
Chapter 1 

Introduction 

In .July 1967, Anthony Hewish and Jocelyn Bell while working on a project on inter- 

planetary scintillation, observed strong periodic signals consistently over a few days. 

It was possible to  rule out interference as it a,ppea.red t80 come from a specific direction 

in tlie sky repeatedly. Within a few months it  became clear that  the signal had an 

:~st~ropliysical origin. The discovery was finally published in February 1968 (Hewisli et 

al. 1968). The pulsating source was soon identified as a rotating neiit,ron star. This 

first, l)iilsar, designated PSR B1919+21, had a period of 1.337 seconds. The Nobel 

prize for the discovery of neutron stars was gi.ven to Anthony Hewish in 1974. 

Aboi~ t  thirty years before the discovery, Baade and Zwicky (1934) proposed neutron 

stars as end products of stellar evolution. A massive star (2 8M,;,) after burning its 

nuclear file1 explodes violently in a spect~acii1ii.r evcnt called 'supernova.' i\11(l what is left, 

behind at, the center is a neutron star. The other way by which neutron stars can be 

formed are in binaries, where a white dwarf might be a,ccreting mass from its companion 

and firiallv collapses to form a neutron star. Neutron stars are ext,remelv tlerise objects 

wit,h vcyv high magnetic field. It is slipl>ort,ed against gravity by the nuclear forces 

actin?; between neutrons a t  high tiensitmy. as well as the ferrni dege~lerat~e pressure of t,he 

~it!iit,roris. Tlicy liavc: masses .~1.4M,;,an(l i11.e primarily seen as rot,at,ion- owere red pulsars 

or nccr.et;i~ig X-ray l~i~iaries ,  some of which a,re accretion-powered pulsars. Rotation- 

po~rcrcatl pi~lsars are seen mainly iri the radio freqiiency, while X-ray binaries, as their 

names si~ggest,, a.re mainly seen in X-rw,ys. A srni~ll number of the rot,ation-powered 



pulsars (e.g. the Crab pulsar) have also heen seen at  high energies (optical. X-rays and 

y rays). Work reported in t,his thesis relat,es t,o rotation-powered pulsars only. 

1.1 Pulsar-Neutron star Connection 

Periodic phenomena observed in astrophvsica.1 sources are associated with either rota- 

tion or oscillation (vibration). The radio pillses observed by Jocelyn Bell. have a period 

of 1.33 sec. In 1966, just before the discoverv of pulsars, Melzer & Thorne showed that 

a white dwarf can have radial os~illat~ions of periods about 10 sec. For oscillations 

driven by pure gravity the period is proportional t,o (Gp)-'I2 where p is the densitmy of 

the system. For white dwarfs with average density of 1 0 ~ ~ c r n - ~  the oscillat,ion period is 

in the range of 10 sec and that for neutron stars with average density 1014gcm-3 about 

5 msec. For white dwarfs, the period can reduce to a minimum of 1 sec if elasticity 

is invoked as the restoring force. For neilt,ron stars radial oscillations cannot explain 

the 1.33 sec periodicity observed, the expected oscillation timescales being in the range 

of milliseconds. Soon, following the discovery of rather short-period pi~lsars like Vela 

(89 rnsec) and Crab (33 msec), the theorv of pulsars as oscillating white-dwarfs failed. 

To idflntify objects and a suitable mechanism which can explain the ohserved periods 

a theorv was conclllsively put forward by Gold (1968) and Pacini (1968). The theory 

~>redic~t,ed that pulsars are rotating neutron stars. This conclusion was reached follow- 

ing a sirrlple estimate of balancing the centrifugal force and the gravitational force in 

a. rotating star. A star of uniform density p will break apart due to cent,rifugal force if 

its spin period is shorter than 

The o1)scrved period of 1.33 sec of PSR B1919+21 ~vould be the limiting spin period 

of ;l star of density N l ~ ~ g c r n - ~ ,  which is the density range for white rlwarfs, but for 

thc shorter periods of Crab and Vela pulsars the required density would be well above 

that of white-dwarfs. For neutron stars, on the other hand, the fastest possible spin 

is N 1 msec. The limit on the spin thus provides a stringent condition for source 

+ i n  Tho n a t i i r n l l v  fmnnr~rl model which can ex~ l a in  the observed periods 



of pillsars, is a rotating neutron star. The 'millisecond pulsar7, PSR B1937+21 wit,h 

pcriotl of 1.55 msec is the best example of a fast, rotating neutron star. 

To c x ~ ) l i ~ i ~ l  the clock-like pulses from rotating neutron stars the idea of ;t 'lighthouse7 

eRect is invoked. I t  is believed that there are two emission beams separa t~d  by 180' on 

the spli~rical surface of the neutron star. As the stjar rotates, the emission beam crosses 

the line-of-sight of an earth-bound observer and a pulse of emission is observed. The 

observed radio pulses require the radio source to  be compact, localised and directional. 

The emission region is thought to  be located on the open field lines of the magnetic 

dipole associated with the star (refer Fig. 1.1). It is observed that thc period of thP 

11iilsar slows down a t  a steadv rate \vit,li tirne. For example in the CI i l l )  Pillsar t h ~  

slow clown rate as o1)served by Richartls ilncl Coni~lla  (1969) mas 36.48 f 0.04 nanosec 

per di~\r. The slowdown can be understood in tc.rrns of the energy carried awav by 

mag~ictic. dipole ratliat,ion and/or charged particlc stream from the pillsar a t  the cost 

of' the rot,at,ionaI energy of the star (Pacbi~ii 1968, Goldreich & Julia11 1969). Note that 

mechanisms involving stellar oscillations cannot explain the observed slow down in 

pulsars. 

1.2 Pulsar Parameters 

Tlic most fundamental parameter of a pulsar is of course the period (P) of the pulsar. 

Totlity more than 1000 pulsars are known. The period ranges from 1.5 msec to  8.5 

sec. Pillsars with periods less than 20 rnsw arc usilally referred to  as 'millisecond 

pulsars' ilnd those wit,h longer periods as 'normal pulsars' (refer Fig. 1.2). Even before 

tnlic. tlisc.ovcrv of pulsars, Pacini (1967) silggested that the Crab Nebilla (which is the 

rc~n~ia t i t  of Supernova observed bv the Chinese Astronomers in 1054 1l.D.) is powered 

I)y t l i ~  rtii~gtiotic tlipole radiation from a rapidly rotating highly magnet,ized neutron 

s t i l ~ .  Tlw ilm011nt of energy lost 1,y clipole racliat,ion comes a t  tho Pxpense of the 

rot>> tionnl cncrgy of the neutron star, ant1 the energy balance equation is given by, 

d 2 2 4 . 2  --(Iw2/2) = -lm( w san ru 
d t  3c" 
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Figure 1.1: Schematic representation of a pulsar magnetosphere (Figure adopted from 

Lyne & Smith, 1998). The dashed line which is at  a distance r, from the rotation axis, 

defines the light cylinder radius. The closed field lines are the dipolar magnetic field 

lines which close within the light cylinder, while the open field lines does not, as shown 

in the figure. Radio emission region is represented by the cross-hatched region. 



where I is the moment of inertia of the neutron star, w = 2 r l P  is the angular velocity, 

a is the angle between the dipole magnetic axis and the rotation axis and m is the 

dipole magnetic moment. This loss of energy is the cause for slow down of pulsars as 

observed. The rate of change of angular velocity follows from equation (1.2) as, 

The above equation has the form of, 

where n is known as the 'braking index' of the pulsar, and for pure magnetic dipole 

radiation n = 3. The value of n measured for a few pulsars are slightly less than 3, 

suggesting that perhaps not all the angular momentum is carried by dipole radiation. 

Assuming that the spin-periods of pulsars when they are born are significantly fast, 

the characteristic age of the pulsar, T, can be found by integrating equation(l.4), 

which gives, 

where P is the period derivative. For n=3, T = P / ~ P ,  is the characteristic age as- 

suming dipole radiation. For normal pulsars the typical P measured is ahout 10-l5 ss-' 

and P - 1 s which give characteristic ages of a few million years. Millisecond pulsars 

have P of about 10-l9 ss-l, with characteristic age of order a billion years. The rnil- 

lisecond pulsars are thought to have been spun up to their present periods by accretion 

of material from their binary companions. The magnetic field, B,, for a pulsar can 

be calculated using equation (1.2). For a magretic dipole the field a t  a distance r from 

the dipole center along the dipole axis is given by Irnllr? Substituting B, = \rnl/R3 

in ecluation (1.3) the magnetic field a t  the neutron star surface is given by 

Accurate measurements of the mass of a neutron star (M) can be obtained for a 

neutron star in a binary with a companion of known mass. Such measurements indicate 

that t h ~  mass of a n~ i l t ron  star is -1.4 M,,I.Joss R. R a n n a ~ ~ o r t  1976). The tvnical 
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Figure 1.2: Distribution of periods of 706 pulsars, and period derivatives for 538 pul- 

sars. The distributions has two distinct regions namely the millisecond pulsars and the 

normal pulsars. 
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Figure 1.3: Surface magnetic field versus period for 538 pulsars. 



value of the radius of a neutron star is R = 10 krn, which is the valiie obtained for 

a rielitrori star of average density 10~~~crn-%ncl  is also predicted by most equations 

of state. Thus the moment of inertia, I = MR2 
N 1045g~m2. Putting these values 

in equation (1.6), we get, 

B, = 3 x 1 0 1 9 f i ,  gauss (1-7) 

The above expression is derived with a, = 90" from vacuum dipole torque (eq. 1.3, 1.6). 

Torque exerted by outgoing particle stream is expected to have a different dependence 

on a (Goldreich & Julian 1969). Recent work (Bogovalov 1997) appears to suggest 

that the net torque is given by the same functional form as equation (1.3), but without 

the a dependent factor. Equation (1.7) is thus expected to be a fair estimate of the 

magnetic dipole field irrespective of the magnetic inclination a. 

In figure (1.3) magnetic fields calculated using equation (1.7) for 538 pulsars is 

shown as a function of pulsar period. The points segregate into two distinct groups, the 

millisecond pulsars having magnetic fields - lo8 gauss and the normal pixlsars having - 
1012 gauss. I t  is thought that the magnetic field of a normal pulsars decavs considerably 

during the process of getting 'recycled' into millisecond pulsars by accretion driven spin- 

up. Theoretical studies concerning evolution of magnetic fields in pulsars have linked 

the evolutionary sequence from normal to millisecond pulsars, though the subject is 

very much a matter of debate. The magnetic field of pulsars are also important in 

understanding the emission mechanism of pulsars. 

1.3 Radio pulses from pulsars 

Pulsars are prolific radio emitters and exhibit broad band emission from as low as 30 

MHz to as high as 80 GHz. In figure (1.4) a schematic diagram for a typical pulsar 

spectrum is shown. Detailed study of the radio spectrum (Malofeev et al. 1994) 

indicat,es a low frequency turn-over of the spectrum around 100 MHz. The spectrum 

is well characterized by a power law above and below the turnover frequency, where 

the average flux a.t a given frequency S,, oc I I - ~ ,  77 being the spectral index. Above 

I n n  MHx t.hp sn~rt ,r i im is ra.t,her stepn wit,h mea,n n - 1.8. In some case there is a 
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Figure 1.4: Schematic representation of a typical spectra observed in radio pulsars. 
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ljreal< in the spectrum observed a t  high frequencies (> 1 GHz) ancl t,lie spect,rlim above 

tun-over can be split into two power laws (i'vlalofeev et al. 1994, Lorimer et al. 1993). 

At verv high freqilencies above 34 GHz there are irldications that for a few pulsars the 

flux t,entls to rise (Kramer 1995), thoiigh this fact has not been concliisively proven. 

The spectral radio luminosity of a plilsar ( L , )  is defined using S, and the dist,ance 

(D) to the pulsar as, 

L, -- s,,D' m . ~ v  kpc2 (1.8) 

HIGH FREQUENCY 

(S(Y hlarichester & Taylor 1977). Using tllc average flux at 400 hfHz, tllc typical radio 

lulninosities found are of the order of 102" ~ r g / s  to erg/s. The spin-down luminosity 

(~al(~iili l t ,~~d as Iww lics typically in the range of 10" clrg/s to erg/s. This suggests 

that a very small fraction of the total energy release frorn the star is actiially emitted 

in tllc ri~<lio l~antl.  The brightness tenipcratlires c;~lculatetl for plilsars are in the range 

of 10'' I( to  10'' K. Slicli high hriglitn~ss temperatures siiggest that  thc radio emission 

originat~~s in a coherent process. 
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1.3.1 Single pulses 

The typical duty-cycle of pulsed radio emission from pulsars is ~ 1 . 5  to 6%, correspond- 

ing to  5" to  20" of angular rotation (a complete period corresponds to 360' angular 

rotation of the star.) The individual pulses show large variety in their shape, inten- 

sity and polarization properties. In figure (1.5) a sequence of 50 single pulses of PSR 

B0329+54 observed simultaneously a t  322.5 MHz using the Ooty Radio Telescope and 

1.41 GHz using the Love11 Radio Telescope are shown. The enormous variations from 

pulse-to-pulse are clearly evident. Also note that the variations are highly correlated 

between the two frequencies, implying broad band correlated emission features. The 

individual pulses (Fig. 1.5) often comprise of several gaussian like featl~res, known as 

subpulses which are understood as basic units of emission (Ruderman & Sutherland, 

1975). Subpulses tend to wander around, drifting in lorigitude from pulse to pulse, 

mostly in some correlated manner. The width of the subpulses in pulsars varies from 

2" to 10" in longitude. The full width at  half maximum of the subpulse does not seem to  

depend on frequency. The widths of subpulses are often correlated with their intensity 

in a manner such that stronger subpulses tend to have narrower widths. In some cases, 

the subpulses of successive pulses are seen to drift across the pulse window. Such drifts 

are interpreted as the emission sources (also known as sparks) moving in a circular 

motion around the pulsar polar cap. The line-of-sight of the observer cuts through 

the pulsar beam thus sampling an intensity pattern in a given pulse. In successive 

pulses the intensity pattern drifts illuminating a different set of longitudes, and an 

apparent drift pattern is observed (Drake & Craft 1968, Deshpande & Rankin 1999). 

In figure (1.5) pulse number between 12 to 15 suddenly seem to have reduced drasti- 

cally in intensity and pulse number 15 have switched off completely. This phenomenon 

is ltriowri as nulling (Rankin 1986 and references therein). Nulling can even last for 

hundretls of pulses. As clearly visible in the figure, nulling can occur simultaneously 

a t  (lifferent frequencies. Drift rate in drifting subpulses seems to redlice significantly 

during a null state. 
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Figurc 1.5: A seqilence of 50 singlc pillscs of PSR B0329+54 observed simllltaneolisly 

using th? Ootv Radio t,elescope a t  0.3 GHz and the Love11 tcllescope a t  1.4 GHz. Obser- 

vations were done as a part of the European Pulsar Netmork siniultaneoiis observation 

carripaign. The horizontd axis is the ~ ) i ~ l s e  phase and the vertical axis refers to the 

-_...__ 1 -.. TI ~ 1 - -  - - - -  1 L L -  : _ _ L - _ - - L - _ I  - - - C l -  - I _ L - : - - _ I  I-. 



1.3.2 Integrated Pulses 

Though the individual pulses show remarkable variety in their pulse shapes, the inte- 

grated average pulse profile, obtained by averaging over thousands of periods shows a 

remarkably stable shape. In figure (1.5) the average profile averaged for 50 pulses is 

shown on the top panel. Techniques studying the stability time scales (Helfand et al. 

1975, Rathnasree & Rankin, 1995) of pulse profiles suggest that typically 1000 to  3000 

pulses are required to  form a stable shape. For PSR B0329+54 the stability time-scale 

is about 2500 periods. The integrated pulse profile is rather unique and pulse shapes 

observed even over decades does not seem to change. Integrated pulse profile for a 

giiren pulsar is a rather characteristic feature of the pulsar itself so milch so that the 

shape itself can be used to identify the pulsar. Integrated pulse shapes are generally 

composed of one to as many as 7 components, with each component typically charac- 

terized by a gaussian shape. The components in general represent the longitudes of 

preferential occurrence of subpulses. According to the classification scheme suggested 

by Rankin(l983a), a single component profile can either be a core (S t )  or a conal single 

( Sd ) .  The two component profile is a conal double (cD) and the three and four com- 

ponent profiles are conal triples (cT) and conal quadruples (cQ) respectively. Pulsars 

with more components are classified as multiples (M). The stability of profiles hints 

towards a rather stable and repetitive emission mechanism. 

While the pulse shape of the average profile is extremely stable, sometimes a pulsar 

for several hundreds of pulses exhibits an entirely different profile shape and then 

returns to its original shape. This phenomenon is known as mode changing. The 

frequently occurring mode is called the normal mode while the less frequent one is 

known as the abnormal mode. An example for such mode changing phenomenon for 

PSR B0329+54 is shown in figure (1.6). 

The integrated pulse shapes are frequency dependent. The pulse width (usually 

defined as the half power points of the outer components) shows a gradual decrease 

with increasing frequency. In some rare cases however the width a t  a lower frequency 

is smaller than that a t  a higher frequency (Rankin 1983b). 
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Figure 1.6: Example of mode changing in PSR B0329+54 a t  1.7 GHz (Bartel et al. 

1982). The continuous line is the 'normal' mode and the dashed line is tlie 'abnormal' 

mode. 

1.4 Coherent Curvature Radiation 

The proposed emission mechanism for pulsar radiation is the coherent curvature ra- 

diation. A charged particle moving in a curved trajectory feels an acceleration in the 

tlircction of the radius of curvature, K as shown in figure (1.7). If the particle moves 

relati~ist~ically with Lorentz factor y, the emission will be beamed in the direction of 

motion of the particle and the emission bea.m will liave an angular cone half-width of 

l l y  (cf. Fig. 1.7). An observer sampling different parts of the emission cone, will find 

the emission to  be circularly polarized a t  the edges of t,hc cone while a t  the center 

the emission is linearly polarized (cf. Fig. 1.7). The circular polarizat,ion in such a 

ca.se will change handedness as it crosses zero a t  the center of the cone. The linear 

polarizixt,ion will be in the direction of the field line curvature. It  is clear from the 

geometjrj7 involvetl t,hat curvature radiat,ion would have the same properties as those of 

sync.1irotjrori radiation with pitch ariglc 7~12. The l,olarizatiori signatures calculatetl by 

Solol<ov 8~ Ternov (1968) for sy~lchrotron radiation viewed a.t an angle to the plane of 

r~iot~ion is shown in figure (1.7), and these apply i11 the caw of curvature radiation too. 

Tlic: i~m.hrent  power (PC) ratliatecl 1,y ciirvature radiatiori is given by: 
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Figure 1.7: In panel (a) the schematic picture for curvature radiation is shown. Charged 

particles moving along curved trajectories emits in the direction of motion with an 

l / y  half-width emission cone. The polarization received by the observer a t  different 

viewing angle is shown. In panel (b) the intensity of total I (continuous line), circular 

polarization V (dashed line) and linear polarization L (dotted line) as a function of 

normalized viewing angle (x) due to  synchrotron radiation is shown. Following Solokov 

& Ternov (1968), I = (7 + 12x2)/(1 + x2)'I2 and \f = 64x/lr&(l + x2)" and L = 

Jm. 



wlierv e is tlie cliarge of the accelerat,otl particle ant1 c is the volocitv of light. The 

characteristic freqiiency (11,) of clirvatiire radiation is: 

The spectrum rises as v1I3 up to  v, and above this the spectrum decreases exponentially. 

,The incoherent power emitted by single particle curvature radiation (equation 1.9), 

however, is insufficient to  explain the observed high brightness temperatures (cf. sec- 

tion 1.3) in pulsars. Such temperatures can be achieved by invoking coherent emission 

mechanism where several particles bunch together to  emit coherently. As a result the 

emitted power is amplified sufficiently t,o be able to explain high brightness tempera- 

tures. However, i t  should be mentioned that the physics of such hunching mechanism 

is still unclear. 

1.5 Polarization Behaviour 

Pulsar emission is highly linearly polarized with the degree of linear polw,rization being 

as high as 70% to 80%. Radhakrishnan & Cooke (1969) observed that  the position 

angle of the linear polarization within the pulse window rotates smoot,lily as a filnc- 

tion of longitude in a S-shaped fashion (refer Fig 1.8). This smooth S-shaped curve 

is a characteristic feature of almost all known pulsars, hinting strongly towards an 

ilrlderlyi~ig dipolar magnetic field. The steepest gradient in the posit,ion angle curve 

occ~lrs t,ypically at the center of the pulse profile arid the curve is symmet,rically placed 

a.lmllt this point. Tlie curve does not change significantly with observing frequency, 

indicating that  the observed swing is intrinsic to tlie pulsar emission a ~ l d  riot a result, 

of pro1)agation. The total extent of tlic c:iirve is t,ypically a.l,out 180" and can decrea,se 

tllie tJo t,lie ~iarromririg of the profile. 

Thct origin of the S-shaped curve can he understood by invoking curva.t,ure radia.tion 

(cf. section 1.4). Charged particles moving relativistically along the open clipole field 

lines e~tiit,s curvature radiation bearnetl in the forward direction along tlic instantaneous 

~not,ion. An observer would however see t,hc radi;~t,ion due t,o c1ia.rged pixrticles whicli 

~ 1 . 0  ;1(9(3(~107.2t.r11 lin~a.rlv a.loncr tho i)roiert,cd rna~ncttic ficld lines in the skv and thus the 
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Figure 1.8: The above schematic diagram shows the polarization positlion angle (Q) 

curve (in the bottom panel) obtained as the line-of-sight of the observer crosses the 

pulsar beam (in the top panel). The characteristic 'S' shape of the position angle is 

due to the projected dipolar magnetic field lines on the sky as predicted 11y the rotating 

vector model (Radhakrishnan & Cooke, 1969). 



ratliation observetl will be linearly 1)ol;lrized along the project,etl rriagnetir field. If y is 

siifficient,ly large, tlie emission cone wi<lt,h will be extremely narrow and as a function 

of the viewing angle the observer will essentially see linearly polarizecl emission. The 

characteristic S-shape, as shown schematically in figure (1.8), is typical t o  dipolar 

magnetic field geometry. For a different magnetic field str~lcture, which might arise 

due to  the presence of higher multipoles in the emission region, the S-shaped curve is 

expected to  develop kinkiness (refer chapter 4). 

Subpulses are generally more highly polarized than the integrated pi~lse (Taylor & 

Huguenin, 1975). This suggests that the subpulses of individual pulses have variability 

of polarization which gets averaged out in the integrated profile. In an individual 

subpulse tlie total position angle swing can go up to  30°, though this fact is not 

conclusively proven. The other manifestation of the linear polarization arises as an 

orthogonal position angle jump in the posit ion angle traverse. The linear polariza ti011 

in certain parts of the profile flips by 90°, and instead of the smooth S-shaped curve, 

there are discontinuous steps observed. I11 figure (1.9) an example of the orthogonal 

flip is shown for PSR, B1133+16. The flips in sorne pulsars, however, are observed to  be 

non-ort~liogonal, with the two position angle tracks being separated bv either more or 

less than 90" (Backer & Rankin, 1980). It  is also observed that  a t  the same longitude 

radiation in different modes are seen a t  different times. 

Towards the center of the pulse profile, typically below the core coml)onent, circular 

polarizat,ion is observed. In integrated profiles the degree of circular polarization is 

about 20% of tlie total intensity wliic.11 can often reach 50% towards the center of 

the profile. There is a sense reversal of circular polarization observetl which occurs 

usi~ally once in a given profile. Mode s~vit,cliing in circular polarization is not observed 

frcqiientlv, liowevcr in some cases circillar 1)olarizt~tion is seen to change lia~lderlness 

(Cor t l~s  ot a1, 1978). 

The orthogonal nlode switching of the posit,ion angle as seen in pi~lsars is rather 

nivsteriol~s, and there is no good i~ndcrstantling as yet of tlie mechanism responsible 

for this. Clieng & Ri~clerman (1977), interpret this as a propagation effect whereas 

hilirhel (1987) considers the possibility that the eff'oct is goometrical in origin. 



Figure 1.9: Polarization characteristics of PSR B1133+16 from Stinebring et al, 1984. 

The 'S' shaped variation of the position angle XP is clearly visible. Also note the 

orthogonal flips in the position angle as discussed in section 1.5. 

1.6 Phenomenological Models 

A single theory which is able to  explain the observed radio emission of pulsars is yet 

to be found. The pulsar problem is that of a highly conducting sphere, rotating in a 

strong dipole magnetic field, located a t  the center of the star, with the region exterior 

to the sphere initially being vacuum. Goldreich and Julian (1969), assuming that the 

magnetic axis is aligned with the rotation axis, showed that the neutron star is capable 

of generating very high voltages 1016 volts. Further assuming that the neutron 

star is a copious supplier of charged particles, the strong electric field is able to pull 

out charged particles from the stellar surface. The strong magnetic field makes the 

particles move along the field lines into the surrounding vacuum, until the region is 

filled with plasma, forming the magnetosphere. In a steady state the magnetospheric 

plasma would co-rotate with the star. 

Co-rotation of the magnetospheric plasma, however, can be maintained only up to 

a boundary where the co-rotation speed is equal to the speed of light. The distance up 



t,o which co-rotation exists is given by, 

RL is known as the radius of the light cylinder (refer Fig. 1.1). The light cylinder 

divides the region of the dipolar magnetic field lines into two regions, namely the closed 

field lines and the open field lines. The closed field lines are defined as the field lines 

which close within the light cylinder, while the open ones do not. Particles flowing out 

through the open field lines can cross the light cylinder and finally get deposited into 

the interstellar medium. Continuous supply of charged particles from the star along 

the open field lines thus keeps the emission region active. Particles which are trapped 

in the closed field lines co-rotate with the neutron star,  forever, and do not participate 

in pulsar radiation. The radio emission from pulsars is assumed to originate primarily 

wit,hin the cone defined by the open field lines (Fig. 1.1). 

The most successful model which has emerged over the years, explaining the radio 

emission observed, is the hollow cone model initially proposed by Ratlhakrishnan & 

Cooke (1969). Subsequent workers (e.g. Komesaroff 1970, Oster & Sieber 1976, Rankin 

1993a,b, Gil et al. 1993) have considerably refined the hollow cone model. In the 

hollow cone model the beam of pulsar radiation is assunied to be in the form of a 

hollow cone centered around the axis of the magnetic dipole. The cone is hollow as 

the int,ensity distribution of the cone is maximum near the edge of the cone, falling off 

gradually towards the center. In the case of a single hollolv cone, when the observers 

line-of-sight (LOS) grazes through the edge of the cone, a conal single Sd profile is 

observed. For an LOS cutting the inner parts of the cone, conal double (cD) profiles 

are ol~served. However to  explain the variety of pulse shapes observed a single hollow 

cone moilel is insufficient. As early as 1976, Oster & Sieber invoked the idea of a 

'nest,(~(l (.one1 stri~ct,iire around the rnilg~let~ic axis, which suggests mi~ltiple cones of 

emission instead of a single hollow cone. Apart frorn the conal compont~nt,~ observed in 

pulsars, there is a cent,ral component which is frequently ol~served. To accommodate 

this conlponent in the hollow cone model, Backer (1976) i~ltroduced n pencil-beam of 

emission close to  t,he magnetic axis which was later given the name 'core' by Rankin 

(1083). Tlic? core c:omnonent, is ;~,ssociat,~d m4t,li sirrnificant reversal of handedness in 



circular polarization and no drifting s~~bpillse pattern. The spectral index of the core 

is steeper than that of the conal components (Rankin, 1983a, Lyne & Manchester 

1988, Kramer et a1 1994). Rankin (1993a,b), extended the hollow cone model to  a 

double hollow cone with a central core component which could successfully explain the 

five component profiles observed. In figure (1.10) the schematic diagram illustrating 

the hollow cone model is shown. The number of components observed depends on 

where the LOS passes through the hollow cone. The case of a single hollow cone can 

be intuitively understood by invoking curvature radiation. Charged particles flowing 

along the open field lines emits curvature radiation which depends inversely on the 

square of the radius of curvature of the field lines. In the case of a dipole, the radius 

of curvature decreases as one moves away from the dipole center. Thus the power 

emitted a t  the edges of the cone is higher and gradually decreases towards the center. 

The central field line which defines the magnetic axis has infinite radius of curvature 

and the power goes to zero. This picture is too simple to be able to explain the 

multiple cone structure in pulsars. The only attempted explanation so far available in 

the literature is that of Shier (1992), where the inner cone of the double cone structure 

is attributed to be reflection from the magnetospheric plasma. However, this argument 

is rather hand-waving. The most difficult problem is to explain the origin of the core 

emission. Rankin (1993a) suggested that the core component is due to emission from 

particles with low lorentz factor, occurring very close to the stellar surface and filling 

the whole polar cap. 

There is another viewpoint primarily put forward Lyne & Manchester (1988), which 

differs from the idea of the nested cone structure of the pulsar emission region. Ac- 

cording to them, the pulsar beam is filled with emission patches in a random fashion. 

The LOS crosses these random emission patches to give rise to  the components in the 

pulsar (refer Fig. 1.10). In this picture the core and cone emission are attributed to 

the same emission mechanism (also see Gil et al. 1993). This picture, however, is not 

supported by observations and should not be taken seriously. In chapter 2 we revisit 

the problem of the shape of the pulsar emission beam, and convincingly argue in favour 

the nested cone structilre (Gil et al. 1993, Kramer et al. 1994, R.ankin 1993a). 
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Figure 1.10: A schematic representation of the hollow cone model versus the patchy 

model of the pulsar beam. Different lines of sight cutting various parts of the beam 

can give rise to  the observed pulse shapes. 

For a dipolar field line, sin2(tl)/r is a constant, where (r ,  0) are spherical polar co- 

ordinates. The last open field line which is tangential to the light cylinder is defined 

by 19 = 90" and r = RL at the light cylinder. Thus for the same field lines the two 

points (r, 0) and (RL, 90°) can be equated, which gives 

The same field line a t  the stellar surface is defined by the polar co-ordinates (R,  0,). 

At the edge of the polar cap (co-ordinates R, O,), the field line is inclined to the radius 

vector by tan-'(0.5tan0,). The opening angle p, defining the direction of the emitting 

photon is thus given by, 

p = 0, + tan-' ( tan:0p) ) 
In practice 0, and p are small and we obtain the following two important results: 

1) The angular diameter of the polar cap using equation (1.12) with polar co- 

ordinate (R,  0,) is, 

2) The angular width p of the beam is, 



The radius of the polar cap (r,) is - R sin 0, thus giving, 

Assuming a value of R = 10 km and P = 1 sec, the polar cap radius is about 150 m. 

There are two strong pieces of evidence suggesting that pulsar emission arises from 

dipolar open field lines containing the magnetic axis. The first one comes from in- 

vestigation of profile widths. Let us assume the emission originates from a distance 

r from the center of the star with the last open field line a t  an polar angle 8. Using 

equation (1.12) and (1.13) and replacing 8, by 0 in equation (1.13), we obtain, 

where p is in degrees and r~ = r/106 cm. Independently p can be obtained from 

observations if the angle (z, between the rotation axis and the magnetic axis, the angle 

,b' between the magnetic axis and the LOS and the width 4 of the pulse profile are 

known (refer Chapter 2 eq. 2.6). Such estimates of p clearly show the P-"' dependence 

as given by equation (1.17), thus strongly arguing in favour of the dipolar geometry 

(Rankin 1993a, Gil et al. 1993, Kramer et al. 1994). The other evidence arises from 

the position angle sweep curve of the linear polarization. In most pulsars careful single 

pulse studies clearly shows the S-shaped swing of the position angle across the pulse 

profile which is a characteristic feature of a dipolar field (refer C h a p t ~ r  3, and for an 

excellent review Radliakrishnan 1992). 

I t  is of great importance to underst,and where the radio emission originates in 

pulsars. The most important clue to this comes from the pulse width measurements 

for a range of frequencies. Almost for all pulsars, it is seen that the widths of piilses 

observed a t  lower frequencies are larger than those a t  higher frequencies. The simplest 

explanat,ion for this is that the altitude r at  which the emission originates from the 

dipolar open field lines. is a function of frequency. The opening angle of the last 

open field lines decide the pulse width. As the field lines flare out with increasing 

distance from the star, it is thought that lower frequencies (larger widt,lis) originate a t  

higher altitudes while higher frequencies (smaller widths) originate at  lower altitudes. 



This is 1<1lowri as t,he radius to frequency mapping i11 l)lilsars. Assi~niirig dipolar 

geometxy and that  all emission a t  a given frequency arises a t  tlie same Iiciglit from the 

stellar siirface, the absolute height 7. can be found geometrically (Rankin, 1993): from 

equation (1.17) we get 

r = 1 0 ~ ~ ~ / ( 1 . 2 4 " ) ~  = 6 . 6 7 p 2 ~  (1.18) 

where r is in km, p in degrees and P in seconds. Emission heights calculated using 

the above equation suggest that  the radio emission arises within 10 times the stellar 

radius (Rankin, 1993). Such arguments applied to  the inner cone and the outer cone 

suggest that  the two cones arise from two different heights, and the emission height 

of the inrier cone is less than the emission height of the oiiter cone onlv by a factor 

of two. Another method that  can be employed to  estimate the radiiis to  frequency 

mapping in pulsars comes from timing measurements. If emission arises a t  different 

heights, the signal which arises from a higher altitude will arrive earlier than the signal 

from a lower altitude. Simult,aneous, milltifrequency measlirement of t 11 P arrival times 

of pulses should clearly show this delay. Sucll studies suggest, that  the cniission region 

is rat,ller compact, (Krarner et al. 1994). However, tliis method yields orily the extent, 

of tlie emission region, and not absolute heights. 

Emission Models 

Theoretical rnodels for pulsar radio emission should focus 011 explaining prirnary issues 

like high radio power o~itpilt ,  the observed na.rrow pulses and the spectr~irri. A complete 

iritrodlict,io~~ to  emission mechanism is beyond the scope of this discussion here. Here 

we l~riefly deal with the emission model put forward by Ruderman & Sutherland (1975) 

r21i~l (lis(.i~ss the salient features of the model. Thollgh ~ i o t  free from deftlcts, R,uderman 

& S~~tlit?rl;trid (1975, hereafter RS throughout tliis section) is the most tvidely used 

model, 11rimarily l~ecause it can explai~i ;t large body of 01)servations ant1 also is ra,tlier 

iiser friendly. 

R.S c:o~~sidered a, rieiltron sttar with its spin axis and mag~ietic axis being aritiparallel 

to ci~cli other. Tlicy list! t,lie resiilt, oI)t;~inetl 1)v Goltlreicll cYc J~il ian (1969), that tliiring 



a steady state charged particles are pnlled out from the stellar surface and fill up the 

magnetosphere. The solution thus obtained is that,  in the whole magnet-osphere there 

exist two types of charges, separated by a region defined by the line cos 8 = f 3-'I2, 

where 0 is the polar angle with respect to the rotation axis. The region above the 

polar cap is filled with positive charges and along the equator with negative  charge.^. 

Charges are pulled out till the force free condition is satisfied, i.e. I?.@ = 0, where I? is 

the electric field. In regions of closed field lines the charges get trapped and co-rotate 

with the star. However, loss of charge takes place in regions of open field lines and this 
4 -, 

causes E.B # 0. In such regions a parallel component of I? will be generated along @ 
which will further try to  pull out positive charges (ions) from the stellar surface. RS 

claimed that  under such strong magnetic fields the binding energy of ions to the star is 

extremely high, and thus they cannot be easily pulled off. Lack of supply of ions will 

produce a 'gap' above the polar cap, across which a strong potential difference will be 

generated. For a gap distance h the potential difference AV is given by A V  = wB,h2/c 

(equation 16 of RS), valid for h << r,. Gap height h will grow a t  the speed of light, 

and since A V  m h2, the potential difference will increase rapidly. Beyond a certain AV 

the gap will be discharged by an avalanche of electron-positron pairs. For a pulsar with 

B, - 1012 gauss, w = 27~  sec-' and 11 - lo3 cm, the potential difference is AV - 1012 

volts. I t  was shown by RS that h for a given pulsar depends on its magnetic field, its 

period and on the radius of curvature of the magnetic field lines near the stellar surface. 

1~ is however weakly dependent on the radius of curvature and R S  assumed the radius 

of curvature of the last open field line near the stellar surface to be 10"m which is 

- 100 times smaller than the dipolar value. They argue that it is expected that the 

magnetic field near the stellar surface to be multipolar, which gives the reduced value 

of the radius of curvature. 

Slow down of pulsars has the interesting consequence that AV wolild reduce, and 

thus to rnaintain discharges, 1z would grow. However, as h approaches r,  the relation 

for A V  breaks down, and the electric field in the gap falls off exponentially. As the 

potential difference drops below 1012 volts, discharges are no longer possible. The 



critical period above which discharges stpop is give11 by, 

8/13 21/13 "-4/1:3 = 1.7B12 R, h., (15X)-213 sec 

. where, B12 is the magnetic field in unit's of 1012 gauss, R6 is the radius of the star in 

units of l ~ ~ c m ,  KG is the radius of curvature in units of 10' cm and x is a ratio of the 

order of 1/15. Stoppage of discharges, in the RS model, causes the death of a pulsar, 

which happens as the pulsar slows down with age and the period lengthens beyond 

PCrit. This in turn explains why we don't see very long period pulsars (for example 

P > 10 sec). 

The electron-positron pairs produced in the gap, known as primary particles, move 

along cl~rved field lines to produce curvatnre radiation photons with energies in excess 

of 27n,c2. Such energetic photons in strong magnetic fields produce further cascade of 

secondary and tertiary particles with energies much less than that of t,hP primary par- 

ticles. At altitudes of 10' cm, which is above the gap, the lorentz factor of the particles 

are - 800, and the underlying magnetic field is dipolar. The characteristic frequency 

producetl by such particles fall in the radio frequency range, which is observed. This 

rrlodel 1)y itself, however, does not provide a mechanism for particle bunching required 

to  expla,iri the coherence of radio radiation. Pulse shapes are most probably decided 

1)y the way the sparks populate the j~olar cap. Tlie polarization c1ia.racteristics are 

tlecicletl by the rnagrietic field lines from urliere the emission originates (Radhakrisli- 

Iian & Coolte, 1969). However, since the predicted lorent,z factors are extremely high, 

tlie erriission will he beamed in the form of a pencil, and no circular polarization is 

predict,~d by the R.S model. 

Tlie essential feature of the R.S ~notlel is that tlic ions on the neutron star surface 

have st,ro~ig binding energy, and tlius a gap is i11)le to  form. This issue however is 

rntlier controversial, as recent estiiiiates (Hi1lcl)r;tndt & Miiller, 1976, Flowers et. itl. 

1977, Kiissl et al. 1988) show that the \)inding onergy is not high enough to (lo so. 

Nt?vc:rtheless, to  produce the observed eriiission, an acceleration niechanism is essential 

;tnd f i~rther  to  explain the coherent emission a large ~iuniber of particles are necessary. 

Wllitt, ni;~l<es the RS model promising is that it provides both these. Recently, Muslimov 

& Tsjrfii\.~i (1992) have shown that the eEec:t,s of general relativitv can produce the 



requiretl accelerating potential even in al~sence of a 'gap' near the surface. However, 

an effective theory is yet to emerge. 

1.8 Neutron star Interior 

Neutron stars are extremely dense objects with masses comparable to  the mass of 

the sun, but with a radius of only 10 km. The average density of a neutron star, 

> 1014 gcm-3, exceeds the density of nuclear matter. Most of the neutron star is N 

composed primarily of a sea of neutrons ( ~ 9 9 % )  with a small admixtiire of protons 

and electrons (-I%), as dictated by P-equilibrium at  such high den~it~ies. Conditions 

near the center of neutron stars are uncertain as the equation of state a t  t,hese densities 

(N 1015g~m-3) cannot be directly derived from terrestrial measurements. The low 

density outer parts of the neutron star, however do contain nuclei, albeit neutron-rich. 

This region is commonly referred to as t,he 'crust' of the star. Depending on the overall 

state of matter, we divide the neutron star into primarily three regions namely the 

outer crust, the inner crust and the core as shown in figure 1.11. I t  should be noted 

that the interior structure of the neutron star strongly depends on the equation of 

state. 

The outer crust lies within the density regime of 7.86 < p,, < 4 x 10'' gm/cc. 

The matter consists of degenerate ions and electrons and has a depth of a few hundred 

meters. For p,, greater than 10' gm/cc t,he electrons constitjute a strongly degenerate 

relativistic ideal gas. The atoms are fully ionized by the electron pressure and are bare 

atomic nuclei a t  densities greater than lo4 gm/cc. For p,, > 10' gm/cc, the electron 

fer~ni energy approaches the MeV energy range, when the protons undergo an inverse 

[3-(1e~ay, t,hus giving rise to neutron-rich niiclei in the crust. The pressilre contributions 

at  t,l~ese densities is primarily due to the free fer~ni degenerate electrori gas pressure. 

However, here electrostatic corrections to the equation of state become important as 

the positively charged ions are not uniformly distributed, thus dedreasing the electron 

pressure. Taking such considerations into account the equation of state in this density 

regime has been calculated by Baym, Pet,hick and Sutherland (1971). 



NEUTRON STAR STRUCTURE 

I OUTER CRUST 
nuclei I  I 

electrons 7.86 < p  < 4  x 10 g d c c  

Superfluid aeutrons : 
I I 14 

4 x 1 0  c p < 2 . 8  x  10gmlcc 

.\'1"'"" {!!, 
CORE 

Figure 1.11: Schematic representatiori sliowi~ig tlie interior of the neiitron star 

The inner crust (Fig . l . l l ) ,  in tlie density range 4 x 101lg~n/cc to  2.8 x 10'~grn/cc 

dominates the crustal width which may be as thick as a kilometer. Mat,t,ctr of the inner- 

crust cotisists of electrons, free neutrons and neutron-rich atomic nuclci. As density 

grows the fraction of neutrons increases. Tlle inner crust starts a t  the neutron drip 

boundary, where the neutron energy levels within the nuclei merge int,o a continuum 

and they drip outside the nuclei to comprise a free neutron gas co-existing with the 

crystal lattice of the neutron-rich nuclei. The neutrons iri the inner crust are thought 

to 11e in a superfluid state. In this thesis we use tlie equation of stat,e of Negele & 

Vautlierin (1973) for the inner crust. 

The tle~isity of tlie core is greater than 2.8 x 1 0 ' ~ ~ m / c c .  At these densities, nilclei 

dissolve completely and one is left with a sea of neutrons, protons and electrons with 

rela,t,ive ab~indance determined by P-eqiiilibrium. The extent of the core goes up to  

the cent,(-:r of the star, where the tlerisities rriiglit, reach N g~n/cc.. h,lost of the 

mic:rosc*opic tlieories a t  tlensities of N 1014 ~ I I ~ / C C  predict, tihe ~ ie i~ t rons  i~tid I ) ~ O ~ , O I I S  to 

I)(: i11 t,lic: siiperfliiitl and si~percontluct,ing state. Laboratory experiments 011 properties 

of ~ria.ttcr a t  such high densities are iricornplete, and tlie reliability of the theories 

prctlict,ing the equation of state decreases with increasing p,,,. However, based on 

1iuc:leo11-11i1cleon scattering data  from laboratory experiments various pcople have tried 

t,o got ;I hi~ridle on the equat,ion of stat'c a t  such tletisities. 111 t,liis thrsis we use the 



eqiiation of state of Wiringa, Fiks & Fal~rocini (1988). 

1.9 Magnetic Field 

Typical values of magnetic fields in pulsars as calculated using equation (1.7) lie in the 

range of lo8 to  1013 gauss. X-ray cyclotron lines detected in accreting neutron stars 

also suggest fields of the order of 1012 gauss (e.g. Trumper et al. 1977, Wheaton et al. 

1979, White et al. 1983). Though the magnetic field is of such a high value it does 

not alter the structure of neutron stars, as the energy scales of the ultra-dense matter 

are significantly high compared to the magnetic energy. However, till date there is no 

clear understanding regarding the origin of the magnetic field. There are primarily two 

schools of thought regarding the origin. One school believes that the magnetic field is 

the fossil field of the progenitor star and the other believes that the field is generated 

after the neutron star is born. 

In the fossil field scenario, which was originally suggested by Woltjer (1964) even 

before the discovery of pulsars, the magnetic field is amplified during the collapse phase 

of the star. The magnetic flux, initially present in the core of the progenitor star of 

radius R,, is enhanced when the star collapses to form a neutron star of much smaller 

radius R, without expelling the magnetic flux. Conservation of flux demands that the 

magnetic field of the neutron star be enhanced by a factor (G /R)2 ,  which is of the 

order of 10'' where & N 101'cm for a massive star and R N lo6 cm. TO explain the 

observed values of 1012 gauss, the magnetic field of the progenitor star has to be N lo2 

gauss. Such high values of magnetic fields are however not commorily observed in 

massive stars, thus weakening the fossil field hypothesis. To overcome t,his problem, it 

was suggested by Ruderman & Siltherland (1973) that the field might not be a remnant 

of the progenitor stage biit is built up during the convective carbon-burning phase just 

before the collapse occurs. It is however unclear whether the field that builds up in 

the short time scale of the carbon-burning phase followed by the collapse, is enough to  

give rise to the large scale poloidal fields. 

The other scenario, originally proposed by Blanford et,. al. (1983), suggests that 



tlic rriag~ietic field in neutron stars can Ije generated cluc to a 'thermomag~letic' insta- 

bility in the crust of the neutron star. The mechanism transforms some fraction of 

energy carried by the thermal flux tliroi~gh the medium into the energv of magnetic 

fields. For the instability to  operate large temperature gradients are required which 

are quite possible in the outer crust of neutron stars. The density interval where the 

field generation could occur ranges from lo7 - 1011 g ~ m - ~ ,  and is confined t o  the outer 

regions of the crust. The field growth can happen in the liquid layer a t  the top of 

the crust and further be connected to  the inside solid layer. A pre-existing horizontal 

component of the magnetic field is amplified exponentially with time at the cost of the 

heat flux carried by the degenerate electrons. The time scale of growth. as proposed 

by Blanford et al. (1983) is about - lo5  years, ho.rvever the available constraints from 

observations require the field generation to happen within a few hundred years after 

birth (Bliattacharya & Shukre, 1985, Bliattacharya 1987, Bliattacharya 1992). Urpiri 

et al. (1986) showed that  the t,hermomagnetic instability may be much more effec- 

tive in the very early history of a rotating neutron star, when the layers with density 

< 101lgcrn-"re still liquid. The field will he generated and anchored into the crust 

as it solidifies upon cooling. 

The 'crustal model', though an attractive suggestion, has faced a nilrriber of prob- 

lems. The model is only capable of generating small-scale fields in loops of the order 

of melting depth ~ 1 0 0  m. It  is not clear how these small scale structilres reorganise 

tlic-.msc-.lves within a short time to give rise to  the large scale poloidal fields. Further 

f o ~  the tliermomagnetic instability to operate, a11 initial seed field of - lo8 gauss is 

requirccl whose origin is not clear. 

Pulsars as probes of the Interstellar Medium 

Propagation through the interstellar ~nediurn (ISM) modifies the pulsar signal in two 

irnportsrit ways: Dispersion and Scat,tcri~ig. 

Tllc radio signals emitted by pulsars travel a long way through the interstellar 

rricclii~rii ljcfore tlicy reach the e:~rtli-l)o~~nci ol~servcrs. Tlie broad ban(1 radio signal 



thus suffers dispersion due to  the ionized component of the ISM. For a homogeneous 

isotropic medium of ionized gas, the group velocity of propagation (v,) is a function of 

where 1% is the plasma frequency which is related to  the number density n,, the mass 

rn and charge e of the electron as nee2/nm. Hence, the time taken (T) for the signal 

to travel a distance D from the pulsar to  the observer is, 

T = 
D 1 

U-'DM sec 

where the frequency u is in MHz and the distance is in units of parsec (3 x lo1* cm). 

D M  = f n,dl, is a measure of the total electron content between the pulsar and the 

observer. The second term in equation (1.21) is frequency dependent and this term 

gives rise t o  dispersive delay of the signal. Radio pulsars are observed in a frequency 

band Au = ul - vz where vl is higher than u2. The signal corresponding to a frequency 

111 will arrive a t  a time t l  while that  a t  a lower frequency u2 will be delayed by a time 

At  and will arrive a t  a time t2, where At  = t2 - t l .  Thus, the pulsed signal will traverse 

the radio spectrum a t  a rate, 

And as a consequence the pulse will stretch out in time to  a length, 

At  = 8.3 x lo3 D A ~ U - % ~ /  sec (1.23) 

where At is also 1<1iown as dispersion smearing. Thus if the pulsar is observed with 

very high D M  and a large receiver bandwidth then the peak intensity of the pulse will 

reduce. 

The effect of dispersion is removable and the effect is overcome hy splitting the 

observing band into several bands wit,h effectively smaller bandwidth called spectral 

channels. The pulse arrives in different spectral channels a t  different t,imes, and ap- 

propriate delays using the second term in equation (1.21) is applied to  align the pulses 

in frequency. The signal to  noise ratio is effectively built up by findly adding sig- 

*-.,Ic. K ~ A - ,  - 1 1  t L n  ~ L - r n m o l c  T L ; c  mrncacc ;c r-nmmnnlxr Lnnlxrn ~c rlnrlicnnrcinn / T . l r r r o  R r  



Vitl~glii~l~ 1971) .  The D M  of ;I, pulsar (.an bc 11sc~1 t,o firicl tlic tlistxncP of' 1,lie piilsar if 

the nlc>i\11 electron density (< 71, >) in the direct,ion of the pulsar is l<~lown, by using 

D = D A f /  < n,, >. 

Pulsar signals are also affected due to the fluctliations of the electron density in the 

ISM. Such fluctuations gives rise to  random variations in t,he refractive index of the 

medium. The pulsar signal traverses through such irregularities and g ~ t s  scattered in 

the process. This phenomenon, known as 'Interstellar scattering' of pulsar signals and 

first investigated by Scheuer (1968), essentially arises diie to multipath propagation of 

the pulsar signal. The region between the sollrce and the observer are filled with irreg- 

ularit ies of characteristic dimension a (refer Fig. 1.12). If an irregularitv of dimerlsion 

n, 1i;ts an excess electron density An, the11 it can b~ slio~vn that  the pliase change 64 of 

tlic w a ~ ~  is 64 z nr,An,X, where X is the wavelength and r ,  = e2/7nc2 = 2.82 x 10-I' 

(.In is hic classical electron radiliris. A rav passing a rlistancr D encnrinters 

irregill;~,rities. The resi~lting rms pliase tlcvi;~tion A$ in 4 l,ecorries, 

This c.h;tnge in plli~se 1)y amount A$ over a tr;%nsvcrse tlistarice n causcs tlic. uravefroritj 

to l)cn(l l)y an anglr flSc (where O,, is tlic scat,t,~ring angle as shown in figwe 1.12 pariel 

2 )  give11 by, A 4  = 2.irnOS,/X. Using this value of A 4  in equation (1 .24) .  we get 

For ;I gi~ilssian distrihiit,ion of irrc>glilaritics, tlie scittt,cring i\rlglc has a gi\llssia11 angular 

l)rol>i~l)ility dist,ril,i~tion given by, 

wllc~rcl H ,  is the ol,servetl half-angular nritltli of thcl scattering disc such that 0, = H,,/2 

(soc Fig. 1.12 pan(~1 2),  where the c.ntirc s c ~ ~ t  tcring process has heen i~ppoxirnated to 

ti~l<ilig plilc" in ;I thin scrc~cri locntc(l ~rii(lway I>ct\~~cen tlic soi1rc.e ant1 thc observer 

(1)i~iol 2 of' Fig. 1.12).  Ritdii~t~iori ~ ~ r r i v i ~ i g  at iltl oI)sorvor wl~icli is scat t(>r~(l  1)v a11 i ~ ~ i g l ~  

H to t l l ~  tlirect 1,ilth is t h l ~  t l c l a ~ ~ t l  l>v i>Ii ;\1~1oi11it A t ( H )  = DQ2/2c .  The probability of 



a ray gct,ting deviated between 8 and H + d B ,  reaching tlie observer is proport,ional to  

BdB, wliich is the solid angle subtended by an annulus of ra,dius 0 and widt,h dB. The 

intensity of the scattered signal is thus given by, 

Hence, the intensity in terms of the delay time At is given by, 

where T , ~ ~ ~ ~  = E0: = &. (&)2  r:An: D2X4. 

Thus, a narrow pulse will have a sharp rise and will broaden gi\,ing rise to  an 

exponential decay in a time scale T,,,~ (refer Fig.l.12). The time scale T.~,,~, known 

as the .scatter broadening time, is proportion

a

l to  X 4 .  The pulse broadening and the 

frequency dependence is readily observed in pulsars. If it is assumed that the electrons 

t,liat are respoi~sible for dispersion of ~,ulsar signals are the same ones that gives rise 

to ~cat~ter ing ,  then we can assume a simple law that,  An, oc n,. In such a case, it 

follows tliat rScat oc DM2X4. Observationally, T, , ,~  and DM are seen t,o 1,e correlated. 

We tliscuss this correlation in chapter 5. 

In reality, the irregularities are not of one cliaracteristic size a,  1,1it have a size 

tlist,ribution closer to  a power law. Sllcli a distribution can be writtcrl in the wave 

number space q = 2r /n ,  as 
2 -[j 

p((l) = c,cl (1.29) 

where [j is the spectxal index. Taking this distribution into account,: 0, is found to 

scale wit,h frequency as (Rumsey 1975, Lee & Jokippi 1975), 

arid hence, 

For a Kolrnogorov spectriim, P = 1113, giving T,, ,~ oc X 4  4 .  Scattering changes the ap- 

1)arent size of the source, such that t,he ce~itral part is l~roadened and a Ili~lo is prodiiced 

iirolln(1 it. Tlic sharu leading edge comcs from the central nart. while tlie exponential 
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Figl~rcl 1.12: Schematic diagram illustrating the scattering of pulsar signals due to  

i~i l iornog~ri~ity in the Intcrstclllar rnc~tl i~~~ri .  I11 l ) i l ~ l ~ l  1, tlw 1)cntling of 1 Iic plaric wave 

11o1nl;ils scattered tll~e to inholnogcrieit ics of size rr is slio~irn. In panel 2. t lic geomct ry 

of t lic t 11111 screen model is sho1v11, nrllt~c. t lie scbrcwi is ;q)proxi~iiat c ~ l  to I)(. sitiiatetl half 

wav 1)~twc.eri the soiirce and the observclr. Pancl 3 sliows the effect of' scaat,tering on a 

n:rIromr tlolt:~ function which acquires ill1 ~xponential tail after getting scattered. 



tail comc?s from the halo, and thus the apparent size of the source c1ia.nges during the 

pulse. Signals arriving from a delayed path travels an extra path crSco,,. The relative 

phases of the various signal components will range over (~~TT/X)CT~, ,~  = ~ T V T ~ ~ ~ ~  Inter- 

ference of signals with this phase range will produce a scintle pattern in the observing 

plane. For any relative motion between the source and the observer, amplitude varia- 

tion of the intensity pattern can be observed. This is known as Diffractive Interstellar 

sci~itillation. The phase range also depends on frequency. Thus, within a given band 

of observation, the intensity pattern with frequency will have variations. The intensity 

pattern remains correlated in a frequency range till the time the phase range becomes 

large compared to  1 radian, beyond which the pattern is essentially decorrelated. This 

frequency range over which correlation exists is known as the decorre1at)ion bandwidth. 

The above condition gives a very important relation between the decorrelation band- 

widt,h, I / ,  and the pulse broade~iirig rS,,t as, 

This relation (refer Lang 1971, Sutton 1977) has been proven experimentally for many 

pulsars. Note that  a t  high frequencies it is difficult to measure r,,,t as it is extremely 

small t,o be resolved. In such cases the decorrelation bandwidth can I)e comfortably 

measured because of its inverse relationship with T,~, ,~  as shown in equat,ion (1.32). 

Apa,rt from the short term variability, pulsars are known to  show intensity variations 

over much longer time scales. Such variations occur over time scales of many months 

to  years. These variations are understoot-l to be due to  the large scale irihomogeneities 

in the i~lt~erstellar medium. The slow variations are known as refractive scintillation. 

For a11 excellent review on this subject see R.icket,t (1977) and references therein. 


