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A bstract 

Gamma-ray emission from neutron stars is considered in two contexts. -4 new model for 
gamma-radiation from pulsars is presented which uses the Deutsch fields to model the elec- 
tromagnetic fields around the star; the structure of and charge motion in these fields is 
discussed in detail. A widely applicable approximation to chargeci particle motion in power- 
ful electromagnetic fields is developed and exploited in the numerical simulation of particle 
motion in our model. 

An exploration of the distribution of gamma-ray bursts is also presented, assuming that 
these objects are the result of interactions between neutron stars located in an extended 
Galactic halo and stray cornets ejected from stdar systems in globular clusters and disk 
stars. 
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1. INTRODUCTION 

Though they have been studied for over twenw-five years, pulsars have remained a challeng- 

ing t heoretical pro blem for astrophysicists. No Nly consistent and physicdy reasonable 

model of the global properties of the pulsar magnetosphere has been developed, and the 

basic physics of the emission processes are still uncertain. 

The processes which generate the radio emission observed lrom these objects are generally 

thought to be distinct from those that produce the x- and gamma-ray emission seen from 

the very youngest members of the population. Once a global model for the rnagnetosphere 

of a pulsar is developed, these two processes should be linked. 

Gamma-ray bursts (GRBs) are one of the more mysterious of astrophysical objects. No 

counterpart a t  any other frequency has been reliably observed, and the distribution on the 

sky and in flux is nominally consistent with either a Galactic population of sources located 

in an  enormous halo or objects at cosmological distances. 

This thesis deds with gamma-ray emission fiom neutron stars in two different conteuts: a 

model for the gamma-ray emission kom young pulsars and an investigation of the distribution 

of gamma-ray bursts if these objects are the result of collisions between neutron stars in a 

Galactic halo and cornets. 

This work is organised into roughly six sections: this introduction, t~vo  chapters on the 

O bservational data, anot ber two on present models for gamma-ray bursts and gamma-ray 

emission from pulsars, a chapter which presents the research on Our model of the distribution 

of gamma-ray bursts, three chapters on our gamma-ray pulsar model, and finally two chapters 

to discuss fûtures avenues of research and conclusions. 



Fig. 1.1: A simplified pictue of the space around a pulsar, showing dipole field lines (in black) 
and the main physicai parameters: fi, the angular velocity of the star, &a, the magnetic 
dipole moment, X,  the inclination angle of the dipole moment, and the Iight cyiinder 
radius, which sets the length scale for the magnetosphere (the radius of the light cyhder 
Rie = c/O) - 

1.1 The Pulsar Environment 

Pulsars are widely believed to be highly magnetised and rapidly rotating neutron stars, 

remnants of supernova explosions. The general population is seen as radio sources, which 

t hese objects emit for a relatively short time astrophysically - only ten million years or less - 

and then become "dark matter" (though not a significant contribution to the total Galactic 

mas).  The very youngest of these stars, only seven known to date, all younger than a few 

hundred thousand years, also emit in gamma-rays and occasionally in x-rays. 

Figure 1.1 shows a tkical  simplified picture of the space around a pulsar and the magnetic 

field lines (shom in black). Here, the pulsar is a point a t  r = 0, and the magnetic field is a 

dipole determined by the magnetic dipole moment 3. The rotational frequency of the star is 



fi (showo vertical in this plot), and the angle between 6 and @ is labelled X, the inclination 

angle. R sets the length scale for the pulsar magnetosphere, called the light cylinder radius 

Ri, = c/R. Field lines which close inside the magnetosphere are called "closed" field lines, 

and those which close outside are generalIy called "open". This simple picture ignores the 

effects of current or iight travel tirne effects on the field structure. 

The observable parameters of these stars are relatively few. The period of stellar rotation 

can be calculated witb extraordinary accuracy, and for dmost ai l  the known pulsars, is 

found to be slonrly decreasing with time; this period time derivative is another fundamental 

observable of the pulsar. Second derivatives of the period, as well as occasionally third 

derivatives, have been measured for some pulsars, and further constrain the basic physics 

(Taylor, Manchester, & Lyne 1993). 

There are two broad categories of pulsars observed: the very short penod millisecond 

pulsars, which typically have surface magnetic field strengths on the order of 109 G, and the 

longer-period normal population of pulsars, which have much stronger surface fields, on the 

order of 1012-l3 G. 

A third category of pulsar which is quite different than the radio pulsars is that of the 

x-ray pulsars. These objects are neutron stars in close binaries which accrete matter fiom 

their cornpanion star; the accreting matter is heating to x-ray temperatures, and an x-ray 

pulse is emitted. As they are quite Merent physically from the radio pulsars, there will be 

littie discussion of this sort of pulsar in this thesis. 

Pulsars are extremely accurate clocks due to the regular nature of their pulsation. An 

integrated light curve (averaged over a few thousand periods) remaios constant in shape 

over long periods of time in most cases, making period determination particularly accessible. 

Figure 1.2 shows a histogram of pulsar period for the known normal pulsars. The average 

period is approximately half a second, with no pulsars currently observed with penods longer 



Fig. 1.2: A histogram of the periods of the normal population of pulsars (excluding the millisecond 
pulsars) for the known pulsars. The distribution shows a peak near 0.5 S. Data were taken 
from the Princeton pulsar catalog, maintaineci by J. Taylor. 

than 4.3 seconds- 

This plot does not show the so-called millisecond pulsars, which form a separate popu- 

lation to the regular pulsars. These objects typically have periods of tens of milliseconcis, 

with the fastest spinning with a period of only 1.6 milliseconds. 

The angular velocity of the star R = 2r/T (where T is the pulsar period) defines a 

cliaracteristic length scale for the physics around the pulsar, c d e d  the light cylinder radius: 

Any object corotating with the star would be moving a t  the speed of iight on the light 

cylinder. This length scale roughly sets the size of the magnetosphere around the pulsar. 

-4 common feature of most pulsars, including the millisecond pulsars, is a gradua1 increase 

of the period with time. This period derivative is another important observable of the object 

which constrains the physics. 



1.1.2 Magnetic Field 

The normal population of pulars have magnetic fields among the highest knom in the 

universe. As the progenitor star coilapses, magnetic flux is consetved, and the flux density 

scales like the square O:" the stellar radius. The field amplification can be a factor of 10'* or 

10' ', converthg the gauss-scale stelIar fields to gargantuan proportions. Thermal effects in 

the young neutron star can increase the field even further (Geppert & Wiebicke l99l). The 

electromagnetic forces are large enough to entirely dominate the dynamics of charges in the 

space around the star, labelled the magnetosphere to emphasize this fact. 

The evidence for fields on the order of 10'*-'~ G is fairly unarnbiguous now. The pri- 

mary, though indirect, indicator is the pulsar slowdown, mhich is thought to occur by long- 

wavelength magnetodipole radiation - a spinning dipole radiates away electromagnetic energy 

in the form of a spherical, outgoing electromagnetic wave with frequency equal to the ro- 

tation frequency. The energy lost through this process is dependent on the strength of the 

star's magnetic dipole moment and its rotation speed; therefore, knowledge of the period 

and its derivative can he used to estimate the magnetic fields. For a point dipole field, the 

relationship between the surface field, period, and period derivative is (see section 7.2.2 for 

a derivation): 

A more direct indication of these strong magnetic fields is found through the presence of 

cyclotron absorption lines in x-ray pulsar spectra (e-g., Clark et al 1990), which is consistent 

with field strengths of this magnitude. X-ray pulsars are neutron stars accreting matter 

from a cornpanion star in a binary, but presumably are similar to neutron stars which act 

as regular radio pulsars. 

Figure 1.3 shows a histogram of surface magnetic field strengths inferred from equation 1.2 

for the knonrn normal pulsars. The two populations c m  be seen in the large peak near 1012 

G and the smaller peak near 108.= G comprising the millisecond pulsars. 



Fig. 1.3: A histogram of the surface fields of both popdations of pulsars (normal and miilisecond 
pulsars) for the known pulsars. The distribution shows two peaks: a large one near 1012 G 
representing the normal population of pulsars, and a smailer one near G c~mpnsing 
the rnillisecond pulsars. Data w m  taken fkom the Princeton pulsar catalog, maintained 
by J. Taylor. 

This sort of analysis was the k t  evidence tbat two distinct populations of pulsars exist. 

The so-cdled miliisecond pulsars, while spinning extremely rapidly, have surface fields several 

orders of magnitude lower than the regular population of pulsars. These objects are likely 

the result of binary interactions, where material accreted onto an old neutron star spins it 

up to high angular velocity. 

1.1.3 The Characteristic Age 

If a pulsar loses the majority of its angular rnomentum through magneto-dipole radiation, 

then its angular velocity obeys a particularly simple Werential equation: 

where R is the star's angular velocity and k is a constant which depends on the surface 

magnetic field and the stellar moment of inertia, This solves to 



Fig. 1.4: A histogram of the characteristic ages of the known normal pulsars- The distribution 
shows a peak near five million years, and a smder one near a thousand years (which is 
due to these very young pulsars being acceptionally bright). Data were taken fiom the 
Princeton puIsar cataiog, maintained by J. Taylor. 

where r is the pulsar age. For long times (when fZ is much less than its initial value Ra), 

and substituting for k in t e m s  of R and a, the age of the star can be estimated as: 

This time is known as the characteristic age, and agrees to  a t  least order-of-magnitude 

accuracy with other estimates of the pulsar age. 

Figure 1.4 shows a histogram of the characteristic ages of the regular population of 

pulsars. The millisecond pulsars are not included, since this simple mode1 does not apply. 

Pulsar ages run kom approximately one thousand years for the Crab pulsar to approx- 

imately ten miliion years for the oldest of the population. This is somewhat striking, as it 

means that pulsars are very young objects in an astronomical sense. A neutron star spends 

only a small fraction of its He  as a visible pulsar. 



1.1.4 The Goldreich-Julian Charge Densi ty 

Very eariy on in the work on pulsars, Goldreich k Julian (1969) showed that the space 

around a star would almost certainiy be Wed with charge, since the electromagnetic forces 

on a charge near the steilar sudace are so much larger than the gravitational force, and 

non-zero at the stellar surface. The charges would adjust themselves as to short o ~ t  the 

component of electric field parallel to the magnetic field line everywhere in space, but forcing 

the magnetosphere to CO-rotate due to the need to match boundary conditions at the stellar 

surface (this obviously must break down at some point inside the light cylinder, beyond 

which a corotating charge would be movhg faster than üght) - a tangentid component of 

the electric field is required to match the boundary condition at the surface of the star. This 

implies a charge density everywhere in the space around the star of 

ivhere is the magnetic field at the point in question (see section 7.1 for a derivation). 

If the charge density in the space around the star is everywhere much less than the 

Goldreich- Julian charge density, the electromagnetic fields are not dected signincantly. This 

defines "vacuum" aroiuid the star. Therefore, if the charge number density is much less than 

the Goldreich-Julian number density, the fields will be weii-described by vacuum fields. The 

Goldreich-Julian number density (equal to pcr/e) is approximately 

1.2 The Pulsar Problem 

The most serious problem in modelling any sort of pulsar electromagnetic radiation is the lack 

of a consistent and physical global mode1 for the electromagnetic fields and charged particle 

currents and densities. Theoretical efforts have concentrated on relatively unphysical toy 



rnodels, or have focussed on particular regions in the magnetosphere, assuming properties 

for the global system. This is not, of course, due to a dearth of effort, but the result of the 

complexity of the physical system. 

Any global solution must take many factors into account to generate a physically rea- 

sonable model, all of which affect each other in complex ways. The equations goveming the 

problem are Maxwell's equations (in CGS units, as used throughout this thesis): 

4 'as' VxB=*,+'& V x E = - - -  
c a t  C c at 

and the Vlasov equation for the phase-space distribution of charges: 

where the force on species i is given by 

and fin-i is a term representing an increase in the charge density due to pair creation; this 

d l  be discussed in more detail in section 5.2. There are several important pair creation 

processes which depend non-linearly on charge and photon energies. 

The distribution function of the photons must also be considered, as the interaction 

between the fields and the matter is important for pair creation processes. This obeys 

where luil = c, fin-? is a term describing the photon creation from the various sources of 

radiation, and f,,-, represents the loss due to pair creation. 

Tliese equations must a11 be solved self-consistently to satisfy the criteria for a global 

rnodel. Even these equations involve a number of simplifying assumptions; the plasma is 
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assumed to be cold (Le., zero pressure), and the effects of general relativity have been 

ignored. Special relativity, of course, is considered: the charges are generally moving very 

close to the speed of light. 

The boundary con&tions at  the star must be included to generate a solution, and are 

also non-trivial. The binding energy of charges to  the surface of the star is unknown due to 

uncertainties in the properties of atoms in powerful gravitational and electromagnetic fields. 

However, assuming that the star is a perfect conductor, and that the electnc fields inside the 

star are therefore %ozen-in", is a very good approximation, allowing a precise determination 

of the boundary condition for the fields. 

A discussion of the array of models developed to approximate this physical system is 

beyond the scope of this thesis, but suffice it to Say that the problem is still far from 

solved. Numerical techniques and computing power are developing to the point where a 

fully numericd solution may be conceivable, but this is still impossible at the present- 

1.3 Gamma-Ray Bursts 

Gamma-ray bursts (GRBs) were first observed by US military satellites which were designed 

to search for evidence of Soviet nuclear testing in the late 1960s. Fortunately, the military 

esplanation for these objects was ruled out when it was realised that these flashes of gamma- 

rays originated in space rather than terrestrially. 

Presently, about one GRB a day is registered by the BATSE detector aboard the Compton 

Gamma-Ray Observatory (CGRO). The flash of gamma-rays cornes fkom a random direction, 

dominating the gamma-ray sky while it happens. They typicdy last from tens of rnilliseconds 

to hundreds of seconds, though there is a fairly wide variety of light curves observed. 

The GRBs have been separated into two classes: the "classical" GRBs, which radiate at 

energies of tens to hundreds of keV and have never reliably been known to repeat, and the 

soft gamma-ray repeaters (SGRs), which have been observed to repeat and emit mainly in 

the hard x-ray/soft gamma-ray region of the electromagnetic spectrum. 

10 



The SGRs are interesting in that they have been identified fairly conclusively with su- 

pernova rernnants, suggesting that these objects are related to young, high-velocity neutron 

stars. Honrever, they are much rarer than the classical GRBs (ody three have been observed) . 

There îs some suggestion (Fenimore et al 1996) that the original SGR, which happened on 

Mach 5th, 1979, wodd actually have been classifieci as a classical GRB if the photon en- 

ergies in the initial, rapid burst had been able to be properly analysed (due to deadtime 

efTects and photon pileup, it was only possible to get a vaiid spectnim very recently) . The 

iveak afterglow, which'showed an û-second periodicity, is unique, however; no other classical 

GEU3s show any pukation or weak, low-energy afterglows. 

The work in this thesis d l  mainly deal with classical GRBs, as our mode1 (chapter 6) 

esamines a possible source for these objects, which are seem to have a different origin than 

the SGRs. 

Though t hey have been studied for twenty years, t here is no widely-accep ted explmat ion 

for classical GRBs. The models in the literature can be roughly sorted into three categorïes: 

1.3-1 Galactic Models 

Early efforts almost exclusively identified GRBç with neutron stars in the Galactic disk or 

Galactic halo, due in large part to the observation of line features in some of the spectra that 

ivere readily attributed to radiation physics in the ultra-high magnetic fields associated witith 

pulsars. The first year of data from the BATSE telescope, however, threw these models into 

question. No Iine features were seen in any of the spectra, and the bursts were distributed 

isotropically on the sky, inconsistent with the predictions of a disk or halo population of 

neutron stars. In fact, after four years of operation, the roughly 1200 observed bursts show 

no evidence for any anisotropy. To resolve this fact, any neutron star models require a halo 

ivith radius of several hundred kpc, larger even than any postulated dark matter halo. 



Cosmological models were suggested early on, but gained a wider acceptance with the BATSE 

data. These models generaily involve catastrophic encounters between neutron stars or neu- 

tron stars and black holes, though there is a huge number of different models. Paczyiski 

(1986) attemped to un* some of these theories by developing a general model of a gamma- 

ray burst fireball without analysing the detaüs of the source, and most of the modern predic- 

tions use this model or extensions of it. The total energy required in a burst a t  this distance 

is huge, on the order of 1oS2 ergs. This is roughly equd to the energy released in a supernova 

explosion, or the gravitational binding energy of a star. 

1.3.3 Solar Models 

These models generdy placed the bursts in a shell amund the Solar System, most commonly 

in the Oort cloud of cornets. They are generdy d e d  out, however, since the mechanism for 

generating gamma-rays (Nith negligible emission in other parts of the spectmm) is unclear, 

and the total energy released from a cornet would have to be a significant portion of its rest 

mass energy, which is difficult to justib. It is also difficult to match the distnbution in B u  

(in particular, the observed < V/V,, > statistic - see chapter 2), as was demonstrated by 

Liaoz (1993). 

In addition, the Oort cloud of comets cannot be completely spherical, due to tidal dis- 

turbances from the Galaxy (Clarke et al 1994). If the bursts were from the Oort cloud, 

this anisotropy would have been detected with the relatively large number of bursts now 

ca t alogued. 

1.3.4 Basic O bsemtional Fea t ures 

The two most commonly-quoted observables of classical GRBs are their isotropy on the sky 

and their distribution in flux (Briggs et al 1996). While isotropically distnbuted on the sky, 

tlieir distnbution in flux shows an interesting feature. Bursts at large AL- (presumably the 



closer bursts) follow the F-3/2 distribution of a hornogeneously distributed population, but 

the weaker bursts show Iess than would be expected. This has beeo used to suggest an edge 

to the population radiaily, or evidence for the curvature of the universe for cosmological 

sources- 

The spectrum of these objects is ais0 important in determining their properties; the 

classical GRB spectrum is not thennal, which eliminates many simple models for their 

production (Paczyiski's (1986) fireball mode1 predicts a thermal spectnim) . The light curves - 
of classical GRBs can be quite varied, and therefore make theoretical modelling somewhat 

challenging. 



2. GAMMA-RAY BURST OBSERVATIONS 

The literature dedicated to the observations of gamma-ray bursts is enormous. In this thesis, 

only the data pertinent to the distribution of the bursts in space and flux is presented. The 

evidence for line features in GRB spectra is presented as it is strongly suggests a Galactic 

neutron star origin for these objects, but spectra, possible repetition of bursts, and other 

analyses are ignored, as they generally apply to the development of the bus t  physics rather 

than the overall distribution of bursts. The mode1 presented in chapter 6 is independent of 

burst physics, and avoids the question aitogether. 

This thesis discusses the "classical" GRBs and does not discuss in detail the soft, re- 

peating GRBs which are generally thought to be a separate class of ob jects. There is some 

evidence that these SGRs can show classical GRB-like properties; this is discussed in more 

detail in section 4.1.2. 

The BATSE 3B catdog of gamma-ray bursts is the most ugto-date catalog amilable to 

the public. It contains 1122 gamma-ray bursts Mth positions on the sky; 867 of those have 

with rneasured flux. The uncertainties on the burst locations are quite large, up to several 

degrees on the sky, though in some cases interplanetary networks of satellites have been able 

to place the sources quite accurately. 

2.1 Burst Thescales and Light Curves 

Times for bursts run over a relatively large range, from tens of miiliseconds (or even shorter, 

as rnillisecond bursts would be difficult to detect) to hundreds of seconds. The distribution 

of burst times in the BATSE 3B catalog is shown in figure 2.1; the time shown is Tgo, the 

time during which 90 % of the received counts axe recorded. There is some difficulty is using 



Fig. 2.1: The distribution of Tw , the time during which 90 % of the received counts are recorded, 
for the BATSE 3B catalog. The distribution shows two peaks, one near 0.5 seconds and 
the other near 30 seconds. 

tliis standard to determine burst times, as occasionally the light c w e s  show a weak leading 

or following pulse separated from the buk of the burst, which, if included in the burst time, 

would extend it signincantly. However, it is something of a representative indicator. 

The distribution shows evidence for two peaks, one near 0.5 seconds and the other near 

30 seconds. This suggests that there may be two distinct populations of GRBs, although 

there is no clear evidence of this in the rest of the GRE3 data. 

A typical burst can have a fairly cornplex light curve; BATSE trigger 1321 is shown in 

figure 2.2. 

There is only one case of a GFU3 showhg pulsation - the March 5, 1979 event had a weak 



Fig. 2.2: A typical GRB iight curve, BATSE tri- 1321. The light curvss can be quite cornplex. 



(2 1 % level), low-fiequency afterglow trailing the main peak with an 8 second periodicity 

(Barat et al 1979). This burst has been classifieci as a soft gamma-ray burst due to difficulties 

in estimating the photon energies in the initial, rapid burst, but recent results have suggested 

t hat the initial burst looks very simiiar to a classicd GRB in spectral properties. This was 

a particularly strong burst, and it was initially suspecteci that ail bursts would show such 

afterglow structure with more sensitive observations. This has not occured, however, so it 

seems the Mar& 5 event was somewhat unique. 

2.2 lsotropy 

The sky map of the BATSE 3B catalog bursts is shown in figure 2.3. There is no anistropy 

in the data visible to the naked eye, even with over 1100 points. Since the distribution on 

the sky can be an important clue to the identity of the GRB sources, finding anisotropies in 

the spatial distribution is particularly important. 

2.2.1 Dipole and Quadropole Moments 

The isotropy of sources on the sky can be investigated using several different statistical 

techniques. The two most common tests search for evidence of a dipole or quadropole 

moment to the burst distribution. The statistical methods used in this search are discussed 

in Briggs (1993), and are summarised here. 

Testing for the dipole and quadrople moments of a distribution on the sky are useful for 

determinhg a large-scale anisotropy to the distribution, and are relatively insensitive to the 

reasonably large erroq on the BATSE positions. They cannot, however, distinguish small- 

scale anisotropies which average to isotropy on the large scale (such as grouping of bursts) 

- this behaviour is best observed by examining the two-point correlation function, discussed 

Iater. 

There are two quite different types of tests for dipole or quadropole moments: coordinate- 

systern dependent and independent. The first is more efficient at detecting anisotropies 



Fig. 2.3: The BATSE 3B catalog of gamma-ray burst positions projected onto the sky, courtesy 
of the Compton Gamma-Ray Observatory. The deviation from isotropy of the position 
distribution is not s tatisticdy sigdicant. 



centred around the given coordinate system, but the second is much better at detecting 

general anisotropies. For example, if GRBs are Galactic objects, a test to see a dipole 

moment toward the Galactic centre and a quadropole moment around the Galactic plane 

are presumably the most important. 

The two coordinate-baseci tests most used are < cos û > and < sin2 b- 113 >. < cos 0 > is 

the mean of cos Oc, where Bi is the angle between the vector pointing toward the i-th burst and 

one pointing toward the Galactic centre. This statistic gives O ifthe distribution is isotropic; 

a positive value signifies clumping toward or away fkom the Galactic centre. < sin2 b- 113 >, 

where b is the Galactic latitude, also equals O if the distribution is isotropic; a positive d u e  

signifies clumping toward the poles, and a negative d u e  shows clumping of the distribution 

toward the Galactic plane. 

Of course, these statistics applied to N points sampled fiom an isotropic distribution 

have uncertainties associated with them, or, more accurately, a width to the distribution 

of values < cos8 > and < sin2 b - 113 > will take. The width of the distribution can be 

found by recognising that cos Oi and sin bi are both are unifonnly distributed on [-1,1] for 

a random distnbution. Therefore, definhg the variance for a variable x as per usuai as 

the variance of cos Bi is 1/3 and that of (sin2 bi-113) is 4/45. If a large number of independent 

points are sampled from this distribution, the central limit t heorem necessit ates that the 

overall distribution of the means approach a Gaussian, with mean O for both, and variances 

of 1 /(3 N) and 4/(45N) respectively. 

Due to the incomplete sky exposure of BATSE, the distribution of the dataset for an 

isotropic distribution on the sky will be slightly anisotropic. Briggs et al (1996) have calcu- 

lated the effects of this uneven exposure: for a tmly isotropic distribution on the sky, the 

B.4TSE distribution should have < cos0 >= -0.013 and < sin2 b - 113 >= -0.005 (the 

expec ted variances are dected insignincantly) . 



These tests can be performed on the BATSE 3B catalog sources; the values for the two 

statistics are 

The < cos@ > statistic varies by 0.60 fcom the expected value, and < sinZ b - 113 > 

by 0.260, and the BATSE distribution is therefore statisticdy indistinguishable from an 

isot ropic distribution with the present data. Briggs et al (1996) performed a detailed analysis 

on the distribution using subsets of the total distribution and tested various Galactic models 

against the distribution. They found that these techniques would have detected a statistically 

significant deviation if one-half of the locztions were within 86' of the Galactic centre (as 

opposed to 90" for an isotropic distribution), or within 28' of the Galactic plane (as opposed 

to 30" for an isotropic distribution). They h d  no evidence in any of the subsets for significant 

variation from isotropy. 

The coordinate-independent tests are somemhat more complicated. The first two consid- 

ered characterise the dipole moment of the data. 

The Rayleigh statistic R is defined as 

ivhich can be thought of as the distance &om the origin of a series of random walks, where 

each step is 4, the vector displacement to each point i on the sphere. For an isotropic 

distribution, this sum should approach zero. As is well-known from random walk theory, 

< R2 >= N. 

This statistic c m  be used as a test of isotropy by calculating the probability c r ~  of finding 

a value of R greater than the observed value Rob assuming that the data are drawn from 

a random distribution. However, this probability is difficult to calculate; a more convenient 

version of this statistic, which is only valid for large N, can be applied. Watson (1956, 1983) 

introduced the statistic 



which is asymptoticdy distributed as (2 is the distribution of the quantity Cr=, x:, 

where the xi are sampled fiom the standardwd normal distribution). The probability that 

a W randomly chosen from an isotropie distribution is greater than Woba is 

rhere fx: is the probability density function of xi and Fx: is the upper cumulative pro babiiity 

tlistribution function of Both of these functions are knom analytically, which makes this 

statistic more easily cornputable than the Rayleigh statistic. The expected value of W is 

equal to the expected value of xz; the expectation value of 2 = v, so < W >= 3. The 

distribution is independent of N, and the variance on the mean of the XE distribution is 

2u. Therefore, the standard deviation of W is aw N 2.45. This approximation is vdid 

for N larger than approximately 50, and is therefore well-suited to the study of the GRB 

distribution- 

A statistical test for a quadropole moment to the distribution nrhich is coordinate- 

independent is based on the cbonentation" m a t e  

wliich is similar to the usual dipole matrix 

evcept that Q is traceless (since, as the points lie on the unit sphere, $ +y: + 2: = 1) whiie 

MN has a trace of unity. 

Since MN is real and symmetric, it has three reai eigenvalues Ar, which must add to 

one (since MN has unit trace). In a coordinate system where MN is diagonal, the diagonal 



elements are the eigenvdues; since the diagonal elements are the sum of squares, each element 

must be positive. Therefore, if the data are sarnpled from an isotropic distribution, each of 

the At should be equal, and mwt equal 1/3. 

The deviation from isotropy in this case is measured by the Bingham statistic 

It can be s h o m  (Watson 1983) that 

so that the calculation of B does not require the calculation of the eigenvdues explicitly. B 

is asymp totically distributed as x:, so the probability that a random sample d l  give a value 

of f3 greater than the observed Bobs is 

mhere f,; and F,: are the probability density function and upper cumulative probability 

function for xi$ which are known analytically. The expectation value for B is 5 and the 

standard deviation of the result is os E 3.16 by the properties of the distribution. 

The effect of BATSE's uneven sky exposure changes the expected results for a tmly 

isotropic distribution quite sigaificantly for greater than 1000 bursts; the BATSE exposure 

gives W = 3 + 0.0020N and B = 5 + 0.0077N. For the 1122 bursts of the 3C catalog, the 

expected values for an isotropic distribution on the sky are W = 5.24 and B = 13.64. The 

standard deviations are dected  in a complicated way, increasing with N. ,4t approximately 

1000 bursts, zz 5 and = 8.5. 

Tliese analyses have been performed on the BATSE 3 8  catalog; the results are 



The value for W deviates from its expected mean by approximately 0 . 9 4 0 ~  and B by 

0.9208. Therefore, the deviation €rom isotropy is not statistically significant for this distri- 

bution- 

2.2.2 The Angular Au t o c ~ ~ a n c e  h c t i o n  

The dipole and quaàropole moments of the distribution are efficient at detecting 1 arge-scale 

aniso t ropies; however, they are quite insensitive to small-scale variations such as clustenng 

of sources. A better statistical test to examine this effect, familiar from the study of galaxy 

distributions (e-g., Peebles 1993), is the angular autocovariance function, which examines 

the evcess number of sources over the predicted isotropic value in sorne smail area on the 

s ky. 

The precise definition (see, for example, Hartmann & Blumenthai 1989) starts at any 

given point on the sky, and then examines the probability of finding a second point at an 

anguiar separation 8 and within the solid angle dQ; this is given by 

Since the probability of hding one source in a dinerential angle is infinitesimal, but the 

nurnber of sources is large, the distribution is given by the Poisson distribution. Equation 2.11 

is often written 

nhere Np is the number of pairs with a separation in the intenml (0, B +dB),  and Np, is the 

expected number from the Poisson distribution. For N > 1 points on the sky, isotropically 

distributed, this value is 

sin 0dB 
NPP = 4 

23 
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Fig. 2.4: The angular autocovariance function plotted against angle for the BATSE 3B catalog. 
The y-axis shows the deviation fkom the expected value due to an isotropic distribution of 
sources in uni ts of standard deviations; there is no statis ticdy significant deviat ion fiom 
isotropy in the sample. The one deviation of 2-80 is not unexpected with 100 bins. 

This assumes implicitly that the distribution is, on the large scde, isotropic, which is 

true of the GRB distribution. 

The angular autocovariance function for the 3B catalog is shown in figure 2.4 for pair 

separation angies up to 40°. The deviation fiom the expected value is shown on the y-axis 

in units of standard deviations (just 1/,/lVp; when N, .* l), and no significant deviations 

from an isotropic sample are seen. 



2.3 Distribution in Flux 

While the distnbution in position on the sky of the observed GRBs appears to be completely 

random. the same does not hold for the distribution in flwc. The data seem to suggest that 

we are currently viewing out to near the edge of the distribution of the bursts radially. or, if 

they are cosmological objects, we might be viewing effects of the curvature of the universe. 

This evidence came out of examinhg how the number of sources with flux greater than 

F varies with F. For a isotropic and homogeneous distribution in a Euclidean space, the 

number of sources between r and r + dr is 

whcre p is the number density of sources. 

For standard candles, the flux received From a source at distance r is 

A F = -  
r 2 

where A is a constant related to the standard candle luminosity. 

From these equations, the distnbution in flux of the standard candles can be found: 

and the integrated distribution is 

Therefore, a homogeneous and isotropic distribution of standard candles has an integrated 

distribution in flux which falls off like F-3/2. 

The GRB distribution in flux follows this power law for the brightest bursts, but shows 

a deficit in the dimmer bursts, suggesting that the observations are probing to the edge of 

the distribution. 



The peak photon flux distribution for the BATSE 3B catalog is shown in figure 2.5. The 

dashed Iine has a dope of -3/2 for cornparison, which matches the bnght bursts mell. The 

dim bursts are fewer in number than would be predicted from a uniform distribution of 

standard candles in a Euclidean spacetime. 

Another statistical test to determine the &ormi@ of a radial distribution of sources 

is the < V/Vm',, > test, developed by Schmidt (1968) and applied to gamma-ray bursters 

somewhat later (Schmidt, Higdon, & Hueter, 1988). The test is based on sampling the 

volume enclosed by a particular source and averaging - if the sample is uniform and the 

sources are standard candles, the values should be uniformly distributed between O and the 

volume correspondhg to the largest radius a t  which a source could be seen (V,,, which 

is determined by the detector sensitivity) . Therefore, the ratio V/V,, would be uniformly 

distributed between O and 1, and the average should be 112. The variance for a single 

measurement is 1/12, and by the central limit theorem, the stardard deviation of the mean 

for a sample of n sources shouid be 1/-. 

If the peak count of the burst is Fp and the minimum detectable flux is F,., then the 

ratio of the burst distance to the maximum distance is 

and the ratio of the volumes is 

v -3/2 

- v*, = (2) 
Note that this analysis assumes that the 0wr drops off Like r-*, which 

Euclidean space. The same does not hold tme for a curved spacetime. 

Since the actual distance r does not appear in the above equation, 

(2.19) 

is the result for 

the test can be 

conducted without knowledge of the distance scde of the bursts. This has been done for the 

BATSE 3B catalog; the value is 



Fig. 2.5: Plot of log N(> Fm,) vs log Fm, for the BATSE 3B catalog, where Fm, is the maximum 
flux of a burst in photons/cm2/s on the 2561x1s timescale and N(> Fm=) is the number 
of bursts with flux > Fm,. The dashed Iine has a slope of -3/2, which would be observed 
from a uniform distribution of standard c a d e s  in a Euclidean spacetime. The deficit of 
dim bursts suggests we are probing near the edge of the distribution, or evolutionary or 
cosmoIogical effects are at work, Using maximum flux on a different timescale does not 
change the shape of the plot. 



This does not agree with the value of 0.5 which would resuit fiom a uniformly distributed 

set of bursts; it suggests that there are more bursts closer to us than would be the case for 

a homogeaeous sample. This again points to a more complex mode1 than homogeneously 

dis tributed standard candles in a Euclidean spacetime. 

Both these tests use the peak photon flux as the "standard candle" measure - that is, it is 

assumed that the peak photon number luminosity emitted by a burst is constant €rom b u t  

to burst. It is unclear whether this is the best datum to use; Petrosian & Lee (1996) suggest 

that the Buence (flux integrated over the whole burst) might be a better standard candle, as 

suggested by some of the more model-independent predictions of the burst physics. However, 

the results obtained either way are qualitatively similar, suggesting that the widths in the 

distributions of source fluence and source peak number luminosity are similar or much less 

than the O bserved variation in flux (so that most of the variation seen in burst flux cornes 

from varying distance rather than varying source luminosities). 

The most obvious interpretation of these data is a scenario where the GRBs are produced 

at cosmological distances: the isotropy on the sky is natural, and the edge of the distribution 

is due to evolutionary or spacetirne-curvature effects (for a discussion of these factors sce, for 

esampie, Meszaros & Meszaros 1995). However, GRBs located in a very extended Galactic 

halo can be accomodated if the halo is large enough, and the concentration of bursters toward 

the Galactic centre is somehow suppressed (by, for example, requiring a turn-on time before 

which the objects cannot burst, or by beaming of the emission) . These models are discussed 

in more detail in chapter 4. 

2.4 Counterpa&s at Other Ekequencies 

The discovery of a counterpart to a classical GRB at another frequency would be an im- 

portant clue as to their ongin. However, despite extensive efforts, only a single rnarginally 



significant coincidence has been found in x-rays. 

O b s e ~ n g  a GRB counterpart is a difncult task at best. The error boxes on the BATSE 

burst positions are rather large, and a deep survey which covers the entire region of sky would 

be prohibitively the-consuming, and possibly firtile if the counterpart is also a bursting 

source. However, many GRBs have positions which are much better defined than the BATSE 

error boxes due to multiple observations by dinerent instruments. 

The most accurate positions are found by networks of interplanetary telescopes, where 

the separation between the telescopes in light travel time is much greater than the burst 

rise time (see, e.g., Lund 1995). Such networks have been arranged three times over the 

last two decades (called InterPlanetary Networks). The first such network (IPN-1) was 

in operation between November 1978 and Febniary 1980, and included the Pioneer-Venus 

Orbiter (PVO), HELIOS-2, VENERA 11 and 12, as well as many near-Earth satellites. IPN- 

2 operated between 1981 and 1983, and PN-3  was active between 1990 and 1992. In total, 

roughly 40 positions with accuracies better than 50 arcmin* have been analysed nrith data 

from these networks. Parts of IPN-3 are still in operation, and additional satellites are being 

added. 

Many models of GRBs imply steady emission in various parts of the electromagnetic spec- 

trum. Detailed observations at different Frequencies of the GRB error boxes after (or before, 

by analysing archival records) can at worst constrain the different models, or at best find a 

counterpart which is a known source. This sort of find would provide powerful evidence for 

the distance scale to these objects. 

Radio -sion 

Despite several attempts to discover steady emission in the radio, no incontrovertible de- 

tectious have been made. GOBE has observed several GRB error boxes at 31. 53, and 90 



GHz (Bontekoe et al 1995), the Cambridge Low Frequency Synthesis Telescope (CLFST) 

obsenred the GB 920711 enor box a t  151 MHz (Koranyi et al 1994). the GB 940301 error 

box (the bnghte~t yet-observed GRB) was observed at 1.4 GHz and 0.4 GHz at the Dominion 

Radio Astrophysical Observatory (DRAO) (Rail et al l994), and deep VLA observations at 

20 cm of three BPITSE GR33 errors boxes have been performed over two years (Palmer et 

al 1995); none of these surveys found any detectable, statisticdy significant sources which 

were viable candidates. The VLA observations provided the most stringent upper b i t s  on 

the emission, on the order of 100pJy. 

The only major search for GRB counterparts in the infrared was performed by analysing the 

IRAS database for sources in error boxes of 23 well-localised GRBs (Schaefer et al 1987). 

Three sources were discovered, but were ail shown to be unrelated to the GRBs, 

Soft x-ray emission 

Many rnodels which invoke neutron stars as the sources of GRBs imply thermal emission from 

thc star's surface in the soft x-ray range due to accretion onto the star from the intewtellar 

medium. The spectrum radiated from this process is not expected to be precisely thermal; 

however, it should be fairly close (see, for example, Zampieri et al 1995). A quiescent 

counterpart in the soft x-ray range would argue quite strongly for a neutron star  origin. 

The most powerhl soft x-ray searches in GRB error boxes have been perforrned by the 

ROSAT telescope using the ROSAT dl-sky survey da ta  30 error boxes of the 2nd IPN 

catalog (Greiner et al 1995) and 15 error boxes of the 3rd IPN catalog (Greiner et al 1996) 

have been analysed. 27 sources have been found, which is within statistical estimates of the 

expected number due to mean source density. These sources have al1 been identified in the 

optical, and show no evidence of being GRB quiescent counterparts. This survey puts an 

upper limit on the flux of roughly 10-I3 erg/cm2/s in the 0.1 - 2.4 keV energy range. 



A11 but one deep ROSAT observations of a fem small GRB error boxes have also failed 

to find any significant emission, placing upper ümits of roughly 10-I4 to 10-l~ ergs/cm2/s 

(Boër et al 1993). 

The single positive marguially significant detection (chance probabiiity 10" to 10-~) was 

recently made by Hurley et al (1996) using ROSAT. They examined the GB 920501 error box 

18 days after the burst for 2000s of integration t h e  and found a weak x-ray source. A longer 

30ks observation detected 118 net photons in the energy range 0.07-2.4 keV, with a spectrum 

consistent with thermal bremsstrahlung fiom a 7.7 x 106 K plasma with about 10n cm-* HI 

çolumn density. The unabsorbed photon flux was approxhately 9.4 x 10-I3 ergs/cm"/s. 

The column density sets a minimum distance of several kpc, though an extragalactic source 

could not be mled out. However, since roughly 50 errors boxes have been euamined, the 

probability of this detection being purely random is somewhat high. 

The Extreme Ultraviolet Explorer (EWE) performed a deep observation of the GB 920325 

error box and failed to detect a couterpart (Hurley et al 1995). The upper limits are roughly 

1odL2 to 10-13 ergs/cm2/s in the 40-760 Arange. 

Ngh-energy gamma-ray emission 

If GRBs are cosmological, there d l  be almost no ultra-high-energy (UHE) gamma-ray 

emission (in the > 10 TeV range) received at the Earth, as the gamma-ray photons will 

pair-produce on intergalactic infrared photons (see, for example, Stecker & De Jager 1992). 

Therefore, a detection of UHE gamma-rays would suggest a Galactic origin of these objects. 

The data frorn the Whipple Observatory Reflector, which is sensitive to 0.44 TeV pho- 

tons, were found to be uncorrelated with BATSE bursts (Connaughton et al 1994). The 

CYGNUS-1 air shower array, which can see photons of energies > 50 TeV, has found no 

UHE emission from the examined GRB error boxes (Alexandreas et al 1994). The data from 

the Thebarton air shower array, sensitive to above 100 TeV (Smith et al 1995), also show no 

escess emission. 



Neutrino emjssion 

An interesting consequence of many GRB models is a flux of neutrinos with a luminosity of 

similar magnitude to that of photons. These generally are a product of cosrnological rather 

than Gaiactic models. and a significant neutrino detection would be important. Honrever, 

it has been shown (Ostrowski & Zdziarski 1995) that this expected flux is many orders 

of magnitude too low to be detected by the current or planned neutrino detectors. Their 

estimate is relatively model-independent, and independent of the distance scale, as its only 

assumption is that the photon and neutrino luminotities are of similar magnitude. 

Several neutrino experiments have attempted to find neutrino events associated ni th  

GRBs. The I~ne-Michigan-Brookhaven (MB) detector (LoSecco 1994), the Soudan 2 

detector (DeMuth et al 1994), and the Mont Blanc Neutrino Telescope (Vernetto et al 1995) 

have shown no neutrino flux greater than is expected from atmospheric events. The flux limit 

from these experiments for the 183 Venera and Ginga GRBs is roughly 2 x 107 neutrinos/crn2 

over a burst. 

2.4.2 Bursting Co un terparts 

The search for a bursting counterpart requires more than just an accurate burst location, as a 

delayed search may not catch the emission. The need for a high-speed network to disseminate 

GRB location information to telescopes searching for counterparts was recognised early in 

the development of the CRGO, and the BACODINE network was established (for a review, 

see Barthelmy et al 1995). BACODINE uses BATSE position data, which it calculates 

and disseminates over the Internet with time delays of often l a s  than four seconds, though 

occasionally as long as seven seconds or more. This is shorter than the typical burst tirne, 

and allows rapid observation. 

The Rapid Response Network (RRN) is one of the collaborations using the BACODINE 

data (McNamara et al 1995), as well as IPN netnrork positions. The RRN consists of 18 

optical and four radio observatories located around the world, including the US. Air Force 



GEODSS system. GEODSS consists of three sites that employ large-aperature opticai tele- 

scopes with nide fields of view that c m  reach mv - 17 with a 0.6 second integration. The 

system has been in operation since 1993, but has not found a single counterpart a t  optical 

or radio frequencies. 

The Explosive Transient Camera (ETC - see Vanderspek, Krimm, & Ricker 1995 for 

a review) is another optical instrument which is triggered by BACODINE. It is a fully 

automated, wide-field telescope which can see to an mv of 6.5 to 10 (dependhg on sky 

conditions) with a one-second exposure. The ETC has been operating since 1990 and has 

failed to discover any st at istically significant optical transients. 

2-5 Line Features in GRBs 

The early observations of GRBs with early telescopes found evidence for line features in 

the spectra which were readily attributable to radiation processes in the 1012 G surface 

fields of neutron stars (see scction 4.1-2), which favour a Gaiactic model (it is possible, 

though difficult, to generate lines in a cosmological model via gravitational femtolensing 

of the radiation as it travels fiom the source to the Earth). However, none have been 

observed 114th any statisticai significance in the 52 BATSE bursts with sufficient intensity, 

which suggests that perhaps the earlier measurernents were artifacts of fitting schemes or 

background processes. 

The evidence fiom the pre-BATSE observations strongly favoured the existence of these 

lines. The first observations were fiom the KONUS experiments on the Venera 11 and Venera 

12 spacecraft (Mazets et al 1981), where both aborption and emission lines were seen in the 

hard x-ray region of the spectnun. Their analysis suggested that the existence of absorption 

lines in the 30-70 keV range were characteristic for GRBs rather than the exception, and 

also found many examples of emission lines near 400-450 keV. However, the telescope was 

sensitive to the energy range of 30 keV to 2 MeV, so the absorption iines features occured 

near the lomer edge of the detector range. 



The most IikeIy explanation for these lines is cyclotron scattering in 10L2 G magnetic 

fields for the 30-70 keV absorption lines, and redshifted electron-positron pair annihilation 

lines for the 400-450 keV lines. 

The Ginga telescope covered a range of 1.5 keV to 3% keV, making it much more sensitive 

to features in the 30-70 keV range. Three bursts were observed with weU-definecl absorption 

features, GB870303 and GB880205 initially (Murakami et al 1988), and later GB890929 

(Yoshida et al 199 1). The probability that the observed variations were statistical variations 

from a continuous spectrum were small, on the order of 1OW3 to IO-? 

The Franco-Soviet LILAS experiment on the Phobos 2 spacecraft also detected line fea- 

tures in the August 6, 1988 event (Barat et al 1991). The LILAS energy range was roughly 

3 keV to 1 MeV; line features were seen a t  14 and 28 keV, relatively fat fiom the energy 

t hresholds. 

The observed absorption Iines occured at energies separated by a factor of roughly 2, 

suggesting that these are first and second hmonics  of some absorption process (most likely 

cyclotron scattering). 

Until BATSE, these observations had essentially est ablished the existence of t hese ab- 

sorption and emission iines GRB spectra, which strongly pointed to a high-magnetic field 

neutron star origin for the bursts (see the discussion in section 4.1.2). The positive identifi- 

cations from three separate experiments to a reasonably high degree of statistical accuracy 

seemed incontrovertible, 

Unfortunately, in the 52 bursts in the BATSE 3B catalog which have high enough counts 

to analyse for spectral details, there have been no indications of line feat ures. The detectabil- 

ity of bursts by BATSE has been discussed by Band et al (1995), which suggests that Iine 

features such as those observed by Ginga could have been observed by BATSE with relatively 

high probability. Even though the minimum energy threshold of BATSE (near 15 keV) is 

quite close to the expected energy of the absorption lines, it is somewhat troubling that no 

significant lines have been observed by this instrument; there is only approximately a 10 % 



chance that the lack of BATSE obsemtions is consistent with the earlier data. 

Hopefully this problem d l  be resolved with future data h m  the -4LLEGRO telescope, 

which is designed specifically to be sensitive to the appropriate energy range with high energy 

resolution (Matz et al 1996). If the line features in the three Ginga bursts mere real, given 

that Ginga observed 23 GRBs in its 3.4 year operation, ALLEGRO shodd see approximately 

60 bursts with h e  features over its two-year operating cycle. 



3. PULSAR OBSERVATIONS 

3.1 Basic O bservationd Characteristics 

Al1 we know about pulsars cornes from data on their radiative exnision. Therefore, the 

observations of these objects breaks down into only a few categories: 

Pulse Period: The time between pulses after averaging over many pulsa gives a very 

acciirate, and bin-independent, d u e .  Its stability was one of the determining factors 

in choosing the model of a spinning compact object. 

Period Derivative: The period between pulses changes gradually over time; this 

period derivative is quite stable as well. Assuming that this energy l o s  is due to 

rnagneto-dipole radiation strongly suggests the 1oL2 G sucface fields. 

a Light Curve: The shapes of the light cuve for different pulsars can vary quite signif- 

icantly, not only between different pulsars but in photon energy for a particular pulsar. 

Radio light curves can be somewhat cornplex, while the k n o m  gamma-ray light curves 

are generdy only singly- or doubly-peaked. 

Spectrum: The spectnun of the radiation in different frequency regimes strongly 

constrains many models of pulsar emission. Matching the observations across the whole 

electromagnetic spectrum is a requirement of any physically realistic global model for 

the magnetosphere. The total power output at various frequencies is also an important 

parameter of pulsar emission, though it is often difncult to determine due to distance 

and beaming uncertainties. 



Polarisation: The polarisation of the emitted photons is another important piece of 

data which constrains the physics of the problem; this has been measured for the low- 

frequency pulsar emission, but cannot yet be observed for the gamma-ray emission. The 

next-generation gamma-ray telescopes may be able to determine photon polarisation, 

however. 

3.2 Radio Emission 

Pulsars were first observed in the radio band, and at  present al1 known pulsars but one 

are observable in this frequency range. The exception is the Geminga pulsar, which is only 

seen in gamma-rays and X-rays - why this object is not seen in radio is unclear, though 

the prevailing explanation is that the radio emission is present but not beamed toward the 

Earth- 

The physical process that generates the radio emission is alrnost certainly due to a CO- 

herent plasma process. This is required by the very high bnghtness temperatures observed; 

if a black-body spectmm is fit to the radio emission, the effective temperatures are often 

1 0 ~ ~  K, and in some cases as high as 10" K (see, for example, Manchester & Taylor 1977). 

Such temperatures can only be generated by a (much lower-temperature) plasma radiating 

coherently in some fashion. 

This thesis focusses on the gamma-ray emission from pulsars, so little will be said about 

the details of the radio ernission. However, an important measurement that can be made 

from emission at these lonr frequencies is the inclination of the magnetic dipole moment to 

the rotation axis of the pulsar (see figure 1.1). 

Two methods exkt to make this estirnate; both are somewhat model-dependent, and 

therefore the estimates must be treated with some caution. The first (Rankin 1990) assumes 

a conal mode1 of emission from pulsars, where the peaks in the light curve are due to emission 

both from the edges of the cone and fiom a core component. The core component can be 

used to estimate the inclination angle; the width of the core cornponent in degrees (with 



360" being a full period), WC, is given by the relatively simple expression 

tv,= 
2.45" 

PL12 sin x 

where P is the pulsar period and x is the inclination angle. This analysis can be done for 

any pulsar with a core component in its light curve. 

The second method, due to Radhakrishnan & Cocke (1969), is based on several assumg 

tions: the magnetic field around the pulsar is dipolar, and the charges foilow the field lines 

and beam their radiation along their velocities. Then the iinear polarisation is uniquely de- 

termined by the projection of the magnetic field onto the sky. For a dipole field, the position 

angle of the polarisation 4, is then given by 

sin x sin nt 
tan& = (3.2) 

sinpcosx - cos/3sin~cosRt 

where p is the angle between the rotation axis and the direction to the observer. Despite 

the fact that p is unknown, the observed run of the position angle 4, agrees so closely u<th 

this dependence that both /3 and x can be found. However, in most cases the run of the 

position angle does not agree closely enough to determine a significant pair of values. 

The two techniques give some degree of convergence, though the uncertainties on the 

values of x can be quite large (see, for example, Beskin, GureMch, & Istomin 1993). 

3.3 The Gamma-Ray Pulsars 

To date, seven pulsars have been observed in gamma-rays at high statisticd significance. 

Sis of these have been observed above 50 MeV by the EGRET telescope on the Compton 

Gamma-Ray Observatory (CGRO); PSR 1509-58 has only been seen at frequencies l e s  than 

an MeV. 

Significantly more gamma-ray pulsars may remain undetected, as identification of peri- 

odicity in the gamma-ray flux can be difficult with low flux observations. Xotably, there are 

three sources in the second EGRET catalog (Thompson et al 1995) which are positionally 



Pulsar 
Crab 
1509-58 
Vela 
1706-44 
1951+32 
Geminga 
1055-52 

Tab. 3.1: Parameters for the seven known gamma-ray pulsars, sorted by characteristic age. The 
columns are the pulsar name, the period P in seconds, the period derivative P in units 
of 10-l5 s/s, the characteristic age detennined from P and P in years, the distance d in 
kpc, the gamma-ray Luminosity L, in ergs/s, the gamma-ray efficiency (fraction of power 
emitted in gamma-rays), and the reference for the flux data The distances are taken 
horn the pulsar database at Princeton (maintaineci by J. Taylor), and the gamma-ray 
luminosities are calculated by assuming the average power emitted each period is beamed 
into a soiid angle of 27r. q is calculated assuming that the magnetic dipole moment and 
rotation axis are perpendicular, and is therefore a Iowa E t .  

coïncident with three radio pulsars (PSR B1046-58, PSR B1823-13, and PSR B1853t01) 

P 
0.0333 
0.150 
0.0893 
0.102 
0.0395 
0.237 
0.197 

often mentioned as candidates for high-energy emission. These objects are al1 rather noisy 

T 

1250 
1540 

1.1 x IO4 
1.7 x 104 
1.1 x 105 
3.4 x los 
5.4 x 105 

P 
421 
1540 
125 
93.0 
5.85 
11.0 
5.8 

radio pulsars, making precise location difiicult, and are in regions of low EGRET exposure 

and high gamma-ray background. Next-generation gamma-ray t elesco pes may, horvever , 

significantly increase the number of known gamma-ray pulsars. 

d 
2.49 
5.81 
0.61 
1.82 
2.37 
0.16 
1.53 

The properties of the seven known pulsars are summarised in table 3.1. The characteristic 

1 rl 
8.1 x 10"' 
6.2 x 10-* 
2.3 x 10'~ 
4.3 x 10d 
2-1 x loR 

0.15 
0.66 

LT 
3.7 x 103' 
1.1 x 1 0 ~ ~  
1-6 x 1 0 ~ ~  
1.6 x 103' 
7.9 x 
5.7 x 1 0 ~ ~  
5-9 x 1 0 ~  

ages are calculated assuming energy loss due to magnetedipole radiation, as discussed in 

Reference 
Ulmer et a1 1995 
Laurent et al 1994 
Kanbach et a1 1994 
Thornpson et al 1992 
Ramarnanamurthy et al 1995 
Mayer-Hasselwander et a2 1994 
Fierro et al 1993 

section 1.1 -3, and the gamma-ray luminosities are calculated assurning t hat the average power 

is beamed into 27r steradians (this is the power averaged over a period, and therefore is less 

than the power emitted in the pulse). The gamma-ray efficiency 7 is simply the ratio of 

power emitted in gamma-rays to the total (gamma-ray and magnetdipole) power emitted. 

3.3.1 Gamma-Ray Light Curves 

The shapes of the light curves seen in these seven pulsars varies considerably. Figure 3.1 

shows these light curves for the six of these pulsars dong with their light curves at  other 

frequencies for cornpanson. Figure 3.2 shows the light curve for PSR 1509-58 (not included 



in the first plot due to its relatively late addition to the membership of the gamma-ray 

pulsars) (Ramanamurthy et ai 1995). 

The Crab Pulsar (PSR 0531+21): This was the fht pulsar to be observed in 

gamma-rays, and is often taken to be a prototypical gamma-ray pulsar. It is the 

youngest of the known pulsars, with an age of only 941 years, which we know quite 

accurately due to Chinese records of the Crab supernova in 1055 AD. Its gamma-ray 

light curve is doubly peaked, with the second peak following the first by 0.40 I0.02 

in phase, where a phase of 1 is a hill period (Nolan et al 1993). Its gamma-ray peaks 

are almost exactly lined up with the peaks different frequencies, d o m  to radio waves, 

suggesting that the emission regions for radio waves and gamma-rays are quite close 

to each other in the magnetosphere (or light travel tirne delays would shift the peaks 

relative to each other) . 

The Vela Pulsar (PSR 0833-45): The Light curve for the Vela pulsar is also double- 

peaked, though the two peaks are b o s t  identical. The phase separation of the peaks 

is 0.424 & 0.002 (Kanbach et al 1994), hast equal to the value for the Crab pulsar 

within experimental iimits. The gamma-ray iight curve is quite different than that in 

the radio: the h s t  gamma-ray peak trails the radio peak by 0.118 f 0.001 in phase, 

and there is no second peak in radio. 

The Geminga Pulsar: This was only recently discovered to by a pulsar by Halpern 

9c Holt (1992); it is unique in that there is no observable emission at frequencies below 

X-ray, and particularly none in radio. Its Light curve is also unique, doubly peaked but 

with peaks separated by 0.5 in phase (Mayer-Hasselwander et al 1994). 

PSR 1951+32: The light curve for this pulsar is also doubly peaked, with a phase 

separation between the peaks of 0.44 (Rarnanarnurthy et al  1995). The first peak trails 

the single radio peak by 0.1 in phase. 



'ig. Radio, opticai, x-ray, and gammilrrqg ligM curves for all of the known gamm 
sars except PSR 1951+32. AU gammagray light curvea are shown at roughly 
except PSR 1059-58, which is shown at approximately au MeV, as it s h  no ( 
emission at the higher muencies. The wide variety of gamma-ray Light curvas 
relatiomhip to the Iower energy emission must be describeci by any raasonable gi 
pulsar model. This plot was mpied h m  the EGRET archives. 
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PSR D1951+32 
E > 100 MeV 

Fig. 3.2: The > 100 MeV gamma-ray Light curve for PSR 1951+32, fkom Ramanamurthy et al 
(1995) (their Figure 1). 



0 PSR 170644: This pulsar has a reIatively cornplex Light c w e .  One large peak 

dominates, and there is some evidence for this main peak to be an overlapping pair 

of peaks, and for a smalier peak (Nolan et al 1996)); however, the data is too sparse 

to make any convincing statistical claims. There is no coincidence in phase with the 

single radio peak. 

PSR 1055-52: The low flux observed fiom this pulsar make clear statements about 

the light cuve somewhat difncult; the gamma-ray light curve definately has a large 

main peak which lead the first radio peak slightly, and possibly has a second smaller 

peak which roughly coincides in phase with the second radio peak. 

0 PSR 1059-58: This pulsar shows no obsemble emission above a few MeV; the light 

curve show is for approximately 300 keV. It has a single, broad peak which is shifted 

in phase fiom the radio and x-ray peaks. 

Early observations (e.g., Nolan et al 1993) were unable to distinguish between the back- 

ground and the low flux fiom the pulsar, and it was believed that the gamma-ray emission 

was largely shut off for a significant fraction of the period. However, recent work (Nolan 

et al 1996) shows that these objects emit gamma-rays throughout their cycle, though at a 

significantly lower level off-peak than on-peak (by roughly a factor of 100). 

Any gamma-ray pulsar mode1 must be able to explain this wide variation in the observed 

properties of the light curves; none so far have been completely successfd ( s e  chapter 5). 

The spectrum of radiation in astrophysics is always a powerful instrument to constrain 

the physics. The spectra observed in gamma-rays do not correspond well to any simple 

physical process (blackbody radiation, thermal brehmstrahlungg, or monoenergetic emitters 

of synchrotron or cunature radiation), and vary quite widely across the observed gamma-ray 

pulsars. 



Figure 3.3 shows the gamma-ray photon number flux spectra for the six gamma-- 

pulsars detected by EGRET. They are generally fit reasonabiy well by a single power law, 

the index of which varies between -1.18 (for PSR 1055-52) and -2.15 (for the Crab pulsar), 

and a break. The location of the break is often d B c u I t  to determine (Grenier, Hermsen, 

& Henriksen 1993), though better data is making the fits more significant. However, the 

power-law fits are often only rough approximations to the true spectrum. There is some 

suggestion for a trend to harder spectra with older pulsars, but the statistical significance is 

limited by the difnculty of fitting the spectra with single power laws. 

The most curious of al1 the spectra is that of PSR 1509-58 (figure 3.4), mhich breaks at 

little over an MeV (Gunji et al 1994). It is a relatively young, fast pulsar, Like the Crab, 

but has a drastically diEerent spectrum. The outer gap model (see section 5.3.3) predicts a 

similar spectnun to that of Vela, and our model predicts a very high-energy spectrum (see 

section 9.10.7), both in opposition to the observations. 

3.3.3 Gamma-Ray Power Output and Efficiency 

The total radio power .output of all pulsars is many orderç of magnitude Iess than the total 

power loss observed by the pdsv spin-down, which is due to very long wavelength magneto- 

dipole radiation. The same is not true for the gamma-ray power, which can, in some cases, 

almost rival the spin-down power in magnitude. 

The gamma-ray efficiency is defined as 

where P, is the total gamma-ray power and Pmt is the total power (in general magneto- 

dipole + gamma-ray output). The total power is often estimated as the magneto-dipole 

power, which can be directly calculated when the period and period derivative for a pulsar 

arc known. The gamma-ray power output is somewhat more difficult to estimate, as it can 

only be calculated from the observed flux. Therefore, the distance to the pulsar and the 
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Fig. 3.3: The gamma-ray spectra for the six pulsars observed by EGRET. The horizontal axis units 
are Iogarithm of photon energy in MeV, and the vertical axis is the logarithm of difkrential 
photon nurnber in units of p h / c m 2 / s / ~ e ~ .  



Fig. 3.4: The spectrum above 2 keV for PSR 1509-58. The soiid iine shows the Ginga best-fit iine, 
and the crosses from the Welcome-1 bdoon-borne deteetor. The 2 0  upper limit is derived 
fiom COS-B data The dotted line is the extension of the power law spectrum fiom the 
x-ray band, and the dashed h e  was drawn by comecting the 500 keV point on the x-ray 
power-law spectrum and the 2 0  upper Mt. The figure is taken from Gunji et al (1994) 
(t heir figure 5). 



Characteristic Age (Years) 

Fig. 3.5: The variation of gamma-ray efficiency for ail of the known gamma-ray pulsars (except 
PSR 1509-58, which does not emit above MeV energies) with characteristic age, There 
is a clear trend toward higher efficiencies in the older pulsars, and Geminga and PSR 
1055-52 have &ciencies apptoaching unity. The plot is taken fkom Nolan et al (1996), 
and assumes a beaming angle of 1.0 steradian for each pulsar. 

solid angle into which the power is radiated must be known, leading to large uncertainties. 

Figure 3.5 shows the gamma-ray efficiencies of the knom gamma-ray pulsars (no t in- 

cluding PSR 1509-58, which only radiates at  energies near and l e s  than an MeV) against 

their characteristic aga .  There is a clear trend to higher gamma-ray efficiencies as the pulsar 

age increases, and Geminga and PSR 1055-52 both have efficiencies which are close to unity. 

The plot is taken from Nolan et al (1996) (their Figure 4), and assumes a beaming angle of 

1.0 steradian for each pulsar. 



4. NEUTRON STAR-COMET GAMMA-RAY BURST MODELS 

The dearth of data on GRBs has allowed a proliferation of theoreticai models, though the 

increasing amount of information nom BATSE has thinned the ranks. 1 confine the discussion 

of these models to those that involve cornets interacting with neutron stars, as this is the 

subject of the work in chapter 6. 

First, however, it is worthwhile discussing the reasons why a Galactic neutron star origin 

for GRBs was favoured before the BATSE data, and whether it is stilI a possibility. .4n 

excellent review of this topic can be found in Lamb (1995), who discusses the arguments 

for a Galactic ongin of GRBs in the h t  of a pair of papers based on the Diamond Jubilee 

of the "Great Debate"; in the second paper, the cosmological argument is propounded by 

4.1 A Galactic Origin for GRBs 

Before that B.4TSE results, which show the remarkably isotropy of buats on the sky, the 

general consensus was that the source of GRBs was neutron stars in a thick Galactic disk, 

and that we were probing only to relatively small distances (a few hundred pc). It tiras only 

reluctantly that sentiment began to move to a cosmological origin as the new, seemingly 

incontrovertible, data came out. 

It is possible to imagine scenarïos where GRBs are created on neutron stars around the 

Galawy, but the disk origin must be discarded. The combination of isotropy on the sky, 

meaning the bursts are very far away or very close, and the observed deficit of weak bursts, 

suggesting that we are seeing to the edge of the distribution, makes a disk origin effectively 

ruled out: if we could see to the edge of a disk distribution, the disk would becorne obvious 



in the distribution on the sky. 

4.1 -1 Matdung the Distribution on the Sky 

The remaining alternative for Gaiactic GRBs is neutron stars in an extended halo around 

the Galaxy. The length scale for the halo, presumably syrnmetric about the Galactic centre, 

would have to be much larger than the distance nom the Earth to the Galactic centre for 

the bursts to appear isotropie. 

This c.m be demonstrated with a simple mode1 of a burster distribution. Take the 

distribution to be homogeneous in a sphere around the Galactic centre with radius R. If we 

esamine this distribution offset from the Galactic centre by a displacement &î, the dipole 

statistics described in chapter 2 are given by 

where P = F -  &Z is the distance to the burst in a coordinate system centred around the 

Sun. These estimates are valid in the ümit where & < R, such that IF[ cz (d(1- T -  &Z). 

This is a nice example of how the coordinate-dependent tests are more sensitive to variations 

than the coordinate-independent tests when the anisotropy breaks the coordinate symmetry. 

The quadropole statistics are, of course, zero for this distribution, as there is no dumping 

toward the disk, or toward any other plane. 

To be within the f0.017 uncertainty on the < cos0 > value for the BATSE distribution, 

Ro/R < 0.017, or R > 470 kpc. A halo of this radius is much larger than even postulated 



dark matter halos, and is large enough that an quivalent halo lrom M31 would overlap with 

ours, and we might expect to see a clustering of bursts in its direction. This is oot observed 

in the data. 

It is possible to shrink this radius somewhat by altering the distribution - making a cored 

distribution, for example, with no bursts within a radius Rmin would reduce the estimate of 

< cos0 > to 

which approaches $9 in the Limit of Rd, -t R, reducing the required halo size to > 310 

kpc. 

This is not as uniikely as it might 6rst seem. The observed pulsar birth velocity dis- 

tribution, re-examineci by Lyne & Lorimer (1994), shows that neutron stars which become 

pulsars have very high velocities. The distribution has a peak near 225 km/s and a long tail 

to high velocities, giving an average pulsar birth velocity of 450 km/s. This is comparable to 

the escape velocity from the Galactic disk outside a few kpc of the centre! and means that 

a significant fraction of pulsars rnay have high enough velocities to populate a large halo. 

Long-wavelength radio observations of pulsars have also linked several of these objects to 

young supernova remnants (SNRs), and suggest that the stars can sometimes have extrernely 

high velocities (Frail et a1 1994). Figure 4.1 shows a false-colour radio map of the "duck" 

SNR and PSR 1757-24. -4ge estimates of the nova coupled Mth a relatively well-determined 

distance suggest that the pulsar speed is between 1300 km/s and 1700 km/s, which leaves 

tliis object unquestionably unbound from the Galaxy's potential well. 

Unfortunately, a significant fraction of these stars also remain trapped in the potential 

well of the Galaxy and orbit a t  radü l e s  than the distance to the Sun. These stars, if 

they become bursters, should make the GRB distribution significantly clumped toward the 

Galactic centre. There are several ways around this problem: the low-velocity stars may 

not become bursters, or the bursts may be beamed strongly along the star's velocity vector. 



Fig. 4.1: Faisecolour bng-navelength radio map of the Uduck" SNR (G5.4-1.2) and the pulsar PSR 
1757-24. Estirnattes of the size and age of the SNR suggest that the pulsar has a velocitg- of 
at hast 1300 km/s away hom the disk of the Galaxy, which Ieaves it completely unbound 
kom the Gaiaxy's pofential weil. 



This beaming means that stars closer to us  have a smalIer chance of being observed, simply 

because the cones of their emission have a smaJier probability of including the Earth, and also 

alleviat es possible pro blems wit h clumping of observed sources toward Andromeda (Duncan 

et al 1993). 

Including a minimum tirne before which a star cannot become a GRB also may aiieviate 
. . 

the problem of clumphg toward the Galactic centre, and having only high-velocity neutron 

stars become bursters means that there will be no significant clumping of the GRBs to the 

Galactic disk- There are therefore several models of Galactic GRB sources which are still 

viable (e.g., Li & Dermer 1992, Podsiadlowski et al 1995). 

However, making GRBs Galactic requires a somewhat uncornfortable amount of fine- 

tuning the parameten involved in the model, which are &en numerous. This is why sen- 

timent is now turning to favour a cosmologicai origin of these objects. Before the BATSE 

data, though, a neutron star origin was strongly favoured. There are good reasons for this, 

which are worth discussing. 

.%Il we know about neutron stars cornes from pulsar observations and stellar evolution theory. 

However, the observations have given a weaith of information which characterises these 

objects rather well. The similarities with GRB observations were the main reasons for the 

belief that these objects are associated with neutron stars. 

Photon energy 

The typical photon energies nom GRBs are on the order of hundreds of keV to MeV. Gamma- 

ray pulsars generally radiate at somewhat higher energies, in the 100 MeV to GeV range, but 

give off significant power at MeV energies. If the GRB sources are old pulsars which have 

1 spun 

fields 

down to lower angular speeds, the expected photon energy also drops as the electric 

generated in the neutron star magnetosphere decline. - 



The spectrum of GRB radiation is also somewhat similar to pulsar spectra, in that both 

are decidedly non-thermal. It is difficult to give an example of a "typical" pulsar gamma-ray 

spectrum (see chapter 3), but they are generaily fairly hard power-law spectral in rough 

agreement with the GRB spectra. 

Temporal stmcture 

Variations in the emission fiom GRBs have been observeci down to the scale of tens of 

rnilliseconds. From light travel tirne, this implies a source size of less than about 108 cm, 

which suggests a compact star origin for these objects (unless the variability is somehow 

intrinsic to the burst physics, which is certainly feasible - see, for example, Babul, Paczynski, 

& Spergel 1987, for a mode1 involving superconducting cosmic strings which gives rapid 

variability) . 
Similar variations are seen in the gamma-ray light curves of pulsars which have been 

rneasured to these levels - see, for example, the Crab, Vela, and Geminga light curves in 

figure 3.1. This coincidence in temporal structure also suggests the neutron star origin. 

The total energy stored in the electromagnetic field of a pulsar can roughly be estimateci 

from the energy stored in a dipole magnetic field, where the minimum radius a is the stellar 

radius of 10 km: 

A burst at  a radius of 100 kpc, if it gives a flux at the Earth of 10-~ ergs/s/cm2 for 1 sec 

and beams equally into the thil solid angle, has an energy of 2 x 10* ergs. The relatively 

close coincidence between these values is also somewhat leading. It is dBcult, however, to 

imagine a process which would extract ail the energy from the magnetic field, or even a 

significant fraction of it. This is not necessarily prohibitive, however, since bursten may be 



naturally high-magnetic field objects, and only release a s m d  fraction of the stored energy 

in a burst. In addition, the energy stored in the form of rotational kinetic energy can be as 

large as 5 x 10" ergs for a am spinning with an angular velocity of 1 rad/s; this could easily 

be the source for the burst energy. 

Un fortunately, a similar numencal coincidence occurs for cosmological burs ts, w here the 

total energy required for a burst (105* to loSJ ergs) is comparable to the gravitational binding 

energy of a solar-mas star. 

Line features 

Prior to the launch of the BATSE telescope, several gamma-ray observations of GRBs sug- 

ges ted line features which were readily attributable radiation physics in the teragauss mag- 

netic fields expected near the surface of neutron stars (see section 2.5). Such features are 

often observed in the spectra of x-ray pulsars (see, for example, Shrader & Gehrels 1995). 

This was taken as a strong confirmation that GRBs were Galactic objects, as it is difficult 

to imagine a scenario involving narrow h e  ernission in a cataclysmic collision. Line-like 

features can, hoivever, be generated not by the source physics of a cosmologieal burst but 

by gravitational femtolensing by s m d  (10-l3 - 10-16) dark matter objects (Gould 1992). In 

this model, the small path changes induced by the Iens cause interference patterns in the 

spectrum at frequencies detennined by the mass and size of the object, and can be consistent 

with the early line observations (Stanek et al 1993). 

Early models for line creation in a Galactic GRB considered a plane-parallel plasma 

threaded by a perpendicular magnetic field (e.g., Preece & Harding 1992). Line features were 

created by resonant Compton scattering (described in detail by Daugherty & Harding l986), 

a circumstance in which the crosssection for Compton scattering of photons off electrons 

or positrons is greatly enhanced for some photon energies when a strong magnetic field is 

present. Annihilation features were also naturaily produced in the dense pair plasma created 

by pair cascades naturally produced in the strong surface fields of neutron stars. These initial 



models assumed that the outward radiation force on the plasma had to be much l e s  than 

the gravitational force, or else the lines would be washed out. This constraint meant that 

the maximum burst energy could only be of order erg/s or les ,  constraining the GRB 

distance to < 100pc. Until the BATSE measurements, this was not considered to be a 

pro blem; however, the isotropy and flux distributions observed in these later data essentially 

mled out a close, Gdactic disk origin for the bursts. 

Miller et al (1991) presented a model of narrow line formation in a relativistic, radiation- 

driven wind, and showed that the wind velocity itseif is not responsible for line broadening, 

only the velocity dispersion and magnetic field variation. This model could reproduce the 

observed h e  features in GRBs and allows for bursts in a = 100 kpc halo to generate enough 

energy to be seen at the Earth. 

Soft Gamma-Ray Repeaters 

The soft gamma-ray repeaters (SGRs) have been fairly conclusively linked to high-velocity 

neutron stars (Hurley et al 1994). While they are in general qualitatively dinerent than 

classical GRBs (their spectrum is thermal and at  signiscantly lower energy, they have been 

observed to repeat, and axe generally associated with very young rather than very old stars), 

it is powerful evidence that a high-velocity neutron star c m  produce at least a kind of 

gamma-ray burst. 

In addition, the SGRs may not be entirely dinerent than classical GRBs. The most 

famous SGR, the March 5, 1979 event (which has now been observed to repeat 17 times, 

but never with the same spectral features as the initiai burst), showed a powerful initial 

spike which has only been recently anaiysed (Fenimore et al 1996). The spectrum for the 

initial, sharp burst is entirely consistent with that of the classical GRBs; the only difference 

is the weak, pulsing and low-energy afterglow. BATSE has the sensitivity to have observed 

similar wealc afterglows in more distant bursts, and has not seen any; however, the similarity 

between the initial spike in the March 5 event and the population of classical GRBs is 



certainly suggestive. 

4.2 Comet-Neutron Star Mo& 

Generating GRBs by impacting cornets or asteroids onto neutron stars was suggested very 

early in the study of these ob jects (e.g. Harwitt & Salpeter 1973, Shklovskii 1974). The k t  

serious studies of the physics of such an encounter were done in the early 1980s by Newman 

Sr Cox (1980) and Colgate & Petschek (1981). 

Both sets of authors recognised that a powerfid magnetic field is required on the neutron 

star to create bursts which appear like those observed; with no magnetic field, the e~plosion 

on the surface expands and cools rapidly, giving smali (< 10-~) efficiencies of energy conver- 

sion to gamma-rays, and burst tirnes (= IO-' seconds) much shorter than those observed. A 

strong magnetic field contains the explosion dong the field Lines, reducing the cooling and 

extending the burst time. 

These models typically only give rise to total energies on the order of 1 0 ~ ~  ergs, which 

is appropriate for a local Galactic disk model, but is several orders of magnitude too low 

to account for the required power of a Galactic halo GRB. The higher energies cannot be 

generated because the source of the energy is maînly the kinetic energy of the comet or 

asteroid iather than the larger store of energy in the neutron star electromagnetic fields. 

-4 proposal which takes advantage of this energy source was o~ginally suggested by 

Ruderman & Cheng (1988), where GRBs are the final stage of gamma-ray emission from 

pulsars. Their model is based on the original outer gap model of Cheng, Ho, & Ruderman 

(N86a, b); pulsars with period roughly shorter than. 200 rns will  generate pulsed gamma- 

ray emission, but stars which have spun dom to longer periods can no longer generate the 

electron-positron pair flux to maintain the outer gap. However, an appropnate "spark" 

in the outer magnetosphere might re-initiate the pair cascade and cause brief emission of 

gamma radiation. Mitrafanov (1990) considered the potential of this model in some detail. 

This mode1 has the problem that the power generated can only be of order 1 0 ~ ~  to 103* 



ergs, ivhich is far too Low for a Gdactic halo population. However, this source of gamma- 

ray generation only taps the fields in the outer magnetosphere, where the field strengths 

are much lower than near the steiiar surface. A similar spark mode1 applied to the inner 

magnetosphere has not been proposed, but the basic idea is not unreasonable. 



5. EXISTING MODELS OF PULSAR GAMMA-RAY EMISSION 

Before discussing our mode1 of high-energy emission from pulsars, it is worthwhile discussing 

some of the other models which have been developed over the last twenty years, as well as 

a method for differentiating between the two groups of popular gamma-ray pulsar models 

which has not been discussed in the literature. 

The basic physics involved in the gamma-ray emission fiom these objects is thought to 

be f'airly well-understood, unlike the case of pulsar radio emission. The charges move in the 

ultra-high fields of the magnetosphere and radiate through three main mechanisms. There 

are only a few processes by which new charges and photons can be created or destroyed. 

5.1 Radiation Processes in Ultra-High Fields 

T here are only three radiation processes which are important in the pulsar magnetosphere, 

one of which is really a scattering process. However, as it effectively generates gamma 

radiation, it is included in the discussion as a radiation process. 

5.1.1 Synchrotron Radiation 

Classically, a s  a charge moves in a helical path around a magnetic field h e ,  it gives off 

radiation due to its acceleration. This radiation was first observed in early synchrotron 

accelerators, and was termed synchrotron radiation. A charge moving in a circle around the 

field line (with no velocity component pardlel to the line) can have any energy from zero to 

infini ty, and the radiation is emitted at frequencies that are hazmonics of a natural fiequency 

wo = c/r  (where r is the radius of the circdar path) that is tied to the periodic nature of 

the charge path. For ultrarelativistic motion, the power is contained in very high harrnonics, 



and the spectrum looks roughly continuous (see Jackson 1975). 

The quantum picture is somewhat different (for an evcellent description of the physics 

and valid limits of the various treatments see Mész6ros 1992). A charge moving in a circle 

around the field line can only have particular energies: 

where w, = eB/(mc) is the classicai cyclotron fiequency. This effkct becomes important 

in fields when the radius of the orbit (given by r = A&, where X = Jftcloftclo is a 

characteristic radius) becomes of the same order as the deBroglie wavelength of the charge. 

This is roughiy equivalent to the condition that that hw,, is equal to the charge rest 

mass energy, which determines a criticai field 

where the quantum effects becomes important (at B = BQ, hw,, = mc2). 

As long as the charge energy is much larger than hw,, the classical picture works very 

well. However, in the very large fields of a pulsar magnetosphere (which can approach BQ in 

some cases), quantum effects become important. Therefore, synchrotron radiation in these 

fields is well-approximated by jumps between these energy levels. 

In general, high-energy charges in these fields radiate away synchrotron radiation very 

rapidly and sit in their lowest Landau level (rnoving parallel with the magnetic field line). 

An order-of-magnitude estimate of the timescale for synchrotron radiation can be denved 

from the classical picture (where synchrotron radiation is merely cunmture radiation for a 

charge on a small circdar path); the power radiated by synchrotron raàiation in this limit 

is roughly 



where B is the local 

this equal to -~rnc?, 

magnetic field strength and y is the charge's Lorentz factor. Setting 

the timescale for synchrotron radiation is 

which is much smailer than any other timescdes in the pulsar magnetosphere. Even at the 

light cylinder, where the fields can be as srnail as tens of gauss for the slowest gamma-ray 

pulsars, the timescale is much malier than the pulsar rotation period. 

5.1.2 Curvat ure Radiation 

Curvature radiation and synchrotron radiation, in the classical picture, are really two limits of 

the same physics (though cuwature emission gives a continuous spectnun and synchrotron 

radiation emits in h e s  due to the periodic nature of the charge path). In synchrotron 

radiation, a charge radiates because it is forced into a curved path as it circles a field line. 

Cuwature radiation is that from a charge moving dong a curved magnetic field line; in this 

case, the charge path is curved not because of motion around the field line, but because the 

field Iine itself is not straight, and the charge is constrained to follow Ë. 

Jackson (1975) denves the radiation pattern from a charge moving in instantaneously 

circular motion on a path with radius of c m t u r e  p. The frequency distribution is given by: 

mhere w is frequency (in units of radis), w, = 3 y ( c / p )  (the characteristic frequency of 

emissioo), and K5,3(x) is a modified Bessel hinction of order 513. For frequencies much less 

than 4, this reduces to 

and in the limit w » sr, becomes 



These expressions are integrated over the angular pattern of the radiation; this is not 

important for high-energy charges, as the emission is beamed dong the velocity vector with 

a typical pattem miclth of 117. Therefore, assuming that al1 the energy is beamed in a 

pencil-beam along the velocity is a good approximation for 7 w 1. 

The low-frequency ümit of the radiation pattern has an intensity which increases like 

dl3, or a distribution in photon number which drops likes w-*I3. 

The total power output, integrated across fiequency and the radiation pattern, for a 

single charge in instantaneously circular motion is given by 

and the typical photon energy is Tw, (see section 8.1 for a derivation of this in the context 

of the radiation reaction force). 

5.1 -3 Inverse-Compton Radiation 

This "radiation" process is r e d y  a scattering process, where low-energy photons scatter 

off high-energy electrons or positrons, and leave the interaction with much higher energy. 

Since the charges in the magnetosphere can have Lorentz factors as high as  107, the photon 

energies created through inverse-Compton scattering can be as high as the TeV range. 

The problem can be considered by exarnining relativistic scattering of a low-energy photon 

(E « mec2) by a high-energy charge (mas m. and y > 1). Transfonning to the rest frame 

of the charge changes the situation to a high-energy photon (*th energy Et = yE) scattering 

off a charge at rest. If the photon energy in the original (lab) frame is much l e s  than meCL/y, 

the scattered photon will have relatively low energy as weil; for photon energies (in the Iab 

frame) in the range mc2/7 « E « m2, the charge wiil share its energy roughly equally 

[vit h the scattered photon. 



Due to relativistic beaming, the scattered photon will be directed mainly along the 

charge's velocity vector, Mth a spread in angle roughly of order 117- 

The physical scenario is shown in figure 5.1. The solution of the problem, given O,  9, 7, 

and A, is 

At = 7 (1 - ,y 
P X ( 1 -  cosd) + y#* 1 

2X(l- cos 0) 
a = 

74 

The cross-section for scattering is best viewed from the rest frame of the electron. In this 

frame, the cross-section for scattering a photon Mth energy Eph much less than an electron 

rest mass energy is simply the Thompson cross-section a~ = 6.7 x cm2. At photon 

energies much higher than mec?, the cross-section is approximately (Jackson 1975) 

In the intermediate interval, where Eph z met?, interesting effects can become important 

in strong magnetic fields. When the photon energy is roughly equal to the cyclotron energy 

for charge motion aroond the field line, resonant effects can increase the cross-section for 

scat tering enormously. This "magnetic" Compton scat tering has important ramifications for 

charged particle motion near the pulsar surface, where the magnetic fields can approach Bq 

(e.g., Stumer 1995). 

Lieu & kdord (1993) have shown that inverse Compton scattering and synchrotron/cyclotron 

radiation can be seen as the same process, where synchrotron radiation is the inverse Cornp 

ton scattering of an equivalent photon field by the charge. This is discussed in more detail 

in section 8.1 in relation to the radiation reaction force. 



Before After 

Fig. 5.1: An illustration of the inverse Compton scattering process. The photon energy before the 
collision is h e t ? ,  and the electron energy is pet'- The scat tering angles 4 and a are 
both much les  than unity due to relativistic beaming. Inverse Compton scattering is 
distinguished from Compton scattering because the electmn energy is much greater than 
the photon energy: after the collision, For l/-y « X « 1, the charge shares its energy 
roughly equaily with the scattered photon. 



5.2 Scattekg in Pulsar Magnetospheres 

Pair creation processes are very important in modern pulsar magnetosphere models. There 

are only two processes which are significant in the typical fieids and photon energies in the 

space around a puisar: y-B pair creation, where a photon converts into an electron-positron 

pair on a powerful magnetic field, and 7-7 scattering, where tnro photons scatter to create a 

pair. Other processes axe somewhat important, though are generdy negligible compared to 

these primary two routes to pair generation. 

5.2-1 y-B Pair creation 

I t  i.as recognised early on in pulsar physics (Sturrock 1971) that high-energy photons would 

create electron-positron pairs in the e~trernely high fields ncar the stellar surface. The mean 

free path of this process is extremely sensitive to the product of photon energy and magnetic 

field; if 

ivhere -/ is the photon energy in units of the electron rest mass energy and O is the angle 

bctween the photon velocity and magnetic field direction, then the mean free path For con- 

version of the photon into an electron-positron pair is extremely short. This is true for 100 

MeV photons within a few steilar radii of the pulsar surface, but is not an important charge 

creation process in the outer magnetosphere where the magnetic fieids are much smaller. 

This process can generate a huge amount of charge through a cascade process, where a 

single photon generates an electron-positron pair, which are then accelerated to high energies 

by the electric fields. These high-energy charges radiation gamma-rays themselves, which 

produce more pairs. The process continues until the electric fields are shorted out, or some 

other steady state is reached. 



5-22 y y  Pair Creation 

Pain c m  also be generated through interactions between a pair of photons, as long as the 

total energy is greater than twice the rest m a s  energy of an electron. 

The cross-section for photon-photon pair creation is ohen approximated as 

for Eph-I Eph-* > ttnd zero for Epli-LEph-2 < (mes)*,  where Eph- and Eph-* are 

the two photon energies (Cheng, Ho, & Ruderman 1988b). This form assumes head-on 

coIlisions between the photons. 

The cross section then is maWnally of order the Thompson cross section a=, and drops 

inversely wit h the product of the two phot on energies. 

This process can be important throughout the pulsar magnetosphere. as photon fluxes 

can be quite high for sorne models. 7-7 pair creation is not important near the star for high 

photon energies (> 10 - 100 MeV), as it is very much dominated by 7-B pair creation. 

5.2.3 Photon Spütting 

Photons which have energies somewhat Iower than that required to pair create on the mag- 

netic field can instead split into two loiver-energy photons (Adler 1971). In the limit of 

B << BQ, the attenuation coefficient (the inverse of the mean free path) is approximately 

This can be important in pulsar radiation models where the generation of the radiation 

occurs near to the stellar surface (as the mean free path is very long for the s m d e r  magnetic 

fields in the outer magnetosphere). However, it generally affects only a small energy range, 

and is usually neglected in radiative calculations. 



5-24 EpIet  Pair Production 

-4 photon can pair-produce not only on an extemal magnetic field, but also on the Coulomb 

field of an eiectron. The process then is 

Mastichiadis (1991) examines this effect in te- of gamma-ray spectra. Even though it is 

a third-order QED process, the cross-section can exceed the Compton cross-section for high 

collision energies. In general, hoivever, triplet pair production is a relatively unimportant 

proccss in the generation of pulsar gamma radiation. 

5.3 Pulsar Gamma-Radiation Models 

Gamma-ray emission models can be roughly sorted into two categories: polar cap models, 

mhere the radiation is generated near the polar caps of the pulsar in the 1oi2 G fieids, 

and outer gap models, where the emission cornes from charges radiating farther out in the 

magnetosphere, a t  distances from the star on the order of the light cylinder radius. The 

observations so far have not been able to differentiate between these two basic models, as 

the observed light curves and spectra are quite varied, and neither mode1 is entirely successful 

a t  describing them. 

Our mode1 (see chapter 9) falls into the category of the outer gap rnodels, as the charge 

acceleration and radiation is generated relatively fax out from the star (at radii r > O.lRic). 

5.3.1 Vacuum Birefkingeace as a Mode1 Test 

To differentiate between the models, there must be a robust consequence of the different 

physics that is testab-. One possibility which has not been examined in the iiterature 

is "vacuum birefringence", an effect where the effective indices of refraction for photons 

travelling with polarisations parallel and perpendicuiar to the plane formed by the magnetic 

field and the photon velocity can be dinerent (Tsai & Erber 1975): 



where cr is the fine stmcture constant, 0 is the angle between the photon velocity and 

the magnetic field direction, and BQ is the critical field discussed in section 5.1.1. These 

expressions are valid for B < O. 1 BQ to better than 0.05%. The different indices of refiaction 

lead to different photon speeds; if a pardelly- and perpendicularly-polansed pair of photons 

travel far enough, the lag will be equal to a wavelength. The lag over a distance dz is given 

by 

If this lag is much larger than the photon wavelength, î&e photons will show no bulk 

polarisation. Assuming a magnetic field which varies as B = Bs(R/r)3 (with Bs equal to the 

surface field and R equd to the stellar radius), the lag for a photon created at radius r and 

travelling to infinity is roughly 

Taking a surface field of Bs = 1012 G, the radius inside which the lag is greater than the 

photon wavelength is 

The very strong magnetic fields near the stellar surface will induce a rapid polarisation 

shift in gamma-ray photons with energies below the pair creation threshold, leaving no 

significant bulk polarisation (this has been discussed in the framework of x-ray emission 

froin s-ray binaries and pulsars by Novick et al 1977). 



Vacuum birefringence is strongly dependent on magnetic field strength, and therefore will 

not bc a factor in models where the emission is produced in the outer magnetosphere. The 

CU t-off radius of equation 5.21 is less than 0.1 Ri= for pulsars with angular velocities greater 

than R = 70 rad/s, which is true for the older gamma-ray pulsars. 

If significant linear polarisation is observed in pulsar gamma-ray light curves, this will 

be a very strong argument against the polar captype models in general (though vacuum 

birefringence may be Ïmportant for outer gap emission in very young pulsars). Significant 

linear polarisation is expected from cunature and synchrotron emission (Jackson 1975), 

though not necessarily from inverse Compton radiation. No current gamma-ray telescopes 

can detect photon polarisation, but the proposed GLAST telescope may allow polarisation 

measurements of gamma-ray photons. 

5.3.2 Polar Cap Models 

Polar cap models involve the acceleration of charges from the stellar surface or fkorn 7 - B 

pair creation by electric fields in a gap above the star which extends to distances of roughly 

a stellar radius above the polar cap. Pair-creation effects are extremely important in these 

models due to the very short mean hee path of photons which satis& the 7 - B pair-creation 

criterion (equation 5.13). 

The recent polar cap models have been separated into two camps: models tvhere the 

prirnary gamma radiation mechanism is curvature radiation, and those where the charge 

energies are somewhat lower, and the dominant source of high-energy photons is inverse 

Compton scat tering of thermal photons fiom the star. 

Both sorts of mode1 are similar in spirit. Charges are ejected from the polar cap and 

follow the magnetic field lines very closely, as perpendicular momentum is quickly radiated 

away through synchrotron radiation. They are accelerated by an electric field component 

parallel to the magnetic field line, and lose energy through a variety of different processes. 

Following Daugherty & Harding (1996), the energy of a relativistic charge folloiving a field 



line obeys the one-dimensional equation of motion 

d? 1 
ds c -=-[(s),-($)_-($)8-($) other ] 

where s is the distance along the field line, "acc" represents acceleration mecbanisms (the 

elec t ric field), "cr" represents curvature radiation, "CS" inverse Compton scat tering losses, 

and "other" various other scattering processes, such as triplet pair production. 

The curvature radiation term has been discussed already in section 5.1.2; it is given by 

where p is the local radius of curvature of the magnetic field h e  (known anaiyticdly). 

The inverse Compton scattering energy losses c m  be found by integrating over al1 incident 

phot on energies and angles; the general expression, following S turner (l995), is 

where quantities with an "s" subscript relate to the scattered photon and pnmed quantities 

to those in the electron rest frame. n&,Q)dcdR is the density of incident photons with 

energies betnteen e and c + de and within solid angle dS2 fiom direction 52. 

The scattering cross-section contains three terms, the so-called angular, nonresonant, 

and resonant contributions. The resonant contribution cornes from photons which have 

energies in the charge rest frame equal to the local cyclotron energy, where the cross-section 

is increased dramatically. 

Sturner (1995) derives approximate expressions for the inverse Compton scattering dec- 

celeration from the angular, nonresonant, aad resonant contributions which are given ana- 

lytically in terms of the height h above the polar cap, the temperature T of the polar cap, 

and the surface magnetic field strength B. 



Both Sturner (1995) and Daugherty & Harding (1996) consider oniy triplet pair-production 

for contributions under "other" , where an incoming electron scatters off an electron to cre- 

ate an electron-positron pair. Both groups show that this term is generally negligible for 

gamma-ray pulsar paramet ers. 

The curvature radiation and inverse Compton scattering terms dominate the energy loss 

in different regimes. For large Lorentz factors, the curvature radiation losses are generally 

the most important; these axise when the polar cap is not very hot, or the electric fields are 

large. 

Stumer, Dermer, & Michel (1995) consider the case of relatively low accelerating eiec- 

tric fields and high polar cap temperature, when the dominant energy loss mechanism is 

inverse Compton scattering, enhanced by the resonant Compton scattering in the strong 

magnetic fields (which is also the dominant contribution to the emergent gamma-ray spec- 

trurn). Charges are accelerated dong the field lines and radiate gamma-rays through inverse 

Compton scattering dong their velocities, creating a hollow cone of emission. An observer 

with a line of sight that cuts the cone at various angles can see a singly- or doubly-peaked 

light curve, though the angle of inclination of the magnetic dipole moment must be quite 

small. 

Daugherty & Harding (1996) consider the case of large electric fields, wtiere the curvature 

term is dominant. Their mode1 is similar to the last one, where charges are accelerated along 

the field lines and give off ciinmture photons to produce a hollow cone of emission while 

producing pairs on the strong magnetic fields. They Monte Carlo-simulate charges started 

near the star in various (assumed) electric fields, and follow the charge and photon creation 

numerically to develop the emergent spectra. 

These two polar cap models are generally quite similar in the generated light curves (if 

not in spectra): the peaks in the light curves occur as the line of sight cuts the hollow cone of 

emission. The light curves c m  only be singly- or doubly-peaked; however, there is evidence 

of a triply-peaked light curve with PSR 1706-44 (Thompson et al 1995a). 



These models predict no emission over a significant fraction of the pulsar period. Recent 

observations suggest the opposite (Nolan et al 1996). 

5-33 Outer Gap Models 

Models for generating pulsar gamma-ray emission in the outer magnetosphere have a long 

history. Early models considered acceleration near the light cylinder to be important (da 

Costa & Kahn 1982). The acceleration came from a "slingshot" effect, where the charge 

drift went to c on certain surfaces, rapidly increasing the energy of the particles so that they 

gave off curvature gamma radiation. 

Later models turned to using deviations fiom the Goldreich-Julian charge density at 

vanous locations in the magnetosphere to create large electnc field components parailel to 

the local magnetic field. These components accelerated charges to very high energies, where 

the three radiation mechanisms mentioned earlier becorne important. 

Tlie basis of the modern outer gap models is a pair of papers mitten in 1988 (Cheng, 

Ho, & Rudeman 1988a and 1988b), where the basic model was elucidated. 

The starting point of the outer gap model is an assumed curent structure in a magne- 

tosphere which is full of Goldreich-Julian charge density. There is no physical motivation 

for this current pattern; it is taken that a magnetosphere filled with Goldreich-Julian charge 

density would begin to circulate as assumed, and the validity of the model predictions give 

the justification. Figure 5.2 shows this magnetosphere model. 

This current distribution has the property that, near the boundary between positive 

and negative charge density (a surface where fi Ë = O), growth of charge-deficient gaps 

is unstable. The charge deficit creates large electric fields in the gaps which can accelerate 

charges to high energies and emit gamma-rays. 

Since these generated gamma-rays can pair create on one another, they will tend to close 

up gaps farther out in the magnetosphere. However, the structure of the dipole field lines 

means that a gap dong the boundary of the 1 s t  open/closed magnetic field line d l  not be 



Fig :. 5.2: The current structure in the early outer gap mode1 of Cheng, Ho, & Ruderman (1988a) 
(their Figure 1). The current structure is not the result of any basic physics; it is assumed 
that a magnetosphere, started with space füled with the Goldreich-Juiian charge density 
everywhere, would begin to circulate as show. This current structure creates unstable 
growth of gaps near the boundary between the positive and negative charge density regions 
(separated by the fi B = O surface). 



çlosed due to gamma emission closer in, and wil l  be stable. There are two of these gaps, 

travelling from weil within the light cylinder near the pole to the light cylinder. 

The gap increases in size until its growth is checked by pair creation near the boundary, 
e - 

and a steady-state is approached. The boundary layer has a low value of E.B due to the 

creation of "secondary" charges kom pair creation due to the gamma-ray emission of the 

initial charges inside the gap; these secondary charges still have high energy, however (due 

to the high energy of the incident photons), and pair create hirther out, making "tertiary" 

charges with relatively low energies. The tertiary charges radiate mainly through weak 

synchrotron emission and flood the gap with a low-energy photon flux. 

Curvature radiation and inverse Compton scattering are both important processes inside 

the gap, as the charges have quite high energies, and the tertiary charges create a flux of 

low-energy photons in the gap. 

This early model assumed that the gap was a single region, with characteristic values 

of photon flux and magnetic field. However, it could still give a relatively good fit to the 

observed Crab and Vela pulsar spectra. 

The light curves generated from the eariy outer gap model were almost always doubly- 

peaked, as the tnro outer gaps radiated fan-shaped beams of radiation both of which p a s  

through most viewing angles. This was not a problem in 1988, when Crab and Vela were 

the only known gamma-ray pulsars, but Mth increasing data showing several singly-peaked 

light curves, this early model was significantly challenged. 

Chiang & Romani (1994) extended the onginal calcuiation by removing some of the 

simplifying approximations. In particuiar, they modelled the gap not as a single zone with a 

characteristic magnetic field and photon flux (which is difficult to justify when the gap spans 

a significant distance radially), but as a number of sub-zones which interact self-consistently. 

The shape of the gap was altered by allowing gaps to form along al1 field lines on the 

boundary between the open and close field line regions (as opposed to only the field lines in 

the plane formed by fi and z), and particle and photon transport between the gap emission 



zones was included. These changes aliowed for singly-peaked iight curves for some viewing 

angles, making the model consistent with the newer observations, though the modelling of 

the spectra suffered sbmewhat. In the case of the Crab pulsar, which had been relatively 

nrell-modelled in the earlier effort, the model spectnun had far too few low-energy photons. 

As with the polar cap models, the outer gap models produce singly- or doubly-peaked 

light curves only and predict no emission for a significant fiaction of the pulsar period, 

neither of which agree Nith observations. 



6. DISTRIBUTION OF GAMMA-RAY BURSTS IN HALO NEUTRON 
STAR-COMET MODELS 

There have been many models over the years which try to ideatiQ gamma-ray bursts (GRBs) 

with neutron stars (NSs) in an extended Halo around the Galaxy which interact in some way 

with passing comets (eg. Pineault and Duquet 1993 or Mitrofanov and Sagdeev 1990). The 

details of the environment which would allow such a scenaxio involving interstellar comets 

have not been worked out in detail. 

It has been estimated that approximately 10L2 cornets have escaped the Sun's gravita- 

tional well (Stern 1990) over the age of the solar system. If other solar systems behave in 

a similar manner, there should be a large number of free cornets in globular clusters (GCs), 

which, after escaping the clusters by scattering, could seed an extended Halo. 

This work evolved a population of lob NSs born in the disk. It also evolved 107 cornets 

ejected from GCs, and assumed a population of disk comets which follow the m a s  density 

of the disk. Using these results, samples of GRBs were created. 

6.2 The Mode1 of Gdactic Potential 

The model used was taken fmm Paczynski (1990), with some modifications. It assumes three 

contributions to the total potential: a disk, a spheroid, and a spherical dark matter halo. 

The values used for the constants in his model, relating to the oblatenes of the spheroid (al 

and b l )  and disk (a2 and b2), are: al = O, bi = 0.277 kpc, a2 = 3.7 kpc, and = 0.2 kpc. 

-4 dark matter halo with constant density inside a radius r, = 8 kpc, and density falling off 

iike r-2.25 outside r,, replaced Paczynski's halo. The masses used are: kf = 1.12 x 10LoMF 



(the spheroid mass), M2 = 8.07 x 10LoMQ (the disk mass), Mc = 1.75 x 10LoMo (the dark 

halo m a s  inside r,) . 

Other components contributing to the Galactic potential, such as satellite galaxies or the 

globular cluster population, were ignored for simplicity. Over the course of the simulation, 

roughly 10 % of the cornets would be afFected by such objects; this is not expected to change 

the results to any great degree. In addition, it is assurned that the Galactic dark matter 

does not interact with the comets to any appreciable degree. This assumption would fail if 

the dark matter is rnainly molecular clouds, for example. 

6.3 The Three Populations 

The GC population comets were ejected from the GC stellar systems with small relative 

speeds. A srnall fraction of these comets escaped from the GC without scattering; however, 

a much larger fraction were scattered by stars in the GC (for simplicity, al1 scattering stars 

were taken to have a mass Mo), md were ejected £'rom the GC with speeds approximately 

10-20 krn/s. The distribution in velocity of these objects is shom in figure 6.1; the points 

are the real distribution generated frorn 106 ejected comets, and the solid line is an analytic 

fit used for simplicity, of the form 

where v is the velocity in units of km/s (the plot has been scaled vertically to best fit the data 

points). The velocities of the GCs are typically much higher than these escape velocities, and 

the comets remain close to their parent clusters for a significant fraction of the integation 

time. 

140 typical GCs were used in the simulation. The GC population was found by assuming a 

radial distribution which falls off like r-0.85 (Kulessa and Lynden-Bell (1992)), and a velocity 

distribution with gaussian form, with average value vo = 220 - 2rkp, km/s, and standard 

deviation a = 120 - rk,, km/s, to roughly match the observed variation. Here, r k p c  is the 



Fig. 6.1: The distribution of cornets ejected fiom a 1 0 ' ~ ~  GC in velocity. The cornets Ieave the 
cluster and are placeci in the Galactic halo with a randomly oriented velocity sampled 
£rom this distribution, plus the space velocity of the parent GC. The points are the real 
distribution generated from log ejected cornets, and the solid line is an empirical fit. 



radial distance h the centre of the Galaxy in kpc, dowed to range fkom 6-110 kpc. Each 

GC \vas taken to have mass 105 Mo, and the Plummer model, with a radial distance scale 

of 1 pc, was used for the gravitational potential. -4 variation of these parameters does not 

affect the results unduly, as a change ody  d e c t s  the small relative velocity of the comets to 

the GC. 

The distribution of comets in space at the end of the simulation (after five billion years) 

is quite dose to radially symmetric, as the comets created in the halo feel little of the disk 

potentiai. Figure 6.2 shows the radial distribution of comets. Inside 100 kpc, the distribution 

roughly fol10~~s a powcr.law with index 0.88 (shom as the superimposed line), corresponding 

to a comet density which fdls off Like r-'-12, since the distribution is roughly spherical. The 

bumps on the distribution correspond to clumps of comets near their parent GCs. 

The disk population of comets was taken to foilow the disk component of the total density. 

The total number of disk comets mas set to the total number of GC comets multiplied by the 

ratio of the disk m a s  to the total mass of GCs, and a factor f (one of the free parameters in 

the work), which is a ratio of the efficiencies of comet ejection in the disk to cornet ejection 

in the GCs. 

The NSs were started in the disk, with a position distnbution which follows the observed 

pulsar distribution, taken from Johnston (1994). Different distributions of initial speeds 

considered ranged from roughly 450 km/s to 2000 km/s in a frame of reference rotating 

around the Galactic centre 6 t h  the circular velocity at that point. 

The NS space distributions a t  the completion of the simulations generally were clumped 

toward the disk, with more spherically symmetric distnbutions at higher velocities as is 

espected. Figure 6.3 shows the radial distribution (with radius measured from the Galactic 

centre) of NSs for three dinerent birth velocity distributions. The black points correspond to 

NSs started with a velocity distribution following the observed pulsar distribution as derived 

by Lyne & Lorimer (1994), where the distribution has the form 



Fig. 6.2: The radial distribution of halo cornets at the end of the simulation. The distribution 
shows several bumps, representing clumps of cornets near t heir parent GCs. The edge of 
the distribution corresponds to the edge of the GC distribution, near 100 kpc. lnside this 
radius, the distribution roughly foliows a power law with index 0.9, shown by the iîne 
superïmposed on the data; this trend corresponds to a cornet density which f& off Like 
+.L 



where va is the velocity scale, fit to 450 km/s from pulsar observations. The initiai peak 

corresponds to the peak in the spaciai birth distribution at roughly 3kpc; inside this radius, 

the density drops off like F " ~ ,  and outside like r-3-5 (the deosity power law index for a 

spherical distnbution is just a - 2, where a is the power law of the radial number number 

distribution shown). The distribution inside several hundred kpc is strongly peaked toward 

ttie disk. -4t large radii (» 100 kpc), the density drops off like r-2-6, where the distribution 

turns sphencal again. 

The blue points correspond to a birth distribution equal to the observed pulsar birth 

velocity distnbution, but with vo = 700 km/s rather than 450 km/s. A significant fraction 

of the stars escape the Gala\yTs potential well, though there are still a large number of bound 

objects near the Galactic centre. 

The red points correspond to NSs born with a birth velocity of 700 krn/s; the distnbution 

follows a power law with index 0.1 inside severai hundred kpc and is strongly peaked toward 

the disk; at very large radii, the distribution follows a power law with index -0.4, correspond- 

ing to a density which varies like r-2A. There are not many stars near the Galactic centre, 

as none of these objects are bound to the Galactic potential well. 

NSs born with a velocity of 2000 km/s are shown as the green data points. The distri- 

bution follows an r-2 power law almost exactly, as  the stars are moving with velocity much 

larger than the escape velocity from the GaIaxy. 

6.4 Estimating the hteraction Probability 

The probability of interaction between the NS and cornet populations was taken to be (cg. 

Pineault and Poisson (1989)) 



Fig. 6.3: The radial distribution of NSs at  the end of the simulation for three Merent b a h  velocity 
distributions with j = O (no disk cornets). The black points fouow the obserwd pulsar 
birth velocity distribution Found by Lyne & Lorimer (1994). The blue points show the 
results h m  a similar birth vebcity distribution, but with the average velocity set to 700 
km/s rather than 450 km/s. The ceci points show NSs born with a single velocity of 700 
km/s (a 6 function biah velocity distribution), and the green points correspond to a birth 
velocity of 2000 km/s. Any distributious which leave bound stars in the deep central 
potential well of the Galaxy give a significant concentration of objects at small radii. 



Here, A is a constant relating to the crosssection for collisions, n, is the NS number density, 

normalised to unity at the maximum value, n, is the normalised total cornet number density 

(disk cornets plus GC comets), and v d  is the average relative speed of the two populations 

at the point in question, determined in the simulations. This includes only gravitationai 

focussing in the collisions. 

The burst fiequency in this model can be roughly estimated, but since much of the 

physics is unknown, assigning values to the constants should be taken as tentative a t  best. 

dN = NcfiNÇfintZJmli where N, is the total number of comets, iiNs is Very approximately, 2; 
an average number density of NSs, and q, is the interaction crosssection. 

The total number of comets is given by N, = NsGcNccc + NdNcd, where NsGc is the 

total number of GC stars (- IO?), Nd is the total number of disk stars (= 101°), Ncd is the 

number of comets produced by a disk star, and NcGc is the number of comets produced by 

a GC star; using the efficiency ratio f from section 6.3, NcGc = Ncd/ f. 

As a rough estimate, we can use the number of comets estimated to have been ejected 

from our solar system as an approximation to lxd. Assuming a total population of 10' M s ,  

most inside a sphere of radius 40 kpc, relative speeds on the order of lo3 h / s ,  and that the 

cross-section is just the square of the light-cylinder radius for a NS spinning with an angular 

velocity of 0.1 rad/s, the nurnber of bursts per day is roughly a = 4burs ts /day(y) .  

6.5 Simula ted Gamma-Ray Burst Distribution 

The burster distribution I V ~ S  investigated for several different choices of neutron star birth 

velocity distribution and efficiency ratio f. Table 6.1 lists the dinerent models and the results 

of the statistical tests discussed in chapter 2. The LL distribution is that taken fiom Lyne & 

Lorimer (1994) (equation 6.2), and the 700 avg distribution is this same distribution with the 

average velocity increased from 450 km/s to 700 lun/s. Since the minimum flux observable 

Rus in our model is a free parameter (related to the total GRB lurninosity, which is a free 

parameter), the value of Fmin that makes V/V& = 0.33*0.01 is given (to match the BATSE 



Fig. 6.4: The distributions on the sky and in flux of 2000 GRBs for thme different NS birth velocity 
distributions- The top plots show the results for a birth distribution foilowing the obse~ed  
pulsar distribution, the middle plots correspond to a birth velocity fixed at 700 km/s, and 
the bottom plots are the results of a birth velocity of 2000 km/s. 



Tab. 6.1: The tests of isotropy and homogeneity for the simdated GRB distributions. The expected 
d u e s  for an isotropic distribution are: < si$ b- 1/3 >= 0&0.00?, < cos0 >= Ort0.013, 
W = 3.00 rt 2-45, and B = 5.00 & 3.16. Fmin is the required minimum flwc such that 
< V/V,, = 0.33 0.01 to match the BATSE distribution, and r,, is the distance (in 
kpc) corresponding to this minimum fi ux (the maximum observable distance) - 

value). r,,, the corresponding radius in kpc out to which the hypothetical instrument can 

f3 
5611 
5206 
1357 
167 

probe, is also given. 

Figure 6.4 shows sky maps and distributions in flux of 2000 sample GRB positions for 

three different birth velocity distributions of the NSs. The first has a birth velocity dis- 

W 
4435 
4250 
1219 
836 

Distribution 
LL 
700 avg 
700 lan/~ 
2000 km/s 

tribution following the observed pulsar birth velocity distribution, the second shows stars 

born with a single velocity of 700 km/s, and the third has stars boni wïth a velocity of 2000 

km/s. The efficiency ratio f = O (no disk cornets) for all these simulations. The anisotropy 

toward the Galactic centre is obvious for aU the cases, even without including the effect of 

< sinZ b - 1/3 > 
-0-300 - 
-0.290 
-0.205 
-0.051 

the disk cornet population, though is most striking for the birth velocity distribution which 

< cos 0 > 
0.860 
0.841 
0.450 
0.373 

follous the observed pulsar birth velocity distribution, as the low-velocity tail of the distri- 

bution binds a large number of stars well inside the Galaxy's potential well. Including a disk 

population rapidly (for any f > 10-~) makes clurnping towéud the Galactic plane extremely 
. 

efficient. Note that increasing f beyond 10-~ not only causes dumping toward the disk, but 

also decreases the number of bursts/day to numbers much smaller than are observed. The 

requirement of such a discrepancy in the ejection efficiencies is another strike against this 

The flux of a burst was calculated by letting the total luminosity L of a burst follow a 

gaussian distribution in logarithmic space with an average value of 5 x los (unitless); the 

value chosen is arbitrary, as it simply sets the scale for flux. A standard deviation of half 

an order of magnitude was used. This is a somewhat ad-hoc value; the true distribution 



in E likely depends on distributions of NS. magnetic field strength and spin rate: which are 

unknown for the burster population. The cesults are not very sensitive to this spread as 

dong as it is less than' hro orders of magnitude, where it becomes comparable to the spread 

in flwc due to the range in distances of the bursts. 

Table 6.1 gives the maximum radius T,, to which the hypothetical instrument can probe 

if the value of V/V,, for the simulation distributions is set to the BATSE value. However, 

since the plots in figure 6.4 show all the bursts, regardless of their flux, the actual observed 

distribution of bursts d l  be somewhat different. Figure 6.5 shows the distribution for the 

simulation with a NS birth velocity of 2000 km/s where only the bursts with r < r,, 

are shown. The bursts are clumped even more strongly toward the Galactic centre in this 

flux-limited case. 

The relation log(N > F) a -3/21ogF holds for an isotropic distribution of standard 

candles, where log(N > F) is the number of bursts mith flux greater than F. This relation- 

ship holds for d l  the simulation data (shown in the right-hand column of figure 6.4) at large 

values of flux (probing the close GRBs), though the fit is quite rough for the data where the 

NSs axe born with the observed pulsar birth velocity distribution. The 700 km/s and 2000 

km/s NS birth velocity simulations show qualitatively the same behaviour as the BATSE 

distribution. 

6.6 Conclusions 

These results suggest that models of GRBs as comet-NS collisions in an extended Halo are 

untenable for a wide range of free parameters. While simulation data, with a somewhat 

unphysical choice for the ejection efficiency of GC stars, roughly meet the distribution in 

flux of real GRBs, no values of the bee parameters allow a fit to the isotropy data. However, 

this \vork does assume that the NSs are ejected from the Galactic disk, and are not relics 

from the initial formation of the Galaxy. Choosing an appropnate distribution of relic NSs 

may allow a mode1 in agreement with the observations. 



Fig. 6.5: Sky distribution of 1194 GRBs inside r,, = 19.5 kpc for the simulation with a NS birth 
velocity of 2000 km/s. This is the distribution which would be obse~ed  by setting the 
minimum observable flux which makes V/V,, for the distribution quai to the BATSE 
value of 0.33. The clurnping toward the Galactic centre is more obvious than in the sample 
which is not minimr-aux-limitecl. 



The most powerful constraint on the model, even ignoring the clustering of bursts toward 

the Galactic centre, is that GC stars must be > 106 times as efficient a t  producing cornets as 

disk stars; if not, the burst rate wodd be many orders of magnitude too low and the bursts 

would be clustered very strongly toward the Galactic disk. There is no reason to believe 

tliat the older stars in GCs would produce so many cornets, though there does not seem to 

be any convincing theoretical arguments to suggest that they would not- 

There are a number of ways to change the simulation to d1ow a more isotropic distribu- 

tion, though adding these factors simply adds fiee parameters. Alionring a minimum t h e  

before a NS can become a burster, a maximum time after mhich it can no longer burst, or 

beaming the radiation along the NS velocity (REFs?) c m  help remove the clumping toward 

the Galactic centre. However, since the cornet distribution is peaked towxd the Galactic 

centre and along extends to a radius of approximately 100 kpc, these parameters would have 

to be very fine-tuned to meet the constraints derived by the BATSE observations. In addi- 

tion, replacing the spherical dark matter halo with an oblate one might reduce the clumping 

toward the Galactic centre. 



7. THE DEUTSCH FIELDS 

The electromagnetic fields around a highly conducting and magnetic sphere in vacuum were 

derived by Deutsch (1955). When the charge densities outside the star are everywhere 

much less than the Goldreich-Julian charge density (equation L6), these fields are a good 

description of those around a pulsar. The arguments for an evacuated magnetosphere are 

presented in chapter 9; this chapter de& with an in-depth analysis of the Deutsch field 

structure, independent of the physics which allows such a high-energy structure to exist. 

The full expesions for the electnc and magnetic fields are given in Appendix 1. 

7.1 Definition of Vacuum 

Goldreich Sr Julian (1969) examined the case of a filled, corotating magnetosphere and 

calculated the charge density at every point in space. 

If we assume a dipole magnetic field (a good approximation well inside the light cylinder, 

since the currents are srnall), we knom that 

- 
Also, for corotation with the star, the electric field must enforce a drift of & = Q x F. 

Therefore, 

The charge density can be found fiom 



Hoivever, since V x B = O for the dipole field, and using V x ,& = 2R/c, 

w hich is the Goldreich- Julian result (equation 1.6). 

Since this charge density forces corotation, it c m  be taken to be a representative charge 

density that d l  significantly alter the electric fields. If the charge density is much less than 

the Goldreich-Juiian value, the induced electnc field d l  be much less than the vacuum 

elect ric field. 

The magnetic fields will aiso be unaffected be a charge density much less than the 

Goldreich-JuIian value; in fact, even a corotating magnetosphere will ody d e c t  the vac- 

uum fields near the light cylinder. This can be shown by examining Maxwell's equations for 

the induced magnetic field due to currents of order J = enc~c:  

-# 

where Bind is the magnetic field induced by the currents. A h ,  

- 
where Ecr = -& x B is the corotation electric field. Substituting for n c ~  in terms of the 

electric field, the induced magnetic field is estimated as  

Biod Ecr (7-6) 

Therefore, since the electric field inside the light cylinder is much smaller than the magnetic 

field (of order B(r /RI , ) ) ,  the induced magnetic field is negligible compared to the vacuum 

magnetic field everymhere well inside the light cylinder when the charge density is equal 



to the Goldreich-Julian value. Charge densities much less than those required to enforce 

corotation d l  not alter the magnetic field even near the light cylinder. 

7.2 The Point Dipole Fields 

The Deutsch fields are given in full in Appendi. 1. These fields tend to the fields of a 

spinning point dipole in vacuum when far from the star, as would be expected (the boundary 

conditions at the star alter the fields only locally). Some discussion of the point dipole fields 

is t herefore wort hwhile- 

7-2.1 Uiside the Light Cylinder 

Wlien r « Ri,, the point dipole magnetic fields look like a rotatuig, undistorted dipole 

inclined at angle x to the rotation axis, and the electnc fields are circles in planes parallel 

to the plane defined by fi and jZ 

-4 coordinate change to a frame where the z-axis is pardel  to rather than fi simplifies 

the analysis of the fields in this limit enormously. In this frame, the magnetic field is a static 

dipole. The physics is made somewhat more clear by ushg a Cartesian coordinate system, 

wliere .2 is parallel to p and ij is parallel to fi x jL In these coordinates, 

and 

In this coordinate system, it is immediately obvious that the electric field lines form 

circles in planes parallel to the x-z plane. AIso, since 



Fig. 7.1: The magnetic and electric field lines for the rotating dipole fields in the limit r < RI,. 
The coordinates have the z-a~& parallel to the effective magnetic dipole moment p; the 
cotation axis lies in the x-z plane - the orientation only aEects the magnitude of the 
electric field, not its direction. The magnetic field (showa in bladr) is a static dipole field 
in these coorninates, and the electric field lines (in red) are circles around the y-axis. Ë 
and are perpendicular everywhere in the y-t  plane, fororming a simple example of a nuIl 
surface that is important to the Deutsch field gamma-ray pulsar modei. 

it can be readily seen that the component of electric field pardlel to the magnetic field goes 

to zero in the x = O plane. This is a simple (yet important) example of a null sudace, 

where Ë B = O; these will be discussed in more detail in section 7.1. 

Figure 7.1 shows a plot of the magnetic and electric field lines for the pulsar. In this plot, 

the rotation avis lies in the z-z plane. Figure 7.2 shows the drift velocity of charges in the 

z = O plane, where Ë-l? = O. The charge velocities on the nul1 surface have two cornponents: 

one paraliel or anti-pardlel to the field line, and another equal to the drift velocity. This 

is a special case of charge motion in arbitrary strong electric and magnetic fields, ahich is 

discussed in more detail in chapter 8. 



Fig. 7.2: The charge drift velocity (black arrows) on the n d  surface x = O supetimposed on the 
dipole field lines (in red) . Charges which hit the null surkee  are bound to it ; their veiocities 
have a component equal to the driR velocity and another pardel to the magnetic field 
line. 



7-2.2 Outside the Light Cyhder  

When r » Rh, the electric and magnetic fields are given by: 

P Be = -sin x cos Bsin A 
r 4  

B+ =-- rit sin x sin A 

mhere X = # - Rt + r/Ri,- 

Here we have returned to the usual sphericai coordinate system with a z-axis parallel to 

6 rather than jï (in contrast to the Iast section). 

Since lEl = 1 BI and Ë Ë = O, these fields describe an electromagnetic wave, propogating 

spherically away from the star with a freguency equal to the frequency of the star's rotation. 

The total power carried away by this wave can be f o n d  be integating the Poyting vector 

over the surface of a sphere of radius r: 

- - j2* $ [(Ë x B) ilr2 sin 0ti0d4 
47r $=O e=o 

This reduces to 

This radiation, caiied magneto-dipole radiation (originall y derived by Ostriker & 

Gunn l969), is the cause of the pulsar's spindown: the magneto-dipole radiation is lost 

at the expense of the star's rotational kinetic energy. This fact is the primary means of 

calculating the effective magnetic dipole moment, and hence the magnetic field at  the stellar 

surface. 



Since the rotational kinetic energy is equal to $IO2, where I is the stellar moment of 

inertia, 

and subsituting for P hom above, 

Writing R and fi in terms of the period P and the period derivative P and substituting 

representativc values, the effective magnetic dipole moment is: 

Roughly, with Bmn = p/R3, where R = 106 cm is the stellar radius, 

PP i/2 r 
~ s u n  2 1oL2G( 10-lSs) ( l04Sg - Cm3 ) v2 csc x 

7.2.3 Near the Light Cylinder 

The most complicated behaviour occua when r = Ri,. The dipole field structure of the 

inner magnetosphere begins to twist as the light travel tirne becomes of the same order as 

the rotation penod, and the electric field structure is similarly complicated; there is no simple 

interpretation of the fieid structure, unlike with the lirniting cases. Figure 7.3 shows some 

of the magnetic field lines which close outside the light cylinder in the case of orthogonal 

fields (where the rotation avis and effective rnagnetic dipole moment are perpendicular) . Tlie 

dipole-like field lines begin to wrap up, approaching the radiation fields as r increases. 

7.3 The EfKect of the Star 

The boundary conditions at the surface of the star have no effect on the rnagnetic field. 

but do dramatically alter the electric field near the star - extra components which fa11 off 



Fig. 7.3: Selected field lines for the orthogonal point dipole fields in the plane perpendicular to the 
rotation axis. The circle shows the light cyiinder, and the dimensions are in units of the 
light cyünder radius Ri=- 



li ke re4 (as compared to the r-* behaviour of the fields far from the star) are added which 

do not have a simple structure. These "boundary fields" can significantly alter the null 

surface structure withio a stellar radü of the d a c e ,  which is one of the critical factors in 

det ermining global current stmcture. 

The electric fields in spherical polar coordinates near the star are approximately given 

by 

Er = -- (1 + 3 cos 28) cos x 3 cos 4 sin 20 sin x + 
r * 1 (7.14) 

2r2 Ri, 

which shoes that the radial component of the electric field disappears for r » a. The effect 

of the boundary conditions at the star drops off very quickly with radius, and is dominated 

by the point dipole fields for approximately r > 3a. 

7.4 N d  Surfaces 

-4 "nul1 surface" is defined to be a surface in the magnetosphere where the electric and mag- 

netic fields are perpendicular. Charges are often attracted to tliese surfaces (see section 8.4 

for a. discussion of charge motion on and near the null surfaces), where they can move around 

the magnetosphere with low energy. As such, they axe cntical to the determination of the 

current structure, which must be known in a global mode1 of the pulsar magnetosphere. In 

addition, since charges on null surfaces move with relatively small Lorentz factors, they do 

not contribute to the high-energy radiation observed by young pulsars. 

The dynamics of charges in the magnetosphere, and in particular on null surfaces, is 

discussed in chapter 8; 1 will only present the basic characteristics of these surfaces in this 

section. 



Two basic types of null surfaces exist: one whicb contains the magnetic field lines, and 

one which does not. LVhich structure dominates in different regions of the magnetosphere is 

important to demonstrate. 

7-4-1 Wired N d  Surfaces 

A null surface which contains the magnetic field lines is called a "wiredn null surface (as the 

magnetic field lines Nire the surface). This sort of nuli d a c e  dominates the intermediate 

magnetosphere, far fiom the star but far inside the light cylinder (for a << T r RI=) ,). This 

is casily observed by esaminhg equations 7.8 and 7.9; Ë - l? = O in the plane z = 0, and 

B, = O in this plane as weli. 

As discussed in chapter 8, these surfaces are important to vacuum models because they 

at tract charges of both signs equally. Therefore the surfaces remain uncharged, and do not 

affect the electric field structure. 

7-4.2 Pierced Null Surfaces 

A "pierced" null sudace is one which does not contain the magnetic field lines (instead they 

pierce the surface). This sort of null surface attracts only one kind of charge, because the 

electric field patallel to the magnetic field line mitches direction on either side of the surface. 

In the case of pierced null surfaces, this is how charges are bound, which is quite different 

than the case of wired surfaces. These surfaces are dangerous in a magnetosphere attempting 

to remain evacuated, since the surfaces build up charge in a relatively small volume. If the 

charges densities are large enough, this will destroy the null surface by altering the electric 

field structure. 

This sort of null suface is seen near the star and in the outer magnetosphere near the 

light cylinder. The binding of charges to these surfaces is l e s  persistent than with the wired 

surfaces, because a change in the orientation of the electnc field will eject the particle from 

the surface rather than trap it. 



7.4.3 Nu4 Surface Structure in the Deutsch Fields 

-4s previously mentioned, the null surface in the b i t  a < r « RI, is a wired null surface. 

However, the nul1 surface structure changes as r approaches a or Ri, and becomes pierced 

as the field stmcture becomes more cornplex. 

For example, in the orthogonal Deutsch fields (where is perpendicular to 6, the re- 

quirement of Ë - l? = O reduces to 

In the limit of r > a, the only null surface is at 8 = 7r/2, which is the wired point dipole 

nul1 surface for these orthogonal fields. On the star, E - = O occurs when 0 = 0, n/2, T 

and when 4 = 7r/2,3n/2- 

For r - a, however, the null surface is rather different than the point dipole fields. 

Figure 7.4 shows the surface defined by equation 7.17 for t = O. Charges of different sign are 

attracted to or repelled by the surface in diffèrent areas (see section 8.4.3); a charge attracted 

to the surface will Born dong it until it hits an area of the surface where it is repelled and 

leaves the surface. The regions on the nul1 surface that attract positrons are shown in red, 

and those that attract electrons are shown in blue. Therefore, charges are not attached to 

this null surface for significant times. The units on the coordinate axes are distances in terms 

of the stellar radius - the star is a sphere of radius 1. 

7.5 Symmetries in the Deutsch Fields 

To simplify the numerical calculations, we took advantage of three symmetries of the prob- 

lem. First, there is a symmetry (Symmetry 1) in the fields Ë -t -Ë and + -Ë under 

a translation C$ + 6 + n, 0 -t n - B, where 0 is the poloidal angle and 4 is the toroidal 

angle relative to the rotation axis. Therefore, if a charge q started at Fo follows the path 

r'(t)? the same charge started at -Fa will take the path -F(t) .  The symmetry applies for any 



Fig. 7.4: The n d  surface near the star For the orthogonal Deutsch fields. The auIl surface is pierced 
- that is, it does not contain the magnetic field lies everywhere, and therefore d0Serent 
regions attract particular signs of charge. The red regions attract positrons (and repel 
electrons) and the blue regions attract electrons (and repel positrons). As a charge of one 
sign flows along the nuil surface, eventudy it will hit a region inch repels it, and will 
lave the surface. Therefore, charges will not be at tached to this surface For any significant 
tirne. The units along the axes are distances in terms of the stellac radius. 



orientation of the dipole moment to the rotation axis. 

The second symmetry (Symmetry 2) is between charges of dBerent sign, but only applies 

when the dipole axis @ perpendicular to the rotation axis. The path of a charge -q started 

at  (ro, 0,g) is equd to the path of a charge q started at  (ro, B,4 + n) rotated through 180 

degrees toroidally. 

The third symmetry (Symmetry 3) is a remit of another property of the fields, that 

Ë(r, 8,4,  t) equais Ë(r, 0, $ - nt, O) rotated through an angle Rt in 4. This means that 

a charge q started at (ro,8,q5, to) will foilow the path of a charge q started at  (ro,B, 4 - 

ntoy O) rotated through nto toroidally. This symmetry holds for any orientation of the dipole 

moment. 

Symmetry 1 means than the path of a charge started in the bottom half (0 E (r/2, T I )  
of the magnetosphere at  position Fcan be inferred fkom the path of a charge in the top half 

of the magnetosphere started at  position 4. A consequence of Symmetry 3 is that charges 

started at  a tirne to not equal to zero can be found Tom the paths started at  to = O by a 

rotation azimuthally. Symmetry 2 means that positron paths can be inferred from electron 

paths, but only in the orthogonal Deutsch fields. 

The combination of Symmetry 2 and Symmetry 3 has an important consequence for the 

inferred light curves when the dipole moment is perpendicular to the rotation auis: positrons 

will radiate in exactly the sarne manner as electrons, but a half period later. If the electron 

contribution is a single peak, the positrons will contribute a second peak, exactly 0.5 later 

in phase, if the distribution of positrons is equal to that of electrons in the magnetosphere. 

This does not hold for non-orthogonal systems, as Symmetry 2 is broken. 



8. THE DYNAMICS OF CHARGES IN THE DEUTSCH FIELDS 

The mode1 we use for the pulsar magnetosphere is the Deutsch fields. Understanding particle 

motion in these fields is then critical to the development of a somewhat self-consistent picture 

of the magnetosphere and the radiation emitted by the pulsar. 

To be consistent with the vacuum assumption, particle motion must allow for any charges 

created to flow out of the magnetosphere - there can be no sinks for charge, or eventually 

the accumulated charge will cause the vacuum assumption to fail. This is a subtle problem 

which requires a detailed examination of the dinerent types of possible charge motion in 

t hese relatively complex fields. 

8.1 The Radiation Reaction Force 

Our simulation of charge motion only considers three forces: the electric force, the magnetic 

force, and the radiation reaction force. The first two are well-understood; however, it is 

worthwhile to discuss the radiation reaction force in some detail due to the uncertainty in 

its form. 

Most problems in classical electrodynarnics c m  be attacked with a somewhat incomplete 

theory where the fields determine particle motion, and the radiation can be calculated as a 

small, if not negligible, perturbation. This is not the case in pulsar physics; the details of 

holv the radiation reacts back on the particle are important. 

As per Jackson (1975), the power emitted f'rom a non-relativistic particle is given by 

Larmour's formula 



This can be written as 

where p' is the charge's momentum. The relativistic generalisation is then 

where ÿ is the charge's four-momentum and r is the charge's proper tirne ( d r  = dtly). 

Since 

the power output can be written 

In the perturbative limit, where the energy loss over a typical mechanical timescale is 

much smaller than the charge's energy, the second term in the square bracket is much smaller 

than the first if the motion is not linear. If the motion is instantaneously circular with a 

radius of curvature p, then 1g1 = wlpl, where w = d / p .  Then, the radiative power output 

can be nrritten 

The radiation is beamed dong the particle's velocity vector with a pattern width of 

approximately 0 = 117; for y » 1, assuming a l l  the power to be beamed dong the velocity is 

a very good assumption. Therefore, in this limit the radiation reation force can be expressed 

as 



where + is a unit vector in the direction of the velocity. 

It is not generally tme that the radiative power losses in charges in pulsar rnagnetospheres 

are perturbatively s m d .  In the lïmit where the radiation back-reaction is important, the 

problem becomes much l e s  well-defined Gom the classical point of view. 

The problem has been investigated by Lieu & M o r d  (1993) (and extended in Lieu & 

-Lxford 1995) where they show that synchrotron emission is equivalent to inverse Compton 

scattering of the charge off a field of photons which approximate the electromagnetic fields 

obsenred by the charge (an "equivalent" photon field). They give analytic expressions for 

spinless particles in the interesting Landau limit of yB > BQ and y » 1 where quantum 

electrodynamical effects become important, and show that the effect of spin is negligible 

(though incorrectly estimated by use of their equivalent photon field technique). 

Tlicy find that the total power output in the Landau limit (which is important for the case 

of the pulsar magnetosphere) is strongly suppressed reduced from that evpected from the 

classical emissivity due to Compton redshift associated with recoil and because the Compton 

cross-section decreases below the Thompson value. 

The form of the radiation reaction force used in this work followed the low-energy limit 

of Jackson, and ignores the problem of self-interaction. There is some justification for this, 

as the charges are almost always radiation-reaction limited (see section 8.7). Therefore, the 

charge's energy does not vary particularly quickly, though for dinerent reasons than in the 

perturbative limit. The effect of recoil on the charge may still significantly alter the radiation 

physics. 

8.2 Numerical Integration of Charge Motion - the Complete Simulation 

The equations of motion for the charges in the Deutsch fields have no analytic solution 

in general. Therefore, it mas necessary to resort to numerical techniques for solving the 

problem. 

In what Nil1 be called the "complete" simulation (to differentiate it from the simulation 



ivhich applies an approximation to the particle motion, discussed in the next section), the 

equations of motion were integrated directly, using a fourth-order Runge-Kutta numerical 

t ethnique. 

The equation of motion is simply 

where Fd iç the radiation reaction force, taken as equation 8.7. 

Severai timescales present themselves. The first is the pulsar period, T = 27r/Q, on the 

order of mifiseconds to seconds. The second is the period of synchrotron motion around the 

fieId line 

where 7 is the charge's Lorentz factor and B is the local 

charges in magnetic fields of 10' G (typicd of the b e r  

(8-9) 

magnetic field. For non-relativistic 

magnetosphere, a t  roughly a tenth 

of the light cylinder radius), this timescale is roughly 4 x 10-l6 seconds. 

-4 third timescale is similar to the synchrotron timescale, but related to the electnc field 

rather than magnetic field. Shce the electric field is generally much less than the magnetic 

field (except near and outside the light cylinder, where it is of the same order), this tirnescale 

is longer than Tsync, and does not affect the simulation construction. 

A fourth timescaie is related to the radiation reaction force; it is roughly the time needed 

to radiate away the charge's energy perpendicular to the magnetic field lines in synchrotron 

radiation: 

Setting y = 1 (where the approximation about the nature of the radiation reaction force 

fails, but illustrative nonetheless) gives an upper limit to this timescale at  roughly IO-'' 

seconds (again with B = 10' G). 



The difficulty in simulating charge motion in t hese powerful fields is the disparity in the 

different timescales of the problem. Too wide a gap in timescales generally translates into 

very long integration times to properly capture the full solution. In fact, the synchrotron 

timescale is so constraining that charges with energies less than roughly 103 cannot be 

simulated in a reasonable amount of computing t h e .  

8.3 The Drift-fiame Bead on a Wire Approximation 

8.3.1 The Approdxima tion 

The numerical integration of the charged particle motion in the simulations is simplified 

enormously under the application of a key assumption in this work, labeiled the drift frame 

bead-on-a-wire (DFB) approximation. It is assumed that, in a frame where the electric field 

is parallel to the magnetic field, the charge has a velocity directed parallel or antiparallel 

to with magnitude approxirnately equal to c; the velocity in the pulsar rest frame at any 

point can then be determined by boosting back to the original frame of reference. This is the 

case when synchrotron motion is not important, which occurs when the timescale to radiate 

away momentum perpendicular to the field Iuie is very short. 

Consider a point in the rnagnetosphere with electric field É and magnetic field B. Define 

the z-axis to be paralle1 to 2, and Ë to have components only in the z and y directions. 

There esists a boost of v = cpi? which defines a frame of reference where Ë' is parallel to Ë' 

as long as the electric field is not perpendicular to the magnetic field (the case of Ë - fi = O 

is considered separately as motion on a nul1 surface, discussed in section 7.4); t his has been 

recognized by other authors as well (e.g- Robertson & Noonan 1968). This scenario is shown 

in Figure 8.1; the boost can be shown to be 

where all the quantities relate to the pulsar rest frame. This is valid for E > B or E < B, 

and even E = B as long as the two are not perpendicular. 



Fig. 8.1: The coordinate system for the DFB approximation analysis. A boost dong the x--a)i 

s hown in the figure moves into a b e  where the electric field g' is parailel to the magnet ic 
field p. In the pulsar rest Bame, the z-axis is taken to be parailel to l?, and Ë Lies in 
the y-r plane. In the boosted frame, the charges are assumed to move either parallel or 
mti-parailel to B. 



It is assumed that, in t his £kame, the velocity of the charge is eit her parallel or anti-parallel 

to @ (dependhg on the sign ofq&@, where q is the particle's charge) and that the particle 

is ul tra-relativistic, so its speed is nearly c. This requires no rnomentum perpendicuiar to the 

field line in this frame, which occurs tvith smail pitch angle motion or when the perpendicular 

rnomentum is quiddy radiated away through synchrotron radiation. Boosting back to the 

irii t ial frame, the charge's velocity is then 

where LI = J B ~  + p2E2 - 2PE,B and y = 1/dW2'. The expression is exact, given the 

assumption about the particle motion in the boosted frame of reference. 

Given an initiai position, the charge's motion is now defined by the solution to a set of 

three first-order ordinary dxerential equations ü = dF'dt, which can be solved numerically 

with relative ease. The particle's energy can be found by integrating the power input due to 

the electric field and the power output due to the radiation Ioss. 

It is generally found that, since the fields are so large, the radiation reaction force acts 

like a thermostat, balancing the energy input from the electric force with the energy output 

due to radiation (see section 8.7). This gives a convenient description of the particle's energy 

at any point, 

where the radiative power output was taken as equation 8.6. 

The whole approximation is only valid where the timescale to radiate away the momentum 

perpendicular to the field direction is much less than the timescale 110 over which the fields 

Vary significantly; this reduces to another constraint on R and C< when the charges are not 

on a nul1 surface: 



For a typical p = 10" G cm3, this gives Q > 6 rad/s, which is true for d the observed 

gamma-ray pulsars. 

i f  this condition is not met, then in some cases the DFB approximation will still apply. 

If the radius of the synchrotron orbits is much smailer than the other length scales in the 

magnetosphere (most cntically the light cylinder radius), and the pitch angle of the motion 

relative to the magnetic field line is small (to maintain a parallel velocity roughly equal to 

c), then the approximation is still valid. This applies for charge motion on the nul1 surface 

in some cases, where the low Lorentz factors translate into tight orbits around the field Iines. 

However, it does not apply for highly relativistic charges (unattached to a null surface) in a 

pulsar which does not s a t i e  condition 8.15. 

8.3.2 Cornparison with the Complete Simulation 

To test the validity of the DFB approximation, the simulation results were compared with 

tliose from the more complex complete simulation which made no approximations about 

the charge motion. The complete simulation was orders of magnitude slower than the DFB 

simulation, since the time steps had to be much smaller to properly capture the synchrotron 

motion around the field lines. 

The energy of the particles under the DFB approximation was calculated by integrating 

the net energy input, which includes two contributions: energy input due to the electric field 

parallel to the velocity, and energy output due to radiative losses. 

To investigate the accuracy of the DFB approximation, charges were started in a Deutsch 

field magnetosphere at diEerent locations, and their progress charted in the DFB simulation 

and the complete simulation until they hit a null surface or escaped from the magnetosphere. 

In general, one would expect that the DFB approximation would begin to fail outside the 

light cylinder, where the smaller magnetic fields would translate into longer timescales to 



radiate the momentum perpendicular to the magnetic field line (see equation 8.10). However, 

it should rvork well in the inner magnetosphere where the fields are much stronger than at  

the light cyiinder. 

The first two simulations were run using a mode1 pulsar with Q = 100 radis and p = 1030 

G cm3. This pulsar readiiy satifies condition 8.15, so the approximation should be valid for 

charge motion off a n d  surface. 

The first simulation nui used for cornparison has an electron started a t  r = 0.2Ri,, 

0 = r / 8  radians, and 4 = 7r/4 radians. The charge (in both simulations) hits the null surface 

ratlier cpickly, in slightly under 7 x 1 0 ~ ~  s (compared to the pulsar period of 6.02 x 10-~ 

s). The DFB approximation morks very meli before the charge hits the null surface, as is 

demonstrated in Figure 8.2. Plots (a) to (c) show the fiactional difEerence between the 

complete and approximate solutions over the charge path for the x, y, and z components 

respectively. These are al1 tiny, generaily less than 0.01%. Plot (d) shows the fractional 

difference for Lorentz factors between the two simulations, which is somewhat Iarger, though 

generally less than 1%. 

The second run considers a path which leaves the magnetosphere, but in this case the 

DFB approximation still gives a good solution. The electron was started again at r = 0.2Ri,, 

but with 8 = r / 4  radians and 4 = r / 8  radians; figure 8.3 shows the fiactional differences 

between the approximate and complete simulation solutions for the x, y, and z components 

of the position, as tvell as the charge energy, in plots (a) through (d). The approximation 

solves for the position to  better than 3% (and generally better than lx), and for the energy 

to a few percent. 

The DFB approximation does not hold as closely for the slower pulsars, as is suggested 

by condition 8.15. This is demonstrated by a nui for a charge in the fields of a mode1 pulsar 

with Q = 1 radis and p = 1030 G cm3 (which does not meet condition 8-15), shonm in 

figure 8.4. The initial position was r = Ri,, 0 = 3 ~ / 8  radians, and 4 = 3n/4 radians. The 

solution from the complete simulation is shown with a dashed line in plots (a) through (d), 



Fig. 8.2: A cornparison of the resdts of the DFB simulation to the more exact complete simulation, 
for an electron started at r = 0.2Ri,, 8 = a/8 radians, and 4 = 7r/4 radians in the fields of 
a pulsar with R = 100 rad/s and p = 1030 G cm3. Plots (a) thmugh (c) show the bactiond 
differences in solutions for the x, y, and z components of the position respectively, and 
plot (d) shows the &actional diffaence in Lorentz factor. The position of the particle 
agrees to better than 0.0195, and the energy to 1%. With these initial conditions, the 
charge hits the nuil surface well inside the Light cyiinder, where the fields are stiii very 
large. 
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Fig. 8.3: A cornparison of the results of the DFB simulation to the more exact complete simdation, 
for an electron started at r = 0.2Ri,, 8 = n/4 radians, and q5 = n/8 radians in the fields of 
a pulsar wit h R = 100 rad/s and p = lo3O G cm3. Plots (a) through (c) show the fiactional 
differences in solutions for the x, y, and z components of the position respectively, and 
plot (d) shows the fractional difference in Lorentz factor. The position of the particle 
agrees to better than 3%, and the energy to 4%. In this scenario, the charge leaves the 
magnetosphere without hitting a null surface; the end of the run leaves the charge at 
approximately r = 6Rl,. 
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Fig. 8.4: A cornparison of the results of the DFB simulation to the more exact complete simulation, 
for an electron started at r = RI=, t? = 3 ~ / 8  radians, and q5 = 3 4 4  radians in the fields 
of a pulsar with Q = 1 rad/s (slower than any of the known gamma-ray pulsars) and 
p = 103* G cm3. Plots (a) through (c) show the x-, y-, and z-cornponents of the position 
for the complete simulation (dashed lines) and for the DFB simulation (solid lines). Plot 
(d) shows the Lorentz factor of the particle under the two ciSerent simulations. The DFB 
simulation gives an incorrect solution for the particle motion and energy in this case, as 
is expected. 



and the solution fiom the DFB simulation with a solid line. The DFB solution is seen to 

diverge significantly fiom the complete solution, as is expected in these relatively meak fields. 

Since the approximation fails for pulsars wvith periods representative of the typical popu- 

lation of normal pulsars, its w in simulating these slower objects is limited. However, even 

for the slowest pulsars, the DFB approximation applies to charge motion weil within the 

light cylinder where the fields are still very large. 

8.4 Charge Motion on the N d  Surface 

The DFB approximation describes the motion of charged particles in the fields of the fast 

gamma-ray pulsars very well when the charges are not on a null surface. However, when the 

charges hit one of these surfaces, they lose almost ail of their energy to radiation, since there 

is no longer a component of electric field parallel to the magnetic field to provide energy 

input. 

Charges move quite differently on the two different sorts of null surface; the details of 

their motion can be quite important in terms of sustaining the vacuum fields: since the 

charges are confined to a plane and can have quite large charge densities if neutrality is not 

maintained. 

8.4.1 Charge Motion on Wired Surfaces 

The charge velocity on a wired null surface has two cornponents: one is the local drift velocity, 

and the other is a basically undetermined component along the local magnetic field line. 

The local drift velocity is given by equation 8.11, which reduces to the regular Ë x drift 

velocity since E and l? are perpendicular on the null surface. Since this is generally of order 

r/Ri,, this component is much less than the speed of Light well inside the light cylinder, and 

generally will be dominated by the component along the magnetic field line. 

Since there is no component of Ë parallel to Ë on the nul1 surface, there is no preferred 

direction along the magnetic field line for charge motion. However, since the nul1 surface is 



rotating, "centrifugai force" d tend to move the charges out toward the light cylinder. The 

drift velocity and centrifugai forces affect both types of charge e q d y ,  and, for a neutral 

plasma, wil i  not create any net current which might affect the magnetic fields. 

8.4.2 Charge Motion Near a Wired N d  Surface 

Whether charges are attracted to or repelled from the different sorts of oull surfaces is 

extremely important for the charge dynamics. If a null surface only attracts one sort of 

charge, it d quickly build up enough charge to alter the fields, since the charges are 

confined to a h o -  rather than three-dimensiond volume. 

By way of demonstration, and because it is central to the problem considered in this 

thesis, consider the wired null surface in the point dipole fields. In this limit (a « r < Ri,), 
the DFB drift v e l o c i ~  is smali compared to the velocity component along the field line; this 

latter component will dominate the dynamics. 

If the charge velociS always forces motion tomard the nuil surface (the x = O plane in 

the coordinates presented in section 7.2.1), then the null surface attracts; othenvise, it repels 

charge. The charge motion in the z-direction is dependent on Bz and the sign of qË - g, 
which determines the direction of motion dong the magnetic field line. 

In  t hese fields, 

The sign of f can be seen to be equal to the sign of -gr, and the sign of f is also equal 

to the sign of v,. Therefore, for z > O, electrons are attracted fiom negative x to the nul1 

surface and repelled from it from positive x, and positrons are attracted from positive x and 

repelled from negative x. The opposite is true for z < 0. 

This null surface attracts both positive and negative charges from different parts of the 

rnagnetosphere, and therefore will tend to remain electrically neutral. Any slight charge 

imbalance ivill create small electric fields along the surface which nill restore the balance 



without changing the field dynamics too dramatically. 

This is a faKly general property of wired n d  surfaces; the charge dyoamics tend to 

keep them electrically neutral. Obviously, this aspect of the null surface is important in 

our pulsar model, since it does not tend to create charged surfaces which would alter the 

electromagnetic fields. 

8.4.3 Charge Motion on Pierced Surfaces 

Charges are attracted to pierced surfaces in a somewhat different manner than to wired 

surfaces. Near the surface, the charge follows the local drift velocity, but perforrns ultra- 

relativistic one-dimensional simple harmonic motion across the surfaee by oscillating along 

the magnetic field line direction. 

Since there are no simple pierced nul1 surfaces in the Deutsch fields, consider a simple 

field configuration containing such a surface, tvith electric and magnetic fields equal to 

where B, Eo, and a are constants (changing the direction of the added electric field off the 

null surface or changing the form of the variation will not qualitatively affect the results). 

Then the surface z = O is a pierced null surface, and charges on this surface move with a 

drift velocity Eo/BÎ.  They are still free to move along the magnetic field line, however, but 

there is a linear restoring force (for negative charges) which returns the charge to the surface. 

Note that the electric field acts quite dinerently for positive charges: these are repelled from 

the null surface everywhere. Pierced null surfaces can only attract one sign of charge. 

A negatiw charge, then, NiIl perforrn simple harmonic motion along the magnetic field 

line, and follow the Ë x Ë drift velocity in the null surface, as long as the amplitude of the 

oscillations is much less than a (othenvise, the drift velocity would change). 

If the charge is ultra-relativistic for most of its oscillation, the analysis is simplied con- 

siderably. -41~0, if Eo « B, the drift velocity can be ignored for the purpose of determining 



the parameters of the oscillation. 

For this sort of ultra-relativistic simple harmonic motion (URSHM), energy conservation 

is the most direct route to a solution. Assuming that the charge's energy as it crosses the 

null surface is "lornt?, the amplitude of the oscillation is: 

and the penod (found by assuming the charge is dways moving almost at  the speed of light) 

is: 

The frequency of oscillation in the ultra-relativistic limit can be compared to that in the 

non-relativistic iimit by setting k = l/a as the effective "spring constant" ; letting m' = yom 

be the effective relativistic mass, 

where wu, is the frequency for URSHM, and 6, is the frequency for NRSHM, with m replaced 

by m'. 

-4s mentioned earlier, pierced nul1 surfaces only attract one sign of charge, depending on 

the orientation of the electric field on either side of the surface. Charge can build up on such 

surfaces and alter the vacuum fields. Fortunately, no pierced n d  surfaces which attract o d y  

one sign of charge are sustained over a signiscant spatial extent exist in the Deutsch fields, 

and they are not important to the field structure; for example, section 7.4.3 discusses the 

pierced null surface near the star which attracts electrons in some places and positrons in 

others. -4 charge attracted to one area will flow along the-surface until it encounters an area 

whcre it is repelled, and then is ejected €rom the surface. 



8.5 Types of Charge Motion in the Deutsch Fields 

When charges are not on a null surface, their motion is well described by the DFB approxi- 

mation; when on a nul1 surface, the charges move a s  described above. 

The paths observed in the s i rdat ion runs can be grouped into three categories: 

Outgoing Paths: These paths move fairly directly from their starting point to infinity 

without hitting a nuil surface. They contribute the majority of the radiation from the 

pulsar. If a charge started well inside the light cylinder passes through the light cylinder 

without encountering a null surface, it will invariably be following an outgoing path. 

Only a small fraction of paths are outgoing. 

Ingoing Paths: These paths hit the star Ivithout encountering a nul1 surface. Most 

are quite short, though some (which follow field Lines near the boundary between open 

and closed field lines) can extend for some distance. Since these paths are quite curved, 

particles following these paths can radiate quite pomerfully. 

S topped Paths: These paths hit a nul1 surface before leaving the magnetosphere or 

hitting the star, and, dong with ingoing paths, form the majority of the paths seen 

in the simulation for charges started with r > O.lRic. The paths are generally quite 

short, leaving little time for the charges to radiate. 

The simulation results show that, in the Deutsch fields, there are no outgoing paths for 

charges started with r < O.lRic. The paths are a mix of stopped paths and ingoing paths, 

which suggests that charges created inside this sphere d l  not escape readily except as a 

low-energy neutral plasma dong the nuil surface. 

8.6 The h e r  and Outer Magnetospheres 

-4 key concept of our mode1 is that the magnetosphere can be roughly divided into two 

regions: the inner and outer magnetospheres. The inner magnetosphere is defined as a 



sphere of radius r = O.lRic, inside which the charge density is large enough to alter the 

fields. It is assumed that, inside this region, the charge dençity equals the Goldreich-Julian 

charge density - that is, the plasma CO-rotates with the star. In fact, fiom the point of view 

of the generated fields, the inner magnetosphere is indistinguishable from the star- 

The outer magnetosphere is assumed to be entirely evacuated; therefore, the electrornag- 

netic fields in this region are the Deutsch fields, but using O.lRlc for the "steUar" radius. 

This region is where the gamma-radiation is generated, as the charges move at extremely 

high energies (generally with Lorentz factors of several x107). 

This distinction is crucial to a mode1 mhich is consistent with radio observations; nithout 

a high-density plasma, the radio waves (which require a coherent plasma process) would not 

be generated. It is a fairly rough approximation, both in terms of the cut-off in corotation 

charge density at the boundary between the inner and outer magnetosphere and in the 

shape of the inner magnetosphere; however, it does capture some of the basic physics of the 

situation. The inner magnetosphere may be required to generate the small charge density 

in the outer magnetosphere (much Iess that the Goldreich-Julian charge density to maintain 

vacuum) which produces the gamma-radiation; this point is discussed in chapter 10. 

8.7 Charge Energetics 

The DFB approximation generally gives the particle paths to high accuracy; however, so far 

little has been said about the charge energies dong those paths. 

The energy as a function of time can be found by integating the potver, expressed as the 

charge's Lorentz factor: 

where Pd is the radiative power los; as mentioned earlier, equation 8.6 was used for radia- 

tive power in these simulations. 

If the electric fields are strong enough and act to increase the energy of a charge, the 



radiation reaction force WU act like a thermostat, fixing the particle's energy at  a particular 

value for a given electric field. That is, if the particle's energy rises above the equilibriurn 

value, the radiative power increases above the power input due to the electric field, and 

the charge loses energy. If its energy is below the equüibrium value, the radiative power 

drops below the power input from the electric field, and the charges energy increases. If the 

clectric field acts to decrease the energy of a charge, it will quickly stop and accelerate in 

the opposite direction, and the thermostat wili become operational. 

This equilibrium &lue can be h d  by settùig the power input due to the electric field 

equal to the radiative power los: 

and t herefore 

Here El, is the component of Ë parallel to the charge's velocity. 

When the electric field is large enough that this process is efficient, the charge is called 

"radiation reaction limited". This occurs when the timescale for the electric field to accelerate 

the charge to 7- is much less than the characteristic timescales of the problem; for a pulsarl 

it must be much less than the pulsar period T = 27r/R. 

The magnitude of the electnc field in the outer rnagnetosphere of the Deutsch pulsar, 

where there is a significant component of Ë parallel to B, is roughly 

where u = r/Ri, .  Using this value for Ell, the equilibrium Lorentz factor is 



ahich does not depend on u. Therefore, the charges move with roughly constant energy 

through the magnetosphere; however, the form of equation 8.21 is an oversimplification of 

the true fields, and the component parallel to the velocity will vary. 

The timescale rd required to accelerate a charge fkom Iow energy to .y, in these fields, 

as a fraction of the pulsar penod T, is 

For a pulsar with p = 1030 G cm3 at the light cylinder (u = l), r,r = T at an angular 

frequency of R = 0.08 rad/s, and therefore the approximation that the chaïges are radiation 

reaction limited is a very good one for a l l  the known gamma-ray pulsars. 



THE DEUTSCH FIELD PULSAR MODEL 

This chapter builds on the results of the last two chapters and lays out the h e w o r k  for a 

new model of gamma-ray emission from pulsars. It is a roughly self-consistent model, where 

the gamma-ray emission is generated in the evacuated outer magnetosphere and the radio 

emission is created in the inner magnetosphere. 

We make a set of amunptions about the global magnetospheric structure that differs from 

past models: we assume that the charge density is very small in the outer magnetosphere, 

and that the inner magnetosphere can be treated as a spinning, highly magnetised and 

conducting sphere in vacuum (the electromagnetic fields around such a star were derived by 

Deutsch 1955). This assumption is justified in our model because we find that any charges 

created in the inner magnetosphere follow paths constrained to stay close to the star. They 

are thus unable to populate the outer magnetosphere and short out the electric fields (the 

distinction between the inner and outer magnetosphere was elaborated in section 8.6). 

By so fixing the fields, particle motion c m  be integated relatively easily, and the radi- 

ation obsenred from the model pulsar can be estimated fairly accurately. With low number 

densit ies, inverse Compton scat tering and photon/photon interactions are unlikely, and syn- 

chrotron emission is not important, so curvature radiation is the only source of emission. 

The back reaction on the particles of the curvature emission is included in the determining 

the particle energies. 



9.1 Radiation Processes in the Deutsch Fields 

9.1.1 Particle-Photon and Pbo ton-Pho ton ln teractions 

This niodel assumes that the only emission contributhg to the light c w e s  is a result of 

curvature radiation by the high-energy particles rnoving dong curved paths in the magne- 

tosphere. This is justified as long a s  the number densities of charges are srnall; how small 

can be roughiy calculated by examining the mean free path of photons subject to Compton 

scat tering off electrons and to self-scattering. 

Inverse Compton Scat tering 

Tlic cross-section for Compton scattering (or inverse Compton scattering) is approsimately 

equal to the Thompson scattering cross-section for photon energies in the electron rest frame 

much l e s  than the electron rest m a s .  For photon energies in this frame much greater than 

the electron rest mas ,  the cross-section is approximately ~ q r n ~ / ~ ,  (Jackson (1975)). 

Therefore, the Thompson cross-section d l  be used as an upper limit to the cross-section 

(ah hough t his neglects resonant interactions with the magnetic field, which can increase the 

cross-section by several orders of magnitude above the Thompson value for a limited energy 

range - see, for example, Daugherty & Harding 1991). 

The optical depth of the magnetosphere to inverse Compton scattering for a photon is 

t hen approximately 

mliere ne is an average electron density, 41. = 6.65 x cm2 is the Thompson scattering 

cross-section, and Ri, = clSI is the light cylinder radius. 

The number density of photons in the magnetosphere c m  be roughly estirnated from the 

power output of each electron P,, the average photon energy ET, and the characteristic time 

the photons are within the magnetosphere 1/R as 



To ensure that the number of photons which scatter off electrons is much iess than the 

number of electrons, 

This puts a ümit on the number density of electmns of 

For relativistic motion on a path Mth radius of cumature p, the power and average 

frequency of curvature emission can be written (e-g., Jackson 1975) 

mhere 7 is the charge's Lorentz factor and e its charge. 

Su bs ti tuting these into inequality (9.2) , 

The Lorentz factor of particles can be estimated from the fields (see equation (8.14)) 

by equating the power output from radiation with the power input from the electric field. 

Roughly, this gives 

This can be used to define an upper limit to a combination of the stellar parameters 

below which this mode1 remains applicable by setting the Goldreich-Julian number density 



equal to the limit of equation (9.5) (the number densities must dways be much Iess than 

the Goldreich-Juiiaan number density). Using the expression for 7 abow, the condition for 

neglible scattering is 

For example, with a magnetic dipole moment of 103* G cm3 (giving a surface magnetic 

field of approsirnately 10'' G), the upper Limit on Q is approximately 5000 radis, rnuch 

larger than any standard pulsar spin rates. Thus, for the population of normal pulsars. 

the Goldreich-Julian number density is not suf6cient to ensure significant Compton scat- 

tering. This assumes that the only photons are the gamma-ray photons generated by the 

charges; a high flux of x-ray-energy photons from the inner magnetosphere might change 

t hese assumptions. 

Pho ton-Plio ton Scat tering 

A similar calculation can be done for the case of photon-photon scattering, where the cross- 

section above the pair production limit is again maximaily of order the Thompson cross- 

section. For the spectmm to remain unperturbed as it leaves the magnetosphere, 

where = %uT Rlc- This gives evactly the same constraint on the electron number density 

and on the angular velocity and dipole moment (equation (9.6)) as the inverse Compton 

scat tering criterion above. 

While the fraction of photons aEected by photon-photon scattering is rather small, the 

photons which do interact create charges in the magnetosphere. This could provide a source 

for the charges, though a more cornplex calculation is required to properly examine the 

viability of this option (see sections 9.5.1 and 10.1 for some discussion of this problem). 



9.1.2 Synchrotron Radiation 

Under the DFB approximation, charges move parailel to the magnetic field line in a frarne 

where the electric and magnetic fields are pardel. The timescale to radiate away perpen- 

dicular momenturn through synchrotron radiation is very short, so there is no sustained 

emission. However, if there is pair production throughout the outer magnetosphere, the 

new charges will be created with velocities at  angles to the local magnetic field and wili 

radiate the perpendicular momentum away, possibly contributhg singificantly to the overall 

emission. This effect is not included in the present model. 

9.2 Outline of the Model 

The charge density in the outer rnagnetosphere is taken to be much less than the Goldreich- 

Julian charge density, as charges created in the inner magnetosphere (r  < O.lRi,) are either 

bound to the inner magnetosphere or flow out of the magnetosphere as a low-energy neutral 

plasma on the null surface. 

With this justification of the vacuum assumption for the magnetosphere, the basic modcl 

can be defined as a rough approximation to a global self-consistent solution to the pulsar 

problem. The outer magnetosphere (r > O.lRic) is the region of particle acceleration, where 

charges can be ejected from the magnetosphere. The only radiation which is important is 

c: nature  radiation, for the reasons discussed earlier. 

Particles radiate gamma-ray photons, some toward the star, where they create electron- 

positron pairs on the powerful magnetic fields in the inner magnetosphere. These charges 

are al1 bound on closed paths to the inner magnetosphere, and cannot populate the outer 

magnetosphere to short out the laige electric fields. A charge balance is established by 

having charges being created near the star and flowing out with Iow energies dong the null 

surfaces. The effect of the outfloming charges on the fields is neglected, as the nul1 surface 

attracts both positive and negative charges which flow with the same drift, creating a neutral 

plasma. 



Since the paths of the charges are all bound for radii r < O.lRIc, charges were started 

on a sphere of radius 0.2Ri, (called the "starting sphere") a t  intervals of r/16 radians in 

the toroidal and poloidal angles to M y  sample the range of initial starting positions. The 

starting energies were unimportant, since the charges imrnediately move to balance radiation 

power out with electric field power in. The source for these charges is left undetermined. 

The radiation nom these trajectories mas calculated and binned to build up light curves 

and spectra for different viewing directions; this is discussed in detail in sections 9.3 and 9.6. 

To simpüfy the numerical calculation, we took advantage of the three symmetries of the 

Deutsch fields described in section 7.5, 

Symmetry 1 means than runs need be done only for particle starting points in the top 

half of the magnctosphere; paths in the bottom half are reflections of those in the top liaIf. 

A consequence of Symmetry 3 is that charges started at a time to # O can be found from the 

paths started a t  to = O by a rotation azimuthdy. Symmetry 2 means that positron paths 

can be inferred fiom electron paths, but only in the orthogonal Deutsch fields. 

The combination of S-unetetry 2 and Symmetry 3 has an important consequence for the 

inferred Iight curves when the dipole moment is perpendicular to the rotation asis: positrons 

wi11 radiate in euact'y the same manner as electrons, but a half penod later. If the electron 

contribution is a single peak, the positrons will contribute a second peak, =actly 0.5 later 

in phase, if the distribution of positrons is equal to that of electrons in the magnetosphere. 

This does not hold for non-orthogonal systems, as Symmetry 2 is broken. 

9.3 Light C w e  Generation 

With paths of al1 the charges known, a pattern of radiative emission for different retarded 

times r (r = t - fiob, F'c,  with fioba a unit vector pointing toward the observer) could be 

generated. 

-4 numerical routine stepped dong the paths for each of the different starting angles, 

and for 100 steps in starting angle to. The emission from paths in the bottom half of the 



Fig. 9.1: Representative light cuves produced by the mode1 for mixent viewing directions, spin 
rates, field strengths, and dipole inclinations. See the text for a complete discussion. T h e  
is pbtted dong the horizontal axis, and arbitrary intensity dong the vertical. A11 plots 
have radio peaks at r = O andlor T = r/Q, presuming the radio emission to be generated 
close to the star and near the pole. Plot (d) is shown ofiet in time to show the single 
peak more clearly. 



magnetosp here (and for positron paths when considering orthogonal fieids) was included by 

in ferring their pat hs from the three symmetries discussed earlier. 

Since the emission generated is only for a single electron started at (0,4) on the starting 

sphere and a t  time ta, the power must be scaled by a distribution function f.,, of charges 

over the starting sphere and over starting time, where fe,pdRdto is the number of charges 

(either electrons or positrons) flowing through the starting sphere between soiid angle Q and 

R + dS2 at times between to and to + dto. This distribution function can be varied to model 

different sources; honrever, since most emission cornes from the outgoing paths, ~vhich only 

originate on a small region of the stazting sphere, changes in /., do not much affect the liglit 

curves. Throughout this work, fe = fp = f for the iight cuve  generation; the actual value 

of / is constrained by the total power emitted by the pulsar, and sets the number density at 

the starting sphere. 

The spectrum of the radiation at  one point dong a path, for a given particle Lorentz 

factor and path radius of cunmture, is assumed to be instanteously that for circular motion; 

this is discussed in section 9.6 The emitted radiation was calcuiated at several different 

frequencies to capture the spectrum a t  each time on the light curve. 

The emitted power was binned into angular bins of r/16 radians in azimutha1 and polo- 

dial viewing angles, bins of 2720 in r (where T is the pulsar period), and bins of 0.25 in 

logw, where hw is the photon energy. -4ny emission which was beamed through the inner 

magnetosphere (T < O.lRI,) was not included in the light curves, as it rvas assumed to have 

been absorbed in the denser plasma near the star. 

Figure 9.1 shows some representative 1 MeV light c w e s  generated by the model, which 

cover many of the variations seen in the observed gamma-ray pulsar light curves. Plots (a) 

and (b) correspond to a Geminga-like pulsar, with an angular velocity of il = 26.5 rad/s 

and a magnetic dipole moment of p = 1030 G cm3 aligned perpendicular to the rotation 

a ~ i s .  The first is for a viewing angle of 0, = 84.4", and the second represents radiation into 

8, = S0.6". These show the characteric symmetry between the first and second halves of the 



light cunre due to the action of Symmetry 2 in the orthogonal field. Light cuve  (c) is for 

the sarne Geminga-like pulsar, but with the dipole moment inclined at 45' to the rotation 

a i s ,  seen at a viewing angle of 73". The two main peaks are separated by a phase of 0.45. 

(ci) ,  (e), and (f) al1 correspond to emission kom a Vela-like pulsar, with Q = 70.6 rad/s and 

p = 3.7 x IoJ0 G cm3. The dipofe moment in (d) and (e) is nearly aligned a t  only 11.25O to 

the rotation mis; (f) corresponds to orthogonal fields. (d) represents emission into a viewing 

angle of 16.g0, and shows a weii-defined single peak. (e) is seen from a viewing angle of 

61.9" and shows three quite well-defined peaks (there is a suggestion of a triply-peaked light 

curve for PSR B1706-44, though tnro of the peaks appear to be quite close in phase, unlike 

in our plot - Thompson et al, 1995a). (f) is seen from a viewing angle of 39.4", and shows 

no discemable puIsation at frequencies less than 50 GeV. This pulsar would Likely be missed 

in a pulsar survey. 

Al1 the plots discussed relate to emission beamed into & = 0; one of the poles points 

toward the observer at t = O at  this angle. The Iight curves for 4, # O are identical evcept 

for a phase change. For al1 these plots, the radio emission peaks (presumed to corne from 

the poles near the star) would be seen at  T = O and/or r = KIR; the gamma-ray peaks are 

significantly displaced in some cases, nrhile in others they aiign quite closely- 

9.4 Light Curve Structure 

The light curves generated by this numerical procedure often show quite thin, ta11 peaks; 

which are not observed in the data. These peaks are generally caused by ingoing paths rvhich 

penetrate a significant distance into the outer magnetosphere, radiating quite powerfully as 

they follow the curved magnetic field Iine. 

These paths are often quite close to the boundary between the open and closed magnetic 

field lines (closed field lines close inside the light cylinder, and open field lines close outside). 

Paths started close together in the region of the starting sphere containing the feet of the 

open field lines can diverge quite significantly as they move out into the outer magnetosphere. 



The area of the starting sphere which contains the feet of the open field lines is quite small, 

and the numericd routine does not treat this region any differently than others; a better 

procedure wodd reduce the grid size here co capture the divergence of the paths. Adding 

this bature to the calcdation may cause the thin peaks seen in the light curves to spread 

out, both in phase and in emitting angle. 

9.5 Total Emitted Power 

The total power emitted into ail directions by the electrons or positrons a t  any time t is 

given by: 

mhere k,., ( O ,  9, ta; t - to)  is the power output of one electron (e) or positron (p) at time t - 4 

along the path, started at (0,q5) on the starting sphere at  time to. f., are the distribution 

functions of charges on the starting sphere, which is not fked in the model. 

9.5.1 The Required Number Density 

If the total high-energy power output of a pulsar is known, this fact can be used to estimatc 

the number density of charges at  the starting sphere required to supply that energy. If this 

number density is larger than the Goldreich-hlian number density, the fields Ml1 be altered 

and the model wiU break dom. 

Taking a constant distribution fe = fp = f ,  the total energy radiated in one period is 

given by 

Since the radiation reaction force fixes the radiated power to be very closely equal to the 

power input from the electric field, 



- - P,, = e Ë  - ii,& = ec-E P.,, 
c3 (9-9) 

where Ë is a dimensionles electric field which no longer depends on the d u e s  of p and R, 

and Ij,, = V,,/c. 

Defining r o  = nto and T = nt, the total energy emitted in a period can now be mitten 

mhere E is a dimensionless function of the dipole inclination angle x alone: 

For example, E = 36 for the orthogonal fields, and 6.8 for x = 11.25". 

Since the total gamma-ray power output from the mode1 (integrated over al1 emitting 

directions) must be constant with time, the total energy emitted in a period is equal to 

PobsF, where Po& is the observed gamma-ray power. 

The value of / can then be related to the observed power output: 

The value of j sets the number density at the starting sphere required to produce thc 

observed power output, since f = 4rc(O.2 Ric)2n. Therefore, 

The number density can be described somewhat more meaningfully as a fraction of the 

Goldreich-Julian number density (equation (1.6)) at the starting sphere (E is taken to be 

equal to 36, the value for the orthogonal fields). 



Reference 
Mayer-Hasselwander et al 199.1 
Kanbach et al 1994 
UImer et al 1995 
Laurent et al 1994 
Thompson et al 1992 
Fierro et al 1993 
Ramanaxnurthy et al 1995 

Pulsar 
Gerninga 
Vela 
Crab 
PSR1509-58 
PSR1706-44 
PSR1055-52 
PSRB1951+32 

Tab. 9.1: Number densities at the starting sphere required to give the observed power outputs 
for the known gamma-ray pulsars, as a fraction of the Goldreich-Julian number density. 
Periods P are given in seconds, period derivatives P in IO-" s/s, dipole moments p in 
units of lo30 G cm3, and gamma-ray power outputs PmI in ergs/s. Ail known high-energy 
pulsars have n/ncJ « 1, though PSR 1055-52 is somewhat marginal. AU estimates of 
average power assume beaming into a solid angle of 2%. 

This quantity is tabulated in Table 9.1 for the known gamma-ray pulsars, and is Iess than 

unity, and therefore consistent with the model, in all cases. The values of p were calculated 

with equation (7.12) taking  sin^ = 1 (and are therefore a lower limit), and the average 

powers were calculated by estimating beaming into a solid angle of 2r (this means power 

averaged over a period, which by definition is uniform in 4).  

The most serious weakness of this model is the la& of a clear source for the charge 

on the starting sphere. This is a complicated problem related to the physics of the inner 

magnetosp here and to pair creation due to photon-photon interactions (while these have 

P 
0.237 
0-0893 
0.0333 
0.150 
0-102 
0.197 
0.0395 

negligible effect on the shape of the spectnun, the s m d  fraction of interactions may be 

P 
11.0 
125 
421 
1540 
93.0 
5.8 
5.85 

enough to supply the charge). 

To resolve this problem with the model, we present an  outline of a possible source for 

the charges which is consistent with the observations. 

The charges are presumed to be created due to photon-photon pair creation in the inner 

magnetosphere, preferrentially a t  small radii due to larger charge (and therefore photon) 

density. To roughly quanti& this model, an order of magnitude estimate of the charge 

dcnsity will be presented; however, to properly understand the physics of the process, a 

more complex calculation needs to be made. This is meant only as an illustration of a 

possible physical process. 



The number density of charges created by photon-phot on pair production is roughly 

If the charges are the source of the high-energy photons, which pair-create on themselves, 

and n& cz ne. 

Using P, and E, as per equations 9.3 and 9.4, and assuming the particles to be radiation- 

rcaction limited, this reduces to 

In terms of the Goldreich-Julian number density at  the starting sphere, 

This functional dependence on R and p can be fit to the data from the observed pulsars 

to find a proportionality of best fit. 

The normalisation is only off by a factor of 16 from the naive estimate of equation 9.18, 

and gives an excellent fit to the observations. The only observed pulsar which falls off the 

fit line is Geminga - this could be due to a beaming effect or to an underestimate for the 

distance to this object (157 pc is used throughout). 

However, since the errors on the data points in the fit are fairly large (roughly a factor 

of six due to uncertainties in the stellar moment of inertia and the distance), there is quite a 

broad range of power law evponents that WU fit the data well. Figure 9.2 shows a likelihood 

plot for a fit of the form 



Fig- 9.2: Likelihood plot for the power-law exponents in the fit to the required number density at 
the starting sphere as a fiaction of the Goldreich-Julian charge density. The c w e  encloses 
the lo likelihood region; the extent of the region is quite broad, showing that the data do 
not significantly constrain the fit parameters. The two crosses show the best-fit point at 
(a = -0.86, b = -2.84) and the estimate nom self-consistent pair creation through pair 
radiation at (a = -1.5, b = -3.5). 



where the contour shows the lu confidence level for the power-law exponents a and 6. The 

best fit occws at a = -0.86, b = -2.84, but a = -1.5 and b = -1.5 is weU within the 

bounds. The extent of the dowed region shows that the data do not constrain the fit to any 

real extent, which is not surprising mith only seven points and relatively large uncertainties. 

Hoivever, the hypothesis that the number density is equal to the Goldreich-Julian charge 

density (correspondhg to o = b = O) is somewhat unlikely (only a 30% chance that this is 

correct) 

The extinction of gamma-ray emission occurs when the number density approaches the 

Goldreich-Julian number density, as the fields in the outer magnetosphere short out and 

cliarges are no longer accelerated to the required energies. For a pulsar with p = IO3' G 

cm3, using equation 9.19, this occurs as R -t 11 rad/s, or as the period approaches 0.57 sec. 

This suggests that a significant fraction (roughly h a )  of the population of ordinary pulsars 

can be gamma-ray emitters, though most a t  relatively Low power. 

9.5.2 The Gamma-Ray Efficiency 

The gamma-ray efficiency of a pulsar is defined as the ratio of the power output in gamma- 

rays to the total energy loss. For the Deutsch field pulsar, the rate of rotationai energy loss 

is 

and the gamma-ray porver emitted in Our mode1 is given by 



Fig. 9.3: Distribution of emitted power at  I MeV with viewing angle for two Vela-like pulsars. The 
solid Iine shows the power emitted by a pulsar with orthogonal fields, and the dashed 
line shows the corresponàing c w e  for a pulsar with a dipole aXjS inclined at 11.2F' to 
the rotation axis. The axes show viewing angle in degrees on the horizontal and emit ted 
power scaled to uni@ at the maxima on the vertical. 

Fig. 9.4: The variation of fip, the fiactional solid angle into which radiation is beamed, is shown 
for a Geminga-like pulsar with a dipole moment inclined at  22.5' to the rotation axis. 
The pulsar becomes signincantly less observable at higher fiequencies. Similar results 
are obtained for pulsars with different mode1 parameters. The axes show the base-10 
logarithm of the photon energy in MeV dong the horizontal, and the value of Rp along 
t hc vert i d .  



Setting E = 36 (orthogonal fields) and writing n in terms of the Goldreich-Julian number 

densi ty n c ~ ,  the gamma-ray efficiency is 

Here, the number density has been nrritten as a fkaction of the Goldreich-Julian number 

density; the gamma-ray eûiciency ody depends on this ratio, not on the pulsar properties 

directly. 

-4s n/ncJ approaches unity, so does the gamma-ray efficiency. This is seen in the cases of 

Geminga and PSR1055-52, where the obsenmtions suggest that i ~ ,  = 1 (Mayer-Hasselwander 

et al 1994, Fierro et al 1993). 

9-53 The Distribution in Vieiving Angle 

The emission is not beamed equally into dl directions. Figure 9.3 shows the emission (av- 

eraged over a period) at 1 MeV as a hinction of the viewing angle (O, = O to 90") for two 

Vela-like pulsars: one Nith orthogonal fields (solid iine) and the other with a dipole inclina- 

tion of 11-25" (dashed line). The power is scaled to unity at the maximum (again, this is 

power averaged over a period, which is uniforrn in 4). 

The fraction of the total solid angle into which the power is beamed can be quantified in 

terms of a power-weighted average: 

ahere R represents solid angle, not the angular velocity of the pulsar. 

Figure 9.4 shows Rp as a function of frequency for a Geminga-like pulsar with a dipole 

moment inclined a t  22.5" to the rotation axis. A general trend to Iower Rp (and therefore 

less observable pulsars) is seen for increasing frequency, with a much faster dropoff above the 

break in the spectrum (near several hundred MeV). Similar results are obtained for pulsars 

wit h different mode1 parameters. 



Fig. 9.5: The m t u r e  photon number s p e c t m  for a single particle in instantaneously circular 
motion. The photon energy is shown in units of the reference energy E, = Fi73c/p. 

9.6 Spectra of Emitted Radiation 

Since curvature radiation is the only contribution to the light curves, the frequency distri- 

bution of curvature emission by a single particle moving instantaneously in circular motion 

must be considered (see, for euample, Jackson (1975)). The shape of the curve depends on 

only two parameters - the energy of maximum intensity (E,  = 0.14ky3c/p, where y is the 

cliarge's Lorentz factor. c is the speed of light, and p is the radius of cunmture of the particle's 

patli), alid the maximum intensity. For energies much less than E,, the number distribu- 

tion in frequency is proportional to E-*/~; above E,, the curve drops off exponentially, and 

essentially disappears for E > 3Em. This function is plotted in Figure 9.5. 

At low Frequencies, therefore, each part of the light cuve  wiil fall off in photon number like 

13-*i3, and the shape of the light curve will remain essentially constant. At higher frequencies, 

the contributions from particles radiating mith different Em7s rd1 result in a light curve 

which is variable with frequency. If several different locations in the magnetosphere make 

significant contributions to the power, the shape of the spectrum can deviate significantly 

lrom the single-part icle spectrum. 



Fig. 9.6: Representative spectra for three model pulsars, ail with p = 103' G cm3, x = 90°, and 
seen from a viewing angle of 84.3". The solid line corresponds to a pulsar with R = 150 
rad/s, the dashed-dotted Line to one with R = 75 rad/s, and the dashed line to R = 25 
rad/s. The faster pulsars show more spectral detail at low freguency. 



Figure 9.6 shows several dinerent time-averaged spectra from model pulsars, al1 with 

p = 1031 G cm3, x = 9OU, and seen fiom a viewing angle of 83.4". Spectra for pulsars mith 

three difFerent angular velocities are shom: R = 25 rad/s, 75 rad/s, and 150 rad/s. The slow 

pulsar shows a very hard spectnun with an energy break near severai GeV, but relatively 

fcatureless othermise. The 75 rad/s pulsar shows a slight softening of the spectmm near a 

fc~v hundred MeV, and then retuming to a hard profle until an energy break near 100 GeV. 

The 150 radis pulsar has a signincantly softer spectrum with no break even through the 

TeV region. It is interesting to note that the photon flux for d l  three pulsars is relatively 

constant in the 100 MeV range even though the total power outputs V a r y  considerably. 

The different regions of the light curve can have somewhat different spectral properties. 

Figure 9.7 shows the Light curve (c) from Figure 9.1 separated into four components. The 

components correspond roughly to the peaks a t  low energy (1 MeV), shom in (a), and the 

high-energy (10 GeV) peaks, which f d  at phases of zero and 0.5. 

The phase of the gamma-ray peak tends to change with energy when the energies are 

close to the energy break if it is significantly difkrent from the phase of the radio peak. This 

occurs because the emission of highest frequency cornes fiom particles moving nearest to the 

star, where the fields are larger and the paths have a smaller radius of curvature. As the 

energy increases past the break, the peaks tend to move into phase Mth the radio peaks, 

since both are coming from relatively close to the star  near the poles. This alignment of 

gamma-ray phase Mth radio phase at high fiequencies is a provable prediction of the model, 

given the presumed location of radio emission. I t  is difficult to see this effect in the present 

observations, since the phase change only happens at very high frequencies (typically above 

10 GeV). However, if the low-energy gamma peaks are not aligned with the radio peaks, it 

does lead to the "interpulse" regions at low energy having harder spectra and higher energy 

breaks than the low-energy pulses, as is seen, for example, in the case of the Vela pulsar 

(Kanbach et al 1994). 

Generally the low-energy spectral index of -2/3 is harder than observed in the ,Y-ray 



cime < s e c )  

Fig. 9.7: The hequency dependence of the iight curve (c) fiom Figure 4. (a) shows the Iight cuve  
at 1 MeV, and (b) shows the emission at 10 GeV. (c) shows the spectra for four different 
components in the light curve. The iine dashing of the components in the üght curves 
corresponds to that of the lines in the spectral plot. The axes show the base40 iogarithm 
of energy in MeV along the horizontal and Iogarithm of arbitrary Merential photon 
number along the vertical. 



region for :hose pulsas where this has been measured. However, tbis is precisely the region 

where the model begins to break dom,  and radiation from other areas (such as the inner 

rnagnetosphere, where unperturbed cunmture radiation likely is not the dominant contribu- 

tion to the spectrum) becomes important. 

9.7 Aging the Model Pulsar 

With the number densïty at the starting sphere accounted for by equation 9.19, the emission 

from the model pulsar is fully characterised when the stellar angular velocity R, the effective 

magnetic dipole moment p, the dipole inclination angle X, and the viewing angle 0, are 

givcn. 

An important property to follow is how the properties of a model pulsar changes as it 

ages and spins dom. Assuming that the spin-dom is purely due to dipole radiation, the 

braking index for the pulsar is exactly 3. The age of the pulsar can then be estimated as 

where Ri = is the initial angular velocity of the star. For R *: Ri, the characteristic 

P age of the star is just ,. 

9.7.1 The Total Power 

The total power emittcd into al1 directions from the model pulsar is (cf. Paper 1, equation 26) 

Writing the number density as a Gaction of the Goldreich-Juüan number density, using 

E = 36 (orthogonal fields), and substituting equation 9.19 for n/ncJ, 



For large values of r (when < Cii), the angular velocity cirops off with time as R = 

r where 1/m, 

Here, 1 is the stellar moment of inertia, taken to be lOd5 g cm2. Using this relation, the 

total power output as a function of age and magnetic dipole moment can be written (setting 

sin2 x = 1) 

The total power output is a relatively weak function of time; however, somewhat surpris- 

ingly, it does not depend on any other pulsar properties explicitly (as long as the angular 

velocity of the pulsar is much l e s  than its d u e  at birth, which is not necessarily true for 

the Crab pulsar or PSR 1951+32). 

9.7.2 The Evolution of the S p e c t m  

The spectrum of radiation from the model pulsars can be fairly cornplex for young pulsars, 

though it generally shifts to a very hard spectrum for older pulsars like Gerninga or PSR1055- 

52, breaking near a characteristic energy of 

This can be re-written as a function of pulsar age: 

The slowest pulsars show a slight softening of the spectmm again down to x-ray energies. 

The spectra generated by the model for the very young pulsars (such as the Crab pulsar 

- see section 9.10.5) are generalIy harder than the observed spectra, suggesting that sorne 



Fig. 9.8: Spectra for a mode1 pulsar with p = 103* G cm3 at different times. The solid Line shows 
the spectntm of the pulsar at t = O, where the angular velocity is 200 radfs. The dashed 
iine shows the spectrum at t = 10' years, when the pulsar has spun down to R = 75 rad/s. 
The dot ted line corresponds to an age of 1.6 x lob years, when the angular velocity is 10 
radis (near the extinction point for gamma radiation). 



Fig. 9.9: Spectra for a mode1 puisar with p = 16' G cm3 at different tirnes. The solid üne sliows 
the spectrum of the puisar at t = O, where the angular velocity is 200 rad/s. The dashed 
line shows the spectrum at t = 103 years, when the pulsar has spun down to R = 75 rad/s. 
The dotted Liue corresponds to an age of 2.5 x 105 years, when the angular velocity is 5 
radis (near the extinction point for gamma radiation). 



effect which we have not included is a t  work reprocessing the high energy photons to lower 

energies. However, the model predictions match the observations very weU for the older 

(slower) pulsars. 

Bearing t his in mind, Figures 9.8 and 9.9 show the spectra for model pulsars with p = lo30 

G cm3 and p = 103' G cm3 as they age. Both pulsars were started with ni = 200 rad/s 

and have orthogonal fields (the spectral shape does not vary much a s  the dipole inclination 

changes, as, to give the same period derivative for spin-down, the magnetic dipole moment 

must increase). The pulsars are set at a distance of 500 pc. 

9.8 Candidates for Future Searches 

With a fit describing the number density of charges at the staxting sphere, the population of 

known pulsars can be examined for pulsars which might be candidates for future high-energy 

searches. 

The catalog of pulsars presented in Taylor et al (1993) was evamined for possible can- 

didates. This catalog contains 558 pulsars; the important parameters for this survey were 

period, penod derivative, and distance. The distance for most of the pulsars is only known 

approsimately, as it relies on the model used for the electron column density dong dinerent 

lines of sight, which has significant uncertainties (see Taylor & Cordes 1993). 

The pulsars were which met the requirement n/ncJ < 0.1 were sorted by bolometric 

Rus received at the Earth. Table 9.2 shows the first thirty pulsars in this category, with 

the mode1 R u ,  characteristic photon energy (E, = 8.9 GeV (R/100 r a d / ~ ) ~ - ~ ~ ( ~ / 1 0 ~ ~  G 

cm3)'-"), period, penod derivative, distance, and notes about the pulsar. Those pulsars 

already observed in gamma-rays are noted, as  weil as  those with poorly-constrained distances 

as defined by Taylor et al (1993). 

The fluxes have significant uncertainties; this can be roughly estimated from the devia- 

tions from the fit to the starting sphere number density (equation 9.19). The actual power 

output can vary by up to a factor of ten, and the distances are often uncertain by a factor of 



Pulsar 

Geminga 
VeIa 
PSR 0656+14 
Crab 
PSR 1706-44 
PSR 1055-52 
PSR 0740-28 
PSR 2334t61 
PSR 0114-t-58 
PSR 1046-58 
PSR 1449-64 
PSR 1951+32 
PSR 0355+54 
PSR 1742-30 
PSR 1509-58 
PSR 1737-30 
PSR 1853t01 
PSR 1221-63 
PSR 1719-37 
PSR 1800-21 

Char. Energy 
GeV sec 

0.237 
0.0893 
0.385 
0.0333 
0.102 
0.197 
0.167 
0.495 
0.101 
0.124 
0.179 
0.0395 
0.156 
0.367 
0.150 
0.607 
0-267 
0.216 
0.236 
0.134 

Notes 

known 
known 

knorvn 
knom 
knom 
poor distance 

known 

Tab. 9.2: The twenty bnghtest (non-millisecond) pulsars as predicted by the model in terms of 
average bolometric flux. The characteristic energy of the emitted photons is given in 
GeV, dong with the period, period derivative, and distance for each pulsar. The brightest 
pulsars are the known pulsars. The total flux is uncertain by up to a factor of ten due to 
uncertainties in the distance and beaming &ects. The model prediction for Geminga is 
a factor of ten too high; it would actuaily place second d e r  Vela were its real flux listed. 



Fig. 9.10: Mode1 spectrum for PSR 0656+14 (solid), with the model spectrum for Geminga (scded 
to fit the observations) shown as reference (dotted). 

two. Due to these uncertainties, all of the pulsars in Table 1 should be considered possible 

candidates for future sources. 

Pulsar PSR 1719-37 is of particular interest, as it is aimost identical to Geminga in 

angular velocity and magnetic dipole moment. Observing gamma radiation from this pulsar 

might help elucidate the lack of observed radio emission from Geminga. Its predicted flux is 

a factor of 250 l e s  than the predicted flux of Geminga, though only smaller by a factor of 

25 than Geminga's observed flux. If Geminga's anomolously low flux is due to beaming, the 

predicted flux for PSR 1719-37 might be measurable. 

-4 candidate often mentioned in these surveys (REFS) is PSR 0656+14, which has been 

recently tentatively identified as a gamma-ray source (Ramanarnurthy 1996). The emission 

from this source is predicted to be quite large from our model as well; it scores third in 

Table 1. The predicted spectrum is shonm in Figure 9.10, with Geminga's spectrum shown 

for reference (dotted line). 



9-8.1 The lWI"ïGRAL Teiescope 

Since our mode1 predicts very flat spectra at Iom energies, most of the power is emitted at 

higher frequencies than the 10 keV to 10 MeV range of the proposed INTEGRAL telescope: 

The spectra of the slowest pulsars can be signiscantly steeper than the E-2/3 required by 

the tail end of the curvature emission spectnim in the INTEGRAL energy range; however, 

these are generaily the dimrnest of the population. 

9-8.2 The GLAST Tdescope 

The GLAST telescope is a high-energy gamma-ray telescope sensitive to photon energies 

between 10 MeV and 300 GeV, probing to higher energies than the CGRO instruments. 

These measurements will be crucial in determining why our model seems to fail with the 

fastest (and youngest) pulsars, as we predict significant very high-energy flues for some. If 

photons at these energies are observed, then the mechanism for reprocessing them to lower 

energies may become somewhat clearer. 

9.8.3 The CELESTE Telescope 

The proposed CELESTE telescope (Dumora et al) is a &renkov air-shower detector which is 

sensitive to photons with energies greater than approximately 30 GeV. -4s with the GLAST 

telesecope: high-energy rneasurements of gamma-ray pulsars will be important in elucidating 

the mechanism of reprocessing high-energy photons to lower energies in our young model 

pulsars. 

9.9 MdIisecond Pulsars 

The millisecond pulsars have always been a good testing ground for pulsar theories due to 

their relatively tiny magnetic fields G at  the stellar surface) and their short periods 

(tens of msec clown to 1.5 msec), which allow observations of a rather separate region of 

parameter space. 



-Al1 gamma-ray pulsar models predict luminosities from these objects too low to be ob- 

served (Stumer & Durmer 1994) or non-existent (Chiang & Romani 1994). Our model 

predicts a relatively high luminosity; fiom equation 9.27, 

This power is high enough that nearby mibecond pulsars may be observable. In partic- 

ular, PSR 50437-4715, PSR 1534+12 and PSR 1257t12, if included in Table 1, would rank 

3, 6, and 8, and are therefore good candidates for observation. PSR 504374715 h a  already 

been observed as a pulsed X-ray source (Becker & Trumper 1993), so seems an especially 

good candidate. 

In Our model, PSR 50437-4715 would have an extremely high gamma-ray efficiency, ap- 

prosimately 0.6, an average bolometric flux at the Earth of 5.9 x 10-~ ergs/s/cm2, and a 

typical photon energy of 1.5 GeV. 

Recent observations (Verbunt et al 1996) have suggested that the EGRET source 2EG 

50220+4228 represents gamma-ray emission from the positionally coincident millsecond p u t  

sar PSR J0218+4232, though the significance of pulsation in the data is only 3.5 a. If the 

association is valid, the flux from the pulsar is roughly 5 x 10-~' ergs/cm2/s, or about 10% 

of its spin-dom luminosity (assuming a distance of 5.7 kpc, which is a lower limit) . 

For this pulsar, our rnodel predicts a flux of approximately 3 x IO-'* ergs/cm2/s, signif- 

icantly less than the observed luminosity, and much less than the predicted luminosity of 

other millisecond pulsars. This may suggest that the model used to generate the emitted 

gamma-ray power (based on the model for the number density at the starting sphere) needs 

modification. 

It has been suggested (Bhatia et al 1995) that the combined luminosity from millisecond 

pulsars in a globular cluster may be large enough to be observed. They use a model developed 



by Scharlemann et al (1978) which is çimilar in many respects to the Deutsch field pulsar in 

its basic physics, though it assumes number densities of emitting electrons and positrons to 

be always on order of the Goldreich-Julian number density (a hypothesis that gives a poor 

fit to the data fiom the seven known gamma-ray pulsars). 

Their estimate of the cluster luminosity, based on a rough distribution of rnillisecond 

pulsars in period (dN/<LP a P-'") and a relation between the pulsar period and its magnetic 

dipole moment (p oc p7I6), is 

n 
PGc = 3.8 x 10~~ergs/s(-) 

500 
(9.33) 

where n is the number of millisecond pulsars in a globular cluster. 

C'sing their distribution of miilisecond pulsar periods and relationship between period 

and magnetic field, Our estirnate is 

which is of the same order, despite the different relationship of gamma-ray power to R and 

p. Identification of gamma-rays from GC millisecond pulsars would strongly argue against 

the outer gap models and others which predict negligible emission from millisccond pulsars. 

The spectral distribution of the emission fkom a GC is quite different from that of an 

individual pulsar due to the distribution of spin periods. The emission from an individual 

pulsar is fairly strongly peaked near the characteristic energy E,; if we assume that the 

distribution of power f n m  an individual pulsar is a delta hinction in energy, then the spectral 

distribution of flux from the globular cluster is given by 

clN n D  - = 3.5 x 10-Lophotons/s/~e~/cm2(-)(-)-2~-1*45 
dE 500 kpc 

This is valid betnreen a few hundred MeV and 10 GeV, assuming a minimum period of 

1.6 ms and a maximum period of near 50 ms for the distribution in period; below a few 



hundred MeV, this ivill fa11 off again Iike E-2/3, and above 10 GeV the spectrum will break 

abruptly. 

For 47 Tucanae, for example, which is approximately 4.6 kpc from Earth, this translates 

to an integrated photon flux above 100 MeV of 1.8 x 10-l2 ph/s/cm2, which is too lom to 

be observed by EGRET or the proposed GLAST telescope. 

9.10 The Seven Known Gamma-Ray Pulsars 

As of this writing, seven pulsars are knom to emit in the gamma-ray region of the spectmm: 

the Gcminga, Vela, and Crab pulsars, as weil as PSR1055-52, PSR1706-44, PSR1509-58, and 

PSR1951t32. This relatively s m d  statistical sample provides the data against which d l  

gamma-ray pulsar models must be compared. 

The parameters which can be adjusted to fit the spectrum and shape of the light curve 

are the effective magnetic dipole moment p, the inclination angle X, and the viewing angle 

0,. The spin rate is not included as a free parameter, as observations tiu this very closely. 

The allowed variation in p is relatively smali, though uncertainties in the stellar moment of 

inertia allow approximately variations of up to a factor of three in its value. The value of x 
has been estimated for some pulsars (see section 3.2), but this is a model-dependent analysis 

and is therefore somewhat suspect. However, these values are used whenever available (for 

PSR1055-52 and the Crab and Vela pulsars). 

Variation of the viening angle do not change the spectra much, nor does changing x (as 

long as p scales as  l/ sin2 x to retain consistency with the spindom data). The values of 0, 

and x mainly affect the shape of the light curve: it is in general possible to roughly match 

the observed light curves by appropriate variation of these two parameters (see figure 9.1). 

Therefore, only the fits to the spectra of the known pulsars will be discussed, as these are 

much more sensitive to the known values of R and p. 



Fig. 9.11: The time-averaged model spectrum of PSR.1055-52 with the EGRET observations. The 
model spectrum fits the data weU The magnetic dipole moment required for the best 
fit was 1.8 x 1030 G cm3, somewhat higher than the 1.1 x loJa G cm3 predicted by the 
puisar spindown rate. 

PSR 1055-52 is the oldest of the knonm gamma-ray pulsars, with a characteristic age of 

5.4 x 105 years. Its spectrum is also the softest of the known pulsars. A fit to the EGRET 

data gives good agreement for p = 1.8 x 1030 G cm3 (somewhat higher than the 1.1 x 1030 

G cm3 predicted fiom the spindown data). Figure 9.11 shows the model spectmm with the 

EGRET data. 

9.1 0.2 The Geminga Pulsar 

The Geminga pulsar is one of the closest to tumoff, with n/nGJ = 2.1 x 10-~. A fit to 

EGRET data gives reasonable agreement when p = 1030 G cm3. Figure 9.12 shows the 

time-averaged spectnun for Gerninga and a cornparison to the observed data. 

The characteristic age of the Geminga pulsar is T = 5 = 3.4 x 105 years. 



Fig. 9.12: The time-averaged model spectnim of Geminga with the EGRET observations- The 
model spectrum fits the data weli, The magnetic dipole moment required for the best 
fit was 1.1 x 1030 G cm3, somewhat lower than the 1.6 x lo30 G cm3 predicted by the 
puIsar spindown rate. 

Fig. 9.13: The time-averaged model spectrum of PSR 1951+32 with EGRET observations. The 
solid h e  shows the model spectrum for p = 0.49 x 1030 G cm3, the d u e  derived from 
spindown data; this spectnim is sigdicantly harder than the observations. The dashed 
line represents the spectnim of a model pulsar with p = 5 x 103* G cm3, a value too 
large to be acceptable, but even this spectrum does not fit the observations well. 



Fig. 9.14: The time-averaged mode1 spectnim of PSR 1706-44 with the EGRET observations. The 
mode1 spectrum fits the data weli except for at the lowest photon energies. However, the 
magnetic dipole moment required for the fit was 0.5 x 1030 G cm3, signineantly Iower 
than the 3.1 x 10" G cm3 predicted by the pulsar spindown rate. This suggests that 
PSR 1706-44 may be an especially Iow-mass neutron star. 

This pulsar is moderately young, with an age of 1.1 x 105 years. -Again, the mode1 has 

difficulty matching the observed spectrum. Figure 9.13 shows the spectrum for p = 0.49 x 

10" G cm3 (derived from spindom data - solid line) and that for p = 5 x 1030 G cm3 

(dashed), as well as the EGRET data. Neither of the spectra match the observations well. 

PSR 1706-44 is a relatively young pulsar, with r = 1.7 x 104 years. -4 good fit is found with 

IL = 0.5 x 1030 G cm3; this is sigriificantly lomer than that predicted by the spindown rate 

(this predicts p = 3.1 x 1030 G cm3), suggesting that this pulsar might be an object with 

an especially low moment of inertia. Figure 9.14 shows the time-averaged spectrum for this 

object. 



Fig. 9.15: The time-averaged model spectrum of the Crab pulsar with EGRET observations. The 
solid line shows the model spectrum for p = 3.8 x 1030 G cm3, the d u e  derived from 
spindown data; this spectrum is significantly harder than the observations. The dashed 
iine represents the spectrum of a model pulsar with p = 50 x 1030 G cm3, an absurdly 
large d u e ,  but even this spectrum is too bard. 

9.10.5 The Crab Pulsar 

The Crab pulsar, with an age of only 103 years, is the youngest of the known gamma-ray 

pulsars, and the first to be detected a t  fiequencies other than radio. 

No variation of the parameters available couId provide a fit to the Crab's spectrum. The 

mode1 spectra are alwvays much harder than the observations, even for abswdly high choices 

of p. Figure 9.15 shows the EGRET observations of the pulsar as well as two model spectra: 

the solid line shows the model spectrum for p = 3.8 x 1030 G cm3 (fiom the spindown rate), 

and the dashed line shows the spectrum for p = 50 x 1030 G cm3. Both spectra are sirnilar 

in the EGRET range. 

The fact that the spectra was too hard suggests that, for the youngest pulsars, there may 

be a process (unaccounted for in our model) which reprocesses Iiigh-energy photons to Iower 

energies. 



Fig. 9.16: The tirne-averaged model spectrum of the Vela pulsar with EGRET observations. The 
soiid h e  shows the model spectrum for p = 3.4 x 103' G cm3, the value derived from 
spindown data; this spectrum is much harder than the observations. The dashed line 
represents the spectrum of a model pulsar with p = 100 x G cm3, an absurdly large 
value, but even this spectrum is too hard- 

9.10.6 The Vela Pulsar 

The Vela pulsar is also a young pulsar, with r = 1.1 x 104 years. 

' l o  variation of the parameten allomed a fit to the observed spectnun. Figure 9.16 shows 

the EGRET data as well as  the model spectrum for p = 3.4 x 10" G cm3 (solid line) and 

the model spectrum for p = 100 x 1030 G cm3. The lonrer value of p is the one derived from 

the spindown data; its spectrum is much too hard. The second value of p is much too large, 

but even this spectnim is too hard and puts out too much energy at high photon energies. 

This is the second-youngest of the lcnown pulsars, with r = 1.5 x 103 years. This is the only 

one of the gamma-ray pulsars not observed by EGRET; it has only been seen at frequencies 

below approsimately 1 MeV. 

The model predictions give photon energies much higher than those observed; ET = 15 

GeV is predicted. This should be easily observable in the EGRET range. The fact that it 



is not suggests rather strongly that some sort of photon reprocessing is occuring in these 

oungest pulsars. 



10. FUTURE WORK 

-1s it stands, the Deutsch field gamma-ray pulsar model presented here is not entirely corn- 

plete. While it can reproduce the spectra of the older pulsars quite accurately and generate 

light curves similar to those observed, the total power output for a model puisar is difncult to 

determine. The solution of this problem involves charge creation in the outer magnetosphere- 

10.1 The Source for the Charge 

The simple estimate made in section 9.5.1 for the charge density generated through a process 

where the charges that emit gamma-rays are self-consistently created by the photons they 

emit suffers from many approximations mhich make it rather suspect. 

A more detailed analysis of this problem mould involve a global solution across the outer 

rnagnetosphere. The charge creation process is exclusively photon-photon pair creation (as 

the magnetic fields are too srnail to allow 7-B pair creation), although in the more general 

problem, photons of quite different energies can be involved. If there is a relatively soft 

photon flux from the inner rnagnetosphere, the high-energy gamma rays can pair produce 

quite efficiently, as the cross-section is largest when the product of the two photon energies 

is slightly larger than the square of the rest mass energy of an electron. 

To examine the possible construction of such a physical scenario, consider the number 

density of electrons (or positrons), ne, and that of photons, r i ,  in the outer magnetosphere. 

Define f and g thmugh 

,A+ 3 ~ 0 ~ 2 0  
nt? = f 9 n7 = - 

r3 r2 
(10.1) 

so defined such that, with no charge creation, photon creation, or photon annihilation (f = 



g = constant), the charges d move paralle1 to the magnetic field iines with constant speed 

wit h a density proportional to the magnetic field and the photons d l  move radially outward 

with a density f W g  off like l/& This can b e n  seen from examinhg the continuity 

equations for electrons and photons: if we then assume a steady-state solution, that the 

charges move with speed c, and velociw always parallel to &, and that photons move outward, 

then the continuity equations reduce to 

af a f sin 0 7ie 3 2-COSO+-- = -r a~ ae r c 

The charge and photon creation rates are given by 

The term proportional to A relates to photon creation by the charges (through, for euample, 

curvature emission); if A is constant, then it is assumed that the rate of photon emission 

per charge is constant throughout the magnetosphere. For this to be the case for curvature 

cmission, the charge energy and path radius of curvature would have to conspire such that 

; ~ / p  is a constant. 

The term including B gives the rate of pair creation through scattering of the photons off 

a low-energy bath of photons with a density which falis off like l/r2 (presumably created in 

the inner magnetosphere). If the energy of the gamma-ray photons is constant throughout 

the magnetosphere, then so is B. 

The third contribution to dot- corresponds to pair creation by scattering of two gamma- 

ray photons, and is therefore proportional to nt. If the gamma-ray photon energy is the same 

everywhere, C Ml1 be constant. 

The solution to this pair of equations is non-trivial, especially considering the need to 

include self-consistent boundary conditions at  the inner magnetosphere. As well, in this 



simple example the electrons only travel parallel to the magnetic field lines; a more complete 

solution would inchde those travelling anti-parailel as well and include possible variations 

of A, B, and C throughout the magnetosphere. 

.4ssuming the photons move radidy outward is also somewhat suspect; this is valid far 

out in the magnetosphere, as most pair and photon creation occurs closer in. Homever, 

the most interesting physics occurs near the inner magnetosphere, and it may be more 

appropriate to assume that the photons are always travelling parallel to the magnetic field 

as well (a good approximation if the mean fiee path for pair or photon creation is small). 

This analysis ignores a possible distribution in energy for charges or photons; including a 

spread complicates the analysis enonnously, as the scattering rates involve integrations over 

these distributions. If the energies of both are relatively tightly constrained, or a simple 

model of the distribution can be applied eveqnvhere to estimate the effect of these spreads, 

this somewhat approximate model should suffice. 

The level of soft photon flux is difficult to detennine in many cases, as observations in the 

interesting regime (low-energy x-rays) are scarce; the interstellar medium absorbs photons 

of this frequency through the photoelectric effect. 

10.2 Synchrotron Radiation 

Created charges will radiate away perpendicular momentum through synchrotron radia- 

tion as soon as they are created; if charges are continuously created throughout the outer 

magnetosphere, this may be an important contribution to the overall emission. As well, 

the synchrotron emission is nonnally at  a lower energy than cunmture emission in the outer 

magnetosphere, and may help abate the deficit of low-energy photons in the models of young 

gamma-ray pulsars. 



10.3 Refinements of the Numerical Modelling 

Currently the charges are started on a grid uniformly spaced around the starting sphere. 

A better choice would be to use a grid with varying spacing, where the grid is tighter 

near outgoing paths and ingoing paths which penetrate a significant distance into the outer 

magnetosphere, and wider in regions where most of the paths are both short and ingoing or 

stopped, to properly capture the paths which contribute most of the radiation to the light 

curves. Which paths are going to be important is not always obvious in advance of the 

path integration, and therefore the grid spacing algorithm would be have to be somewhat 

i t erative. 

Also, given a model for charge creation, starting charges on a sphere of Lxed radius might 

be too simple an approximation, especiaily if there is significant pair creation throughout 

the outer magnetosphere. The algorithm for starting path integrations would, in a more 

complete model, take this distribution into account as well. 

This rnodel also ignores the radiative contributions of charges which travel a significant 

distance the light cylinder on null surfaces. They are ejected into a relatively weak field, 

large radius of curvature region near the lïght cylinder, and therefore are not expected to 

radiate significantly; however, they might make up the low-energy deficit of photons in the 

observed spectra for the young pulsars. 

10.4 lterating the Sol ution to a Self-Consistent Magnetosphere 

The model thus far assumes that the charge and current densities in the outer magnetosphere 

are small enough to ensure the accuracy of vacuum fields. If the densities are large enough, 

this no longer holds. However, it may be possible to iterate to a global solution by initially 

assuming vacuum, determining the charge and current densities, and finding how they change 

the electromagnetic fields. This new solution for the fields could then be used to generate 

nem charge and current densities, and the process repeated until a self-consistent solution is 

found. 



The convergence of this sort of iterative solution of dinerential equations is by no means 

assured, however, so much work needs to be done to even examine the possibility of using 

this technique. It is also quite expensive computationdy, though perhaps not as intensive 

as solving the set of partial diffecential equations using traditional techniques. 

10.5 Applying the DFB Approximation to  Global ModeUing 

The pulsar problem as discussed in section 1.2 can be sirnplified by using the DFB approxima- 

tion to describe the motion and energetics of charged particles in the pulsar magnetosphere. 

The generd problem is still compleq but being able to mi t e  the charge velocity in terms of 

the fields at a particular point in space simplifies the analysis significantly. 

Approximations similar to this have been used in the p s t ,  but the charge motion was 

generally assumed to flow with a component dong and one equal to the corotation velocity. 

This is only true mhen the charge density is equal to the Goldreich-Juiïan charge density 

everywhere; in a less idealised magnetosphere, this assumption is no longer valid. However, 

due to the complev relationship betnreen charge velocity and fields in the DFB approximation, 

it is cspected that only a numerical treatment could be applied. 

The DFB approximation works best when applied to faster pulsars, as the magnetic 

fields at  the light cylinder of slower pulsars is not large enough to ensure that perpendicular 

momentum is radiated away at a high enough rate (condition 8.15). Therefore, it rnay 

have limited applicability in simulating charge motion near the light cylinder in older radio 

pulsars. However, since it is cxpected that the radio emission occurs near the star, where 

the fields are still very large and the DFB approximation is valid, it may be useful even for 

t hese slower ob jects. 

10.6 The h e r  Magnetosphere 

Understanding the physics of the inner magnetosphere may be important to the gamma-ray 

emission of the pulsar, a s  low-energy flues from this region may play a part in pair creation. 



The full problem is complev one involving plasma physia, but a method which may have 

some success is similar to that used in the polar cap models of Daugherty & Harding (1996). 

Monte Carlo-simulating charges as they move through the inner magnetosphere and pair 

create can give a better idea of the shape of the inner magnetosphere and the magnitude 

of flues of different photon energies. This will give very Little information about the radio 

emission mechanism (almost certainly a coherent plasma process), but may give accurate 

results in photons energies at the optical level and higher. These are the photons which will 

be important for pair-creation and inverse Compton scat tering processes. Understanding 

how to properly include plasma effects in the charge motion is non-trivial, however. 



11. CONCLUSIONS 

Two scenanos involving gamma-radiation fiom neutron stars have been e~amined in this 

thesis: first, in terms of sources for GRBs where neutron stars boni in the disk interact 

with cornets born in globular cIusters, and second, as a model for gamma-ray emission from 

pulsars. 

1 1.1 Distribution of GRBs in Halo Neutron Star-Cornet hteractions 

This research involved simulating GFü3 distributions given a model framework of GFU3 cre- 

ation: they are made in the interaction betnreen a neutron star in a large Galactic halo 

and a cornet, ejected from a globular cluster or a stellar system in the Galactic disk. The 

main cnteria the model was tested against mre the observed distribution on the shy, which, 

within statistical limits, is isotropic, and the distribution in burst flux, mhich look like a 

homogeneous distribution of standard candles for the bright bursts, but shows a deficit in 

dim bursts, suggesting an edge to the distribution radially. Therefore, the observed GRB 

distribution is a roughly homogeneous sphere, Mth centre near the Sun, which is truncated 

at some maximum radius- 

4 x 10' neutron stars were boni in the disk, where their spatial birth distribution nras 

taken to be the same as the pulsar spatial distribution, and their velocity distribution was 

allowed to vary. Several birth velocity distributions were tested: one equal to the observed 

pulsar birth velocity distribution, and various high-speed distributions. There is evidence 

to suggest that some pulsars can be boni with very high velocities indeed (one the order of 

1000 km/s or Iarger), which would be completely unbound from the Galaxy's potential well. 

The neutron star motion was simulated for 5 billion simulation years. 



Cornets were created in two locations. The first was in steilar systems in globular clusters, 

where they are first ejected korn the steiIar system with low energy, and then scatter to high 

energies and are ejected into the Galactic halo. 107 of such comets were evolved for the 

5 billion-year simulation period. The second location was in steliar systems in the disk, 

from which they are ejected with low energy. These comets were assumed to have a density 

distribution which followed the mass distribution of the disk component of the Galaxy. 

The conclusion of this work was that models of GRBs as interactions between halo 

neutron stars and interstellar comets are rather untenable due to their distributions in space. 

The two basic criteria any GRB model must meet are the isotropic distribution on the sky 

and t runcated uniform distribution in flux observed by BATSE. Xone of the models we tested 

could match the distribution on the sky; however, matching the distribution in flux did not 

prove difficult, as in some models the nearby bursts came fiom distances inside the typical 

width scale of the Galactic disk (and therefore looked uniform in flux). Fixing the maximum 

radius out to which the hypothetical telescope c m  observe by forcing the distribution in 

flux to match the observed < V/Ifm, > statistic (which is a measure of the deviation from 

uni formity in the flux distribution) generally makes the anisotropies spatially more prevalent. 

In addition, there is a severe constraint on the rate of comet production in globular 

cluster stellar systems. These stellar system must be more than 106 times more efficient a t  

making comets than disk comets (the rate for disk comet generation is taken to be equal to 

the Solar System's rate), othervise the rate of GRB production drops below the observed 

one burstlday, and the anisotropy of the buats tonmrd the Galactic disk becomes extremely 

pronounced. This is due to the fact that there are many more stellar systems in the disk 

than in globular clusters. The requirement of this very high efficiency for comet production 

in globular cluster steUar systems is another compelling reason to dismiss this class of GRB 

model. 

There are still several parameters which may be added to the model tvhich might Iessen 

the discrepancy tvith the data, such as introducing a "turn-on" time: before which neutron 



stars may not burst, and beaming of the gamma-rays almg the velocity vectors of the 

stars. Hoiwver, the distribution of bursts derived from neutron stars with a birth velocity 

follonring the O bserved birth velocity distribution of pulsars was very strongly peaked to~vard 

the Galactic centre due to the bound pulsars which were boni with velocities on the low end 

of the distribution. It is doubtful that any additional eEects could completely eliminate this 

dominant anisotropy. 

This work has been published as Higgins & Henriksen (1995) in a somewhat reduced 

format. 

1 1.2 The Deutsch Field Gamma-Ray Pulsar Mode1 

.A nem model of high-energy pulsar ernission has been presented, with the simplifying assump- 

tion that the charge densities and current densities are smdl enough that the electromagnetic 

fields can be represented by the Deutsch fields in the outer magnetosphere. 
. . 

The assumption that the magnetosphere can remain evacuated is justified by recognising 

that charges created near the star either follm paths bound to small radii or are expelled 

from the magnetosphere on nul1 surfaces, and cannot short out the fields farther out. CVe 

create an approsirnate se~consistent global solution to the electromagnetic fields and charge 

motions by extending the "stellar" radius (inside which the fields are frozen-in) to 0.1 of the 

light cylinder radius; charge created in the inner magnetosphere can flow out along nul1 

surfaces where the electric field k perpendicular to the magnetic field. This defines our 

"inner" and "outer" magnetosphere: the inner magnetosphere is the corotating region inside 

O.lRi,. The outer magnetosphere is the location of particle acceleration and hi&-energy 

emission, and the inner, charge-filled, magnetosphere is the site of the radio emission (which 

was not simulated in our model). 

-4n important approximation has been developed to chart particle motion in fields where 

the timescale required to radiate away the charge's momentum perpendicular to the magnetic 

field is much smaller than other timescales in the problern (primarily the timescale to adjust 



to any changes in the direction or magnitude of the electric and magnetic fields), cailed 

the drift frame bead-on-a-wke (DFB) approximation. This reduces the problem of particle 

motion to a simpIe first order, ordinary set of dinerential equations, reducing computation 

time enormously. This approximation could prove usefhi for developing global, selfionsistent 

models of the pulsar magnetosphere, as it gives a relatively simple description of charge pat hs 

in terrns of the electric and magnetic fields at every point in space where Ë and Ë are not 

perpendicular. 

The case of orthogonal electric and magnetic fields was considered by developing the 

theory of "nul1 surfaces" (surfaces where 2 Ë = O). Charges are often attracted to these 

surfaces. When a high-energy charge which is radiation-reaction limited as it travels (when 

the electric power input is roughly baianceci by the radiative power output) hits one of 

these surfaces, it loses most of its energy very quickly, as there is no longer any energy 

input. It then travels dong the nul1 surface, following its drift velocity and being affected 

by "centrifugal force" if the null swface is rotating. 

Two kinds of n d  surface exist: wired null surfaces, which contain the magnetic field lines 

everywhere, and pierced null surfaces, which do not. Charge motion on these different kinds 

of surface can be quite different. In general, wired null surfaces attract both signs of charge, 

whereas pierced nul1 surfaces only attract one sign of charge at any particular location. 

The Deutsch fields have severd null surfaces; the most important is the surface in the 

Iimit of a « r « Ri,, where a is the stelIar radius and Ri, is the Lght cylinder radius. This 

null surface is a plane inclined from the rotation axis with the same inclination angle as the 

effective magnetic dipole moment p, and is a wired null surface. Charges of both signs are 
. . 

attracted to this surface and flow out 6 t h  equal velocities, making a low-energy neutral 

plasma which can escape the magnetosphere without significantly radiating or decting the 

vacuum fields in the outer magnetosphere. This surface breaks up near the Iight cylinder 

where the Beld structure becomes more cornplex, but the charges do not emit significant 

amounts of radiation as they leave the magnetosphere due to the larger radii of curvature of 



the charge paths and the weaker electric and magnetic fields. 

Several constraints on the applicability of the Mcuum approximation can be made, the 

most important of which is that the number densïty required to produce the observed power 

output must be much l e s  than the Goldreich-Julian charge density. Ail observed gamma-ray 

pulsars satisfy this constraint, as well as that which maintains the dominance of cunmture 

radiation to the high-energy spectrum in the model framework and that which maintains 

the applicability of the DFB approximation. As the pulsar ages, the number density in 

the outer magnetosphere approaches the Goldreich-Julian value; when it reaches this level, 

the electric fields parallel to the magnetic field lines are shorted out, and the pulsar stops 

radiating gamma-rays. This naturaliy explains the fact that only the youngest and fastest 

pulsars are observed to emit gamma-rays. 

The light Cumes generated from the model match the general properties of the obsewed 

Light curves quite well. When the magnetic dipole moment is orthogonal to the rotation 

asis, the light curves are mainly double-peaked; the second half of the light curve is identical 

to the first. Other inclinations can give single peaks, non-symrnetric double peaks, and 

triple peaks, as well as practically unpulsed emission in some cases. They often show thin, 

ta11 peaks which are not observed in the data, but these are an artifact of the numerical 

procedure. A more complete simulation would show these peaks smeared out in phase and 

emit ting direction. 

The biggest weakness of the model is its present inability to predict the actual power 

output of the pulsars i:i gamma-rays: it does not assume any value for the number density 

at the starting sphere, only that it be much less than the Goldreich-Julian number density 

so that the electric fields are not shorted out. It also says nothing about any radiation 

produced in the inner, bound magnetosphere, where particle energies will be somewhat 

loiver than those in the outer, evacuated magnetosphere. This might provide significant 

emission at lower energies. An outline of a possible charge creation model was suggested and 

somewhat elaborated in chapter 10, but is still rather unsatisfying due to the rough nature 



of the approximations. 

Our model compares quite favourably with the other popular models for pulsar gamma- 

ray emission in certain limits. The spectra predicted by Our model match the observations 

in some cases better than those generated by the outer gap mode1 of Chiang & Romani 

(1994), and as weil as those presented for the extended polar cap model of Daugherty & 

Harding (1995). The mode1 seerns to work best for the oldest of the gamma-ray pulsars, 

which suggests that we have neglected an effect which rnay be important in the case of high 

rotational speeds. This may be related to the pair creation process which generates the 

charges that produce the gamma-rays. 

The fact that our model has sorne success ~ 4 t h  older pulsars suggests that it rnay work 

well for predictions of new gamma-ray pulsars from the radio pulsar population, as these 

candidate pulsars are generally quite old with low luminosity. To build a convincing list 

of candidates, however, requires a well-defined total power output from the model pulsars, 

mhich is not yet available either on theoretical grounds or through a fit to the data. 

When the model does not work (in the case of very Young, fast pulsars), it generates too 

much of its power in the form of very high-energy photons, and the spectra are too hard. 

-4 process mhich scatters these high-energy photons to lower energies seems to be required; 

however, the scattering processes which are expected to work in the outer magnetosphere 

are generally l e s  efficient as the photon energy increases (Compton scattering and photon- 

photon scattering). 

Our model also has the potential to generate more cornplex light curves than either the 

outer gap or polar cap models, which can only produce single or double peaks. However, 

this is something of a double-edged sword, as a random sample of light curves would be 

somewhat l a s  regular than is observed. In addition, the observed Light curves are generally 

only singly or doubly peaked. This may be something . of . a selection effect, and some of the 

unidentified EGRET sources rnay be pulsars with complex light curves. 

An appropriate testing ground for this theory, as well as the other gamma-ray pulsar 



theories, is the group of miilisecond pulsars. Since their fields are several orders of magnitude 

less than the observed gamma-ray puisas (members of the regular pulsar population), and 

their angular velocities can be an order of magnitude larger than the gamma-ray pulsars, 

they probe a very different region of parameter space. Our model predicts that these objects 

can be gamma-ray emitters, unlike some other gamma-ray pulsar models. However, since 

these are very rapidiy spinning objects, the effects that make our model spectra incorrect for 

the Young gamma-ray pulsars may also make sirnuiatuig the milIisecond pulsar gamma-ray 

emission difficult . 
This work has been submitted for publication as a pair of papers, Higgins & Henriksen 

(l996a), Higgins & Henriksen (l996b). 

A technique to differentiate the outer gap models (to which our mode1 is closest kin) 

from the polar cap models ivas also presented. Vacuum birefnngence, an effect that causes a 

phase lag in photons travelling through pomerfuly magnetic fields with different orientations 

of their polarisation vector, will ensure that gamma-rays emitted from regions near the star 

(as nrith polar cap models) will not have any significant degee of bulk polarisation. Present 

gamma-ray detectors canno t measure photon polarisation, but the next generation of t hese 

telescopes may have this ability. A detection of significant in the pulsar gamma- 

ray spectra will effectively rule out the nrhole c las  of poIar cap models. 



APPENDIX 



A. THE DEUTSCH FELDS 

The electrornagnetic fields used for those around the pulsar in this work are the fields derived 

by Deutsch (1955) for a ngidly rotating, highly conducting and magnetic sphere in vacuum. 

The intemal fields are assumed to be fiozen-in inside the star, since its conductivity is 

taken to be very large. In the limit that the radius a of the star is much las than the light 

cy Iinder radius Ri,, the electric and magnetic fields outside the star are given by: 

[cos ~ ( 3  7 2 8 )  + 1) sin x sin(28) sin A 
Er=-- + ($ - &) sin  sin(^) cos x + 

2rZ RI, rRi, I 
Eu = P a2 -[-- cos x sin(28) + (s (-& + 1) cos(20) - - sin x cos X 

Ric r4 

sin x sin A] 

The coordinate system used is the regular sphencal coordinates, with t9 measured from 

the rotation axis. x is the angle between the rotation axis and the effective magnetic dipole 

moment p. 



Far from the star these fields reduce to those of a point dipole spiming in vacuum, and 

most of the physics can be expiaineci in terms of these simpier fields- However, since our 

mode1 effectively extends the stellar radius to 0-IRic by assuming an inner magnetosphere of 

frozen-in plasma, the boundary conditions at the edge of this corotating region can become 

important to the details of the radiation pattern- 
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