the first two chapters we will investigate 

the competition between the magnetic fields found in chapters one and two. It will 

be shown that this field evolution fluctuates about the threshold field required for the 

production of X-ray radiation. In chapter four we made our conclusion based on the 

results found in the previous chapters. 
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Chapter 1 

Neutron Stars Cooling Due to 
Neutrino and Photon Emissions 

1.1 Neutron Star Cooling 

The cooling of neutron stars offers a unique diagnostic of the physics of the interior. 

Because the emergent spectrum is nearly blackbody, the observed flux can be mod­

elled to estimate the temperature, the intervening column of absorbing material, and 

the ratio of radius to distance. Astrometric measurement of the distance then al­

lows an estimate of the photospheric radius, which is sensitive dependent on the high 

density equation of state. A simple model that adequately accounts for observations 

from the optical through the X-ray bands includes a power law component identi­

fied with non-thermal emission from the active magnetosphere, and two blackbody 

components; a harder component identified with the heated polar caps, and a softer 

component identified with emission from the entire photosphere. A blackbody radius 

as small as Roo = 8km would pose serious challenges to standard neutron star models 

(e.g., Heiselberg & Pandharipande 2000), though it would be acceptable for a low 

mass strange star (Alcock, Fahri, & Olinto 1986). However, a more likely explanation 

for this anomalous result could be failure of the simple blackbody modelling [27J. 

When the iron-nickel core (Mem·e '" 1.5M0 ) of a massive star becomes unstable and 
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collapses to nuclear density, roughly 10% of its gravitational energy, about 1053 erg is 

released. Most of this energy is emitted almost immediately in the form of neutrinos 

(see [35J and reference therein). Therefore, the internal temperature of a neutron star 

drops rapidly from about lOMeV to about HlleV, and the matter is to all extents 

and purposes in its ground state. The Fermi energies of the neutrons, protons, and 

electrons are much larger. Neutrino emission dominates the further cooling of the 

neutron star, until the interior temperature falls to about 108k which roughly corre­

sponds to a surface temperature of about 106k. Only then does the photoemission 

also begin to play an important role. 

At the beginning of the collapse, the neutrinos are produced mainly by electron 

capture. Electron capture is a process whereby a proton in the nucleus absorbs an 

orbiting electron converts to a neutron .. The mean free path of these neutrinos soon 

becomes so short that they remain trapped during the continued collapse and neu­

trino trapping and a highly degenerate neutrino gas is formed. The cooling rate of 

a not-too-old star (with an age t < 105yr) is determined by the neutrino luminosity 

of its inner layers [I6J. The surface temperature as a function of time of the neutron 

stars depends on a number of interesting aspects of the physics of neutron stars. The 

equation of state at high densities is particularly important, as is the possible exis­

tence of a pion condensate in the central region of a neutron star. Magnetic fields 

and the possible existence of a superfiuid state of the nucleons also play some role. 

Observation of the Crab pulsar during lunar eclipses have shown that the effective 

surface temperature Ts is less than 3.0 x 106k. Since the age of the Crab is known, 

this upper limit provides an important restriction on models of neutron stars. 

The Einstein observatory has made it possible to determine also upper limits for the 

thermal emission temperature of other suspected neutron stars contained in young 

supernova remnants [I7J. 

One might expect to find a neutron star near the center of the remnant of every 
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historical supernova, but this is definitely the case only for the Crab nebula. The 

observations force us to conclude either that neutron stars are not formed in other 

supernova explosions or that these have cooled off so fast that their present temper­

atures are below the given limits. We remark that as a result of interstellar X-ray 

absorption, these limits have an uncertainty of about 50% [18J. 

1.2 Magnetic Field Decay Due to Photon Emission 

Neutron stars are bol'll in supel'llova explosions at very high intel'llal temperatures 

greater than 1011k and eventually cool down to various cooling mechanisms. The 

intel'llal evolution of a neutron star is indicative of such intel'llal properties of the 

interior as viscous dissipation processes at the superfluid-cl'llst interface, transport 

coefficients of neutron matter etc 

Standard calculations indicate that neutrino emission is the dominant cooling mech­

anism for the first 105years [16J. Neutrino producing reactions are the following type 

(1.2.1) 

where ve 11leallS an antineutrino 

(1.2.2) 

Photon emission overtakes neutrinos only when the intel'llal temperature falls to about 

108k with a surface temperature of about 106k. The two temperature are interrelated 

by 

( )

2/3 

T, ~ lOT (1.2.3) 

where T, is the observed surface temperature. 

The cooling rate due to photon emission can be calculated frolll 

dT J gm}nE.,dvp 

dt J nCvclvp 
(1.2.4) 
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where dvp is the proper volume element, goo is the met,ric tensor, n is the baryon 

density, and E~ is the photon emissivity per baryon defined by 

L~ being the photon luminosity. 

L 
--~- = E 
47rR2 ~ 

(1.2.5) 

(1.2.6) 

and (J' is the Steffen-Boltzmann constant. Also Gv is the specific heat per baryon 

given by 

(1.2.7) 

where k~ is the Boltzmann constant, m~ is the baryon rest mass and 

(1.2.8) 

where PF is the Fermi-momentum of the degenerate baryon system. 

The magnetic decay law calculated using the cooling rate indicated above shows that 

(Kebede, 2005-under peer review) 

B = B(0)yr3/2 [k1.47 x 1013 ( !vI ) 1/2 T.(0)-1] C3/2 
p 2 A/0 2 

(1.2.9) 

where t is in years, B~O) '" 10'2G and TiD) '" lOsk are surface magnetic field and 

internal temperature respectively at ~ 105 yr and 11'[0 is the mass of the sun. Tem­

perature variations known to occur at certain spots on the surface of a neutron star 

(in a binary) such as the polar caps heated as a result of the trickling accreted gas 

flow guided by the surface magnetic fields are 'of no great consequences to our model. 

This is essentially because these spots cover very small areas as compar~d to the 

sm'face area of the neut,ron star and the suspected heat transfer to the rest of the 

neutron star surface is constrained to a relaxation time of ~ 104 years [19, 32J. We 

show that past the threshold value of ~ 107G at which the ram pressure exceeds the 
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magnetic pressure the magnetic field passes through short periodic fluctuations that 

will not permit constant transfer of heat energy from the polar region to the rest of 

the neutron star surface. 

In fact, the suggested heat transfer [19] is not practical essentially because the pro­

cess is highly temperature gradient dependent indicating that the generated heat is 

automatically dissipated to the colder and highly conducting plasma in contact to 

the very cold interstellar medinm having little chance to be transferred to the other 

parts of the nentron star surface which is naturally not. 

Inserting the above indicated values for B~O), TiO) and (~~) = 1.4 into eq.(1.2.9), we 

get 

(1.2.10) 

where Bp is in Gauss 

If t is in days, then one finds 

(1.2.11) 

Taking logarithms on both sides, this takes the form 

3 
10glO Bp "" 23 - ZloglO t (1.2.12) 

Accretion starts at about t = 108yrs "" 4 x 1010days (see section 2.3), therefore 

transforming 10glO t to 10glO t + 10glO( 4 x 1010), eq.(1.2.12) results in 

3 
10glO Bp "" 7 - ZIOglO t (1.2.13) 
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Chapter 2 

Accretion in Binary Systems 

Introduction 
In this chapter we will discuss about accretion in neutron star, disc accretion and its 

formation. We will also calculate the magnetic field at which the neutron stars admits 

accretion. Finally we will investigate the magnetic field revival due to accretion based 

on [4, 5J model. 

2.1 Disc Accretion in X-ray Binary System 

By accretion, we mean the accumulation of diffuse gas or matter onto some object 

under the influence of gravity. Neutron stars in accreting pulsar systems are often 

called "X-ray pulsars" or "accretion -powered" pulsars. Accreting X-ray neutron stars 

provide a very interesting contrast to the spin-down of isolated neutron stars. These 

binary pulsars contain a rotating high-magnetic-field neutron star in orbit with a stel­

lar companion which transfers mass to the neutron star via Roche-lobe Overflow or a 

stellar wind as a result of which the neutron stars are being spun up by the transferred 

angular momentum. If the accreted matter is dose enough to the neutron star, the 

neutron star's gravitational attraction makes it fall onto the accreting star. However, 

since the neutron star is tiny, the matter has too much angular momentum to fall on 
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the star directly and therefore orbits around the star until it has rid itself of most of 

its angular momentum. This leads to the formation of accretion discs. Accretion will 

be inhibited by a centrifugal barrier if the neutron stars magnetosphere rotates faster 

than the Keppler frequency at the magnetosphere. Hence the radius of the inner edge 

of the accretion disc should be less than the co-rotating radius, otherwise accretion 

into the star will cease [34J. 

The accreted matter in a binary system is in a plasma state, which makes it an 

excellent conductor of electricity [20J. At the accretion rate typical of a binary, a 

magnetic field affects the motion of matter over several thousands of kilometers, i.e. 

over distances several hundreds of times greater than the size of the neutron star 

itself. When affected by a magnetic field matter moves anisotropically, which means 

that a neutron star will radiate anisotropically too. The stars own rotation will cause 

the radiation to fluctuate! 

Zeldovich's pupil Viktory Shvartsman boldly suggested that the X-ray pulsars should 

be found in binary systems. His argument was that if a radio pulsar (for instance, 

the radio pulsar in the Crab Nebula) were placed in a binary system, the pulsar 

would radiate (eject) powerful fluxes of electromagnetic waves and relativistic par­

ticles [fig.2.1aJ. The pressure produced by the ejected fluxes would be so high that 

all the matter in the stellar wind would be "swept out" making accretion impossible. 

This cannot go on forever. The pulsar will lose its rotational energy and will rotate 

more slowly. As this goes on, its luminosity and the pressure ejecting the stellar wind 

will lower. Then, there will come a moment a radio pulsar will "fade" to a degree at 

which the accreted matter attracted by its gravitation pull will rush to the neutron 

star's surface. Although the pulsar's radiation has "faded" accretion still impossible. 

The reason for this is the rapidly rotating magnetic field of the neutron star. Like 

enormous propeller, it scatters the matters and does not let it fall (fig.2.1b). This ef­

fect was latter called the propeller effected by Andrei Illarionov and Rashid Syunyeev. 
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\~~0 
Figure 2.1: Three states of a nentron star in a binary system: 
(a) an ejecting pulsar; 
(b) a "propeller"; 
(c) an accreting neutron star 
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Whilst repelling matter, the pulsars continues decelerating until accretion is possible 

(fig.2.1c). The accreted matter rushes in to the neutron star's magnetic poles, and 

the result is a terrific outburst of energy. An X-ray pulsar powered by accretion flares 

up. 

The dynamics of disc accretion is a more complex problem because the interaction 

between the magnetic field structure and the plasma in the accretion disc has to be 

understood [23J. Furthermore, the details of the interaction depend upon the angle 

between the magnetic axis of the compact star and the axis of the accretion disc. 

The radius within which the magnetic field of the star dominates the dynamics can 

Figure 2.2: A schematic model illustrating how accretion onto a neutron star with a 
magnetic field nonaligned with the rotation axis can give rise to an accretion column, 
which, when observed at a distance, gives rise to the observation of X-ray pulses 
at the rotation frequency of the neutron star. The accreting matter is channelled 
down the magnetic field lines to the magnetic poles of the neutron star where its 
binding energy is deposited, resulting in strong heating of the plasma. The problems 
of radiative transfer under these conditions are highly complex. 
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be found by equating the torque exerted by the accretion disc on the magnetic field 

structure to the magnetic torque associated with the distorted magnetic field distri­

bution at that radius. This is a non-trivial calculation, particularly when the effect of 

instabilities at the interface between the disc and the magnetic field structure have to 

be taken into account, bnt, in general, a result similar to that will be derived in the 

next section for the case of spherical accretion (fig. 2.2) is found. According to Frank, 

King and Raine (1992), a radius is obtained which is smaller than Aifven radius [see 

eq.(2.2.11)] , typically being about half that value. This picture has a number of im­

portant consequences. First, it is apparent that, once again, accretion can only take 

place onto the poles of the compact star, but now the accretion disc feeds matter onto 

the poles of the neutron star via the dipole magnetic field, as illustrated in (fig.2.3). 

The net result is the formation of an accretion column with an opening angle which 

depends upon the angle of inclination between the axis of the magnetic field and the 

axis of the disc. The second important point is that the accretion disc exerts a torque 

upon the magnetosphere of the star, which, in turn, transmits the torque to the star 

itself. Thus, the process of accretion leads to the speeding up of the star, and this 

is observed in X-ray binary stars. It is also like to be the process which leads to the 

formation of the millisecond pulsars. 

The case for associating the X-ray sources with accretion of matter from the primary 

onto the neutron star is wholly convincing, as can be appreciated from the following 

arguments. 

First of all, if matter falls from the primary onto the secondary star, the kinetic en­

ergy which it gains is converted into thermal energy when the infalling matter hits 

the surface of the neutron star. The thermal energy released is just the gravitational 

binding energy of matter on the surface of the neutron star, so that about 5% of the 

rest mass energy of the infalling matter is available for emission as radiation. This 

represents a very efficient source of energy, at least five times the efficiency available 

13 



from nuclear energy sources. Secondly, let's now ask what the typical temperature of 

x:. __ -..:Accrefion flo'll 

Disc 
.4 Di~c 

~---r"---~ 

Figure 2.3: Illustrating the accretion of matter from an accretion disc onto the polar 
caps of a magnetized neutron star. (After J. Frank, A. King and D. Raine(1992). 
Accretion power in astrophysics, P.123. Cambridge: Cambridge University Press ). 

the radiating matter would have to be to account for the observed X-ray luminosities 

of binary sources. If we assume that this is emitted as blackbody radiation from the 

surface of a neutron star, then, equating the radiation flux of a blackbody at temper­

ature T to this luminosity, the lower limit to the temperature of the emitting region 

is about 107k. Tlms, it is entirely natural that the radiation should be emitted in the 

X-ray waveband. 

The third simple argument concerns the steady state X-ray luminosity of accretiug 

compact objects. If the luminosity of the source were too great, the radiation pressure 

acting on the infalling gas would be sufficient to prevent the matter falling onto the 

surface of the compact object. In the simplest calculation, it is assumed that the 

radiation pressure acting on the infalling matter is due to Thomson scattering of the 
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emergent radiation by infalling electrons. If other sources of opacity are also impor­

tant, these increase the radiation pressure and result in a lower value for the critical 

luminosity, above which accretion is suppressed. The resulting critical luminosity is 

known as the Eddington luminosity. This luminosity depends upon the mass of the 

gravitational body according to 

(2.1.1) 

It is remarkable that the luminosity of most of the binary X-ray sources in the Galaxy 

and the Magellanic clouds are more or less consistent with this upper limit. Their 

luminosity extend up to about 1Q31Watt, and the X-ray luminosity function cuts off 

sharply above this value. The calculation which leads to the Eddington limit is a very 

general one and does not depend strongly upon the details of the accretion process 

or the means by which the X-ray emission is produced. 

These three arguments show how naturally accretion can account for properties of 

these X-ray sources. They also demonstrate the importance of accretion as a source 

of energy in astrophysics [23J. 

2.2 Magnetic Field at which the Neutron Star Ad-

mits Accretion 

The compact stars possess magnetic fields, and these can strongly influence the ac­

cretion matter on them. We know the values of the magnetic fields not only from 

theoretical predictions but because they can actually be measured by observing syn­

chrotron lines created by free electrons being accelerated in the field. When the 

accreted matter that has been captured by the neutron star (which is a high tem­

perature plasma, consisting of ionized atoms and free electrons) comes close, it is 

trapped by the magnetic field. From then on, it can only move following the magnetic 
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field lines. They take it to the magnetic poles of the neutron star. 

Now in this section we determine the magnetic field at which accretion is possible, 

(Le. the ram pressure exceeds the magnetic pressure). 

Let us assume that the magnetic field is dipolar, and hence that at a distance r from 

the center of the star the magnetic field strength is given by 

(2.2.1) 

where B, is that typical magnetic field strength at the surface of the compact star 

having a stellar radius R. 

Let us consider the case of spherical accretion onto the compact star, thus the mag­

netic pressure at radial distance j' is 

P. ~B2~B;(R)6 
mag - 2/1 - 2/1 r 

where /1 is magnetic permeability. 

(2.2.2) 

This magnetic pressure increases steeply as the matter approaches the stellar surface. 

The infalling matter can be considered to have fallen from rest at infinity, and so its 

infalling velocity V at radius r is 

(2.2.3) 

The pressure which this infalling gas exerts upon the magnetic field is known as the 

ram pressure, Pram, and is just the rate at which momentum is transported inwards 

at radius r per unit area, that is, 

(2.2.4) 

where p the density of the infalling matter. 

In case of spherical accretion, we have from the equation of continuity the relation 

(2.2.5) 
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where Ai is the mass accretion rate. 

The radius, l'Af, where this ram pressure is balanced by the magnetic pressure of the 

compact star is known as Aifven radius. Mathematically this now be expressed as 

• 1 

B;R6 
_ ~ (2GM)" 

21lrXf - 4IJT~f I'M 
(2.2.6) 

Then solving for I'M one obtains the Aifven radius to be 

I' = (B R3)4/7 1f 
( 

2 2 )'/7 
M s GMA12112 (2.2.7) 

where R = 10km, M = 1.4M0 = 1.4 X 1033g, Bs = lO'2G. In order to obtain the 

value of I'M we first have to determine A1. The binding energy of an element of gas 

with mass m in the Keppler orbit which just grazes the surface of the primary is 

E=GMm 
R 

Since the gas elements start at large distances from the star with negligible binding 

energy, the total luminosity in a steady state must be 

where Lace is the accretion luminosity. 

The other half of Lace has still to be released very close to the star. 

Plugging the value of M indicated above in eq.(2.1.1), we approximately get 

Using eq.(2.2.8) and eq.(2.2.9), we obtain 

Making use of this, I'M found to be 
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Substituting the values of B" R, and TAl back into eq.(2.2.1), the required magnetic 

field becomes 

(2.2.12) 

2.3 Magnetic Field Revival Due to Mass Accretion 

According to the new model [5J the magnetic field of a neutron star get revived as a 

result of mass accretion from its companion star. We investigate the resulting time 

evolution the magnetic field in this case. 

To this end, consider an accreting millisecond pulsar in a binary system. Obviously 

its moment of inertia I and angular velocity !1 will be time dependent. Let us assume 

that its rotational kinetic energy is completely converted to emission as radiation. 

So one can write as 

~(~m2) = E 
dt 2 

where E is the total luminosity in a steady state situation. 

Carrying out the differentiation and rearranging, we get 

!1d!1 dt 
E - !j!12 I 

2 

where the dots represent differentiation with respect to time. Hence, follows 

fin E ~~~!12 = 7i: (~ 
After Integration, we obtain 

Which solves !1 as 

[ 
2E (2E ) ( 1 )] 1/2 n = 0min -'-2~ - -'-2~ - 1 ~-I-'t 

10.min Io'miTl 1 + y;; 
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where 

1 = 10 + h, 
. GMM 

E = = 6.5 X 1037 erq8-1 
2R . 

j = MR2 = 1.39 x 1030gcm28-1
, 

By substituting all the constants with their corresponding values back into eq.(2.3.3), 

we see that at an accretion rate 1.39 x 10 18g8-1 it would take only 108years to spin 

up a neutron star to an angular frequency of 36968-1
• 

We can also see that from eq.(2.3.3) the angular frequency of an accreting neutron 

star is increasing with time. This spin-up can occur only if the Keplerian angular 

velocity, 

of the matter in the disc is greater than the angular velocity of the star S1 is the same 

sense as the disc rotation. Spin-up ceases when these angular velocities are equal. 

In the new model for neutron star magnetic fields developed by Kebede, 2002 the 

surface magnetic fields are generated by the of spining separated charges which came 

about as a result of plasma diffusion driven by density gradients inherent to the 

standard neutron matter. 

According to this model, the surface magnetic fields at the poles is given by 

B = 21QIS1 
3cR 

(2.3.4) 

where S1 is the spin frequency, IQI is the magnitude of the positive or negative charge. 

Substituting eq.(2.3.3) into eq.(2.3.4), we find the time evolution of magnetic field 
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due to accretion to be 

B = 21Qlnm1n [~_ (~-1) (_1_. )]1/2 
a 3cR In2 1',2 1 It 

min ~ t.min + To 
(2.3.5) 

As we find earlier, the surface magnetic field of an old neutron star (~ 108 yrs. old) 

is about 107G. Using this in eq.(2.3.5), we find 

(2.3.6) 
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Chapter 3 

Magnetic Field Evolution of 
Millisecond Pulsars 

3.1 Computation of Magnetic Field 

In this section we will investigate the combined effects of the magnetic field decay 

due to photon emission and its revival due to mass accretion. Let us denote the sum 

of eq.(1.2.13) and eq.(2.3.5) by 2loglo B,(t). Hence, one may write 

Solving for B,(t), we find 

( )

1/2 

B,(t) == Ba(t)Bp(t) (3.1.1) 

We write the total magnetic field as 

(3.1.2) 

where Wart) and Wp(t) are the weights attached to the magnetic field due to accretion 

and photon emission, respectively. The weights are subjected to the constraints 

(3.1.3) 
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and are defined by 

(3.1.4) 

and 
10-3 

Hlp(t) = 1- Hla(t) = [B;O~)] (3.1.5) 

The weights are so defined to reflect the competitive edges of each process on either 

side of the magnetic field at which mass accretion begins. In the next section it will be 

shown that this magnetic field determines the threshold for the production of X-ray. 

Inserting eq.(3.l.3) and eq.(3.l.4) back into eq.(3.1.2), we find 

(3.1.6) 

where Ba(t) and Bp(t) are given by eq.(2.3.5) and eq.(1.2.15) respectively. 

3.2 Estimation of the threshold magnetic field for 
the production of X-ray radiation 

The X-ray waveband is in the range 

10 ~ A ~ O.OOlnm; 

0.1 ~ E ~ 100keV. 

As in the case of the far-ultraviolet waveband, the atmosphere is opaque to X-ray 

because of photoelectric absorption by the atoms which make up the molecular gases 

of the atmosphere. The detectors of these energetic photons begin to resemble the 

detectors used in particle physics experiments. Proportional counters and scintillation 

detectors are used as well as other devices such as Charge Coupled Devices (CCDs) 
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in which the total energy deposited by the X-rayon entering the detector can be 

measured. X-ray astronomy is wholly carried out from above the atmosphere. The 

photons are of such high energy that they behave like particles and the telescopes for 

high energy X-rays are essentially collimators in which the resolution of the telescope 

is determined by the geometric design of the collimator. At low X-ray energies, 

0.1 < E < 1keV, grazing incidence optics can still be used to image the X-rays to 

a focal plane, but at higher energies the grazing incidence angles are so small that 

enormously long telescopes would be needed to focus the X-ray image [22]. 

3.2.1 The Electromagnetic Field Tensor 

Because the vector potential is the space like component of the four-potential, we 

would expect the magnetic induction field to be given by the the four-dimensional 

curl of the four potential. We introduce the scalar and vector potentials, r/> and A 

respectively, in order to simplify the evaluation of the vector fields E and B at a 

distance l' from the accelerated charge 

8A 
E=-m-Vr/> 

B=vxA 

In tensorial language we write these as 

where 

(3.2.1) 

(3.2.2) 

(3.2.3) 

(3.2.4) 

(3.2.5) 

The obvious covariant generalization is to define the electromagnetic field tensor as 

(3.2.6) 
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where 

(3.2.7) 

/l = 0, 1,2,3 

The antisymmetric tensor F,w is gauge invariant (under A" --> A" + .g;.) and has the 

right number of components to generate the electromagnetic field: 

(3.2.8) 

and 

FiG = uiAo - uoAi = Ei (3.2.9) 

where i,j = 1,2,3 

Maxwell equations are obtained from the somewhat less elegant third-rank tensor 

equation 

This expands as 

and 
1uB 

V'xE=--­
c ut 

3.2.2 The Pulsar magnetosphere 

(3.2.10) 

(3.2.11) 

(3.2.12) 

The induced electric field of a rapidly rotating magnetized neutron star are so strong 

that the region surrounding the star cannot be vacuum, but must contain a substantial 

space charge. This was first pointed out by Goldreich and Julian [37J. We repeat 

here their argument. 

Consider the simple case of an aligned dipole field, where an angular frequency n 
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is parallel to magnetic moment vector It, and assume that the star is surrounded by 

vacuum and its spin axes is along the z-axis. In polar coordinates: 

n = 11( cosOi' - sin~e) (3.2.13) 

It = It( cosO .. - sin~e) (3.2.14) 

The corresponding dipolar magnetic field B is 

21t 1· 
B = -3 (cosOi' + -sinOO) 

l' 2 
(3.2.15) 

The magnitude of B at the poles is thus 

(3.2.16) 

where R is the stellar radius. For a given magnetic field B, the electric field inside 

and outside of the neutron star surface are given by 

. 1 
Em = -(n X r) X B 

c 

Using eq.(3.2.15) these expand to 

. BsR311 1 2 • 
Em = 2 ( - sin Of - sinOcosOO) 

cr 2 

and 

E ex' = -\l¢ 

Where 

where C is the constant to be determined. 

The O-component of the external electric field is 

Eex' = _ ~ fJ¢ = 6C sinOcosO 
9 r fJO 1'4 
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(3.2.18) 

(3.2.19) 

(3.2.20) 

(3.2.21 ) 



From the continuity of the tangential component of E at R then follows that 

B,R5fl 
(3.2.22) 

This eventually leads to 

E"X' = r 

E""­o -

6c 

B,R5fl3 cos2 0 - 1 
2c 7·4 

B,R5fl . 
---"~4 - Sill 0 cos 0, 

CI' 

E"" = 0 <p 

(3.2.23) 

The normal component of the electric field is discontinuous, corresponding to a surface 

charge density 

_ ~(E'X' _ Ein') __ B,Rfl 20 
(5, - 4 r r - 4 cos n nc 

(3.2.24) 

The Lorentz invariant scalar product E"" . B does not vanish. This quantity gives a 

measure of the force which a co-rotating charged particle feels in the direction of the 

magnetic field. From eq.(3.2.24) and eq.(3.2.15) we find 

E"" . B = B; Rfl R7 cos3 0 
c ,.7 

(3.2.25) 

while the corresponding quantity vanishes inside the neutron star. Thus inside a thin 

transition layer at the surface of the star, there is a non-vanishing E· B of magnitude 

[we take ~ of eq.(3.2.25)] 
B;Rfl 3 

E . B = --- cos 0 
2c 

(3.2.26) 

leading to an acceleration of the particle in the direction of the magnetic field: 

Let us compare this with the gravitational acceleration 

GM 
g=­R2 
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(3.2.28) 



Thus, 

where, 

Typically the ratio ~ is very large ( ~ 1013). 

The electric fields pm'allel to B are very strong. From eq.(3.2.26) we obtain 

r!RBs 10 - -1 E",-o--"'6xlO B,2P l(Vcm ) 
c 

(3.2.29) 

(3.2.30) 

(3.2.31) 

P is measured in seconds,and B'2 = 1~' G. Fields of this magnitude give rise to field 

emission and charge will flow from the star to fill the surrounding region. 

In plasma filled magnetosphere, we have 

1 
E = --(0 x r) X B 

C 

Corresponding to space charge density 

1 1 
P = -\7 . E = --0· B 

41T 21TC 

Then the plasma density becomes 

where e is the electric charge. 

1 
ne=---O·B 

21Tce 

Numerically, this corresponds to a plasma density 

where B is in Gauss and P is in second. 

(3.2.32) 

(3.2.33) 

(3.2.34) 

(3.2.35) 

Since E· B = 0, the magnetic field lines become equipotentials and the strong magnetic 

fields force the charged particles to corotate with the star in regions where magnetic 
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field lines form closed loops (E];,B drift). Corotation can, however, not be maintained 

beyond the light cylinder of radius 

(3.2.36) 

where the tangential velocity equals to the velocity of light [12J. Let us work out the 

threshold magnetic field strength in the region of the source that would be required 

for the production electromagnetic radiation at X-ray frequency at an average energy 

of 0.1 kev. 

To this end we write the mean free path for the electrons as: 

e = (.!..) 1/3 = ( P ) 1/3 

ne 7 X 102 B 
(3.2.37) 

where e is in meter. We assume this mean free path to be the average distance 

travelled by an electron between successive collisions. The kinetic energy gained by 

the electron along e is given by 

W=6¢e 

where 6</> is the potential difference which may be written as 

and 

From this follows 

M = -E· e = E"e 

E" = 21fRB 
Pc 

_ _ 21f ReB2/3 
( 1 ) 1/3 

W-6¢e- c 7x102P2 

We assume the electron loses all of its kinetic energy after collision so that 

W=hv 

where v is the frequency of the emitted photon. 

Solving for B(hv = 1.602 x 1O-10el"g), we obtain 
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(3.2.39) 

(3.2.40) 

(3.2.41 ) 

(3.2.42) 



where hv = 1.602 x 1O-1Oe1'9 is the average energy at X-ray frequency, P is the spin 

period of the pulsar which in this case is taken as a unique X-ray source named as 

Hercules X-I. 

This magnetic field intensity is taken to be the minimum magnetic field intensity that 

would be required for the production of X-ray. 

3.3 Application to Real Experimental Situation (e.g. 

Hercules X-I) 

The X-ray pulsar Hercules X-I, discovered in 1972 with the UHURU X-ray satellite 

(Tananbaum 1972), is one of the best studied X-ray sources with its companion star 

Hz Herculis. Its radiation is periodic but has three different periods. This remarkable 

propelty has earned it the name a wonder clock. First, it pulsates with a period of 

1.24 s. The X-ray light curve with this period is given in Fig.(3.2). Second, it has a 

period of 1.7 days. This light curve has one II-shaped minimum. 

Physiologists say that cats sleep for 18 hours a day. In other words, they sleep for 

75% of their lives. Hercules X-I is like a cat. Every 35 days, Hercules X-I is at "work" 

producing X-rays for 11 days, and for the next 24 days its X-rays are not observed 

from the earth. This is the third period. 

The shortest period of l.24 seconds is the period of the neutron star's rotation about 

its axis. The star's pulsation light curve in this case has two maxima. 

The period of 1.7 days is, undoubtedly, the binary's orbital period. The short period 

of 1.24 s changes with the same period due to the Doppler effect. The 1.7-day change 

in the X-ray curve is the result of the eclipsing of the X-ray source by its companion. 

It is interesting that the eclipsing begins very abruptly. Recall that the duration of 

the decreasing part in a light curve is proportional to the size of the eclipsed. 
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The star that periodically obscures the X-ray pulsar was found by the Soviet 

astronomer Nikolai kurochkin. 

In 1967, Shklovsky emphasized that a very strong reflection effect must be inherent in 

X-ray binary systems. This phenomenon is basically the same as for normal stars, the 

only difference being that in an X-ray binary the star is warmed up by intercepting 

the pulsar's hard X-radiation. The inner face of Hz Herculis is strongly irradiated by 

X-rays from the neutron star, however the warped accretion disc shadows part of it. 

An observer near the accretion disc would see the following sight. At the" horizon" , 

there is the optical component, i.e. the star Hz Herculis and a stream of gas following 

from it. As the disc approaches the neutron star bending its surface, which is covered 

with "ripple" due to Kelvin-Helmholtz instability. Eventually, the disc is broken up 

by the magnetic forces at a distance of several thousands of kilometers. The matter is 

then" frozen" into the magnetic field and flows down onto the neutron star's magnetic 

pole, which produce two X-ray beams. 

It is not yet clear, though, why Hercnles X-1 is as sleepy as a cat for 24 days. By 

the way, the fact that for us on earth the radiation disappear for 24 days every 35 

days does not indicate that the pulsar takes a 24-days holiday. Even when the pulsar 

is "oIP', its optical light curve remains the same, that is, the reflection effect does 

not disappear. Something seems to be obscuring the neutron star from us, but this 

something cannot screen all the X-radiation falling onto its companion, Hz Herculis. 

The accretion disc around the neutron star, probably, serves as a screen. Since the 

binary's orbital plane lies actually in the line of sight, the disc which wobbles slightly 

with respect to this plane is believed to block the pulsar's radiation from us for some 

time. The accretion disc's shadow on the companion star is not large and has virtually 

no impact on the reflection effect. 

The reasons given above for the anomalous behavior of Hercules X-1 are not totally 

convincing. For one reason, the eclipsing is short and for another the disc's wobble 
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is not periodic. Making use of the new model developed by Kebede (2002, 1996), 

we can address issne of Hercules X-I. According to this model this phenomenon is 

basically related to the fact that the magnetic field evolution of the neutron star 

beyond the X-ray death line (see eq.(3.1.6) and its graph fig. 4.1. As a resnlt of 

the competiting effects of magnetic field decay due to photon emission and magnetic 

field revival due to mass accretion, the magnetic field fluctuates about the threshold 

magnetic field (Le. the minimum magnetic field that would be required for X-ray 

spectrum production, lO7G) almost with 35 day cycle. 
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Figure 3.1: The three periods of the X-radiation from Hercules X-1 
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Chapter 4 

Discussion and Conclusion 

Considering the competitive nature of mass accretion which according to the new 

Figure 4.1: This graph illustrates the competition between magnetic field revival due 
to accretion and its decay due to photon emission and B is given in eq.(3.1.6}. 
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model is responsible magnetic field revival and neutron star cooling via photon emis­

sion which results in field decay; we have presented convincing theoretical explanation 

for the 35 day cycle of X-ray radiation from Hercules X-I, an accreting NS in a binary 

(see fig. 4.1). 

This is reminiscent of the so called X-ray transients (SXRTs) which just like Hercules 

X-I are accreting NSs. SXRTs undergo [38J the periods of outburst activity for days 

(even months) super imposed with quiescent periods for months. The reason for their 

peculiar activity is not yet well understood but it is generally believed that their X­

ray emission is regulated by accretion from discs around the NSs. 

In quiescence, the accretion is switched off or suppressed for some reason standard 

theories fail to pin point. We have shown that neutron stars admit accreted mass from 

their companions below the threshold surface field of ~ 107G. This is also the field 

which according to the standard calculations is able to induce electric fields than can 

lead to low X-ray emissions. Since the accreted mass transfers angular momentum 

to the star this would mean a revival of the magnetic field that has been decaying 

(weakening) until then due to photon emission. Obviously then this would lead to a 

repetitive pattern of active and quiescent periods in low X-ray production from such 

accreting old NSs. 

Our model therefore holds that pulsars magnetic field evolution beyond "the X-ray 

death point" will not be monotonous but rather involve cyclic patterns not only in 

X-ray but perhaps in thermal emission as well. To the best of our knowledge no 

previous study has addressed this issue of magnetic field evolution beyond the X-ray 

death line. 
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