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SYNOPSIS

Pulsars are a new class of galactic objects discovered

a decade ago.	 Their pulsed radio emission is characterised by

very regular repetition rates. However, their amplitudes show

erratic fluctuations, over time scales ranging from less than a

second (i.e. pulse to pulse fluctuations) to several days or

longer. The intensity fluctuations with time scales of several

minutes are explainable as arising from scintillations due to

irregularities in electron density of the interstellar (IS)

medium between the observer and the source.	 These interstellar

scintillations (ISS) are characterised by very narrow bandwidths

- a few to several hundred kilohertz - over which the intensities

are correlated. In contrast to the above, the intrinsic intensity

variations - like the pulse to pulse fluctuations with time

scales on the order of a few seconds or less - are correlated

over several hundred megahertz. In this thesis we describe the

observations and analysis of intensity fluctuations of 33

pulsars observed at 327 MHz with the Ooty Radio Telescope.

The theory of ISS of radio waves, as applicable to an

extended IS medium model is reviewed in Chapter II. The theory

is based on the coherence function approach using Markov approxi-

mation. In particular, we have discussed the effect of receiver

bandwidth on the observable characteristics of ISS, considering

two different models, Gaussian and Kolmogorov spectral models,

of the spectrum of irregularities in the interstellar space.

Further, a method 11a.s been develened 17,-- which one can detect the

existence or otherwise of intrinsic intensity fluctuations with

time scales similar to those produced by ISS.

-In Chapter III we describe the salient features of the

receiver eysteD used, the observational procedures and the tech-

niques adopted for data reduction, including those used for

correcting the data for receiver noise. The observational para-

meters relevant to intensity fluctuations are defined in this

the ter
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Details of the methods used for deducing ISS parameters

like decorrelation frequency; scintillation index and scintilla-

tion bandwidth from the parameters of the. observed intensity

fluctuations are p.iven in Chapter IV. These methods incorporate

corrections for effects due to the finite bandwidth of the

receiver and intensity variations intrinsic to the source. 	 The

probable bias in the measurements of these parameters by earlier

workers without incorporating these corrections is also pointed

out. It is shown that if finite bandwidth effects are not

corrected for, the error in the estimates of decorrelation

frequency could be 25 per cent or more for values of decorrela-

tion frequency com parable to the receiver bandwidth. We give

estimates of the statistical uncertainties on the observed

correlations of intensities at different radio frequencies and

describe how these uncertainties lead to practical difficulties

in distinguishing between Gaussian and Kolmogorov spectral

models of the irregularities in the IS medium,

The results obtained from our observations are

presented in Chapter V. The decorrelation frequencies for 22

rulsars have been derived. The observationally determined cross

correlations of intensities at different frequencies are compared

with those predicted from theoretical models. Observational

evidence is found for the presence of intrinsic intensity fluctu-

ations with time scales comparable to those due to ISS. It is

shown that such fluctuations exist in many pulsars, complicating

the elucidation of features of ISS. The dependence of decorre-

lation frequency on dispersion measure has been investigated

using only the definite measurements of the former parameter

for 13 pulsars. This systematic observational determination of

decorrelation frequencies, free from the finite bandwidth effects

and intrinsic fluctuations, shows that the dependence of decorre-

lation frequency on dispersion measure is steeper than that

expected from theoretical models of the irregularities in the IS
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medium, even for pulsars of dispersion measure less than 20 pc.

cm-3 . Earlier investigators had found evidence for this steep

dependence only for high dispersion measures (> 70) using

measurements on scattering broadening of pulse shapes. Such a

steep dependence is at variance with both Gaussian and

Kolmogorov models of spectra of irregularities in the IS medium.

We summarise the arguments - based on this discrepancy between

theory and observations - leading to the conclusion of inhomo-

geneity of the IS medium.

Measurements of the scintillation bandwidth have been

carried out for pulsars in the dispersion measure range 4.8 to

158 pc. cm-3 . These show absence of any trend in the relation-

chip between scintillation bandwidth and dispersion measure.

This is ascribed to any one or all of the following the

reasons (i) presence of intrinsic intensity variations with

time scales similar to those due to ISS as have been deduced by

us for several pulsars, (ii) the assumption of frozen scintil-

lation pattern being untenable, es has been found from the

two-station observations of ISS of pulsars which makes it

uiffjcu)t to estimate scale sizes of spatial intensity correla-

tions from the observed temporal spectra of intensity fluctua-

tions, (iii) inhomogeneity of the medium. We also point out

that the linear dependence of scintillation bandwidth on dis-

persion measure noted by earlier investigators of ISS spectra,

could be an artifact due to either the presence of intrinsic

intensity variations with ISS-like time scales in some pulsars

or large statistical uncertainties in the determination of the

scintillation bandwidths.

Estimates of rms fluctuation in electron density

derived from the observed values of decorrelation frequency,

using both Gaussian and Kolmogorov spectral models are presented

in the last part of Chapter V. Notable from these estimates is

the inference of a region of strong fluctuations in electron

density in the direction of the pulsar PSR 1642-03. The other

interesting conclusion is based on estimates of the ratio of the
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rms fluctuation to the average value of electron densities,

obtained under the framework of the Kolmogorov model. These

estimates show that the electron density distribution in the

general IS medium is nonuniform, leading to the picture of

a 'clumpy' aggregation of electrons in the medium. This

picture of the IS medium is in consonance with that obtained

from optical and other observations of the IS medium.

In the last chapter we summarise our results, point

out shortcomings of using pulsars for determining the nature

of the electron density irregularity spectrum of the inter-

stellar medium and indicate possible improvements for future

observations.
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CHAPTER 1

INTRODUCTION

Observations of scintillation of a distant source

is a powerful technique for investigating the properties of

the intervening turbulent medium. The characteristic feature

of scintillations is random fluctuations of amplitude and

phase of the propagating signal. Studies of scintillations

of radio galaxies, quasars and pulsars have provided valuable

information on the nature of ionospheric, interplanetary and

interstellar media. It may be noted that the observed

features of the irregular fluctuations of intensity depend

not only on the properties of the turbulent medium but also

on the annular size of the observed source.

In this thesis we present a study of interstellar

scintillations (ISS) of several pulsars, which are a new

class of galactic radio sources discovered a decade ago. They

are characterised by the very regular repetition rates of

their radio pulse emission. More than 300 pulsars have been

discovered so far. The periods of the pulse trains from the

known pulsars are in the range of 0.033 sec to about 4 secs.

In view of such short and accurate periodicities, pulsars are

believed to be highly compact and magnetised, rotating neutron

stars. Also, pulses are observed to arrive at higher radio

frequencies earlier than at lower frequencies. This disper-

sion of the signal is the same as expected from the propaga-

tion of radio waves in an ionised interstellar gas.	 Hence
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the rate of change of pulse arrival times with frequency of a

pulsar is directly related to the value of the parameter

called dispersion measure (DM) which is equal to the total

electron content along the line of sight to the pulsar.

Another notable feature of pulsar emission is the highly

erratic fluctuations of their intensities. Both the charac-

teristic time scales and the correlation bandwidths of these

irregular intensity variations have been observed to encom-

pass wide ranges in their respective' domains. In our study of

interstellar scintillations of pulsars, we are concerned with

both of the above aspects.

1.1. INTENSITY FLUCTUATIONS OF PULSARS

The characteristic time scales of pulsar intensity

variations are known to span a wide range, from fraction of a

second to several weeks or longer (Lyne and Rickett 1968a,b;

Rickett 1969; is Lean 1973). As discussed below, we cannot

attribute all these fluctuations, with their varied time

scales, to scintillations due to the interstellar medium.

Those with short time scales, the pulse to pulse fluctuations,

have been observed to be highly correlated over a frequency

range of several hundred MHz (Lyne and Rickett 1968b). 	 In

contrast, the intensity fluctuations with time scales on the

order of minutes are correlated only over a narrow range of

frequencies, On the order of a few to several hundred kHz

(Rickett 1969). It waSshoWn by Scheuer (1968) that the

pUIse to pulSe fluctuations are an intrinsic prOperty of the
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source, but the fluctuations with time scales on the order of

a few to several minutes are likely to arise from scintilla-

caUsed by the interstellar medium (also Salpeter 1969).

Dynamic spectra of several pulsars observed at different

frequencies (Ewing et al. 1970) show narrow band features

whose widths scale approximately as the fourth power of freq-

uency. This is in agreement with the ISS hypothesis of

intensity variations with time scales on the order of minutes.

The most convincing evidenct in favour of the ISS hypothesis

came from the work of Rickett (1969; 1970) who showed a

correlation between the observed dispersion measure and the

characteristic bandwidth over which the.intensitylfluctUations

are correlated.	 This result implies that the fluctuatIbris in

electron density are related to their mean value.

1.2. SCINTILLATIONS DUE TO THE INTERSTELLAR MEDIUM

The interstellar medium contains large regions of

ionized gas at densities of 10 -1i1 electrons cm-3 . The evidence

for the existence of such a general distribution of free

electrons comes not only from the observed dispersion of

pulsar signals but also from the rotation measures of

polarised extragalactic radio sources. 	 As mentioned above,

the observed deep fading of pulsar intensities, with time

scales of a few or several minutes, indicates that the medium

between us and the source has irregularities in electron

density. Random fluctuations in electron density result in
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corresponding fl uctuations in the refractive index of the

medium and consequently random phase changes are imposed on

radio waves propagating through such an irregular plasma.

Depending on the spatial distribution of the irregularities,

different parts of an initially plane wavefront can undergo

random phase deviations on traversing the medium and emerge

as a distorted wavefront. Another equivalent statement of

this propagation effect is that the electron density irregu-

larities scatter the radio wave randomly. Interference -

effects arising due to the distorted wavefront give rise to

a spatially random diffraction pattern. Owing to the relative

velocity between the medium and the Earth, the random diff-

raction pattern is swept past the observer, resulting in

random temporal fluctuations of intensity. Statistical

properties of the fluctuations in intensity will depend on

the statistical properties of the irregular medium.

It was predicted from the theory of scintillations

of pulsars by Saipeter (1969) that the pulse shapes will be

asymmetrically broadened at metro wavelengths, notably in the

case of pulsars with large DM. This has been verified by

observations (Lang 1971a; Staelin and Sutton 1970; Rankin et

al. 1970; Ables et al. 1970; Lang 1971b; Lyne and Smith 1972;

Davies et al. 1972).	 Under the framework of the theory of

ISS of pulsars, the asymmetrical broadening of pulses - to be

called scattering broadening - is inversely related to the

intensity decorrelation bandwidth.
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The fact that pulsar radiation exhibits interstellar

scintillations shows that pulsars are compact sources with

angular size less than about a microarc second. This is to

be expected because pulsars are highly compact neutron stars.

As in the case of interplanetary scintillation (IPS) which was

used in the search for and determination of angular sizes of

small diameter radio sources in the range of angular size 01-1.0

interstellar scintillations could also be used to search

for radio sources smaller t‘lan about a microarc second. At

the present time such tests have been negative on all sources

except pulsars (Condon and Backer 1976; Armstrong et al.1977).

Another consequence of scattering of , radio waves by

the turbulent interstellar medium is that small diameter radio

sources will suffer an apparent angular broadening as seen

from the Earth. The angular broadening amounts to about 0.1

seconds of arc at metre wavelengths and its evidence is found

from studies of IFS (Readhead and Hewish 1972).

1.3 PROPERTIES OF INTERSTELLAR MEDIUM INFERRED PROM STUDIES
OF ISS OZ PULSARS

It is possible, in principle, to deduce all the

statistical. properties of the IS medium using scintillation•

observations of pulsars. But a thorough investigation is

difficult in practice as it requires long stretches of conti-

nuous data taken simultaneously at several frequences and also



at several stations on the Earth with large mutual separations.

Added to'it-are difficulties in interpretation of such data

because of the Complex nature of pulsars as well as of the IS

medium. Some of these problems are discussed in later sec-

tions of this chapter. Nevertheless, observational study of

even limited aspects of ISS of pulsars can yield a wealth of

Aetails about the IS medium.

I1.3.1. Estimates of Electron Density Fluctuations and Their

Scale Sizes From Measurements of Decorrelation

Bandwidths

Theoretical models if irregularities in IS medium

impose restrictions on the permisSible range of values of the

standard 'deviation and characteristic scale size of the fluc-

tuations in the electron density of the medium. Additional

restrictions on these values can be derived by using the

observationally determined value of the characteristic

decorrelation bandwidth for intensity fluctuations, in conjunc-

tion with a theoretical model. This method is useful in

estimating the magnitude and scale size of the electron

density fluctuations in the IS medium. Observed values of

scattering broadening are also usable for this purpose owing

to its inverse relationship with decorrelation bandwidth.

1.3.2. Drift Velocities of Scintillation Pattern from

Multistation. Observations

Simultaneous observations of a pulsar at the same

frequency with two or more radio telescopes which are separated
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by distances on the order of a few thousand kilometres can

yield estimates of the velocity of the drifting scintillation

pattern (Lang and Rickett 1970; Galt and Lyne 1972; Rickett and

Lang 1973; Slee et al. 1974). If the diffraction pattern due

to the IS medium does not rapidly evolve temporarily as it

drifts, then one expects the cross correlation of the intensity

fluctuations at the two stations to go through a maximum value

as the time lag between the two data is varied. The component

of the drift velocity along the baseline joining the two

stations is given by dividing their distance by the lag corres-

ponding to the maximum value of the cross correlation. The

drift velocity of the scintillation pattern de pends also on the

proper motion of the source, apart from the velocities of the

medium and the Earth. Hence, multistation observations of

several pulsars can yield evidence on whether pulsars are high

velocity objects or not, which has implications on theories of

iormation of pulsars.

1.3.3. Nature of the Spectrum of Scale Sizes of Irregularities
Inferred Irom lultifrequency Observations

The exact form of the functional relationship between an

ISS parameter, say, decorrelation bandwidth, and the frequency

of observation depends on the nature of the spectrum of sizes

of the irregularities. Hence, simultaneous observations at

different frequencies of ISS of pulsars are useful for

understanding the nature of the irregularity spectra. Investi-

gators have considered both Gaussian and power 'law spectra.Much
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attention]has_been devoted to the Kolmogorov spectrum which

is a speoial case-power law spectra, bec?.use natural turbu-

lance results generally in a Kolmogorov spectrum. Attempts at

deciphering the exact nature of the turbulance spectrum have

been.most successful in the case of the Crab and Vela pulsars

and results have been in favour of a Kolmogorov spectrum (Mutel

et al. 1974; Isaacman and Rankin 1977; Backer 1974; Lee and

Jokipii 1976). But.this conclusion cannot be extended easily

to the general interstellar medium under the framework of the

models which assume homogeneity of the medium (Rickett 1977).

As discussed in Section 5.5 of this thesis, evidence for

inhomogeneity of the general IS medium is indicated from the

observed dependence of ISS parameters on dispersion measure.

1.4. ISS PARAMETERS AND DISPERSION MEASURE

The dispersion measure (DM) of a pulsar is given by the

line integral of the electron density Ne along the line of

sight from the Earth to the pulsar

DM=	 Ne dl

From theoretical models of the IS medium which assume Gaussian

or power law spectra for the irregularities, one can derive

relationships between ISS parameters, such as decorrelation

bandwidth Bh and dacorrelation time T	 (Section 2.5) and the
v

parameters of the medium like r.m.s. value of the electron

density fluctuations < oNe 2 2- ,> the typical scale sizes L of

the irregularity spectrum and the distance z to the pulsar.
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The dependence of ISS parameters on the observing frequency v

can also be derived. To arrive at a theoretiCally expected

relationship between ISS parameters and dispersion measure one

usually makes the assumption that the r.m.s. value of the

electron density fluctuations is proportional to the mean

electron density, i.e.

< 6Ne >
	

<Ne>
	

1.2)

The above proportionality implies spatial homogeneity of the

general IS medium.	 With this assumption one can arrive at

the following relationships

m (Dmra/( a-2 ) x2a/(a-2)

p	 (m)-1/(a-2) c2/(a-2)
C.S.

(1.3)

(1.4)

where Pc.s is the spatial correlation scale of the intensity

fluctuations. It is directly relatd to both the temporal

scale T and the transverse velocity v , as given by

c.s a VT v , In equations (1.3) and (1.4)	 a is the index of

the spectral distribution of the irregularities. For a power

law spectrum the value of the index lies in the range 2 < .a <4,

and for the Kolmogorov spectrum a = 11/3. 	 For a Gaussian

spectrum, the above equations are valid for a equal to 4. By

observational determination of decorrelation bandwidths for

several pulsars as a function of DM and/or A , one can test

the validity of the relation _(1.3) which is based on the
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assumption Qf. homogeneity -tor different types of spectra. •

Similarly one can check the. validity of eqn. (1.4) by observa-

tional determination of T for several pulsars. To carry out

this test, single station observations alone are not sufficient.

One needs to know values of the transverse velocity v for

different pulsars which require simultaneous multistation

observations.

1.5. OBSERVATIONAL AND INTERPRETATIONAL DIFFICULTIES IN ISS

OF PULSARS

1.5.1. Observational Difficulties

For observations at about one metre wavelength, the

decorrelation bandwidth ranges from a few hundred kHz to only

a few kHz for DM in the range 5-50 pc cm 3 . Therefore, for

carrying out useful observations aimed at reliable the-termina-

tions of the decorrelation bandwidths one needs to use

detectors with bandwidths as narrow as possible, say 10 kHz

to 100 kHz. Further, in order to achieve sufficient signal to

noise ratio for weak pulsars, one requires a large overall

bandwidth, resulting in large number of detectors. This

increases the data handling problems. Since the time scale of

scintillations are on the order of a few minutes one needs to

have continuous data stretches of at least several tens of

minutes length, so as to reduce!the statistical errors of the

measured ISS parameters.
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	1.5.2	 Finite Bandwidth Effects

Use of'detectors whose bandwidths are comparable to or

larger than the decorrelation bandwidth results in considerable

smoothing of the intensity variations due to scintillations

(Rickett 1969). This is in consonance with predictions of the

theoretical models for the case of strong scattering (Little

1968; Lee 1976). Therefore it is important that observational

determinations of ISS parameers incorporate suitable correc-

tions for the finite bandwidth effects. Because of the use of

n large number of detectors and the need to incorporate methods

of corrections for finite bandwidth of the detectors, the

amount of data reduction is considerably increased.

	

1.5.3	 Interpretational Problems

a) Intrinsic intensity variations

Although intensity variations of pulsars having

characteristic time scales of a few minutes are generally

ascribed to scintillations due to the IS medium, there has not

been any investigation so far to check whether variations with

similar time scales could also be intrinsic to the source. The

results from two station observations by Slee et al.(1974)

indicated the possible existence of such intrinsic variations.

It may be noted that the decorrelation bandwidths of intrinsic

variations is generally much larger than those for ISS. Hence

by observing the correlation of intensity fluctuations over a

large range of frequencies, one may be able to distinguish
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between ISS and intrinsic variations even though their time

scales are similar. If the two are not seperated adequately,

the derived ISS parameters will not be reliable, e.g. the

velocity of the scintillation pattern derived from two station

observations will be overestimated.

b) Temporal evolution of scintillation pattern

Results from two station observations have also shown

that in the case of many pulsars the data do not yield definite

velocities of the scintillation pattern.	 This could be due to

temporal evolution of the diffraction pattern and/or intrinsic

variations (Slee et al. 1974). Another interesting result from

two station observations is that in the case of a few pulsars

one notices reversal of the direction of the pattern velocity

(Rickett and Lang 1973; Slee et al. 1974) in a short interval.

Such observations are explainable using a multiscreen model of

the IS medium or by postulating the presence of a velocity

shear in the medium (Uscinski 1975). The results indicate that

the properties ofthe IS medium are more complex than postulated

in theoretical models which assume it to be statistically

homogeneous and stationary.

1.6	 THE PRESENT WORK

This thesis deals with single station observations of

33 pulsars at frequencies near 327 MHz using the large cylind-

rical radio telescope at Ootacamund, India. The dispersion
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measures of these pulsars are in the range 5 — 231 pc.cm- 3 .

Most of the observations were carried out during. 1976-78. Of

the 157 pulsars known at that time 102 are in the declination

range covered by the Ooty Radio Telescope. 	 The 33 pulsars

observed by us are among the brightest of these 102. Continu-

ous stretches of data, each lasting a few to several hours,

have been acquired with multichannel receivers on each of the

33 pulsars and detailed analyses made. Cross correlations of

intensity fluctuations at different frequencies with good

quality have been obtained for 15 pulsars. Such correlation

data have been reported earlier in the literature by others

for about 9 pulsars, but they were obtained from data stretches

much smaller than those used in the present work which includes

8 of the 9 pulsars. For 23 pulsars we have obtained fluctua-

tion power spectra with good signal to noise ratio. Earlier

work by others has resulted in power spectra for about 25

pulsars, which are available in literature.	 Our work includes

14 of the 25 pulsars but the effective number of cycles of

scintillation in our spectral data for each of the 14 pulsars

is larger than that for the work reported in literature. The

organisation of the thesis based on the above observations is

given below.

A brief review of the theory of ISS of radio waves as

developed by Lee and Jokipii, based on the Markov approximation

using coherence function approach is presented in Chapter 2. On

the basis of this theory we have formulated the effects of

rantLamAdmpurai
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finite bandwidth of the detectors on ISS parameters and also

developed - a method to detect the presence of intrinsic inten-

sity fluctuations with time scales similar to those due to ISS.

For observin the pulsars multichannel receivers were used.

The instrumentation and observational procedures are described

in Chapter 3.	 The details of the techniques adopted for

data reduction including cross correlation and power spectral

analysis are also given. 'Chapter 4 deals with the methods

used for deriving the values of the ISS parameters of interest

from the observed data. Procedures adopted for evaluating the

possible statistical uncertainties on the estimates of these

parameters are also described in this Chapter. Presentation

p nd discussion of the results obtained from our observations

form the main topics of Chapter 5. The result 's and discussions

pertain to four aspects o (i) Estimates of ISS,. parameters and

their comparison with theoretical models (ii) Evidence for the

existence of intrinsic intensity fluctuations with time scales

similarto those produced by ISS (iii) Inhomogeneity of the

interstellar medium as inferred from the dependence on DM of

obserVed -ISS parameters (iv) Estimates of the characteristics
of the IS medium and the clumpiness of the electron density

distribution in it,
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CHAPTER 2

REVIEW OF THEORY OF INTERSTELLAR SCINTILLATION OF PULSARS

2.1. INTRODUCTION

The phenomenon of scintillations of a distant radio

source arises due to scattering of radio waves during their

passage through a plasma with irregularities in electron density

The nature of the observed intensity fluctuations depends on

the size distribution of the irregularities, and on yo which is

the root mean square (rms) phase fluctuation imposed by the

medium on the incident wave front. In the case of ionospheric

and interplanetary scintillations, the observed modulation

index m of intensities is often small i.e. m < 1. This can

be shown to arise due to the condition, yo « 1, whiCh is

referred to as weak scattering (Salpeter 1967). In contrast to

this, the observed interstellar scintillation (ISS) of pulsar

radiation exhibits deep fading, i.e., m — 1, which implies the

condition of strong scattering i.e. yo » 1.

2.2. THEORY OF INTERSTELLAR SCINTILLATION

Observed intensity fluctuations due to ionospheric or

interplanetary or interstellar plasma are random. As such, one

is interested only in statistical properties of scintillation

which in turn can throw light on the statistical properties of

the medium. The theoretical situation implies the solution of

the equation of wave propagation in a medium with random fluctua-

tions of refractive index. A complete analytic solution is
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intractable owing to mathematical complexity. As such,

solutions have been obtained using various simplifying assump-

tions.	 One of the approaches assumes that the medium could

be replaced by a 'thin phase changing screen'. The thin screen

approximation is justifiable in the case of ionospheric and

interplanetary scintillations but is not valid for ISS.

Nevertheless, thin screen model has been used (Scheuer 1968;

Salpeter 1969) with a fair amount of success for obtaining

order of magnitude estimates of the parameters of the medium

causing ISS. Good accounts of thin screen, weak scattering

models, as applicable to ionospheric and interplanetary scin-

tillations are available in literature (Ratcliffe 1956;

Salpeter 1967; Cohen 1969; Little 1976; Jokipii 1973).

For comparison of our observational results with

theoretical predictions we have used a strong-scattering

extended medium model. Thin screen models have not been used,

but they are helpful in understanding the physics of scintil-

lations produced by a random medium. Therefore, we firstly.

give a brief account of a simple thin screen model which is

applicable to pulsar scintillations, in section (2.2.1). It is

followed by a review of the theory of radio wave propagation

in an extended random medium developed by Lee and Jokipii. In

our brief review of this model we have restricted our atten-

tion to those aspects which are relevant to the present

observations. Sections (2.3) and (2.4) deal with the propa-

gation of nonmonochromatic waves in extended random media with
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Gaussian or Kolmogorov spectra of irregularities. The assump-

tion involved in extending the theory to investigation of

intensity fluctuations is discussed in. Section (2.5).	 This

is followed by the predictions of the theory regarding the

dependence of ISS parameters on dispersion measure.	 Section

(2.7) describes the procedures derived by us from the theory

to estimate finite bandwidth effects for receivers with any

given bandshape.	 In the last section we discuss methods of

dealing with difficulties encountered in determination of ISS

parameters when intrinsic intensity variations are also

present. A method is described by which the existence of

intrinsic intensity fluctuations with time scales similar to

those due to ISS can be detected.

2.2.1.	 The Thin Screen Model

The phase perturbation op of the radio wave owing

to its passage through an irregularity in electron density of

magnitude ONe and characteristic linear scale size 	 L is

given by

	

O p = (sive x L
	

2. 1)

where	 re = classical electron radius and

= observing wavelength.

On passing through a depth z of such irregularities the rms

phase deviation p0 becomes

TO = ( XL ) 2 	 <ONO2> 2 re X
	

(2.2)
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The above assumes a Gaussian spectral distribution for sizes of

irregularities. Depending upon whether yo » it radians or

Apo < it we distinguish two regimes of scattering, the former one

being a case of strong scattering and the latter of weak

scattering.

The modulation index m of intensity fluctuations is

defined by

d	 2
2 < LC: < >	 >	 <1 2

>
m=

>
2	2

(2.3)

where S is the total intensity, the mean-subtracted intensi-

ties being denoted by I . The angular brackets indicate

averages. In the case of interplanetary scintillations (IPS)

the modulation index is often small compared to unity, which

implies that the scintillations are in the regime of weak

scattering. Pulsar intensity fluctuations due to ISS, on the

other hand, have modulation indices close to unity, which

indicates that strong scattering is operative. i.e. for ISS,

(2.4)

Under the thin screen approximation we replace the IS

medium by a thin screen placed near. the middle of the depth z

of the medium. The thin screen has the same scale size L

and yo as the actual medium.

There is enough experimental evidence from two-station

observations of ISS of pulsars to show that L >> x for the IS
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medium. Therefore one may use geometrical optics to calculate

the rms scattorinK angle Os due to the irregularities. 	 One

obtains,

gs = xy0/(2-EL)	 (2.5)

To have dee p intensity variations it is necessary that

several scattered rays reach the observer so that the inter-

ference amongst these scattered rays gives rise to deep

scintillations. This requirement may be stated mathematically

as,

s 
> L
	

(2.6)

2.2.1a Correlation of intensity fluctuations with frequency

As has been mentioned earlier, it is observed in 'SS

of pulsars that the fluctuations in intensity are correlated

over a narrow range of frequencies only. The scintillations

will be similar at wavelengths x and X+dx if the phase

differences between the various interfering beams are the same

at x+dX as at x , to within say, it radians. The phase

difference between any two interfering beams is composed of

two parts (i) that due to differences between 6N at the two

physically separate regions on the screen traversed by the

beams and (ii) that due to differences between the geometrical

paths along which the rays have propagated.	 If we consider

the direct ray and a scattered ray, the geometric path

difference between them amounts to 2zgs 2 and t_is is much

larger than the phase difference due to (i). Hence we may
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neglect the phase delay dUe to (i). The time lag between

direct and scattered rays is z gs 2 /(2c) and hence the fluctua-

ting intensities will be correlated over a bandwidth fv

given by

= 2C/(ZOs 2	(2.7)

It may be noted that owing to the time lag between direct and

scattered rays an infinitely sharp pulse of radiation will be

scattered into a pulse whose time profile will have an expo-

nential decay with a characteristic decay time of f v
-1

2.2.1b Time scale of scintillations

The screen produces an irregular diffraction pattern

in space.	 If the screen has a transverse velocity v	 with

respeCt to the observer the diffraction pattern is swept past

the observer with this velocity. The observed random inten-

sity fluctuations ere a manifestation of the swept diffraction

pattern. The scale of the diffraction pattern at the Earth

will be c/(v s ). If the characteristic time scale of the

intensity variations is designated as 'c , then

1T = C/(V gs )
	

(2. 8)

In the case of a radio source of considerable angular extent,

different points on the source will generate diffraction

patterns with relative shifts amongst peaks of the patterns

and consequently the fluctuations due to the whole of the

source will tend to smooth out. The critical angular size ~c
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above which radio sources will not produce ISS is given by

= c/( yOs z)	 (2.9)

The conditions (2.4)y ( 2.6) and (2.7) necessary for deep

scintillations, restrict the range of allowable values of

6N
e and L of the IS medium. 	 For the thin screen model these

conditions are shown graphically by Scheuer (1968) from which

we note that dee p scintillations necessarily imply a narrow

bandwidth of correlation for intensity fluctuations.

2.3 RECENT DEVELOPMENTS IN THE THEORY OF WAVE PROPAGATION

IN A RANDOM MEDIUM

Recent theoretical developments related to tackling

the problem of scattering of light in the turbulent atmos-

phere of the Earth have resulted in fruitful approaches

towards solution of the strong scattering problem (Tatarskii

1971; Brown 1972a, 1972b; Gurvich and Tatarskii 1975).	 In

these approaches one tries to solve for the second and fourth

order coherence functions of the random wave field, using

plausible approximations, instead of solving the wave propa-

gation equation. The coherence function approach gives

solutions in the weak scattering regime also. The Rytov

approximation to solve for the coherence functions, described

by Tatarskii (1971) is applicable only in the weak scattering

ease. A more general approximation is the Markov approxima-

tion (Tatarskii 1971) which gives proper results for both strong

and weak scattering conditions. The starting point of
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these approaches is the quasi optical or Parabolic equation of

wave propagation (Tatarskii 1971; Lee and Jokipii 1975a). This

equation is a scalar wave equation, neglecting polarization

effects. The essence of parabolic a pproximation amounts to

neglecting reflected waves. 	 The range of validity of this

assumption is discussed by Tatarskii (1971) and the satisfac-

tory applicability of the parabolic and Markov approximations

to ISS of pulsars is discussed by Lee and Jokipii (197a). In

the subsequent sections we briefly outline the coherence

function approach using the parabolic and Markov approxima-

tions with more emphasis on the nonmonochromatic case.	 It was

theoretically treated for the first time by Lee (1974).

2.3.1.	 Theory of ISS - Coherence Function Approach

We consider a plane monochromatic wave of frequency v

Propagating along the +z direction and incident on a plasma of

non-uniform electron densit y , filling the half space z > 0.

The electron density Ne (r) at any position 7 = (x,y,z) is such

that the plasma frequency v p , at all 7. , is much lesa than v .

The electron density N e (and hence the refractive index Si(-1"))

is assumed to vary randomly. 	 We consider ensemble averages of

various quantities indicated by -t.>

	

2	
41 < e 	> e

2

w > -
p	 m

< w 2 >

(1')> = 1 -

	N e (r)	 = < N ( )	 + ONe (r)

(2.10a )

( 2. 10b)

(2.100)
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(2.10d)
mc 2

a	 ca	 4g<No>o2
k	 < c (T)	

j
= [ 1	 (2.10e)

u 2 M

where	 w = 2jtv

o = electronic charge

m = mass of an electron

ON e= fluctuating component of electron density

e = velocity of light = 3x1010 cm/sec.

The following assumptions which are relevant in the case

of the interstellar medium are made

i)	 the fluctuations in refractive index are much less than

one everywhere

the soala of fluctuations in refractive index are much

larger than the observing wavelength x

the total distance through the medium is much larger

than the largest scale of refractive index fluctuations

the medium is statistically homogeneous.

Under assumptions (i) and (ii) the wave propagation

equation can be simplified to the 'parabolic equation',

2ik Ll +	 u+k2 CU = 0
r4Z

where u . u(r) = complex Fourier component at angular

frequency C) , of the electric field E; (1. , t) such that

E(I,t)	 Eoei(k?'-wt)

,12	 62
The operator 77 1 2 =

3x 2 ay 2

(2.11)

(2.12)
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Let	 = (x,y) be a transverse coordinate.	 The

behaviour of the medium can be described by various coherence

functions m,n defined by

... 	)n'ilin,n (z951 Y75 2 9-7m 91R1 972" --m' . 1 .1.)2" — n' l' 2'

=<U(Z,19 R1) u(z,72,R2)

>

u(z,T,,Em ) u(z,71,E1)

(2.13)

In particular 1-11,1 describes angular spectrum and angular
broadening, and/22' intensity correlations.,

Under the parabolic and Markov random process approxi-

mations, Lee (1974) has derived the following differential

equation for i m,n , for different transverse coordinates and

different wave numbers

= r2	 + ... +
z	 1

it

2
n ' r

m,n
kn'

A(T.-.)

R.R,
i=1 J=1	 J i=1

m	 [A(7,..)+A(7'.-7i)]

1 j

A' -
+
	 .)

ITE:
i=1 j=1

p
m,n (2.14)
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.-7 2	 2	
+

 2
where v. =

xi

z

A(7 - 5')	 =	 1.3(z,77
	

z1,;.7t)	 dz

Analytical solutions for the aoove trnsport equation

form n have not been found and numerical methods have been,

used for deriving results (Lee lnd Jokipii 1975b). The equation

for I-1_1 is, 

2j_1 	 c72 	r-T 	 1r,	 A(0)

z	 2 
k 2	 -2	 9 - 4" k 2	 k

2
2

1

2A(7	 )_
ki k 2	 1,1

For a statistically homogeneous medium P1,1 depends on

15 = 1 -72 	 -ard not on 71 and P 2 • 
Also 01 12 = 2 =S7 2

Define	 k1 = k+i-Ak ,

k2 = k—jzAk .

Writing

, k)	 1,1(z,7,k1,k2)

and assuming laid	 k oqn.(2.15) can be simplified to

(2.15)
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Or	 i 6,k	 2	 6k2ic--)YZ,P,Ak)-Pn- 77 P	 A—r[A(0)-A(T)]) + --T A(0)11 =O.	 (2.16)
4

If the second term involving 7P 2 is neglected and one solves

for r z , 7=0, ak ) one obtains

2
r ( z,7.0,Lk) = PR '(.7 9 7=01	

Air
= exp[- °--2---7A(0)z]

41e1-
(2.17)

The above equation describes the effect of differing

transit times of different rays due to the varying refractive

index. Hence rOz,7=-0,Ak) describes the 'pure refraction'

effect. Obviously the effects dut to diffraction must be

arising from the term proportional to V 2 ' which is called the

diffraction term. The diffraction effect is determined by

defining a new ri) (z,T,Lk) by

r ( z, T ,Lio	 r D (z,F,t,k) P R (z,.6 = 0,Ak).	 (2.18)

Then the equation for FD becomes

	JD	 . 2r + 1-,TrA ( 0)-A ( i3)n = 0

	

z	 2k` 	 D 2k' (2.19)

It may be noted that the pure refraction effect is

caused by variation of optical path along the line of sight

and will not be observable during the course of observations

lasting a few hours or -1 few days, as the position of the

observer does not change appreciably with respect to the

scattering medium during the observation. As such we will be
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concerned only with PD in discussing measurable ISS parameters,

henceforth.

2.4	 NATURE OF THE SPECTRUM OF IRREGULARITIES

Solutions for r D obviously depend upon the functional

form of A(7) which in turn depends on the nature of the

refractive index fluctuations in the medium. The spectrum

P (CI. )	 of refractive index fluctuations is defined by

e, (7) e k (7+T) > exp(iCT.7) d317 (2.20)

If one assumes the spectrum to be Gaussian,

P c ((i) = B G exp(—q 2 /q 0 2 )	 ( 2.21)

where L G = 1/q 0 is the coherence scale of the fluctuations

and

B
G = 128z7/2(re2/k4)
	

< ON
e
2 >	 (2.21a)

r e	c= e 2 /m- 2 = classical electron radius.

Alternatively one can assume a modified power law spectrum of

the form
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with q0 <<= ql . This spectrum is flat for q < q0 , is a power

law with index -a for a 0 < q <	 and is cut off for q > ql.

L p = 1/q0 is referred to as the outer scale andk= 1/q, , is

the inner scale. Usually a has a range 2 <	 4 and a=11/3

corresponds to the Yolmoorov-s-oectruln. The justification for

assuming a modified power law spectrum stems from the following

two reasons: (i) natural turbulence is expected to result in a

Kolmogorov spectrum of irregularity size distribution, (ii) IFS

observations seem to indicate a power law spectrum for the

inhomogeneities in the solar wind plasma (Jokipii 1973; Coles

et al. 1974).	 The constant Bp is given by

B = 128-n 7/2-3
c10 (re < 6N 2 > r	 (2.22a)e	 (a/2)	 (a/2-3/2)

where r (a/2) and r (a/2 _3/2) are gamma functions.

While finding solutions for eqn.(2.19)onelsinterested in

solutions of r
'JD („T = 0, Lk 4 0), apart from the solutions for

the more general rip (z, 	 0, Lk	 0) . This is because one may
arrive at theoretical predictions on pulse broadening due to

interstellar scattering as well as the related effect of

intensity decorrelation with observing frequency by using

solutions of rD( z ' 7 	 0, Lk	 0) under certain assumptions
regarding the relationships between r11,1 and r2,2 (Lee and
Jokipii 1975; Lee 1976). 	 As analytic solutions have not been

found numerical methods have been used for solving eqn. (2.19)

which are described by Leo	 Jokipii (1975b). One finds that
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the characteristic frequency scale v c of nD 
(z	 = 0,	 Ak A 0)

is given by

v c 
= (c/210P0-2" k2(µ+2/µ)(z/2)-(0-2)/
	

(2.23)

where p o = [A(0)—A(p)]/p—'1

= a - 2 for power law spectra with 2 < a < 4

= 2 for Gaussian spectra•

The numerical solutions for 
rI) have been presented as

graphical plots of rp (z,p = 0, Ak 74 0) as a function of

( AW/ Wc	 = ( v/Vc) by Lee and Jokipii (1975b). Two sets of

solutions are available in their paper, one for Gaussian

spectrum of refractive index fluctuations and the other for a

Kolmogorov spectrum.

Solutions of rI) are useful in making quantitative

predictions of the effect of finite receiver bandwidths on

observable parameters of pulsar intensity scintillations,

inspite of the fact that PD describes only the correlation of

electric fields due to the propagating electromagnetic wave.

This is possible under certain assumptions as described in

the next section.
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2.5	 INTENSITY FLUCTUATIONS

In order to discuss the fluctuations in intensity due

to the medium one has to solve for122 ' This problem is, 

also mathematically intractable. As such one proceeds by

using known relations between second and fourth moments of the

complex amplitude of the electric field i.e. relation between

r191 and 1-'2,2 .

If the complex amplitudes are Gaussian random

variates, then it can be shown (e.g. Hanbury Brown, pp 39,
1974) that

2T1 2,2 = 1,1 1 (2.24)

Lee and Jokipii (1975c) have shown that for monochromatic

waves the above holds good even for non—Gaussian distribution

of amplitudes if conditions of strong scintillation are

satisfied. It is reasonable to assume thatr11 andr22 are,	 , 

related in the same way even for different wavenumbers i.e.

eqn. (2.24) holds good even for radiation in a finite bandwidth

With. this assumption we can develop methods using solutions

of 'I) to correct the effects of finite bandwidths of

receivers on observational measurements of parameters of

decorrelation of pulsar intensities with radio frequency and

time. These are discussed in Section (2.6).
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2.6	 DEPENDENCE OF PULSAR SCINTILLATION PARAMETERS

DISPEdSIOz i MEASURE

To verify the validity , of any theory of radio wave

propagation in the IS medium a possible test is the comparison

of the predictions of the theory with observational evidence

regarding the dependence of various parameters of ISS of

pulsars on dispersion measure as well as frequency.	 For

example we may consider the dependence of f v on DM and

where f v is the char=acteristic frequency scale of correla-

tion of the intensity fluctuations. Similarly one may

investigate dependence of PC.S. on DM and v, where Pc.s is.

the characteristic transverse spatial scale of intensity

fluctuations. Pc.s is related to the decorrelation times of

intensities as explained in Section (1.4). 	 But there are

two difficulties in deriving theoretically a relationship

between any one of the ISS parameters and dispersion measure

as described below.

Scintillation parameters depend on fluctuations in

electron densities about their mean and not on the mean

electron density itself. 	 As such, without a knowledge of the

relationship between	 < Ne > and < 8N e 2 > , one cannot

deduce theoretical relationships between ISS parameters and

dispersion measure. 	 To circumvent this difficulty one makes

plausible assumptions regarding the dependence of < ONe 2 > on

Ne >	 in the IS medium.	 The simplest of the assumptions

could be of the form
< N > 2 	 < ON 2 >	 (2.25)
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Under the framework of the theory using the coherence

function approach for the case of nonmonochromatic waves, des-

cribed in the earlier sections, one cannot readily evaluate

the relevant predictions quantitatively. The prime reason for

this is the lack of analytic solutions for )	 in terms of

A(p), z, v and v° for the case of wide band radiation. On the

other hand, if one considers monochromatic waves only -

implying an infinitesimally narrow bandwidth of the detector -

one can arrive at the necessary quantitative predictions

involving f v (or pc.s. ) and v, z and < 5N
e
2 > , for both

Gaussian and power law spectra of irregularities.

For Gaussian spectra it turns out to be

_p v4cx —2
V z < 5Ne >

(2.26)

For a power law spectrum with index a we obtain

f cc

za77:

v 2 a/(a -2)

< 6N 2 >2/772")
(2.27)

Specifically, in the case of the Kolmogorov spectrum with

a = 11/3 the relationship (2.27) becomes

f	 ----	
4.4v

-Lv	 z2.2 < 5N 2 > " 2e 

(2.28)

The relationship between p c.s and DM can be obtained

from the asymptotic analytic solutions of r
122

(Lee and
, 
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Jokipii 1975c) for propagation of monochromatic waves under

conditions of strong scattering. For the case of Gaussian

s pectrum of irregularities we obtain

p
V_

C.So
Z7 < 5N 2

c

(2.29)

For the case of power law spectra one has to consider two

prssible situations (i) £ < pc.s. < L and (ii) pc. s.
	 <_.

For< L we get
2-:'	 Pc.s.

2/(a-2)

c.s.	 77(a-27- < oN 2 > T75CQ)
	

(2.30)

and for the case of p	 ‹ t 	we obtain the same relation-c.s.

ship as in (2.30). It may be noted that for k: thePc.s.

relationship does not involve the spectral index a in so

far as the dependences on v	 z and < 6Ne 2 > are concerned.

For Kolmogorov spectrum with a = 11/3, for the case

of	 p	 < L we getc.s.

1.2
= 	

c.s.	 z0.6_.511	 2_0.6

e

• (2.31)

By applying (2.25) we rewrite, eqn.(2.26) giving the predicted

dependence on DM of f
v
 and p c.s. for a Gaussian irregularity
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(2.32)
1

c.S.	
(DM)1

	 (2.33)

For Kolmogorov spectrum of irregularities the corresponding

relations are as follows

4.4  
(2.34)

(DM)
2.2

 < Ne >0

1.2

	

— for 2. < p	 < L	 (2.35)c.s. (m) 0 • 6 c.s.

for P	 9	 (2.36)"c.s.	 _.0 5	 C.S.
(Iki)

2.7	 BANDWIDTH EFFECTS ON FREQUENCY CROSS CORRELATION

OF INTENSITIES DUE TO SCINTILLATION

2.7.1	 Bandwidth Effects

The intensity of a Fourier component at frequency v

observed at position (z,;) is given by

i2
(z,7,y) = iu(z,7,v)
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The normalised cross correlation of intensities at two Fourier

components, observed respectively at (z,7i ) and (z,Ti), is

given by	
4

P ( z T. \.). 	 v ) = 	 - 1I	 7 1 7 1 7t' j 9 j 	 -3
1	 uj> ( 2. 37)

For vi	 vj, PI becomes the 'spatial intensity correlation

function' which is related to the observed tem p oral intensity
fluctuations through the relative velocity of the medium with

respect to the observer. For vi	vj and p i = p i , PI

becomes the 'frequency cross correlation' of intensity fluctu-

ations.

P
I as defined above refers to detectors with zero

bandwidth. For a detector with finite bandwidth and an inten-

sity response Gi (v) such that \Gi (v)dv.1 , the observed

intensity is given by

'	

2

T)	 _112(ZITL,v)1	 Gi(V)C1V (2.38)

and the intensity correlation function Q1 becomes

it<u.uu.0
-1 > G.(v)G.W)dvd\o

Qi ( z, 7i,vi, T i,vi ) =

	

	 ( 2.39)

<ui talf->Gi ( v)dv][S‹u 
J
.u!>G 

J
.( v)dy]

•
If we invoke the assumption that the ,simple relation-

ship between r1,1 and 172,2 , given in eqn.(2.24) holds good
even for nonmonochromatic waves then we can express Q1 as
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follows!'.

Q1 (3, -1,')i9p1'Y

	

<u.u:	 G.(y')dvdy'>1	 .(v)12

	1 1	
Gi 

t 4
[ \< ..j

i
>G

i
(v)dvil <3.>G•3(v)dviJ  

(2.40)

Since ‹,,,,,,	 .-,!>	 1-1	 . 1	 (	 is known from the solution of
rl	 r-1

1 j	 1,1	 R D

the transport equation for711 (eqn.(2,15)), Q 1 can be, 

readily evaluated from eqn.(2.40). For reasons described in

Section (2.3.1)	 one can neglect the contribution to 	 by

can

1,1
can be substituted by

1 1-1) 2 in order to evaluate Q1 .

2.7.2. Nature of the spectrum of refractive index fluctua-

tions in the medium and its effect on the observed

intensity correlation functions.

The most interesting aspect of the theory of inter-

stellar scintillation described above is that, comparison of

the shape of observed intensity correlation functions with

that predicted by eqn.(2.40) san throw light on the nature of

the spectrum of refractive index fluctuations in the interstel-

lar medium. One notes that (Lee 1976) the dependence of1111 2

on p and	 for a Gaussian spectrum is slightly different

from that for a Kolmogorov (power law) spectrum. This is seen

from the graphical plots of In 
2

, 1

	
VS ('\V/V

c
)	 (Fig.2.1) and

P
I
 vs P/P c (Fig.2.2). These plots are taken from the paper

by Lee (1976).	 The differences appear marginal but become

more accentuated in the case of the theoretically predicted

refraction effects so that
1,1

 2
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bandwidth. effect on spatial intensity correlation functions

(Figs. 5,6 and 7 in Lee 1976) for the two spectra. One finds

that as the bandwidth of the detector is increased, the

halfwidth of the spatial intensity correlation function

increases for both types of spectra, out the rate of increase

of halfwidth is 'higher for Kolmogorov spectrum than for

Gaussian spectrum. Hence, by observational determination of

temporal intensity fluctuations with de-,;ectors of different

bandwidths one may be able to decipher the nature of the

irregularity spectrum of interstellar space.

2.8	 INTENSITY VARIATIONS INTRINSIC TO THE SOURCE

As described in the introductory chapter, the major

obstacle to the determination of parameters of the interstel-

lar medium using pulsars as probes is the probable existence

of intrinsic variations with time scales similar to those due

to ISS.	 Pulse to pulse intrinsic variations are characterised

by correlation bandwidths on the order of several hundred MHz.

On the other hand correlation bandwidths of interstellar scin-

tillations which have time scales of about	 to 10 minutes are

on the order of a few hundred to a few kHz at a wavelength of

about lm for the DM range 2-200 pc cm 3 . Because of the

narrow decorrelation bandwidth of ISS for high DM pulsars, one

expects considerable smoothening of scintillations with time

scales of minutes if receiver bandwidths are large. This

Jffould lead to low values of scintillation index. But, for
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a.c.
j	 OBS

<Ii (t) I i (t)> = p
(2.42)
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several pulsars of high DM observed with large bandwidths we

find relatively high values of m which indicate possible

presence of intrinsic variations of similar time scales as

ISS (Chapter 5). If one assumes that irrespective of their

time scales the intrinsic fluctuations ore always characterised

by much larger correlation bandwidths than those due to ISS,

then one can estimate the degree of contamination of ISS

fluctuations by intrinsic fluctuations. In the following

sections we describe the methods we have adopted for this

purpose.

2.8.1. Frequency Cross Correlations

Following Sutton (1971) we write

x(t) y(t)
	

(2.41)

where x(t) is the intrinsic pulse intensity and y(t)

describes the scintillation superposed on intrinsic intensity

by the medium. Writing x(t) = <x>+cx(t) and y(t) = <y>+ey(t),

I(t) = <x>cy(t)d-sx(t)<y>+ex(t)Ey(t) where angular brackets

indicate time averages. The frequency cross correlation of

interisitiesatv . andv.as defined as

where a.=<I2(t)>=. rms fluctuation of mean subtracted

intensities. Assuming that intrinsic variations are correla.-

ted over a wide band, i.e. xi(0=x,(t), the observing time is
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sufficientlylongso that	 -1	 and also cross

products of uncorrelated terms can be ignored, then

<cy cy.>+A
„
,41

J )2>+A
(2.43)

<(ex)2><y>2
where

	

	 (2.43a)
‹.-x>2+(sx)2>

For large frequency separations the frequency cross correla-

tion will be

p (2.44)

and refers to broad band intrinsic variations of a pulsar.

Even in the presence of intrinsic variations, it can be shown

from eqns.(2.43) and (2.44) that the frequency cross correla-

tion due to ISS is given by

l
€Y	 = 11- INToCt

r 
• • —	 1—p	 riji j m	 <(cyi)2>

(2.45)

Equation (2.43) shows that in the presence of intrinsic

variations, the frequency cross correlation will decay to a

nonzero base level equal to p when the frequency separations

are much larger than f v	the characteristic decorrelation

frequency of ISS. Alternatively, when the observed frequency
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cross correlation shows a zero pedestal p , it indicates

the presence of ISS only. When both ISS and intrinsic varia -

tions are present, we expect the observed frequency cross

correlation as shown in Fig.(2.3). As was shown by Sutton

(1971), the true f due to ISS in such a case is given by

the width of the function r. jm (j) which is given by eqn.(2.43).i

The value of p can be related to the modulation

index of the variations intrinsic to the pulsar, a'—R MS(s I<x>

If the modulation index due to the interstellar medium alone

RMS(cis p, = <y>	 the observed scintillation index m is given by

2
m2 = 1 	 = <x2<(e-)2><(ex,--=y-: +<(,r-4><(y)2>

<x> 2<y>T--

= a , 2 + p 2 4.ct 2p 1 2 (2.46)

One may also deduce by algebraic manipulation of eqns.(2.43)

and (2.44) that

p = a'2/m2

	

(2.47)

If one observes pulsars with identical narrow bandpass

receivers at several closely spaced frequencies and computes

the frequency cross correlation of intensity fluctuations and

the modulation indices mi for each of the channels j, then

by-the use of eQuations (2.46) and (2.47) the values of a'

and p y can be estimated. And hence one can get an idea of

the significance of intrinsic causes as compared with ISS

in producing the observed intensity fluctuations.
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But it may be noted that this method doe3 not give any insight

into the possible time scales of the two types of fluctuations.

For such purposes it is useful to study the power spectra of

intensity fluctuations of pulsars.

2.8.2. Power Spectra of Intensity Fluctuations

In Fig.(2.4) we show a schematic diagram of the

expected typical power spectra of intensity fluctuations of a

pulsar observed with detectors of different bandwidths. The

continuous line is for the detector with narrower bandwidth

and the dashed one for the one with larger bandwidth. Of the

four components indicated (a), (b), (c) and (d), component(d)

corresponds to quasi periodic modulations observed with time

scales on the order of a few pulse periods, such as the

observed marching subpulse phenomena (Drake and Craft 1968;

Sutton et al. 1970; Hueguenin, Taylor and Troland 1970;

Taylor and Hueguenin 1971; Backer 1975). The 'white' level

(c) belongs to the regime of pulse to pulse intrinsic fluctu-

ations which are correlated over a wideband. Component (a)

is identifiable with ISS, as its characteristic width is

related to the dispersion measure (Rickett 1970; Lang 1971;

Backer 1975). Component (b) can be traced to intrinsic

variabilities like mode changes (Backer 1970b; Lyne 1971),

deep and abrupt nulls (Backer 1970a), isolated bursts of

emission (Huguenin, Taylor and Troland 1970; Backer et al.

1975) and any other modulations of similar period as ISS

(1. to 10 min) (Lang 1969). Component (b) can mix up with the
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ISS component (a) heavily and make the straight forward

determination of the true ISS power spectral widths unreliable.

Recently Krishnamohan of our Centre has developed a

technique to separate intrinsic and ISS components in the

observed power spectrum, which will be discussed in his

thesis (Private Communication). Herein, we have developed a

simple procedure for inferring the existence of intrinsic

variations with time scales similar to those of ISS, as

described below.

Pulse to pulse as well as long term (days) intrinsiQ

variabilities are known to be correlated over bandwidths on

the order of hundreds of MHz in contrast to the narrow corre-

lation bandwidths characteristic of fluctuations due to ISS.

If observations are made with two different detector band-

widths, Ay
B
 and AVN ' and power spectra of intensity fluctua-

tions are computed then one can estimate the degree of mix up

between components (a) and (b) as follows. If a sB 2 and asN2

are the observed variances for the broad band and narrow band

detectors in the presence of both components (a) and (b) for

the pulsar observed, then
f
t

aSB 
2 =	 ( SB (f)- )df	 (2.48a)

0

and ft

SN =	 (SN(f)- )df	 (2.48b)
0
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where ft is the frequency at which (b) merges with the

'white' level (c) (Fig.(2.4)). When intrinsic fluctuations

alone are present and the ISS component (a) is completely

absent over the spectral range of interest, it can be shown

that (Appendix A)

2
GB (v)G-(vt)dvdv'

c:5

= R = 
aSN p	 P	 CC

)) G,
IN
(v)GN(v')dvdv'

VV

(2.49)

	

-where	 G (V) and G (v) are the intensity responses of the

broad and narrow band channels and the integrations are over

the pass bands of the channels. The above relationship is

based on the fact that intrinsic fluctuations are correlated

over bandwidths which are much larger than the receiver

bandwidths AvB and AvN •

On the other hand, the presence of only the ISS

component results in a ratio of O'sp2 to aSN
2 given by

(Appendix A)

2	 CC G B(v BCC	 )G (v')11 2Cr	 (6y/fv )dvdvy

	

[	 -34 ]	 = R = 11-v--	 (2.50)
/

asN SCINT	 c	 CC

vv' 11

	where	 Ov=lv-v i l . One notes that Rp and Rc represent two

ideal extremes such that R is always greater than R c . If
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both ISS and intrinsic fluctuations with similar time scales

are present the observed ratio P o of the variances is

expected to be such that Rc<Ro<Rp . As described in Chapter

5, the above procedure has been used by us for analysis of

data on 23 pulsars for which good power spectra were obtained

and it is seen that in many cases intrinsic variations with

ISS-like time scales are present.
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CHAPTER 3

OBSERVATIONS AND ANALYSIS

	

3.1	 INTRODUCTION

In this chapter we firstly describe the procedures of

observations and analysis for the 33 pulsars studied by us.

The latter sections in this chapter describe the methods which

were used for correcting the ISS parameters computed from the

raw data for the effects of receiver noise and other instru-

mental characteristics.

	

3.2	 00TY RADIO TELESCOPE

The observations were carried out with the Ooty Radio

Telescope (ORT) operating at 326.5 MHz (Swarup et al. 1971)-

The ORT has a coverage in declination of +35P and can track a

source continuously for 9i- hours. The feed at the focal line

of the parabolic cylindrical reflector of ORT consists of a

collinear array of 968 half wavelength dipoles which are

linearly polarized (Kapahi et al. 1975). The ORT has a

multibeam facility which provides twelve simultaneous beams

with separation between adjacent beams in the north-south

direction of 3(sec 6) minutes of arc. Both total power and

phase switched modes of operations are available. Each beam

in the total power mode has a half-power beamwidth of 5.5

arcmin in declination and 2?2 in RA. The normal pass band of
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ORT is 4 MHz centred at 326.5 MHz. The block diagram of the

receiver system is given in Fig.(5.1). 	 The full description

of the system is available in references	 (Swarup et al. 19719

Sarma et al. 1975 a; Sarma et al. 1975 b ). Pulsar observa-

tions presented in this • thesis were done with Beam No.8 in

the total power mode and using a receiver with filter banks of

narrow bandwidth, as described in the following sections.

3.3	 12-CHANNEL FILTER BANES

Most of the observations were made with a multichannel

receiver with a bandwidth of 300 kHz for each of the channels.

But in some cases, where the dispersion measures (DM) of the

pulsars were large, say DM > 35 pc. cm-3 , a 50 kHz system was

used.

3.3.1.	 The 12-channel 300 kHz system

This system consists of a set of 12 tuned amplifiers

each of 300 kHz half power width (Fig.-(3.2)). Their centre

frequencies (f 0 ) are around 5 MHz and the difference (6fo)

between centre frequencies of adjacent channels is 300 kHz.

The normalised intensity response of the channels are shown in

Fig.(3.3). Inputs to these amplifiers at about 5 MHz were

derived by using a wideband mixer at the output of the main

30 MHz intermediate frequency amplifier of the ORT. The local

oscillator signal to this mixer is generated by a crystal

oscillator followed by frequency multipliers and power
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amplifier. The output of the tuned amplifiers are fed to

square law detectors followed by a set of twelve DC amplifiem

3.3.2. The 12-channel 50 kHz System

This filter bank consists of a set of 12 passive

filters and buffer amplifiers. Each filter has a half power

bandwidth of 50 kHz. The separation between the centre freq-

uencies of adjacent filters is 50 kHz for channel No.1 to

channel No.10. However, the difference between the cenIre

frequencies of the tenth and eleventh channels is 0.5 MHz and

so is the case with the eleventh and twelfth channels (Fig.

(3.4)). This filter bank has its own crystal controlled local

oscillator and wide band mixer and output of each channel goes

to a square law detector.

By using a twelve toggle switches, either of the two

sets of 12-channel filter banks can be connected to the common

sot of twelve DC amplifiers.

Outputs of the twelve DC amplifiers are fed to twelve

channels of a 48-channel 12-bit analog to digital converter

(ADC) which is interfaced to a Varian 620-i on-line computer.

Digitised data are stored on magnetic tapes under computer

control. A parallel set of outputs from the DC amplifiers

flows to chart recorders also. The chart outputs are used

only as visual monitors of interferences.
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3.4	 THE 12-CHANNEL ON-LIVE WINDOW DATA ACQUISITION AND

CONDENSATION PROGRAM

3.4.1.	 Data Acquisition

Precomputed topocentric period P of the pulsar to be

observed was set on a preset timer driven by the 1 MHz signal

output of a rubidium clock. The preset timer being adjustable

in steps of 111s, the difference AP between the preset timer

period and the topocentric period of the pulsar was < 5x10 -7 s.

The preset timer produced a pulse train with the set period, a

sampling pulse train at 2 ms period and a few other control

pulses for the computer. To start with, the 12-channel 300 kHz

system was used, with the ORT tracking the pulsar. A prescribed

minute pulse from the clock initiated on-line folding of the

signal from the 12 channels. Each of the channels was sampled

every 2 ms, generally. The program 	 corrected for the pulse

arrival time delay among the different channels, prior to

adding the twelve outputs. The output was displayed using a

digital to analog converter (DAC) on an oscilloscope continu-

ally, the sweep of the oscilloscope trace being triggered by

the pulse train from the preset timer. After folding for a

few hundred pulsar periods, the pulsar signal would be clearly

visible on the oscilloscope from which the phaseofihe pulssr-pulse

with respect to the preset timer pulse was determined. Using

this information, a data window was defined such that it

includes the pulsar pulse, with sufficient base line on either

side. Generally, the width of data window was 20 910 to 30 /6

of the pulsar period.
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Once the data window was defined one could change over

to the 50 kHz system or continue with the 300 kHz system

itself. The former was preferred for pulsars of DM greater

than 35 pc. cm. -3 , i9 in order to resolve adequately intensity

decorrelation with frequency and to reduce dispersion smearing

within the bandwidth. (Pulse smearing due to dispersion across

the bandpass at 327 MHz amounts to 0.012 ms. per pc. cm. -3 for

50 kHz channels and 0.0715 ms. per pc. cm: 3 for 300 kHz

channels). The on-line folding was then terminated and the

on-line acquisition of digitised data over the data window,

from each channel at 2 ms. intervals, was started. An

off-pulse base level for each channel was also acquired

alongside the on-pulse window data by determining the mean

over a few tens of milliseconds. This off-pulse base level

was midway between the two consecutive on-line windows. The

on-pulse samples and the off-pulse level for each channel

were recorded digitally on magnetic tape.	 If APO , it

resulted in a gradual drift of the pulsar pulse within the

data window. The pulse position within the data window was

monitored from time to time in the course of data acquisition

to ensure that the pulses remained well within the window.

The drift rate was computed during off-line analysis and

corrected for.

3.4.2. Condensation

Data recorded in the above format has been used for

two purposes (a) scintillation studies presented here and
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(b) detailed studies of pulse structure and subpulse varia-

tions, the results of which will be presented elsewhere. For

studying the scintillation of pulsar signals due to the

interstellar medium and possible intrinsic variations in

pulsars with time scales similar to that of interstellar scin-

tillations, such detailed data is not necessary. A pair of

'ONPULSE' and 'OFFPULSE' intensities for each pulse per

channel is enough for ISS studies. 	 To arrive at this

simplified data format from the raw data a computer program.

named 'PULSCINT' was used. We will refer to the procedure of

simplifying the data format as condensation of data. The

'PULSCINT' program developed by Krishnamohan is the one used

for carrying out a major part of analysis of data, including

condensation and computation of the frequency cross correla-

tion function (CCF) and power spectra of pulsar intensities.

The procedural details of condensation are described below.

The 'ONPULSE' intensity was computed from raw data and

stored on magnetic tape as described below. A specified

number k of adjacent 2 ms. samples over the pulse, from

pith to pifkth, in the raw data were added. From this the

corresponding off-pulse base level was subtracted to give the

'ONPULSE' intensity. k was chosen suitably so that 'ONPULSE'

intensity was representative of the characteristic subpulse

emission from the pulsar. Similarly an 'OFFPULSE' intensity

was obtained by using Y, adjacent samples, from nith to

ni4.4 th , from the raw data, such that these sam ples were
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outside pulse duration. The data window used during acquisi-

tion.of data was wide enough to permit this procedure. 	 In

general, k and q need not be the same, in which case the

'OFFPULSE' power spectrum was corrected by a multiplicative

correction factor 'a r in order to make quantitative comparison

between t ONPULSE T and 'OFFPULSE' power spectra possible.

'a' depends on k, Rand TR the receiver time constant

(Appendix 3). During	 condensation pi and n1 were continually

upgraded as consecutive pulses were condensed, by using the

known drift rate of pulsar pulse within the data window, so

that the condensed intensities were always from a fixed phase

of pulsar period. The condensed data on magnetic tape

consisted of 'ONPULS2' and corresponding 'OFFPULSE' value

for each pulse, stored separately for each of the twelve

narrow band channels. 	 Consecutive N 'ONPLTLSE' values

('OFFPULSE' values) could be averaged to produce arrays

consisting of intensity points constituting a time series.

N could be varied as integral powers of 2 . The array length

M was also variable. Generally, array lengths of 1024 or

2048 were used.

3.5	 DATA ANALYSIS

In a study of the characteristics of fluctuations of

pulsar signals one is interested in (a) correlation of inten-

sities at different radio frequencies,(b) modulation index of

the fluctuations and (c) power spectrum of the fluctuations.
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We define below the parameters specifying the above three

features of the observed fluctuations of pulsar emission.

3.5.1. The Cross Correlation Function (CCF), yli

The CCF, ilj , between the intensities of first and

jth channels of the multichannel receiver is defined by

Yi j
	 < 1 (t) - 4(t)>]	 <4i(t)>] >

= 
<I1 (t)Ii (t) >

6
1 
6. (3.1)

where I1j are the moan subtracted intensities and 6 1 2 '

a j 2 are the variances of I1j given by

I.( ) =	 .(t)—<,71.(t)>
	

(3. 2)

6j 2 = < [ ( t)-<;(t)>]2
	

(3.3)

The angular brackets denote averages over time t .

3.5.2. Modulation Index mj

The modulation index mi for the intensities in'the

jth channel is defined by

6. 2
M 2	

(3.4)
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3.5.3. Power Spectra

Acquisition of data on pulsar intensities with any

channel for n consecutive pulses results in a time series

(I(t),I(t+P), I(t+2P),	 I(t+nP). This time series can

be subjected to standard methods of power spectral analysis

(Blackman and Tuckey 1959; Otnes and Enochson 1972 ) to yield

power spectra which give the variance density S as a

function of the fluctuation frequency f . In our analysis

the power spectra of arrays of pulse intensities were computed

by a subroutine of 'PULSCINT'. From 'PULSCINT' analysis we

could obtain three kinds of spectra of mean subtracted

intensities, namely, (a) S (f) which is the spectrum for the

jth channel (j	 1,2,3, ..... 11, 12), (b) 	 2 S(f): whichjj.l 

we call as the Narrow Band All Channels Combined Spectrum

(NBACCS) and (c) SB (f),' the Broad Band Spectrum (BBS) which is

derived from a time series of mean subtracted intensities with

the intensities obtained by adding the corresponding pulse

intensities from all the narrow band channels, prior to power

spectral analysis.

3.5.4. Smoothing of Intensities of ConsecutiVe N Pulses

As discussed in Section 1.1, the pulsar intensity

fluctuations, in general, could be due to intrinsic causes as

well as irregularities in IS medium. One of the most well-

studied types of intrinsic fluctuations is the pulse to pulse

variations which are correlated over a large range of radio
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frequencies.	 This type of variations have time scales

typically of a few or several periods in contrast to the time

scales of IN which are on the order of minutes.	 As such,

the fluctuations due to pulse to pulse variations could be

considerably smoothed out without appreciably affecting the

fluctuations due to ISS, by averaging the intensities of

consecutive 10 or 20 pulses. With 'PULSCINT' program 	 we

achieve this by assigning; a suitable value, say 8 or 16 or 32,

for the parameter N. yli , m j ,	 Sj(f) and SB (f) were all

computed from such arrays of smoothed intensities only.

3.6	 CORRECTIONS TO y li , aj 2 , m i 2 and S i (f) TO REMOVE

EFFECTS DUE TO RECEIVER NOISE

The definitions as per the preceding sections,	 of

quantities of interest relevant to ISS of pulsar signals —

namely cross correlation function, variances of intensities,

scintillation indices and power spectra of intensity fluctua-

tions — are strictly valid only in the absence of receiver

noise.	 In practice intensities recorded are always mixed up

with receiver noise, resulting in uncertainties in determina-

tion of exact magnitudes of both intensities as well as their

fluctuations due to ISS or intrinsic variations. Corrections

to yij , a i 2 M j 2 and S. (f) computed from 'ONPULSE' intensi-

ties, using those computed from 'OFFPULSE' • intensities, are

necessary to remove these effects. Methods of correction for

receiver noise are described below.
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3.6.1. Corrections to ylj and aj
2

Let k and 9 adjacent samples from raw data be added
to produce 'ONPULSE' and 'OFFPULSE' intensities as described

in an earlier section. Let a it 2 and ajn2 be the variances

computed from the smoothed intensity arrays for 'ONPULSE'

and 'OFFPULSE' respectively. a t 2 includes contribution from

both fluctuations of signals (due to both intrinsic variations

and ISS) as well as receiver noise. Signal fluctuations being

independent of noise fluctuations we can write

2	 2ajt - a. +aa.J	 in
2

(3.5)

where aj 2 = variance due to signal fluctuations alone, 'a'

is a correction factor due to the fact that the number of

samples added to form 'ONPULSE' intensities and that for

'OFFPULSE' intensities are not equal i.e. k 	 , and is given

by (Appendix B)

a =
k+2(k-1)e-t/T+2(k-2 )0-2t/T

+...+20-(k-1)-0

2+2(.Q-1)e-t/T +2(2-2)c -2t	 4-204-1-1WC	 (3.6)

where t = sampling interval used in acquiring raw data

T = RC time constant of the receiver channels.

From eqn. (3.5) a. 2 could be calculated.
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The CCF is computed separately for both 'ONPULSE' and

'OFFPULSE' intensities. For 'ONPULSE' intensities one can

write

1l i	
<I1°N

ON	 — 6itc5jt
(3. 7)

For the'OFFPULSE' case, i.e. for recei1r noise alone, we

write

<I1OFFSg?
YljOFF = -- a aln jn

(3.8)

The 'true'frequency cross correlation function due to signal

fluctuations	 can be written as

I .>

Ylj 	 a1a j	OBS
	 (3.9)

From known values of 1/'ljON'	 YljOFF	 -
m. 2
jt	

6jn 2 and a	 one

can compute yli	 using the relation

a a .
= [ Y

1 . 0 - i •	
ln_Ia	 (YltGit

jt	
a a.	 OBSYlj	 3N	 jOFF	 1 j

(3.10)

The value of	 depends only on the intensity responses

of the first and jth channels, which are invariant with

respect to time. For each pulsar which was observed , YljOFF

were computed for different values of 1 ( j =293,11 and 12).

From this set of values the mean value of fljOFF corresponding
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to each channel was obtained. These mean values were used in

eqn.(3.10) to arrive at y id . Mean values of Y.1jOFF are

listed in Table (3.1) for both 300 kHz and 50 kHz systems.

3.6.2. Correction to m.

The 'true' modulation index, m. , that will be obtained

in the absence of receiver noise is given by

a. 2
m.2

<>2
'JON

(3.11)

receiver ' s time cons tant so that	 4
JON	 . This applies

to our data analysis wherejan
	

is determined by averaging

intensities over a few hours or more whereas the R-C time

constant of the receiver is 3 ms.

The modulation index of the	 'ONFULSE'	 intensities in

the jth channel, computed by 'PULSCINT' can be expressed as

a. 2
2	 t

2
J014>

That is 2	 2a • a.	 a.
m 2 - <

JON"	 j ON
>2
	jt

2

6.2
= m. 2

jt	 2
ajt

as fluctuations due to receiver noise do not change the mean

intensity <Si> when averaging time is much larger than the



TABLE 3.1

VALUES OF CORRELATION YllOFF FOR OFF—PULSE NOISE

011.N. 11-an Vp.lue of IljOTT

300 kHz
System

50 kHz
System

1 1.000 1.000

2 0.353 0.152

3 0.119 0.000

4 0.065 0.000

5 0•000 0.000

6 0.000 0.000

7 0.000 0.000

8 0.000 0.000

9 0.000 0.000

10 0.000 0.000

11 0.000 0.000

12 0.000 0.000
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Hence we have,

M .	 .
- .2.1L

mj - a.jt

68

(3.12)

'ONPULSE' modulation indices were corrected for receiver noise

using eqn. (3.12).

3.6.3. Corrected Estimate of Variance of Intensity

Fluctuations from Power Spectra

The variance a2 of fluctuations is related to the

power spectrum of fluctuations by the integral relation

r fN
2	 \'

j	 S(f)df
0

(3.13)

where S(f) = spectral power at frequency f and

fN	= Nyquist frequency.

If the variance cs. 2 due to signal fluctuations alone were to

be estimated from the 'ONPULSE' and 'OFFPULSE' spectra we have

fN

(7 j	 'ON2 -	 (f)df - a- 
0	 0

f-
iv

SOFF (f)df (3.14)

It may be mentioned here that for the parameters

computed from broad band data similar methods were used for

applying corrections due to receiver noise.
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CHAPTER 4

METHODS OF COMPARISON BETWEEN OBSERVED AND

THEORETICALLY ESTIMATED ISS PARAMETERS

4.1	 ISS PARAMETERS OF INTEREST

Observation of pulsar intensity variations provide

the following parameters related to the properties of the

interstellar medium. These parameters are : (i) the decorre-

lation frequency fv	(ii) the scintillation index m 	 due

to ISS,	 (iii) the scintillation bandwidth f o and (iv) the

pulse broadening due to interstellar scattering ats .	 We

do not concern ourselves, in the work reported in this

thesis, with the measurement of angular broadening Q s due

to interstellar scattering.

4.2	 DECORRELATION FREQUENCY fv

The decorrelation frequency f v is defined as that

value of frequency se paration i\v at which the normalised

frequency correlation function, corrected for intrinsic

fluctuations, decays to half its maximum value. This defini-

tion of decorrelation frequency is identical to that used by

Lang (1971a). The parameter B h , called the half visibility

bandwidth, used by Rickett (1970) is directly related to fv

as Bh = 3.3f v (Sutton 1971). Ewing et al. (1970) had

parameterized decorrelation of intensities with frequency by
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measurement of half widths B of features on two dimensional

contours of intensities against frequency and time.	 Though

B is a function of f v it is difficult to establish a

straightforward mathematical relation between f v and B 9

because of the very nature of the definition of 3 .	 Only an

empirical relation B = 10f v could be established (Sutton

1971).

As discussed in Section (2.7), the presence of

intrinsic variations of intensities with time scale larger

than the smoothing time N x P during which the consecutive

pulse intensities are averaged, will be indicated by a steady

non zero value p of ROBSfor large frequency separations.

did come across such situations for many pulsars. Hence the

CCF was renormalised using the relation (Eqn.2.45)

fl— 
FOBS 	 =

SCINT	 1 — p	 lj ( 4 . 1 )

The resulting curve of	 vs channel number j represents
scintillation only and could be tested for predictions of the

theory of scintillation outlined in. Chapter 2.

4.3	 SCINTILLATION INDEX m

Tho scintillation index m due to ISS is given by

m

2
2 = m

4t)›2
(4.2)
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where amt is the variance of fluctuations in intensity due to

IS medium alone and <-)(t)> is the mean intensity over which

the fluctuations are observed. It is probable that intrinsic

intensity fluctuations with similar time scales as those due

to ISS exist. In such a case the observed modulation index

m. (eqn.3.4) cannot be a true representative of the scintilla-

tion index due to IS medium. 	 As discussed in Section (2.7)9

if observations were done simultaneously with receives of

different bandwidths it is possible to estimate the true

scintillation index. We postpone the description of the

methods adopted by us to estimate scintillation indices from

observations to a later section (Section 4.8).

4.4	 SCINTILLATION BANDWIDTH AND PI CORRELATION TIME t
V

The scintillation bandwidth
'P
 ir defined as the

e
-1 width of the ISS component in the ow-	 pectrum of inten-

sity fluctuations and hence gives an L,73a,	 the typical time

scales of ISS. An equivalent des ,...rip- in c - ISS time scales

is given by the decorrelation
	 is defined as

the e-1 width of the temporal in tens
	 orrelation

function (ACF) due to ISS. fe apd	 aJ:'e , -,-lated to each

other by f
e
 = (27uT

v
)
-1 

, owing to the Fourier transform

relationship between autocorrelation function and power

spectrum. As in the case of determination of scintillation

index, the existence of intrinsic: variations with time scales

similar to those of I S S complicates the problem of estimating
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the true scintillation bandwidth from observed power spectra

of intensity fluctuations. This has been discussed in

Section 2.7 wherein we have referred to the method developed

recently by Krishnamohan at our Centre to tackle this diffi-

culty.

4.5	 FINITE BANDWIDTH EFFECTS

From the theoretical discussion of intensity correla-

tions as embodied in the evolution of Q
I	 7 T ' v. v

j ) in thej 

second chapter, it is clear that f v ,T y ,Lts and m are

strongly dependent on the bandwidth of the detector used for

the observations. It is preferable to remove the dependence

of ISS parameters on detector bandwidths. 	 In the measurements

of f
v	by Lang (1971a)and fe by Backer (1975) bandwidth

effects were not eliminated or corrected for. Rickett (1970)

had estimated Bh values incorporating corrections for

bandwidth effects. His corrections were based on the theory

of Uscinski (1968) which requires extremely strong scattering

to be valid. We have adopted methods derived from the strong

scintillation theory due to Lee and Jokipii which is based on

Markov approximation, to estimate bandwidth effects on ISS

parameters, as Markov approximation is valid for less restrict-

ive conditions than those recuired for Uscinski's theory. The

following sections describe the procedures used by us for esti-

mating 'true° ISS parameters from observed CC P and power

spectra.
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4.6	 COMPARISON OF OBSERVED CCF WITH THEORETICALLY

PREDICTID CCP

4.6.1.	 Method for Estimating Decorrelation Frequency from

Observptions

Earlier investigators (e.g. Lang 1971, Sutton 1971)

have determined the values of decorrelation freaaenry fv

from observations by defining f v as the fre q uency separa-

tion at which the observed CCP (which is corrected for

intrinsic intensity fluctuations) decays to half of its max-

mum value at zero frequency separation. Our method of esti-

mating the value of f v from the observed CCF, y ij (j), is

somewhat different from this. Corrections for both intrinsic;

'intensity fluctuations and finite bandwidth effects are

incorporated in our method. A. bri_ef outline of our method is

as follows

Firstly, from the observed frequency cross correlation

rifunction y ij (j) we determine t ii (j) which is the CCP

corrected for intrinsic intensity fluctuations, by using

eqn. (2.45).

Using the theory of ISS described in Chapter 2 and the

known intensity response of the 12 channel receivers, we

construct IIlj (j fv ) which is the CCP expected from theory a'n.d
f v 1.73 the decorrelation frluency foriideal, receivers of zero

bandwidth. The functionli j (j,f v ) is computed fur all--values of

the channel number j and for several values of f v ranging

betrecn fviz:6n and f vmnx at suitable discrete irtervnls f . Two sets of
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such curves r (j, f v) are constructed, one assuming Gaussian
spectrum of irregularities and the other assuming Kolmogorov

spectrum,

c)	 Finally, for the intrinsic-corrected CCF, 0) welj

find the best-fitting model curve ri i (.1,f0 by the method of

least squares. Now, the value of the decorrelation frequency:

for the observed CCF (j) is given by f'lj	 v

The details of the above method of determination of

decorrelation frequencies from observations are given in the

following sections.

4.6.2	 Computation of the theoretically expected CCF,qi(j,fv)

It may be recalled from section (3.5) that we have

defined the cross correlation of intensity fluctuations at

two different channels by y ii which are normalised by the

product of the rms values of the fluctuations in the two

channels and not by the product of the mean values. If Gi(v)

and Gi ( v) are the intensity responses of the ith and jth

channels respectively, then the theoretically expected CCF,

Q' which incorporates finite bandwidth effects due to the

receivers, is given by (Appendix A),

QIij = QIij(zt(1-i'4

e	 2

- v ,\) v 	;) 	
1D)	 11 ( fav/f__ dvdv'

o
= 

= 0)

(4.1)
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where	 ' j are the bandwidth affected rms

values of the fluctuations in the ith and. jth channels

respectively. a . ' a,nd a	 are given 1oy

\( )0
-JV/uIC r,,)	 2M if Odvd .J ' (4.1a)

for k = i or j. The integrations in eqn(4—L, are over the

pass bands of the ith and jth channels. It may be noted that

besides incorporating the ISS bandwidth effects, the formula-

tion given by eqn. (4.1) includes any possible correlations of

receiver noise in the two channels also which may arise dUe to

overlap of the intensity responses of the channels.

The values of D (1,5v/f v1) used for evaluating 	 Q'. jIi
were derived, from the graPhical plots of the solutions of FT)

given by Lee and Jokipii for Gaussian and Kolmogorov spectra

(Figs (1) and (3) of their pape p . 1975b). The solutions of TI
are given as functions of (Aqa) r, ) = (5V,)c ) where ve is

the characteristic frequency sonic: 0-,c PDr, 7,771 1.oh is the first
order coherence function: To arrive at n; as a function of
f J which i2 th: frequency scale of the second order coherence
function we define f as

v = bv
	

(4.2)

where b is a constant nearly equal to 0.5. This definition

is based on (i) the theoretically calculated OCF, P I , for

receivers of zero bandwidth decays to half of its peak value

for values of frequency separations 0.52vc and 0.44vc in the

cases of Gaussian and Kolmogorov spectra respectively, and
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(ii) in the literature on ISS of pulsars f v is defined as

the frequency separation at wLich the observed CCF decays

to half of its peak value. As such the definition of f v as

per eqn.(4.2) facilitates direct comparison of our measure-

ments of decorrelation frequency with measurements by earlier

workers.

The integrations in eqn.(4.1) were carried out

numerically for i=1 and j=2,3,....,12, for both 300 kHz and

50 kHz receiver systems, and for Gaussian and Kolmogorov

spectra. For the 300 kHz system 
ri 
i i (j,f v ) was evaluated for

f v values which were integral multiples of 19.5 kHz in the

Gaussian case; they were multiples of 16.5 kHz for Kolmogorov

spectrum.	 The corresponding numbers for the case of the 50

kHz system were 3.125 kHz and 2.625 kHz, for Gaussian and

Kolmogorov spectra respectively. For a few selected values of

f v the computed CCF are shown in Figs (4.1), (4.2), (4.3)

and (4.4).	 The relevant information on the receiver system,

type of spectrum assumed and the value of f v for each curve

are given in the respective figures. It may be noted that the

curves for the 300 kHz system presented in Figs. (4.1) and (4.2)

correspond to values of vc which are integral multiples of

150 kHz, for both the spectra. For example, the curve with

f v value marked as 156 kHz in ig.(4.1) and the one with f v

value marked as 132 kHz in Fig.(4.2), have the same value of

v
c = 300 kHz. The differences in the values of f v assigned

to them arise from the different values 6f the constant b
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for the two spectra, in our definition of f,) as per eqn.

(4.2). Similarly the values of 	 forr the curves shown in

Figs. (4.3) and (4.4), are integral multiples of 24 kHz.

4.6.2. Comments on the shapes of the CCF f pr Gaussian and

Kolmogorov Spectra

Comparison of the two sets of theoretically expected

CCF curves for Gaussian and Kolmogorov spectra indicates

that for the same value off c the half—widths of the curves

are not very much different from each other, although we

assign slightly different values of	 f v to them, for reasons

explained above. But it may be noted that the detailed shape

of the curves for the two spectra differ from each other.

Specifically, the cross correlation 4f the intensities around

Ov 0 falls slightly faster in the case pf Kolmogorov

_spectrum than for Gaussian spectrum. 	 Also for larger values

Of Ov the cross correlation of intensities for Kolmogorov

spectrum is higher than that for a Gaussian spectrum. These

differences are understandable because the CCF reflects the

nature of the irregularity s pectrum, and if we remember that

the most active spatial frequencies as far as effectiveness

in scattering is concerned, are the ones which are close to

(kz) 2 , the inverse of the Fresnel scale. If we normalize,

both the spectra with the peak power which occurs at the

lowest spatial frequencies so that comparison of the relative

distribution of power at different spatial frequencies for

the two spectra is made easier, then we find that relative to
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the Gaussian spectrum the Kolmogorov spectrum has proportion-

ately larger power at frequencies around (kz) --'1 . This is

responsible for the faster decrease of CCF around (5v 	 0 in

the case of the Kolmogorov s pectrum as compared with that for

the Gaussian spectrum. Similarly for the Kolmogorov spectrum

the presence at very low frequencies (i.e. very large scale

sizes) of relatively more power than a Gaussian spectrum

causes the slower decrease (than that for a Gaussian spectrum)

of CCF at large frequency separations.

It is clear from the above, that the detailed shape

of the observed curves of rn	 vs channel number may throw

light on the nature of the spectrum of irregularities in

interstellar space. But in the attempt to determine the

nature •f the spewtrum from the shape of the observed CCF we

are hampered by the fairly large statistical uncertainties wn

the observationally determined cross correlation of intensi-

ties at different radio frequencies. We adopted a least

squares method to select a model curve of CCF that is

best-fitting to the observed CCF. This method yielded a best

estimate of the decorrelation frequency of the pulsar. 	 The

least squares method could also indicate which of the two

spectral models yieldS abetter fit. In the forthcoming

sections we quantify the statistical uncertainties and

describe the methods used in implementing the least squares

fit.
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4.6.3. Statistical Errors on Observed Cross Correlation

Coefficient of Intensities

From the theory of the distribution of correlation

coefficients one can show that v--rinc,9 duo t o statistical

uncertainty on the observed correlation coefficient t 1 . is

given by (Johnson and Kotz 1970)
2

2	 [1-(- 1 )2j 1
•(	 ) n

c
(4.3)

where nc	number of independent pairs of variables (I i and

I j ) between which correlation coefficient is estimated and

ri j = population mean of the correlation coefficient. In our

case nc is the number of cycles of scintillation in the

data corresponding to any one of the narrow band channels and

is given by

nc = fe ft.d*
	

(4.4)

where fe is the e
-1 

width of the scintillation part of

the power spectrum of intensity fluctuations in a narrow band

channel and Af is the best resolution obtained from the

spectrum given by the inverse of the total duration of the

data; i.e.	 = (NxPxM) -1 where Nif, is the number of consecu-

tive pulses averaged, P is the period of the pulsar and M is

the array length of the data (Chapter 3).

, the population mean of correlation coefficients,

is given by
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ljrl'	 rlj	 theoretical expectation for Kolmogorov
spectrum and

7.1 f	 n(C)
► 	 =t ij = theoretical expectation for Gaussian

spectrum.

4.6.4. The Method of Least Squares for Determining the

Best-Fit Value of fv

From eqn.(4.3) it is clear that the rms errors on the

observed cross correlation coefficients for different channels

are different, being larger for larger separation of frequen-

cies because Llj is smaller. As such the statistic -14! warn

defined as the sum of the squares of the deviations between

observed and model-based cross correlation coefficients with

each of the term in the sum. of the squares weighted by the

corresponding variance due to its statistical uncertainty,i.e.

12

0 z
1 =2

2

j	 r ) j (4.5)

It may be noted that Plj	 (fv) so that "X2 =7,7,(fv ) . Thus
by comparison of the observed CCF with the set •f model-based

curves one can evaluate -;/,' 2 as a function of f y and select
the best-fitting model curve as the one that yields the

minimum value of 34,f.

There is a serious difficulty inherent in this method

owing to the very rapid change of the statistical weights Wj

with rii , when ri j changes from 0.8 to 1.0. This is shown
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in Table	 (4.1) which lists W	 against i lj for nc = 1 . As

a result, for f < 750 kHz in the case of the 300 kHz data

and for f < 120 kHz in the case of the 50 kHz data, the.

minimum of -)(2 (f ) is almost entirely determined by the

observed values of r12 and q3 ; i.e. the observed cross corre—

1 Lion of intensities at channels 2 and 3 dominate and the

values at other channels are given practically no weight in

determining the best fitting model curve. Therefore, this

procedure does not allow us to investigate details of the shape

of the curve of 7lj vs channel number, for higher frequency

separations.

In order to avoid this difficulty we have redefined

2 (f ) such that the statistical weight W j is not more then

i 12
E

	

j+1 Wj+1 . If the weight W 	 computed from eqn.(4.3) turns

out to be greater than A2 W	 then W. is set equal to
j+1 j+1

• otherwise W• is left unchanged. In Tables (4.2)
1+1 j	 9+1 

to (4.5) we present the statistical weights obtained by this

method corresponding to Kolmogorov and Gaussian spectra for

50 kHz and 300 kHz channels for a few values of f v , as an

example with nc =1. These modified values of W were used

in the least squares method. The above weighting procedure

adopted by us is justified since the theoretical predictions

differ mainly for large frequency separations. Therefore, we

have given an increased weightage for correlation values at

the higher frequency separations. It was noticed by us that the

method using the modified weights tended to choose a best—fit
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TAB:S :7 4.1	 VALUE'S	 UNMODIFIED STATISTICAL EIGHT 	 W

nc = 1

1j

0.0 1.000

0.1 1.020

0.2 1.085

0.3 1.208

0.4 1.417

0.5 1.778

0.6 2.441

0.7 3.845

0.8 7.716

0.85 12.986

0.9 27.7 i

0.92 42.386

0.94 73.80E

0.96 162.693



1.000 1.000
1.000 1.000

1.000 1.000

1.013 1.008

1.056 1.039

1.131 1.095

1.241 1.180

1.000
1.000
1.000
1.005

1.030

1.076

1.146

TABLE 4.2

VALUES OF STATISTICAL WEIGHTS Wj

12Ch. 300 kHz receivers-Gaussian Spectrum - n c = 1

f	 J

(1i-Hz)
2 3 4 5 6 7	 8	 9	 10	 11	 12         

	78	 1,624	 1.041 1.006 1.000

	

156	 2,319	 1.131 1.028 1.004

	

312	 4.364	 1.456 1.150 1.042

	

624	 6.403	 2.618 1.640 1.257
(	 12.674)

	

936	 8.378	 4.731 2.469 1.647 1.388 1.192 1.121 1.081
(	 30.533)

	

1248	 11.612	 7.462 3.824 2.217 1.741 1.394 1.265 1.183
(	 63.214) (	 8.299)

	

1560	 16.504	 9.592 5.899 3.053 2.224 1.651 1.459 1.329
(113.909) (13.822)

1.000 1.000 1.000 1.000
1.001 1.000 1.000 1.000
1.018 1.005 1.002 1.001
1.144 1.064 1.036 1.021

Note Values in parentheses are unmodified weights obtained from eqn(4.3)



TABLE 4.3

VALUES OF STATISTICAL WEIGHTS W.

12Ch. 300 kHz receivers-Kolmogorov Spectrum - ne = 1     

f
2	 3	 4(kHz) 5 6	 7 8	 9	 10	 11	 12       

	

66	 16(4	 1.045 1.007 1.000 1.000 2.000 1.000 1.000 1.000 1.000 1,000

	

132	 2.414	 1.118 1.034 1.005 1.001 1.000 1.00, 1.000 1.000 1.000 1.000

	

264	 4,555	 1.505 1.170 1.051 1.022 1.007 1.003 1.001 1.001 1.000 1.000

	

528	 6.481	 2.649 1.684 1.286 1.163 1.078 1.043 1.026 1.016 1.010 1.007
(10. 789)

	

792	 8.118	 4.137 2.432 1.676 1.409 .1,208 1.137 1.092 1.064 1.045 1.035
(19.050)

	

1056	 10.108	 5.813 3.277 2.165 1.750 1.412 1.277 1.1)4 1.141 1.105 1.034
(29.348)

	

1320	 12.453	 7.355 4.186 2.682 2.143 1.655 1.462 1,333 1.247 1,188 1.154
(f13.z20)

Note	 Values in parentheses are unmidified weights obtained from eqn.(4.3)



TABLE 4.4

VALUES OF STATISTICAL WEIGHTS W.

120h. 50 kHz receivers - Gaussian Spectrum - nc=1.

f	 3
(kHz)

12.5

2 3 4 5 6 7 9 10 11 12

1.183 1.005 1.000 1.000 1.000 1.000 1:000 1.000 1.000 1.000 1.000

25 1.523 1.047 1.004 1.001 1.000 1.000 1.000 1.000 1.000 1000 1.000

5 0 2.628 1.265 1.061 1.018 1.005 1.002 1,001 1.000 1.000 1.000 1.000

100 5.cr3Ei 2.179 1.376 1.161 1.075 1.043 1.022 1.013 1.007 1.000 1.000
(	 7.385)

150 7.492 4.020 1.957 1.451 1.232 1.143 1.085 1.057 1.037 1.001 1.000
(18.201)

200 10.172 6.511 2.919 1.879 1.480 1.313 1.197 1.137 1.092 1.005 1.000
(37.74 2 )	 ( 7.322)

250 14.249 8.062 4.444 2.527 1.807 1.541 1.356 1.256 1.177 1.014 1.001
(67.152)	 (12.374)

Note Values in parentheses are unmodified weights obtained from eqn.(4.3)



TABLE 4.5

VALUES OF STATISTICAL WEIGHTS W-
3

12Ch. 50 kHz receivers - Kolmogorov Spectrum - nc=1

2	 3	 4	 5
(kHz

7	 8	 9	 10	 11	 126

10.5	 1.203	 1.006 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

	

21	 1.676	 1.056 1.006 1.001 1.000 1.000 1.000 1.000 1.000 1.000 1.000

	

42	 2715	 1.299 1.073 1.054 1.007 1.003 1.001 1.001 1.000 1.000 1.000

	

84	 5.968	 2.172 1.401 1.177 1.085 1.049 1.026 1.015 1.009 1.000 1.000
(	 5.989)

	

127	 7.121	 3.261 1.923 1.459 1.241 1.153 1.093 1.063 1.042 1.001 1.000
(10.223)

	

169	 8.554	 4.527 2.507 1.842 1.474 1.311 1.200 1.143 1.097 1.006 1.001
(15.775)

	

211	 10.286	 6.126 3.125 2.247 1.764 1.521 1.345 1.250 1.176 1.016 1.002
(23.136)

Note. Values in parentheses are unmodified weights obtained from eqn.(4.3)
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model curve with larger value of f' than the one using

unmodified weights. The two best-fit V.alues of f )	were

found to differ by about 20 . c/o at large values of f‘ ; and

at low values, they could. differ - by • a factor of 2 or 3.

Assuming a Gaussian stectrum, -)e(f v ) was evaluated

("1	 (C="-)using eqn.(45),	
' lj

setting	 = lj	 . The best-fit was
setting 

chosen as that particular model curv c, with -P
v 
= f' such

that -'42, (f'y ) was a minimum, and thus yielding the best estimate

of the decorrelation frequency for the pulsar under considera-

tion as	 . This method of estimation of decorrelation

frequency was applied to the model curve based on Kolmogorov

spectrum of irregularities in IS medium, also.

4.6.5. Estimate of errors on f'

To estimate the uncertainty ay on V line may use

the criterion (Bevington 1969, pp 242-243) that as fy

changes from f' to (f'-i-cr ) the minimum value of x2 (f )
v- v

changes by unity. But this criterion is valid only if the

statistical uncertainties on rlj are uncorrelated with those

for rik (jk),i.e.

<
ljlk 

> = 0 for jk
	

(4.6)

where Li11j and 'ilk arc the statistical uncertainties on

	

lj and I-1k respectively.	 For the condition implied by

eqn.(4.6) to hold good irrespective of the actual decorrelation
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frequency for the pulsar, each of the correlation coefficients

12"13' 11
r% 4' "" " 112 should have bsen measured using data, 

on pulsar intensities spanning different intervals of time,

with the temporal separation between the F,, ret;ches of data on

the order of a decorrelation time	 or 7tore. This is not

the case with our observations. TTiom data spanning the same

length of time we are computing lfor j 	 2,5,4,	 , 12.

In such a case 1 1 j
 and rlk will be sta'6ist:_cally independent

only if the separation of centre frequencies+)-v
k  

1 . between
j 	 •

the jth and kth channels is larger than 	 which is the e
-1

frequency width of the CCF. This is not true for some of the

pulsars observed. In those cases one cannot justifiably use

the criterion

2
V	 +1 = W(f	 ). min	 v (4.7)

to estimate the uncertainty av

4.6.6. Modified Criterion for Estiriate of o'v

Owinp, to the above reasons we have used a slightly

different criterion for estimating 	 from the variation of

X_2 ( f v ) with f v . This criterion is obtained from the follow-

ing arguments. If the -"xf were obtained from L number of

independent measurements and if the model curve is a good

approximation to the observed curve of VS j 9 then the
lj

expected

parameters determined from the data (Bevington 1969). Also

in such a case a change in f' by an amount ±Jv increases

X2 is given by ),2	 L-n where n is the number of
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N1-v12)ni (4.9)
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xf to ma. n +1 . If only ni of the L measurements were

statistically independent, the degrees of freedom would be

only ni rather than (L-n). Hence, we infer that a change

of +a
v
 is likely to increase y 2 not by unity but (L-n)/n. .

- 

i.e.
2	 L-n

4f'+a ) = )G( f 1) + n (4.8)

`Jo have used the criterion specified by eqn.(4.8) to estimate

the uncertainties 6v on f' . In our case n = 1 , because

only one parameter, namely p , is obtained from the data.

. can be estimated for our observations as follows	 For theni

best fitting model curve let f be the frequency separation

n'
ljat which v	 decays to e

-1 
. The effective number	 n1 of

statistically independent measurements of cross correlation

coefficients is given by

where v
1 

and v
12 

are the centre frequencies of the first

and the twelfth channels.

In the case of some pulsars, mostly of high DM, the

ISS frequeiacy structure in the CCF was-not resolved. In

such instances we could estir ,lte only the upper limits on

decorrelation frequency. This was due to the fact that

although ,X 2 (f ) decreased continually with f it seemed to

approach the minimum value at unreliably small values of fv
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which were much less than 5 0/0 of the bandwidth of the narrow

band receivers used for acquiring the data. 	 In such cases,

instead of computing -X2min , we estimated the upper limit on

decorrelation frequency as 5 °/_, of the bandwidth of the narrow

band receiver. The ap proximate confidence level of the

values c):: te up per limits was also calculated from the rate

of change of X2 (f ) with f , using arguments similar to those

given in Sections (4.6.5) and (4.6.6). 	 In all the cases of

upper limits encountered in our data we could infer from the

rate of change of X2 (f 
v
)that the approximately calculated

confidence level would be an under-estimate, indicating that

the estimated upper limits are very reliable.

4.6.7. Kolmogorov vs Gaussian Spectrum

In the preceding sections we have described the

methods used for estimatin g the decorrelation frequency for

an observed pulsar from the observed CCF. These methods are

such that effects of finite bandwidth of detectors are

accounted for while estimating the decorrelation frequency

for a pulsar from observations.

It is possible, in principle, to. distinguish between

Gaussian and Kolmogorov spectra of irregularities in the IS

medium, using the above methods. Between the two model. curves

based on Gaussian and Kolmogorov spectrum the one that yields

a lower value of X2 minmin is a more realistic model. But in

practice this criterion cannot be implemented successfully
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with ease and confidence. Comparison of the model curves of

CCF for the two spectra show that the differences between

and , . (k) are very marginal, on the order of 3 7o

or less, though the shape of one model curve is different

from the other. From eqns (4.3) and (4.4) it is seen that if

the data length has nc number of scintillation cycles the

statistical uncertainty is proportional to (n c ) 1 .	 Hence

to achieve a statistical stability of a few per cent for

data lengths containing several hundred scintillation cycles

will be required. For pulsars with dispersion measure in

the range 5-30 pc. cm-3 0 the decorrelation times at metre

wavelengths are on the order of 10 minutes for detector

bandwidths of about a few hundred kilohertz. Consequently one

would need 60 to 100 hours of observations to clearly estab-

lish the nature of the spectrum of irregularities in the IS

medium by techniques using correlation of intensity fluctua-

tions at different radio frequencies.

• •.• , Pi i( K)
 are the cross correlation coefficients between

first and jth channel on X different days of observing and

if nc
(1)' nc(2) n

c 
l'O	 -, as. 9	 are the number of scintilla

tion cycles in the data on the first, second, .... Kth day

One may improve the statistical stability of the CCF

of intensity fluctuations due to scintillation of a pulsar by

combining the CCF obtained as a result. of observations on.	 -

different days providing that the observations were done with

the same multichannel receiver. If P'lj 
( 1 )

' 
17
1j

( 2 )	 rr	 (3)
Ilj
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respectively, then the resultant cross correlation coefficient

(C)
- .	 obtainable by combining all the

\	 n c
(1)(1

)+n
 (2)	

.
(2)	 n	 (  K )	 (K)

c	 1' 	 11 

, (14 n (24
"c	 	  +no

(k)
(4.10)

and the resultant number of scintillation cycles n c (C) is

given by

nc
(0) = nc(1)+n (2) +nc (3)+...+nc (K) (4.11)

c

Two pulsars, namely PSR 0301+19 and PSR 1919+21 were

observed by us on more than one occasion. and we have combined

the data as per eqns. (4.10) and (4.11). 	 The CCF obtained

by combining several observations was then subjected to least

squares fit to estimate the decorrelation frequency of the

pulsar. We postpone the presentation and discussion of results

obtained to the next chapter.

4.7	 SCINTILLATION INDICES

The scintillation index	 due to ISS for the jth

channel incorporating the effects due to finite bandwidth of

the channel is given by (Appendix A)

2
)	 d

	

(m')

	

	 .

	

In t.)	 = (.2)(:)

\	 Gj (v)G
j
 (vt)dvdv'

(4.12)
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2 was computed by numerical integration for different values

of f v for all channels for both Gaussian and Kolmogorov

spectra. Owing to slight diff rences in gain and bandshape

among the twelve channels there were slicht variations in the

computed values of m' 	 for any given f , from channel to
0.	 ,

channel. These differences amounted to a maximum scatter in

the values of m' for any particular value of f v and for

different channels, of not greater than 0.05. The mean curve

of m' vs f obtained from the set of values for the 12

channels, is shown in Figs.(4.5) and (4.6). Fig.(4.5)	 is for

the 300 kHz system and shows the variation of scintillation

index m' with f for both Gaussian and Kolmogorov spectra.

Fig.(4.6) is a similar curve for the 50 kHz system. It is

seen that the model assuming a Kolmogorov spectrum yields

scintillation indices which are leSs than those for Gaussian

spectral model.

The intensity response	 GB (v) of the channel corres-

ponding to the broad and spectrum (BBS) of intensity fluctua-

tions given by

12

GB (v) =	 G j (v)
	

(4.13)

j=1

The scintillation index	 mT1 due to ISS for the broad band

is given by (Appendix A)
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L	 Gi(v)G.

(lnrq) 2 = 1.7.1_1,71

2	 2- G4(v)Gj(y')dvdy'j
1=1 j=1 v vf

100

(4. 14)

2

) fD 11 5v/fv1)dvdv,

The model curve for ml, as a function of f 	 was evaluated

from eqn. (4.14) by numerical integration for both 300 and 50

kHz systems and for Gaussian and Kolmogorov spectra.	 The

graphical presentation of these are given in Figs.(4.7) and

(4.8).

4.8	 ESTIMATION OF SCINTILLATIT4 VARIANCES AND INDICES

FRONT OBSERVED POWER SPECTRA

Themodulatienindexm.,corrected for receiver

noise (eqn.(3.12)), includes signal fluctuations due to ISS

as well as any possible fluctuations intrinsic to the source.

As such mj is not a true representative of the 'scintilla®

tion' index due to IS medium. Rather, it is the upper limit

on the scintillation index due to the medium. We correct the

m j using the values of variances due to ISS and variances due

to intrinsic fluctuations. These variances are estimated from

the observed power spectra, namely the narrow band all channels

combined spectrum (NBACCS) and the broad band spectrum (BBS)

using the methods described in the last sections of Chapter 2

and Chapter 3.

Fig.(4.9) shows a schematic representation of the

observed power spectra. Curve (1) marked SON is the 'ONPULSE'

spectrum and curve (2) marked So FF is the 'OFFPULSE' spectrum.
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The curve which is marked (3) is the OFFPULSE spectrum

corrected faL the differences in sampling widths of 'ONPULSE'

and 'OFFPULSE' intensities, by multiplying by the factor 'a

(Section (5.6.1)). The area A bounded by (a), (b), (d) and

curve (1) represents the variance due to ISS. This is not

quite correct if (i) bc is comparable to ab and (ii) intrin-

sic variations with depth of modulation comparable to that due

to ISS are present in the frequency range 0 to f t . In the

case of the observations reported in this thesis, ab is 80

to 1000 times of bc and hence (i) is not a serious source of

error in our estimates of the variance due to ISS. The effect

of (ii) is to enhance the estimate of variance due to ISS and

consequently our estimates of scintillation indices could be

biased towards higher values than actual. The area B bounded

by bdegc represents the variance due to intrinsic fluctuations.

If we denote the scintillation index for the jth channel, due

to IS medium by m jm then we have

22	 Area A 	

	

m.	 = m

	

jm	 Sum of areas A and B
(4.15)

Eqn.(4,15) was used to estimate the mean scintillation index

Jm = m
m corresponding to a narrow bandwidth of 300 kHz (or

50 kHz). Similarly the scintillation index mm corresponding

to the broad band spectrum was also computed.

The estimates of the area A , representing the

scintillation variance, obtained from the observed NBACCS and

BBS enable us to determine-the observed ratio R0 of
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scintillation variances for the two different bandwidths, for

different pulsars.	 For calculating the theoretical value of

this ratio, we firstly estimate the decorrolation frequency

of the pulsar from its CCF using the methods described in

Section (4.6). This value of f 
	

is used in eqn. (2.50) to

compute the variance ratio R
C
(f') expected from the thoreti-

cal model of the spectrum of irregularities in the IS medium.

The theoretical and observed ratios, R c (f'd and R0 respectively,

are-compred with each other, to reveal the existence of

intrinsic variations with modulation depth and time-scales

comparable to those due to ISS. 	 Discussion of the results

from this comparison is postponed to the next chapter.

4.9	 BANDWIDTH EFFECTS ON POWER SPECTRA

On the basis of the theory of ISS based on Markov

approximation, developed by Lee and Jokipii it is possible to

model a power spectrum (or auto correlation function) of

intensity fluctuations due to ISS, incorporating the effects

due to the finite bandwidth of the detector. But we have not

attempted this model computation owing to the following reasons:

(i) The shape of the power spectrum depends heavily on the

nature and time scales of intensity fluctuations intrinsic to

pulsars. And it was seen from the - analysis of our data that in

several pulsars intrinsic intensity variations with timescales

and modulation depths comparable to those due to ISS do exist.

As such the shape of the observed power spectra cannot be attri-

buted with confidence, to arise solely from ISS, thus invalidat-

ing the grounds for their comparison with model predictions,
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(ii) The results of Lee (1976, Figs. (5) and (6)) indicate

that the effect of finite bandwidth of detectors on the e -1

widths of ACF (or power spectra) of intensity fluctuations due

to ISS is not appreciably large, so as to be easily detectable

by observations.

As has been mentioned in Section (2.8) by using an

algorithm developed by Krishnamohan (private communication) it

is possible to effect a separation of the intrinsic and ISS

components of spectra, from the observed NBACCS and BBS, in

which case one can compare the ISS component of the spectra

with the predictions of the model, by assuming the transverse

velocity of the 'frozen' pattern of the scintillations.



ahoqt 40 pulsars armarliod for

Obtain UJ ObServatiOnal data

CHAPTER
	 1 7

OBSE - VATIO FS, RESULTS ND I 4TErLPR TATION

INTRODUC T101

this chapter wu present ob e vationc and results
for 33 pu1sar3 studied by us. We , so tis uss in de t-til our
main	 in Intr,sic intensity var.ia,tions of pulsars and

Most of the o	 :xtratioas vex,e carried out during the
period from .arch 1 76 to March 1978.	 Till the end of this
obs erving period	 s were known, of which 102 pulsars
are in the declina ion rune of 4-32°,acce sible to the Ooty Radio

th6so we chofie	 pulsars for our studios based
ion that the expocted avora6e ignal to noise per

rc w ba d receiver	 ther 300 kHz or 50 kHz
and ' time constant Of 3 ms ehould be 'at leas

0.5 ) we used 300 kHz bs.ndwidth for puls -s with DM 	 pc._3
om •• and 50 Id g for puls,ars with, DM	 3 5 pc, . cm	 The aim in
usIng thc,

snsure that
d out considerably due to the

receiver ban	 beil much ls.rgior than the decor-4a ion
bandwidth.

observations,

the natureof t	 interstellar medium.

Telescope,

on tbe cr y t-

pulse fo

bandwidth

1a rge_ DM wa-
sointill

only on 33 pulw

very poor

meaningful analkels,

the . .40	 data 	 :the . rest ha_

rind hence not usable for

' 3.ikcly due to variabilities



los
of pulsa r luminosities	 It may be mentioned here that out of
tl-o 155 11.7 puls a rs di s covered recently at olongIo and the

17 at "MAO (Manchestel- of a l. 1'..)78 1:amashek, Taylor and

Hulse 1?78); we can prob ably obs erve in futar„ about 25 more

pulsars with the ORT for the purpose of the ty p o of studies
discussed in this thesis.

Basic observational data on all the 33 pulsars are

presented in Section (5.2). 	 For 22 of these pulsars power

spectra of intensity fluctuations, .Obtained with good signal

to noise ratio, are also presented.. We then present in
Section (5.3), frequency cross correlation functions derived
for 25 pulsars.	 For 15 out of these pulsars, definite values
of docorrclation froquoncy could be determined and for the
rest, only upper limits could be obtained, as described in

Section (5.4).	 Evidence on intrinsic intensity variations

with ISS—like time scales is given in Section (5.5).

The topic of discussion inSoction (5.6) is the

observed dependence of decorrelation frequency on dispersion
measure and its implications on the nature of the IS'modium.

This is followed by a discussion of the observed dependence

of power spectral widths on dispersion measure. In the last

section we present estimates of the:rms electron density
deviations and their scale sizes, deduced from the measured
values of docorrelation frequency. The inferences on the

nature of the electron density distribution in the IS medium,
based on the above estimates, are also presented.



5.2	 Power Spectra of Intensity Fluctuations

As explained in Section	 :53) we have obtained power

spectra of intensity fluctuation	 for narrow and broad band-

widths simultaneously using either a 12-channel 300 kHz system

over 3.6 MHz or a 12-channel 50 kHz system over 1,5 MHz. Fig.

(5.1a) to (5,1A) show these spectra for 25 pulsars, presented

in the order of increasing DM,	 rJibe data of observation and

the bandwidth used are indicated. in each figure. Only the low

frequency part of the spectrum is shown in each figure and not

the entire spectrum over the whole span of frequencies from 0

to fIT' the Nyquist frequency.	 The Y-axis shows the relative

spectral power in decibels, normalised by the peak power. In

most cases both broadband and narrow band spectra are shown in

the figures. But in the case of	 few high DM pulsars, only

the narrow band spectrum is shown. 	 In these cases the low

frequency ISO component of the spectrum is not recognisable,

which should be due to the smoothing of scintillations by the

finite bandwidth of the receiver	 The narrow band power

spectra for 22 pulsars showed easly recognisable low frequency

components, out of the 33 p

The results are summarised in Table (5.1) in which

columns 1 to 6 give the pulsar names	 (FOR), dispersion meas-

ures (DM), bandwidth of the receiver (B w ), lengths of record-

ings in periods (NxM where N is the number of consecutive

pulses averaged and M is the array length), e
-1 

widths of the

narrow band scintillation spectra 	 ) and transition

ulsars which were observed.
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TABLE 5.1	 MEASURED ISO PARAMETERS FOR 33 PULSARS             

1.a
b

-2.
3.

5.a
b
c
d

b
7.

u.5.a
b

-1-9.
-/10.
ha

b
12.

2.06 .5.55
1.50'").49
0.',9b•75.83
0.51	 1.74
1.40 , 	4.20
0.55	 2.74
1.37 j 8.76
0.TF t5t47

3.56
/ 60

o • it
0.9	 5.16
O. 66 ey .5( o a 88
0.35	 1.50
0.75	 .1!.45
0.64	 4.45
2.301-516.90
1.60	 2434

4.1,s
1.15-	 5.99
0.78'	 2.06

DM ,	 B4
(pc.cm-J)

(kHz)
L2)	 .

1133+16 4.8 300 8x102z:_
1133+16 1.8 300 8x2048
1237+25 9.3 300 8x2048
1604-00 10.7 300 8x2048
2045-16 11.5 300 8x1024
1919+21 12.4 300 16x1024
1919+21 12.4 300 16x512
1919+21 12.;1 300 L6x1024
1919+21 12.4 400 8x1024
0834+06 12.9 300 8x1024
0834+06 12.9 300 16x1024
2016+28 11.2 300 16x512
0301+19 15.7 300 8x1024
0301+19 15.7 300 16x1024
1822-09 19.3 300 8x1024
0823+26 19.4 300 8x2048
2020+28 24.6 300 16x1024
2020+28 50 32x1024
0628-28 3,.4 300 8x1024

Mm n. Q mB mM
4mm

(mHz)

0.927 0.779 5 95 0.597 0.460 0.82
0.989 0.751 3 96 0.907 0.665
1.267 1.086 4 44. 1.030 0.927 0.44
0.604 0.582 7 14 0.'62 0.436 0.14
1.035 0.887 5 100 0.849 0.700 1.26
0.899 0.889 3 33 0.777 0.767 0.18
0.612 0.598 6 83 0.351 0.3/6 1.28
0.950 0.926 6 96 0.6"8 0.648 0.64
0.738 0.716 3 48 0.593 0.581- 0.91
0.601 0.565 5 63 0.400 0.359 1.53
0.757 0.746 4 67 0.454 0.446 0.62

0.208 7 20 0.164 0.094 0.44
0.751 0.420 4 14 0.630 0.259 0.09
0.520 0.117 10 170 0.418 0.261 1.41
0.210 0.178 8 32 0.147 0.104 1.03 P
0.618 0.515 10 200 0.420 0.278 1.61 0
0.506 0.403 8 72 0.270 0.177 0.89
0.545 0.533 13 52 0.424 0.384 0.71
0.570 0.523 5 40 0.434 0.343 0.20

Sr.
No.

For narrow Bandwidth	 For Broad Bandwidth
N x M f o T1.

(mHz)	 (MHz)

PSR

• .2
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frequencies (ft ) at which the power level of the low frequen-

cy component (due to ISS) decays to the 'white' level due to

pulse to pulse fluctuations and receiver noise. Column 9

gives n., the number of channels which are statistically

independrat, as estimated from eqn.(4,9). Q is the quality

factor of the measurements and gives the number of degrees of

freedom for the narrow band all channels combined spectrum.

Q , ,,, f exTxn. = felffxrbxni	 Values of Q are listed in column

10.	 Columns 7 and 8 give the modulation indices m and scin-

tillation indices Mm computed using eqn.(4.15) for the narrow

band data values of the corresponding two parameters, m B and

mM , for the broad band data are listed in Columns 11 and 12

in the Table. The last column of the table gives the e-1 widths,

f'	 of the low frequency (ISS) components in the broad band

spectra. In the case of many pulsars we could not derive

values of f' because the low frequency component was not

detected in their broad band spectra, although the correspond-

ing NBACCS had a low frequency (ISS) component. 	 As such we

infer that in those cases the ISS fluctuations have been

considerably smoothed out by the large receiver bandwidth

corresponding to the broad band spectra. Also, for 9 out of

the 33 pulsars even the narrow band spectrum did not show a

detectable low frequency component. Hence we infer that the

values of decorrelation frequency for these pulsars are much

smaller than the bandwidth of 50 kHz which was used for

observing them. For this 'group of pulsars, marked 	 'x' in the
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table the DPI is. greater than 68 pc. cm-3 . An addition21

difficulty in observations of these pulsars was that quite a

few of them were weak pulsars. Modulation index was the only

parameter of their intensity fluctuations which could be

measured. The possible statistical uncertainties on the esti-

mated modulation indices are also fairly large owing to the

fact that for these pulsars a./cy.jn 0.3.

5.3	 OBSERVED FREQUENCY CROSS CORRELATION FUNCTIONS(CCF)

5.3.1.	 Case I - Resolved Frequency Structures of Scintilla-
tions at low DM

The observed cross correlation functions rlj of

intensities (CCF) for 15 out of the 33 pulsars observed, are

shown in Fig.(5.2a,b....n). 	 Only for these 15 cases, the

frequency structure due to scintillation was well--resolved,

showing gradual decrease in correlation of intensity fluctua-

tions with frequency. The DM of these pulsars are in the

range 4.9-50.9 pc.cm-3 . In the case of 6 pulsars (1133+16,

1919+21, 0834+06, 0301+19, 1642-03 and 0318-13) which were

observed on more than one occasion, the CCF obtained on

different occasions are presented individually. Two of these

6 pulsars, namely 1919+21 and 0301+19, were observed more

than once with identifical configurations of the 12-channel

receivers.	 For these two pulsars, the resultant CCF

obtained by combining the observations on different occasions,

using the method described in Section(4.6.6), are also

presented. Such combined CCF are indicated by R in the

graphical plots.
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In the above figures, we have also given relevant

observational information such as the frequency separation

(either 50 kHz or 500 kHz) between adjacent channels, name of

the pulsar, its DM and date of observation. The error bars

denote the statistical stability of the cross correlations and

have been computed using eqn.(4.3). In the case of pulsars for

which the number of cycles of scintillation nc in the data

stretch was large, reliable values of 	 j were obtained for

all the data points. In such cases the error bars are shown

on all the data points and correspond to ±1 standard deviation.

In cases where nc was small, only a single error bar is

shown which represents the largest of the estimated errors for

all the data points, but corresponds to only one standard

deviation and not ±1. Wherever the observed CCF indicated by

os decays to a nonzero value	 p at frequency separations

appreciably larger than f v , the value pf p is also marked

in the plot. In such cases the plot contains two curves made

up of continuous straight lines between adjacent points. The

upper one is the observed CCF.	 The lower one, denoted by

, is the renormalised CCF representative of scintilla-rSCINT

tions alone, as given by 1
NT 

= ( r1	 -0/(1 -p) (Section(4.2)).
CI OBS

The figures also show model-based curves which are the best-fit

to r	 curves (Section ( 4 .6.3)). The model-based curves areSCINT

shown by dashes (-----). 	 These are obtained by assuming a

Kolmogorov spectrum of irregularities and incorporate finite

bandwidth effects.
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5.3.2..• Case II - Unresolved frequency structures of

Scintillation at high DM

For the remaining 18 pulsars the CCF did not contain

well resolved frequency structures at low values of frequency

separations. Most of these pulsars have their DM in the range

73.8-231 pc. cm-3 . We infer that values of f v for these

pulsars must be much smaller than the bandwidths and frequency

separations of the 12-channel receivers used for observations.

It was also noticed that most of these pulsars showed low

levels of signal fluctuation, with values of a/0. in less than
0.3, where aj and ajn are the rms values of signal and

receiver noise fluctuations respectively i • for the jth channel.

The exceptions to this were the pulsars 1857-26, 1818-04,

1911-04, 1933+16 and probably 0611+22 also. The data on these

five pulsars are discussed separately later in this section.

It may be noted that llow values of a /a
i n 

are expected from

the theory, which predicts that the use of observing bandwidths

much larger than decorrelation frequency will result in

considerable smoothing of the intensity fluctuations due to

ISS.

For these 18 pulsars with unresolved frequency

structure we present the data on frequency cross correlation

of intensity fluctuations in Table (5.2). In this table we

give values of (i) y
lj ON (i=2,3,...9) which is the ONFULSE

correlation (eqn.(3.7)). without correction for receiver noise,

and (ii) values of (a j ajn ) which is the mean value of



TABLE 5.2 2 1 0NTULSE' IiTTEIMITY CORRELATIONS FOR THE PULSARS WITH UlvR 7;SOLVED FREQUENCY STRUCTURE

v. -v.
Sr.	 Ida 1
No.	 PSI"	 (kHz)	 '12 I 13	 Y14	 Y15	 '16	 Y17	 Y18	 Y19	 Y110

1822-09 300 0.000 0.145 0.0)15 0.040 -0.022 -0.022 0.016 0.023 0.034 0.29

1857-26 50 0. 349 0.210 0.197 0.155 0.204 0.242 0.202 0.166 0.190 0.54

2303+30 50 0,119 0.011 -0.017 0.066 -0.032 0.006 -0.020 -0.036 -0.009 0.16

1831-04 50 0.163 0.107 0.010 0.025 0.028 0.021 0.034 0.025 0.009 0.27

0740-28 50 0.175 0.057 -0.009 0.029 -0.016 -0.012 -0.071 -0.010 0.044 0.19

1818-04 50 0,200 0.123 0.128 0.134 0.079 0.115 0.061 0.092 0.056 ,,.39

1917+00 50 0.171 0.078 0.008 0.040 0.007 0.078 0.003 0.024 -0.034 0.13

1911-04 50 0.174 0.42 0,054 0.','38 0.68 0.072 .098 0.54., 0.091 0.34

0611+-22 50 0.178 0.07; 0.110 0.069 0.068 0.059 0.063 0.055 0.057 0.19

0907+00 50 0.158 0.102 0.085 0.044 0.024 0.061 0.076 +0.041 0.038 0-17

1700-32 50 0,128 0.069 -0.021 0.086 0.009 -0.043 0.024 0.050 -0.026 0.23

1718-32 50 0.119 0.036 0.065 0.017 0.056 -0.008 0.069 0.061 -0.007 0.28

1845-04 50 0.143 0.005 0.002 -0.008 0.009 -0.012 0.016 0.004 0.007 0.28

1933+16 300 0.357 0.178 0.150 0.159 x'.159 0.167 0.115 0.122 0.149 0.82

1845-01 50 0.121 0.043 0.008 0.015 -0.086 0.057 0.055 0.014 -0.031 0.18

1907+02 50 0.167 0.04.2 0.033 -0.006 0.022 0.051 0.015 -0.031 -0.051 0.13

1900+01 50 0.087 -0.001 0.011 0.006 0.015 -0.033 -0.022 -0.040 0.318 0.27

1831-03 50 0 . 147 Q,031 0.026 0.027 0.002 0.022 0.073 0.003 0.010 0.17

P
0
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(ai/ain ) averaged over all the channels. We are presenting

the values of only the uncorrected correlations because most

of these pulsars have (a./6.3n ) less than 0.3 and at such low

values of (a /a
i
 ) the noise—corrected .correlation values

cannot be relied upon; We have not given tlie values of

correlation for the 10th, llth and 12th channels as they are

not significantly different from those of the nearer channels.

Graphical plots of yli m against channel number j are
given for a representative sample of 10 out of the above 18

pulsars in Fig.(5.3a,b,....e) which include the above

mentioned pulsars 1857-26, 1818-04, 1911-04, 1933+16 and

0611+22.

For these five pulsars we note that, although their

frequency structures of scintillations are unresolved; they

differ from the others in the following respects (i) these

pulsars have values of - R O larger than R e (ii) they have

values of (a/a in) greater than 0.3 and (iii) they show

appreciably large positive values of Ylj ON for all frequency

separations, unlike the other 13 pulsar8 for which Ylj ON

fluctuates on both sides of zero, over a small range. All

of these sympt6ms.are consistent with the inference that

these five pulsars have intrinsic intensity variations with

ISS—like time scales, which aspect is discussed further in

Section (5.5).

In the case of the other 13 pulsars with unresolved

ISS frequency structure, their broad band power spectra were
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practically featureless. This indicates the absence of

intensity fluctuations which are correlated over any parti-

cular time scale. In a few of these cases the narrow band

spectra showed weak, low frequency components from which one

could not derive reliable values of nc . Also as can be seen

from the values of yli ON for these pulsars in Table (5.2),

there is no appreciable fluctuations which are correlated

over significant ranges of radio frequency. Therefore, for

these pulsars one may consider each of the data point on the

time series formed by the sequence of intensities, to be

independent of the others. In other words, the effective

valueofnd for these pulsars is the same as the array length

M. For most of our observations M was equal to.1024 or 2048.

Hence, from eqn.(4.3), the estimated statistical errors on the

low values	 0) of intensity correlations for these pulsars,

are in the range 0.02-0.03.

5.3.3. Nature of the Irregularity Spectrum of the IS Medium

Based on the Shape of the CCF.

It is seen from Fig.(5.2) that the errors on rl
OBS due

to statistical fluctuations are large. The differences between

the theoretically expected CCF for Gaussian and Kolmogorov

spectra are very much smaller than the statistical errors. As

a result it is a very difficult proposition to distinguish

between Gaussian and Kolmogorov spectra of irregularities in

the IS medium using the observed CCF (see also Section 4.6.6)).
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A ?(.2 goodness of fit test was performed by us on the CCF for

PSR-1919+21, on which we had the longest stretch of data in

terms of nc , for the purpose of distinguishing between the two

types of spectra.	 The test yielded an inconclusive result.

Still, we note that for several pulsars, in spite of the large

errors on SCINT' the shape of the observed. CCF seems to be

somewhat closer to the theoretically estimated CCF for

Kolmogorov spectra than those for the Gaussian spectra.

5.4	 ESTIMATED VALUES OF DECORRELATION FREQUENCY

The estimated. values of decorrelation frequency f

for 23 pulsars are presented in column 3 of Table (5.3). The

values are arranged in increasing order of DM. Values of the

pedestal P of the frequency cross correlation function

at frequency separations which are much larger than fy , are

given in Column 4.	 Column 5 gives values of no which is

the number of cycles of scintillation in the data for narrow

bandwidth, as obtained by dividing the total data length by

decorrelation time.	 The values given in Column 6 are of the

parameter R0 which is the ratio of, the variance in the low

frequency component of the observed broad band spectrum, to

that in the corresponding component of the observed narrow

band all channels combined spectrum (Section (2.8.2)). In the

last column we list the calculated values of ratio R c
 of

scintillation variances, for comparison with R 0. Ro values are

calculated from eqn.	 (2.50) using the measured values of f v .
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TABLE 5.3	 Decorrolation frequencies and ratio of variances
in broad and narrow bandwidths for 23 pulsars

Sr.	 •
No.

PSR ,	• DTA -(pc.e3-Ln	 -)
f,(kHz) c •	 Rr, Rr.

( 1 ) (2) (3)	 (4) (5) (6) (7)

1. 1133+16 4.e5 710V*4 0 420-Y0	 ' 32 7.85 6.42

2, 1237+25 9.3 595	 0.400 11 8.19 5.92

3. 1604-0C 11.72 165	 0.0 2 4.69 3.44

4. 205 -16 11.51 u,	 0.250 r) 4, 74 4.72

. 19191-21 12.47 330	 ..1-0.4 58(c) 7.82 6,18

6.. 0834+06 12.86 495	 0.0 17 2.71 2.75

7. 2016+28 14.18 132	 0.0 3 2.17a 3.18

8. 0301+19 15.69 -,-	 ,-,6	 0.275-0.1 21(c) 2."7 - 2.63_

9. 1822-09 19.31 -	 66	 0.0 4 3.26 < 2.63

10. 0823+26 19.46 58	 0.250 20 2.40 2.63

2020+28 24.62 150	 0.0 13 4.09a 5.06

0628-28 3+.36 430	 0.0 8 3.74a 5.15

13. 1642 -03 35.71 9	 0.0 34 1.67 1.50

11. 1857-26 37.8 < 2.5	 0.9 6 6.32 < 0.8

15. 0450-18 39.93 47	 0.0 6 2.41a 2.74

16. C818-13 40.99 10	 0.300 29 5.40 1.58

17. 2303+30 49.9 <	 10	 0.0 7 0.44 < 1.58

18. 1749-28 50.88 - 2.5	 0.330 17 1.57 LI- 0.8

0740-28 73.77 < 2.5	 0.0 11 4.88 < 0.8

1818-04 84.38 2.5	 - 0.9 5. 9.13 < 0,8

1911 -04 89.43 2.5	 0.300 A, 8.62 < 0,8

0611+22 96.7 - 2 .5	 0.05 13 7.97 < 0.8

23. 1933+16 158.5 -	 1C	 0.35 3 15.45 < 2.63
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Inferences are made in the next section by comparing these

values of R0 and R
c
 for 23 pulsars._ 

It may be noted that the f values listed are obtained

by using the procedures described in Section (4.6). 	 These

procedures ensure that the f
v
 estimate is free from possible

intrinsic fluctuations present in the data and also that it

would tend to the 'true' value for ideal receivers of zero

bandwidth. The methods used by some of the earlier investiga-

tors (Lang 1971a; Sutton 1971) incorporated corrections for

the effects of intrinsic fluctuations only and not for the

finite bandwidth effects. In that sense our measurements are

an improvement over the earlier work. 	 Further, in our

method of deriving the value of the decorrelation frequency

from observations we have given weightage for the expected

shape of the CCF also in an attempt to decipher the nature of

the spectrum of irregularities (Section (4.6.3)). A comparison

of our measurements of f with those by others for a few

pulsars which are common to the earlier and the present obser-

vations is presented in Section (5.6).

Table (5.3) gives the values of f v estimated by

assuming a Kolmogorov spectrum of irregularities in interstel-

lar space. f v values estimated by assuming a Gaussian spectrum

will be only marginally different from the listed values.

Errors due to statistical fluctuations on the estimated values

of f
v
 depend on n as described in Section (4.6). For larger

values of no the errors will be smaller. These errors are
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shown in the plot of f vs DM in Section (5.6).

In the case of two pulsars, PSR 1919+21 and PSR 0301+19,

the observations on different occasions have been combined to

arrive at the estimate of f	 (Section (4.6.6). This is

indicated by a notation v (c) i in the column for nc . As the

observed values of p on different occasions were different

we have given only the minimum and maximum of the p values

in Table (5.3) for these two pulsars.

5.5	 EXISTENCE OF INTRINSIC INTENSITY VARIATIONS WITH

TIME SCALES SIMILAR TO THOSE DUE TO ISS

From Table (5.3) we notice that for several pulsars

the values of R0 and
nd Rc are such that R0 > Rc . This

implies the existence of intrinsic intensity fluctuations of

comparable strength to ISS and with ISS—like time scales in

many pulsars. We summarise below the arguments for such a

conclusion, arL67 then present results.

As is well known, intrinsic intensity variations of

pulsars, such as pulse to pulse variations, are correlated

over a large range of radio frequencies. This is in contrast

to interstellar scintillations which have narrow correlation

bandwidths (Section (1.1)). The existence of intrinsic inten-

sity variations manifests itself as the presence of a nonzero

pedestal p in the frequency cross correlation function, at

frequency separations which are large compared with f v , the

decorrelation frequency due to ISS. But, as explained in
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Section (2.8.2), the nonzero pedestal in CCF does not Five us

information on the time scales of the intrinsic intensity

fluctuations. Power sDect. r of fluctuations are needed to

infer about the ti c 2,e, stales

As described in Chapter 3, we have determined power

spectra of intensity fluctuations of pulsars for narrow as

well as wide bandpass of the receiver. From these spectra,

we compute variances asN2 for the narrow band, and a
SB

2

for the broad band spectra, for the low frequency component

typical of ISS. This component can be distinguished clearly

in most of the observed power spectra of Fig. (5.1) and is

demarcated schematically in Fig.(4.9) by region adb. We then

compute the variance ratio RD = (('SB2/(7SN2)* Assuming that

the low frequency component is only due to ISS with narrow

decorrelation frequency as estimated reliably from CCF (See

Section • •(2.8.1)), we can compute the theoretically expected

ratio R
c
 of variances for broad and narrow band (Section

(2.8.2)). But in general, a low frequency component of power

spectra may also arise due to intrinsic fluctuations with

similar time scales as ISS but correlated over large range of

radio frequencies. In that case, we expect R C to be larger

than Rc as explained in Section (2.8.2).

Therefore, if only ISS were present we expect Ro = Re.

On the other hand, in the presence of only intrinsic fluctua-

tions we expect Ro = R > Re . If both are present Rp 
o

>R >R c.
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We have computed RC and Rc for 23 pulsars which

showed recognizable components both in their narrow band and

broad band spectra. These values of RC and Rc are given

in Columns 6 and 7 of Table (5. 3 ). As explained in Section

(5.3) definite measurements of decorrelation frequency fv

were possible only for 15 out of the above 23 pulsars. 	 In

the other 8 cases the frequency structure due to scintilla-

tion was unresolved, leading to estimates of upper limits of

f only. Consequently for these 8 pulsars only lower limits

on Rc could be calculated.

Fig.(5.4) shows a plot of R C againstthe corresponding

Rc
 for the 23 pulsars. We notice from this plot that the

points for several pulsars lie below the straight line at

45
o
 to the axes. This indicates the presence of low frequency

fluctuations in intensity with similar time scale and strength

as ISS but which are correlated over a large bandwidth for

at least 8 cases whore Ro > R
c
, and possibly for 4 more, out

of the 23 pulsars (Table 5.3). The measurements on 4 pulsars

are seen to be discrepant with the expectation because their

data points lie above the line at 45° to the axes in the RC —

Rc diagram. These 4 pulsars are marked by the symbol 'a' in

Column 6 of Table (5.3).	 We note from the plot of CCF

Pig.(5.2)) that the observed CCF of these pulsars depart

considerably from the model curves leading to large errors in

the estimates of their decorrelation frequency. It is likely

that the f
v
 estimates for the 4 pulsars are on the higher side,
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which would explain the discrepancy.

It is known that pulsar pulses exhibit high degree of

linear polarization in the case of some pulsars. In such

cases observations with a linearly polarized antenna can

result in intensity variations due to changes in the ionosphe-

ric Faraday rotation. Large changes in ionospheric Faraday

rotation are known to take place over a few hours after

sunrise and sunset (Sethia et al. 1978). From the work of

Sethia et al.(1978) who have measured the Faraday rotation

Ootacamund using the ATS-6 satellite we deduce that the

differential - rotation between the edges of the 4 MHz pass band

at 327 MHz used in our observations could be about 20 - 30

degrees.	 Hence it is possible that changes in ionospheric

Faraday rotation can generate intensity fluctuations correla-

ted over several MHz in the case of pulsars with highly

linearly polarized emissions and thus mimic intrinsic inten-

sity variations. But we rule out such a possibility affecting

our data because we have avoided periods of sunrise and sunset

in our observations. Also the ISO-like time scales we are

concerned with in this section are smaller than those

expected from changes in ionospheric Faraday rotation.

It may ee noted here that regarding the aforesaid
intrinsic fluctuations we are talking of correlation band-

widths on the order of 1.5 to 4 MHz (wbich are the overall band-
widths. of the 50 kHz and 300 kHz systems used by us), rather

than hundreds of MHz as have been observed in the case of pulse to

pulse intensity fluctuations. As such one might attempt to

explain the wide band fluctuations observed by us with 1.5
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and 4 MHz receivers, with a two region model of the IS medium

in which the IS medium between the source and the observer

could be composed of two different regions with widely

different values of the electron density fluctuations and

their scale sizes. Such a model would result in two different

correlation frequencies, as shown in Fig.(1) in the paper by

Salpeter (1969). Although the possibility of a 2—screen

model cannot be ruled out we have not found any observational

evidence for it from the pulsars studied by us because no

appreciable decline of pedestal p was observed up to 4 MHz.

Therefore we prefer to attribute the observed wide band

fluctuations discussed above to intrinsic causes.

Pulsars are known to exhibit wide band intrinsic

fluctuations from pulse to pulse as well as over days. It is

not surprising that they show intrinsic fluctuations with

time scales of minutes also.	 The method used by us has

allowed the reco gnition of this comnonent in many pulsars

even in the presence of ISS of similar time scales.

5.6	 THE OBSERVED DEPENDTME OF DECORRELATION FREQUENCY

ON DISPERSION MEASURE

In this section we summarise firstly the results on

the observed f —DM relationship from the work of earlier

investigators. The probable sources of error in the estimates

of f	 (or the equivalent parameter Bh ) given by earlier

workers are pointed out. In Section (5.6.3) we present our
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results which show the genuineness of the steepening of the

f -DM dependence at large values of DM which in turn implies

inhomogeneity o' the IS medium.	 The implications are

discussed in Section .5.4.

5.6.1	 Earlier Observations

The most convincinv observational support for the

interstellar scintillation hypothesis of pulsar intensity

fluctuations with time scales on the order of a few minutes

or more came first from the work of Rickett (1969, 1970).

Rickett had measured the scintillation index in each of

several bandpass filters with different bandwidths, all

centred at the same frequency. The scintillation index was

computed after smoothing the intensities for consecutive one

minute intervals in order to reduce the fluctuations due to

intrinsic causes.	 The frequency structure seen in pulsar

scintillation was parametrised by the half-visibility band-

width B
h which he defined as the bandwidth at which the

scintillation index decreased to half its value for zero

bandwidth. Bh was determined by fitting a theoretical curvea

to the measured values of scintillation index, assuming a

rectangular bandpass and a gaussian autocorrelation function

for the variations of intensity with frequency. 	 These obser-

vations showed that	 Bh is smaller for pulsars of large

dispersion measure, the dependence being given approximately

by Bh cc (DM)
-2
 (See Fig.lO of Rickett 1970). Both thin
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screen (Schauer 1968; Lang 1971a) and extended medium models

(Uscinski 1968a, 1968b; Ricktt 1970) of the IS medium, with

Gaussian spectra of irregularities predict such a dependence

of Bh on DM if one assumes that < ON e
2> 2 is proportional to

''e > and DM is proportional to the dist nce to the pulsar.

Rickett's data showed considerable scatter in the values of

Bh, especially in the range 11.4 < DP J < 14.3 pc.cm-3 . In

view of the fact that in our observations many pulsars showed

the existence of intrinsic fluctuations with time scales

similar to those due to the IS medium, it is possible that

Rickett's method of estimating Bh from variation of scintil-

lation index with bandwidth could have resulted in apparently

large values of Bh in some cases due to presence of such

intrinsic variations.

Most of the other measurements on frequency structure.

of pulsar intensity fluctuations available in literature were

from the work of Lang (1971a). Ewing et al.(1970), Wolzscan

et al. (1974) and Backer (1974) had also observed a few

pulsars to study the frequency structures. Lang had used

multichannel receivers similar tc the ones used by us,

computed CCF of intensities and then estimated values of fv

from the computed CCFs after correcting for the nonzero

pedestal p . But he had not incorporated corrections to

the estimated values of f
v
 for finite bandwidth effects.

Owing to finite bandwidth effects, the CCF computed from

observed pulse intensities gets broadened as compared with
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that for the ideal case of zero bandwidth detectors. The half

width of the observed curve could be larger than the 'true'

f
v 

by 25 °/() or more for cases where the bandwidth is comparable

to the true f
v
. This is seen from figs. (4.1,2,3,4) of this

thesis. As such the estimates of f 	 by Lang could have been

higher than the actual values. His observations at 318 MHz

resulted in measurements of f for 5 pulsars in the DM range

4.9-19.5 pc.cm-3 . The relation f
v 

cc (DM)
-2
 was seen to fit

the data on these 5 pulsars. The measurements by Ewing et al.

are not very useful as they were only visual estimates of the

widths of the frequency structures.	 The observations at 1420

MHz by Wolzscan at al.(1974) with a correlation spectrometer

yielded eye estimate widths of the autocorrelation function of

the the spectra for four pulsars. Backer had measured the Bh

for PSR 0833-45 at five different frequencies in the range

837 MHz to 8085 MHz. He found that B h scales as v4+0.2

for this pulsar,. in agreement with prediction of scintillation

theory.

Sutton (1971) had made a comparative study of the

measurements of Bh, B and f
v
 by Rickett (1970), Ewing et al.

(1970) and Lang (1971e.) respectively. 	 He showed that Lang's

method of estimating f v from th observed CCP by correcting

for the nonzero pedestal p, corrects for the effects of

intrinsic intensity fluctuations. He also derived the rela-

tionship f	 Bh/9.9 — B/1.5. Using this relationship, and

the measurements by the three authors he determined values of



162

f
v
 at 318 MHz, which were subjective averages of f

v
 , B

h
/9.9

and B/1.5. In Table (5.4) we present a comparison of the

values of f327 obtained by us with those derived by the

above four workers, after scaling to 327 MHz using the v -4

law. The errors for our measurements specify the statisti-

cal uncertainties arising from the limited lengths of data

(although several hours of stretch !) and correspond to ±1

standard deviation. Errors of similar magnitude or larger

are expected to be associated with the other measurements

which were also derived from data streches as long as or loss

than those of ours. Hence we conclude that the differences

amongst the various measurements are mostly within the

expected statistical uncertainties

5.6.2. Earlier Results on the Composite f v-DM i_agram

Sutton (1971) had attempted to extend the range of

the measured values of f (or B ) beyond DM=50.9 pc.cm-3 by

invoking the inverse relationship between decorrelation

frequency fv and the scattered pulse width At e , which was

first pointed out by Salpeter (1969). For a thin screen

model of the IS medium with the screen located midway between

the pulsar and the observer, Sutton showed that the exact

f(Jrm of the inverse relationship is given by

27c f	 = 1	 (5.1)
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TUL -9 5.4 DECORRELATION FREQUENCIES f 327 AT 327 MHZ -

COMPARISON OF MEASUREMENTS FOR 8 PULSARS    

Sr,	 PSR	 DM	 Rickpt0(Ewing) (Lang) (Sutton)	 (Present
No.	 (loc.cm 3)	 work )

(kHz) (kHz)	 (kHz)	 (kHz)	 (kHz)

1 1133+16 4,9 778 289 2223 778 710+430

1237+25 9.3 — - 778 778 595)-375

20-45-16 11.5 ti 738 - - > 778 400+230

1919+21 12,4 123 4 4 5 889 333 330+160

0834+06 12.9 226 322 555 333 495+400

2016+28 14;_.2 29 - < 555 33 1321-7

0823+26 19.5 555 555
58+2N

+ 13
8. 1749-28 50.9 6.7 6.7 2.5-	 1
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The above equation was derived under the assumption that both

strong and multiple scattering conditions are satisfied.

Sutton's model of interstellar scattering further showed that

the CCF is the real part of the Fourier transform of the

pulse broadening function which leads to the exponential decay

of pulse profiles for pulsars with large DM (see also ronyn

1970).	 Also he had presented arguments to show that eqn.

(5.1) holds good approximately for any screen, thick or thin,

and regardless of its location, providing that the strong and

multiple scattering conditions are fulfilled.

Using the f v-t 9 relationship (eqn.(5.1)) and the

measured values of f p (or Bh)and-Ats forseveral pulsars available

in the literature Sutton constructed a composite fv-.Ats-DM

diagram which was a log-log plot of f v vs DM. For pulsars

with DM > 50.9 pc.cm -3 , the fvalues were derived from the
v

known values of At
s using eqn.(5.1). The diagram was for

= 318 MHz.	 The relation ?t 5
	x

4 
was used for scaling the

At
s values at other frequencies to 318 MHz. He noted from this

diagram that for al < 25 pc.co 3 f
v
 decreases roughly as

(DTI}
2

, but the dependence steepens considerably, approach-

4, -
ing (DPI)	 ' at large dispersion measures particularly for those

f values derived from pulse broadening. 	 Such a trend is in

disagreement with the predictions of the theoretical models.

We discuss this aspect later in the light of the new data

obtained from our observations.

In this connection it may be mentioned here that Lang

had also constructed a similar diagram in which the fv-Lts7DM
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trend was found to be in fair agreement with theory, i.e.

f
v 

cc (DM) -2 , especially for 111 MHz, though not for the data

at other frequencies namely 40, 318 and 408 MHz 	 (Lang 1971b).

But, unlike the relationship given in eqn.(5.1) which was

used by Sutton, Lang had used f v At s = 1 and this has the

effect of reducing the deviations from the theoretically

expected relationship, f cc (DM)2

5.6.3. Results on fv -DM dependance from Cur Observations

The values of decorrelation frequencies 	 f v derived

from our observations are presented as a log-log plot in Fig.

(5.5). The error bars shown, represent statistical uncertain-

ties and correspond to ±1 standard deviations.	 They were

estimated as described in Section (4.6.5). The upper limits

for 7 of the pulsars are indicated by downward arrows. The

confidence level of the upper limits correspond to two standard

deviations or more, except in the case of PSR 1822-09 for which

it is about one standard deviation.

As described in Chapter 2, theoretical models of the IS

medium predict a linear dependence of log f v on log DM, with a

slope of -2 in the case of a Gaussian irregularity spectrum

and of -2.2 for a Kolmo7orov spectrum. In order to compare

the observations with the theoretical prediction we tried to

fit a straight line to the log f v - log DM plot obtained from

our measurements using the weighted least squares method. The

straight line fit was attempted for two subsets of the data
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as follows o (i) data on all the 23 pulsars in the range 4.9 <

DM < 158 pc.cm-3 and (ii) :Aata on 17 pulsars in the DM range

4.9-50.9 pc. cry 	and excluding the measurement on PSR 0628-28

the f v
 for which could have been overestimated by us as

explained in Section (5.5).

The procedure used for	 fitting a straight line is

the well-known weighted least squares method ( Bevington 1969)

which assumes that the rms errors on both sides of any data

point are equal.	 But for some of the pulsars the rms errors

on f v
 estimated by us were not equal on either side of the f v

estimate. In such cases for the purpose of weighting, we

assumed an rms error which was the mean of the rms errors on

both sides.	 In the case of data points which were upper

limits on f v they were assumed to be two standard deviations

above the true value. The estimate of the 'true' value and

rms error on it were calculated using this assumption and then

used in the weighted least squares method.

The best-fitting straight line for the f v -DM data on

all the 23 pulsars in the DM range 4.9 	 DM < 158 pc.om 3

turned out to have a slope of -2.8. This is shown in Fig. (5.5)

by the continuous straight line.	 In order to examine whether

this' discrepancy between theory and observations is mostly

caused by the data at high DM or whether the discrepancy exists

even at lower values ef DM, we selected the subset of 17

pulsars, as explained above, in the range of DM 4.9-50.9 pc.

cm-3 . These 17 data points were separately subjected to the
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least squares method. The best-fitting straight line obtained

from this procedure had a slope of -2.5. This line is shown

in Fig. (5.5) by dots	 A straight line with slope of

-2 is also given in the figure.

It should be noted here that the slope of -2.8 (or

-2.5) derived from our observations could net be a consequence

of the particular method used by us tc choose the best-fitting

model curve of CCF to the observed CCF (Section (4.6.3)). The

weighting procedure used by us for CCF fits tends to increase

the f
v
 estimates, especially from CCF with narrow frequency

structures of ISS. This has the effect of reducing the devia-

tions of measured values of f
	
from the (DM)

-2
 slope at large

DM. Therefore we conclude that the deviation of the observed

log fv-log DM slope from the theoretical prediction, is

significant even though the departure is apparently small.

5.6.4. Implications of the ObserveeL
v
-DM Trend

In order to explain the observed steepening of the compo-

site f 
v 
-At 

s -7DM diagram at large dispersion meaJures, Sutton

had considered the possibility that the conditions necessary

for the validity of the inverse relationship between f
v
 and

its (eqn.(5.1)) may not hold good in the interstellar medium.

Our results described in the previous section rule out this

possibility because they -17,7c based. on measurements of f v only

and do not invoke the inverse relationship between f v and At,

derived from theory of scattering. We conclude that the dis-

crepancy between observati 7)ns and toory :i'egal-ding the fv-DM
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dependence, reflects the lack of validity of some assumption

on which the theoretical model of the IS medium is based so

as to arrive at the predicted f -DM slope of -2.

As has been pointed out by Rickett (1977) the steep

slope at large DM cannot be explained. by postulating a power

law spectrum of irregularities in the IS medium such that the

index a of the spectrum has a value of about 2.7. Such a

value of a will match the observed steep slope of -4 for the

f
v
-DM diagram but will predict f

V 
« x -8 or At s 	 x

8
. Such a

steep X dependence for f v has not been observed so far. On

the contrary Backer (1974) has observed Bh « x -4±0.5 for

PSR 0833-45 and there exist in literature several measurements

of At
s at several radio frequencies for quite a few pulsars

which show that /yt cc x 4+0.5 •

From the above considerations it is clear that the

assumption of homogeneity of the IS medium may not be valid

i.e. the assumption that the rms electron density fluctuation

< ON
e 2 > 1. is proportional to the mean electron density may not

hold good everywhere in the IS medium of our galaxy. We discuss

this aspect in the next section.

5.6.5. Inhomogeneity of the Interstellar Medium

The f
s
-DM diagram is essentially a comparison of

the scattering and dispersive properties of the IS medium. The

conclusion one draws from the observed f
v
-DM trend is that the

scattering properties of the IS medium become more pronounced
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in comparison with the disper,ive properties at larger values

of DM. Larger values of DM imply larger distances, at least

on a statistical average. Therefore one infers that the rate

at which scattering properties of the IS medium become accen-

tuated with distance, is more than that for the dispersive

property.	 The scattering property which is represented by a

combination of the rms fluctuation in electron density <5Ne2>1

and its scale size L can be characterised by the parameter

E<ONe 2 >M 2 . The dispersion in the IS medium is represented

by the mean electron density <No>. The inference one draws

from observations, therefore, is that the conditions for the

validity of the relationship <ONe
2>/L « ‹N

e
> 2 may not hold

good in the IS medium, over all the regions of our galaxy. In

other words, the IS medium does not have a homogeneous
1

character throughout our galaxy with regard to <5NO 2 > 2 , L and

<Ne>.

A possible reason for this could be that with increas-

ing distance from the Sun there is higher probability for the

line of sight to a pulsar intersecting H II regions. Further,

it would be interesting to investigate whether there is any
1

systematic variation of <8N c 2 > 2 /L and <N e> with distance of

the pulsar from the galactic centre. 	 With the data available

on a limited number of pulsars there are indications that such

a systematic variation of scattering and dispersive properties

of the IS medium in our galaxy could be present. This is seen.

from the composite f 	 diagram for 327 MHz shown in
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Fig.(5.E). In this diagram we present tie data available in

literature along with our measurements of f
v
for 15 pulsars.

Our measurements arc shown as filled circles. 	 Filled circles

with downward arrows indicate upper limits on f estimated by

us. The v4 scaling laa was used in converting the measurements

of f
v at other frequencies to values at 327 MHz.	 These

values are shown by filled squares.	 The open circles are

values of f v derived from measurements of ist s available in

literature, using the X4 scaling law and the relationship

f
v
 At

s = 1. The derived values of f v
 used in constructing

the diagram in Fig. (5.6) are given in Table (5,g ).	 The

diagram contains the f v values of a total of 35 pulsars over

a DM range 3-450 pc.cm-3 . From Fig.(5.6) we see that it may

not be possibl ,,) to fit a linear relationship between log fv

and log (DM) over the entire range of dispersion measures. The

best-fit to the diagram would be a nonlinear curve whose slope

would steepen continually from about -2 to -4 as the DM

increases from low to high values. Such a continual change

of slope reflects a continual increase of <81T e 2 > 271, with

dispersion measure. From the values of galactic longitude

and latitude for the 35 pulsars given in Table (5.5) we find

that pulsars with high DM tend to lie in the direction towards

galactic centre. Hence it seems likely that<ON
e 2 > 2 /1, decreases

with galacttcentric distance of the pulsars.

To confirm the existence of such a systematic varia-

tion of the scattering property of the IS medium with
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TABLE 5.5 DECORRHJATQN:FREQUENC-

DM	 -I	 f

(pc.cm- 	Ldlz

3.0 10000

3.2 445
4.9 710

•5.8 2623
9.3 595

10.7 165
11.5 400
12.4 330

12.9 495

14.2 132

15.7 16

19.3 66
29.5 Ao k	 58

TUVA

29.6 67

24.6 50

26.8 hoott	 33

34.4 430
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0818-13
2303+30
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.3
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307(

32.
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57 8
39.9
41.0
49.9
50.94,*5-

( If S`109.1
73.8
84.4
89.4
96.7

129.1
158.5

233

270
310
402

450

2.5
47
10
10

a 2.5
.02e

2.5
2.5
2,5

< 2.5
0.0055
0.iT8
0. 01e
0.003611
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distance from the galactic centre, data on f
v
 and At

s for

more number of pulsars will be necessary, with the pulsars

selected for observations such that they are more or less

uniformly distributed ever the range of galactocentric

distances. Such studies could be compared with the galactic

distribution of the sources of ionisation of the IS medium,

such as supernova remnants and 0,B stars. Those investiga-

tions may lead to an understanding of the possible mechanisms

which produce systematic variations in <ON e
2> 2 , L and <Ne>

so as to result in the observed f
v
—DM trend.

5.7	 OBSERVED REL&TIONSHIP BETWEEN WIDTHS OF INTENSITY

FLUCTUATION SPECTRA AND DISPERSION MEASURES

In the subsequent sections we describe the observed

dependence of f e on DM, summarising both earlier results

available from published literature as well as those from the

present observations.	 We deal with the implications of the

results in Section (5.7.3).

5.7.1.	 Results from Earlier Work

The earliest attempt by Rickett (1970) at elucidating

the dependence of time scales of pulsar scintillations did

not yield very definitive results except that the characteris-

tic time scale of scintillations tended to be lar ger for

pulsars of lower dispersion measure. His observations at

408 MHz of 10 pulsars with DM 	 50.88 pc. cry-3 are summarised

in Fig.(9) of his paper.	 The next major attempt at under-

standing temporal behaviour of ISS was done by Backer (1975).
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He had observed 28 pulsars (3.0 < DM < 158.5_) and computed

the temporal spectra of intensity fluctuations, with degrees

of freedom ranging from 1 to 50. In 25 cases low frequency

components in the . spectra were.recognised which he ascribed

to scintillation due to IS medium. -Assuming ISS spectra tobe

Gaussian in shape and scintillation index of unity, Backer

obtained e
-1 

widths f
e of the ISS components in the spectra.

He found that fe increases linearly with dispersion measure

though there was a scatter by a factor of 3 in the values of

fe for comparable values. of DM. One may note that the scatter

could be explained by differing values of the relative velo-

city of the IS medium with respect to the Earth—based obser-

ver, in different regicns and directions. Further, pulsars

themselves have different proper motions.

5.7.2. Results from the Present Observations

Results from our observations of 23 pUlsars are

summarised in Fig.(5.7) which is a plot of f e against DM. The

notable difference between this plot and the corresponding one

from Backer's measurements (Fig.(6) of Backer 1975) is that

our measurements of f , do not show any correlation with DM.

The statistical stability of the spectra obtained by us are

much better than those of Backer as could be seen by comparing.

the values of the quality factor Q (Q = f eT = number of

degrees of freedom), for the two sets of observations. In

Table (5.6) we list for comparison values of f e for pulsars

common to ours and Backer's observations. Backer's
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Sr.
Nfl.

P SR
f e Q

4.8

9.3

L0.7

11.5

12.4

12.9

14.2

15.7

19.4

2+.6

35.7

49.9

96.7

158.5

1.59

0.06

< 1.41

1.22

0.78

1,05

0.71

1.08

2.26

1-59

3.67

6.2'

10.2
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TABLE 5.6	 COMPARISON OF MEASUREMENTS OF ISS SPECTRAL WIDTHS

DM
(pc.cni3)

A B '	 A

1133+16

1237+25

1604-00

2045-16

1919+21

0834+06

2016+28

0301+19

0823+26

2020+29

1642-03

2303+30

0611+22

1933+16

-4
1.56

0.49 0)

0.51 07

1.40

0 .55 1-11--

1.34

0.66-`'

	

0.75	 -

2.30 '6!4/1'

1.60

	

5.35	 **4"

1.55 5 ' 97

2 .87

0.26

17 96

2

1 14

11 100

7 33

6 63

16 20

10 170

30 200

3 72

48 340

1 46

24 160

3 30

Values under column A are from Backer (1975) scaled to 327 MHz
and those under B are from the present work.
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observations have been scaled from 408 MHz to 327 MHz assuming

f e « X
-1 . Values of Q are also listed. Q ranges from 1 to 58

for Backer's data compared with a range of 14 to 340 for our

data.

5.7.3. Discussion

Theoretical models of the IS medium predict a depond

once of the spatial . correlation scale	 on dispersion
c.s.

measure and wavelength of the form

—1cc (DM) 2 X
C.S.

for Gaussian spectra of irregularities, and

r	 « (DM)
-1/(a-2) x-2/(a-2)

C. s.

(5.2a)

(5.2b)

for power law spectra, if one makes the usual assumption of

DM proportional to the pulsar distance z and <ON
e
2> 2 « <N

e
>

A frozen-in scintillation pattern - the so called Taylor

hypothesis - gives a direct relation between spatial and

temporal spectra (Tatarskii 1971) through the Velocity Vm of

the medium with respect to the observer.

The discrepancy between the theoretical predictions

embodied in equations (5.2a,b) and the observed f o -DM plot

(Fig. (5.7)) could be due to any one or all of the following

reasons

i)	 The estimates of f	 could be confused by intrinsic

variations. The evidence for the existence of such variations
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has been presented in Section (5.5). This may 91s0 load to

differing values of f o measured at different epochs, owing to

variability of intrinsic fluctuations, which may partly

explain difference between ours and Backer's values.

The assumption of frozen pattern may not be valid as

is shown by sudden reversals of the pattern velocity during

spaced receiver observations (Rickott and Lang 1973; Sloe et,

al. 1974 and Uscinski 1975).

Inhomogeneity of the medium. From our discussion of

the steepening of the dependence of f on DM at large values

of DM it is clear that the IS medium cannot be considered to

be homogeneous.

iv)	 Further, as noted above, scatter arises due to

differing values of the velocities of the medium and pulsars

with respect to observer.

As pointed out by Rickett (1977) the linear dependence

of f
e on DM as inferred by Backer demands a = 3 for power law

models.	 But, then the predicted X dependence (for a = 3)

turns out to be f e cc X 2 which is discrepant with observations

of PSR 0329+54 by Rickett (1970) and that by Backer (1974) of

PSR 0833-45. As in the case of the observed f v—DM relation-

ship, the linear fe --D PI dependence is also at odds with both

Gaussian and Kolmogorov spectral models of the IS medium.

In this connection we would like to mention that the

linear f0—DM relationship ob s erve by Backer coul(1 be an
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artifact due to the presence of intrinsic intensity variations

with time scales comparable to those due to ISS. It could also

arise if data lengthS were not long enough so as to contain
many cycles of scintillation. In such a case the statistical

errors on the estimates could be very large. It may be pointed

out that in Fig.(5.7) which gives our measurements of f e , if

we remove four points corresponding to DM 80 pc.cm-3 and

f
e 
g 1 m Hz, a linear dependence of log f e on log(DM) could be

inferred. A similar reasoning may be responsible for the

observed fe cc DM trend by Backer. It seems important to

extend the measurements of f
e
 for high DM pulsars. This

would require a multichannel receiver with several narrow

bandwidths spread over a wide band so that observations with

good signal to noise ratio can be made, because many of the

high DM pulsars are weak.

5.8 .	NONUNIFORM SPATIAL DISTRIBUTION OF FLUCTUATIONS

IN ELECTRON DENSITY.

In..the forthcoming sections we describe the 'method

adopted to estimate the magnitude of rms fluctuations in

electron density using the observed values of decorrelation

frequencies, present these estimates and briefly discuss the

implications of these results.

5.8.1.	 Estimation of LN and L from observed values of fv

From the observational determination of ISS of a

pulsar one would like to calculate the values of the rms
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fluctuation of electron density AN (=ioNe2>2) and the scale

size L of the fluctuations. Inc method for estimation of AN

and L was established first by Scheuor (1968), for a thin

screen model of the IS medium. It involves the use of the

two conditions for strong scattering and the dependence of

deccrrelation frequenc y f on the mean square scatteringv

angle Q. These three conditions impose constraints on the

range of permissible valueS of AN and L. Lee and Jokipii

(1975c and 1976) have derived these conditions as applicable

to an extended medium for both forms of spectra — Gaussian

and Kolmogorov of irregularities. These constraints are

given in eqns.(6), (7a), (7 b ), (8a), ( 8b ), (9a) and (9b) of

their paper (1976). These contraints at 327 MHz, for a

Gaussian spectrum are given by-

N) 2 _ 7.5319x1028

z f (5. 3a)

(19- )2/3 1.2540x106
(5.3b)L z

(z!,N) 2 1, > 4.2094x102° (5.3c)

where z is the distance, in cm., to the pulsar, L is in cm

and f
v is in Hz. Those conditions are indicated by the three

straight lines in the logarithmic plot of AN vs L in Fig. (5.8).

The constraints imply that the point representing the medium

must lie above lines (b) and (c), and on the lino (a).	 The
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segment of the line (a) between lines (b) and (c) specifies

the range of permissible values of AN and L. Hence these

values are easily evaluated.

For the extended medium with Kolriogorov spectrum of

irregularities two situations are possible depending on the

relative. values of the inner scale 	 of the irregularities

and the transverse intensity correlation scale p 	 of thec.s.

observed random waves. These two cases are

Case I	 n c.s.

Case II	 3Z> p 0.5.

and

For Case I the constraints en AN and L at 327 MHz are given by

(AN)
12/5

1.0649x1033 (5.4a)

L4/5 fy

(,1\T)12/11 8.4269x1010
(5.4b)

I4/11

) 2 L 1.0022x1021> (5.4c)z

The constraints (5.4a) and (5.4b) are shown by the

straight lines (a) and (b) in the AN—L plot in Fig.(5.9).

(5.4c) is readily satisfied for reasonable values of the

parameters and is not shown. We note that unlike the caseofthe

Gaussian spectrum the lines (a) and (b) aro parallel implying

that the condition (5.4b) has no constraint on the values of
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A N and L.	 This is understandabl y from the following physical

aspects Inhomogeneities with scales much greater than the

Fresnel scale pr(z/k) 2 have hardly any effect on the scintil-

lations of radio waves. Therefore the scintillation pattern

will be unaffected if one introduces inhomogeneities of

larger size (equivalent to increasing the value of the largest

scale size L) while keeping constant the magnitude of the

i homogeneities which are important for the scintillations, by

increasing the value of AN. Thus it is clear that using data

on ISS alone it is not possible to set an upper limit on the

outer scale L. But it may be noted that a larger value of L

is accompanied by a correspondingly larger value of AN and in

the actual physical situation it may be unrealistic to

conceive of a model of the IS medium with a very large value

of LE- as compared with the mean electron density <N e>, without

affecting the properties of the medium in relation to--aspects

other than ISS, like the observed nonthe -rmal radio emission,

-rays and y-rays from the IS medium.

For Case II we have one more constraint on	 and

that p	 >Q - in addition to the three usual conditions.C.S.	 -
These are given below for 327 MHz.

3.8662x1028

1/72/3	
z f

L-

(5.5a)



',T5)
2/3

7.29821:106

/9- 7IJ 9

186

(5.5h)

(r0 2 L	 1.0022K102	
(5.5c)

-.2c.5/3

	

( P )	 4 213x102

	

I,	

°3 (5.5d)

The constraints embodied in eqns.((5.5a),(b),(d)). axe..

shown by the straight lines (la), (lb) and (lc) in Fig. (•510)

for a particular value of L and by (2a), (2b) and (2c) for a

smaller value of L.	 The constraint in eqn.(5.5c) is

well—satisfied for reasonable values of AN and L, and is not

shown in Fig. (5.10)

5.8.2. Results Obtained from the Present Observations

In Table (5.7) we summarise the estimates of AN and

scale sizes, for both Gaussian and Kolmogorov spectra, derived

from our measurements of decOrralation frequency f
v 

for 15

pulsars at 327 MHz.	 The distances z were taken from the

table of properties of pulsars compiled by Taylor and

Manchester (1975).	 We have assumed a value of 0.03 cm -3 for

the mean electron density < N e >. As pointed out earlier,one

is unable to set a limit on the value of the outer scale of

Kolmogorov type of turbulence from ISS data alone. Hence we

have drawn on the work of other investigators to assign a

reasonable value to the outer scale L as described below.
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TABLE 5.7 : ESTIMATES OF 0 ',I ND SOAL

S.Ne.	 PSR	 g (cm)
Kolmogordv
spectrum
witht> p

L(cm)	 AN/<IT-,>L	 •	 •
Gaussian- NOLI4OGOROV SPECTRUM
spectrum	 •	 • 19 	 20

	

L=10 cm L = 10	 cm

T4)	 t57

0/<Nc>
Gaussian
Spectrum

1 1133+16 1.2 x 1011 2.4 x 1012 1.5 3.3
2 1237+25 2.0 x 1011 13.8 x 102 0.9 1.9
3 1604-00 3.8 x 1011 7.4 x 1012 1.6 3.4
4 2045-16 2.5 x 1011 5.0 x 1012 0.9 2.0

5 1919+21 2.3 x 1011 121.7 x 10 1.1 2.3

6 0834+06 2.4 x 1011 4.7 x 1012 0.8 1.6
7 2016+28 4.7 x 1011 9.3 x 1012 1.5 3.3
8 0301+19 8.5 x 2011 15.3 x 1012 2.0 4.4

9 0823+26 9.1 x 1011 17.7 x 1012 1.5 3.3

10 2020+28 8.9 x 1012 17.3 x 101 2 0.4 .0.8
11 0628-28

11
4.4 x 10-- 8.7 x 1012 0.3 0.7

12 1642-03 10.5 x 1011 - 20.3 X 101 2 18.5 39.8
13 0450-18 17.3 x 1011 34.5	 101 0.6 1.3
14 0818-13 30.1 x 1021 1253.7 x 1 0 2.1 4.4
15 1749-28 62	 x 1011 1123	 x 102 4.1 8.9

0.19
0.13
0.31
0.15
0.03
0.12
0.32
0.05
0.41
0.10
0.06
5.53
0.21
0.86
0.23 0

Note; a) Values in Columns (2) and (3) aro the mean of, the maximum and minimum
values permissible for the parameter

b) Values in Columns (4), (5) and (6) are obtained by using ‹N > = 0.03 cm
and the mean value of AN

3
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The importance of turbulent stochastic fluctuations in

the galactic magnetic field for explaining the observed life

times of cosmic rays in the Galaxy was pointed out by Jokipii

and Parker (1969a,b). Subsequently Jokipii and Lerche (1969)

applied this theory to explain the observed dependence on

galactic latitude of Faraday rotation of extragalactic radio

sources and of pulsar dispersion measures. They found that a

correlation length L on the order of 250 pc (=8x10
20
cm) for

the fluctuations in magnetic field and electron density, fits

the observed data reasonably well and also that the fluctua-

tions could be as large as the mean value of the quantities.

Also investigations on the observed fluctuations in the polari-

zation of starlight (Jokipii et al. 1969) yielded a value of
150 pc ( =5x10

20
 cm) for the correlation length of the inhomoge-

neities responsible for the polarization fluctuations, presum-

ably produced by alignment of dust grains by the galactic

magnetic field. It may be noted, however, that the estimated

value, — 100 pc., for the scale size of the fluctuations cannot

be treated as precise, owing to the large uncertainties in the

observational data on Faraday rotation and starlight polariza-

tion. We have evaluated the range of permissible values of AN,

in the case of Kolmogorov spectrum for two values of the outer

scale — L = 1019 cm (3.2 p.c) and L = 10
20
 cm (=32 p.c).

From Table (5.7) we see that the range of scale sizes

estimated for a Gaussian spectrum are on the order of 10 11 cm,

similar to the estimates by Rickett (1970). The values of the

ratio /ZIN
e for the Gaussian spectrum are consistently smaller
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than those for the Kolmogorov spectrum. 	 This is because the

value of L7 in the Gaussian Spectrum corresponds to the density

fluctuations of only those inhomogeneities which are important

in causing.scintilln.tions, unlike the case with the Kolmogorov

spectrum.	 PSR 1642-03 stands out in Table (5.7Y, by its

large. value of qT.'This is easily explained along the linos -

-adopted by Lee and Jokipii (1976) to explain similar observa-

tions in the cases of the Vela and the Crab pulsars. The infe-

rence is that the line of sight to PSR 1642-03 intercepts an

ionized i thini A.Tegion with strong electron density fluctua-

tions. This inference is confirmed by the observations of

Prentice and ter Haar (1969) that the line of sight to this

pulsar hits.tho H II region of the 0 9.5 star A;Ophiuchi.

Apart from the specific case of PSR 1642-03, the

general range of values of AIT/<No> for the other pulsars is

itself interesting from the aspect of the structure of the

general IS medium. For a Kolmogorov spectrum of irregulari-

ties we find t'lat the range of values oftW(k>is 2-3 for

outer scale sizes on the order of 10 20
 cm (32 P.c.). If one

were to use a value of 150 1)C. for the outer scale size - as

indicated by data on Farl.day rotation of extragalactic radio

sources and starlight polarization - this ratio will tend to

be larger than 3. Such a value, larger than unity, of the

ratio of tbo rms to the mean of electron density fluctuations

implies a highly nonuniform distribution of electrons along

the line of sight to pulsars. The picture one gets of the
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general IS medium is one with clumpy aggregates of electrons.

It may be noted that this description of the IS medium agrees

well with the clumpy distribution of H II regions, deduced

from data on interstellar optical lines and other observations

(Kaplan and Pikelner 1970; Spitzer 1978), It may be noted

here that a Gaussian spectrum of irregularities does not lead

to such large values of AN/<N> as is the case with Kolmogorov

turbulence spectra, although the assumption of Gaussian spec-

trum is capable of explaining the other observed features of

ISS of pulsars such as COF , and scintillation indices.	 This

fs because of the fact that the Gaussian spectrum emphasises

those scale sizes important to scintillation very much more

than the others, unlike the Kolmogorov spectrum which

incorporates effects of all scale sizes over a very large

range.
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CHAPTER 6

SUMMARY AN' DISCUSSION

In this chapter we summarise the principal results

obtained from our detailed studies of the interstellar scintil-

lations of 33 pulsars. These results pertain to intrinsic•

intensity fluctuations of pulsars with time scales similar to

those due to TSS comparison of observed values of ISS para-

meters with predictions of theory, and estimates of rms:

electron density fluctuations and their scale sizes in. the IS

medium.

Measurements by earlier workers have shown that there

is considerable scatter in the dependence on DM of the ISS

parameters such as decorrelation freauencv f y and scintilla-

tion bandwidth .f e - las() the mean trends of DM vsfv grf invelict
e 

been in agreement with theoretical predictions. The aim of

our studies was to investigate possible reasons for these

discrepancies. We have, therefore, carried out long stretches

of observations with the Ooty Radio Telescope using multi-

channel receivers and also made careful estimates of various

observatiOnal errors on the measured values of the ISS para-

meters. In derivation of these parameters, especially fv

corrections have been made for the effects due to finite band-

widths of the receivers, using the theory of ISS by Lee and

Jokipii. It may be noted that the observed intensity fluctua-

tions of pulsars are produced by both IN and intrinsic
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causes. As intrinsic fluctuations are already known to have

time scales of seconds as well as days, it is reasonable to

expect that they may have time scales in the intermediate

range of several minutes also.	 Such intrinsic intensity

variations With 188-like time scales could interfere with the

accurate determination of ISS parameters and thus give rise to

scatter in the values of the parameters. Hence we have

attempted to detect the existence of intrinsic intensity

fluctuations with ISS-like time scales.

The 33 pulsars selected for our observations are among

the brightest of the 102 pulsars in the declination range of

the Ooty telescope, out of the 157 pulsars which were known at

that time (1976-78). The DM of the 33 pulsars are in the

range 4.8 .� DM	 231 pc.cm-3 . Good power spectra of the inten-

sity fluctuations were obtained for 23 of the pulsars. Useful

frequency cross correlation functions for zero temporal lags

(CCF) were obtained for 15 of them. The results are discussed

below.

a)	 Intrinsic Intensity Fluctuations with ISS-like Time

Scales

We have developed a method for detecting the presence

of intrinsic intensity variations with time scales similar to

those due to ISS.	 It may be noted that ISS is correlated

over a narrow range of frequencies in contrast to intrinsic

variations such as pulse to pulse or day to day variations

which are known to be correlated over a wide bandwidth. Hence
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a wide band. pedestal in the CCF for zero time lag indicates the

presence of intrinsic variations, but their time scales cannot

be distinguished unless we determine CCF with different time

lags. Our method is based on determination of variance of

intensity fluctuations of ISS-like time scales for two diffe-

rent receiver bandwidths. The variance is found from the

power speCtruM over ISS-like fluctuation frequencies. 	 The

variance ratio will be proportional to the square of the ratio

of the receiver bandwidths for the case of fluctuations with

wide correlation bandwidths.	 On the other hand the variance

ratio will be approximately proportional only to the ratio of,•

the receiver bandwidths if the decorrelation. frequency of :the

intensity fluctuations is narrower than-thosmaller of_thetwo

reccivorThandwidtha. Thus, by determining the. ratio of varian-

ces for the two receiver- bandwidths and comparing its value.

with the theoretically expected value based on measurements

of ISS decorrelation frequency, we can recognize the presence .

of any intrinsic variations with ISS-like time scales(Soc.2.8.2))

Of the 23 pulsars for which the power spectra of

intensity fluctuations were measured xeliably, intrinsic

variations with ISS-like time scales and comriarable strength

seem to be present for at least 8 and possibly for 4 more cases.

f v -DM Relationship

Decorrelation frequencies f v have been determined for

15 pulsars in the DM range of about 5 to 50 pc.cm 3 , from the

observed CCF after correcting for the intrinsic variations
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(using the method by Sutton,.(1971)), the finite bandwidth

effects and instrumental characteristics following a procedure

described in Chapter	 Upper limits were obtained for 7

more pulsars in the DM range 50 to 158 pc. cm-3 .	 'de have

determined the rms errors for the above values.

A weighted least squares straight line fit to the plot

of the observed log f against log (DM) for the 23 pulsars

shows a slope of at least -2.8 in the DM range 5 to 158pc.cm-3.

This is appreciably steeper than the predicted slope of -2

from theoretical models of irregularities in the IS medium, in

which it is assumed that < ON
e
2	 /1;7 e N

e 
> . By including

- 

estimates of f derived from measurements of pulse broadening

for pulsars in the DM range 3.0 	 - 450 pc. cm-3 by other

workers, it is clear that the slope of the f v-DM plot changes

continually from about -2.5 at low DM to about - 4 at high DM.

Earlier workers could note the steepening of the slope only in

the high DM range.

A steeper-than-minus-two slo pe of f v-DM plot can be

explained by assuming that the ratio < 6N e 2 >2/(L2<Ne>)

increases with DM. Since the high 	 pulsars are mostly

located closer to the galactic centre, this implies that

either electron density fluctuations increase or scale size

decreases or both vary with increasing distance from the solar

system towards the central regions of our Galaxy.

Our obsorvaions showed a slight tendency to fit a

Kolmogorov model of irregularities in the IS medium better
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than the Gaussian model. However, as shown in Sections( 4.6 )

and ( 5,3.3 )	 statistical uncertainties on the estimates	 of

f v are quite large unless stretches of tens of hours of data on

intensity fluctuations arc obtained. Therefore, it is diffi-

cult to distinguish between Gaussian and Kolmogorov spectra

of irregularities in the IS medium using our CCF measurements

obtained with data lengths of 2 to 6 hours.

c)

	

	 Nonuniform Distribution of Electron Density in the

IS Medium

From the definite measurements of f
v for 15 pulsars,

we have estimated the values of the rms electron density

fluctuations < 6N
e
2	under the framework of the Kolmogorov

model for different values of the outer scale L. From the

analysis of data on Faraday rotation of extragalactic radio

sources and starlight polarization by other investigators, we

note that the typical value of the scale size of the irregu-

larities in the IS medium in our Galaxy is about 150 pc, For

such values of L and mean electron density < N e > = 0.03 cm
-3 ,

using our measurements of f v for the 15 pulsars, we find that

< ON
e
2 > 2 /<11-„,› > 3 for most of the pulsars. Such large values

of the ratio of rms electron density deviation to the mean

electron density, imply that the degree of ionisation of the

IS medium along the line of sight to a pulsar is highly vari-

able. Hence one pictures the IS medium as one with clumpy

aggregates of electrons. We note that such a description of

the structure of the IS medium derived from observations of ISS
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of pulsars i in agreement with the results obtained from

optical observations of interstellar lines.

In the 'Specific' case of PSR 1642-03 we infer from the

large value of <61:10 2 >7/<Ne> derived from ISS observations that

the line Of sight to this pulsar passes through an ionized

'thin' 'region with strong electron density fluctuations. This

region is identified with the H II region of the 0 95 star ,C

Ophiuchi.

The above results show the usefulness of the observa-

tionS of'interstellar scintillations of pulsars in probing the

structure of the IS medium of our Galaxy. 	 Particularly they

show that the value of < ON
e
2 >7/< N. > and scale size vary

with galactocentric distance. Also, since information about

electron density irregularities are not easily obtainable by

other astrophysical observations, it is desirable to extend.

studies Of ISS to pulsars of higher DM.
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APPENDIX A

We describe below the method of theoretically estimat

ing the variances, scintillation indices and the CCF of inten-

sities due to ISS. The formulae which are derived below

express the relevant 15'3 parameters as functions of the

intensity response of the receiver channels and ric They are

based on the theory of ISS developed by Lee and Jokipii and

incorporate the effects on ISS parameters due to the finite

bandwidth of the receivers.

A.1. VARIANCES AND SCINTILLATION INDICES DUE TO ISS FOR

NARROW AND BROAD BANDWIDTHS OF THE 12-CHANNEL DATA

A.1.1	 Case I - Narrow band data

Let G. .(v) be the intensity responSe of the ith channel

of the 12 channel receiver system. If A(v,t) is the electric

field at the radio frequency v , then the intensity registered

. by the ith channel at time t is given by

Ji ( t ) =	 Gi(v)A(v,t)AI(v,t)dv
i

where A indicates the complex conjugate of A.
•

(A.1a)

The time-averaged mean intensity <ui> is given by

( y )	 A(v,t)A*(v, )	 d y	 (A.lb)

Pulsar emission is of a broad band nature with a

spectral index of about 1. Over the 4 MHz bandwidth of the

12-channel receiver system, the mean intensity g at any
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Fourier component v is.indegendont of Ar-_-if fluctutions

caUsed-bY7I3S'7re smoothed out by ?,vern,ging over time i.e.

h v t ) A ./E t	 _
v	 — A ( vi,t)A41 (vt,t) (A, 2)

Therefore, we have

-( y )d v	(A.3)

Themean-subtractedvarianc e ai 20f
 intensity fluctua-

tions due to ISS for the ith channel is given by

U.
1
2 = <[ ( t)-<j(t)>]

2 
=

i
2(t)>-d	 (t)>2
	

(-4)

We can express 4_ 2 (t)> as

A 2 ( t )> =	 Gi(v)A(v)ir(v,t)do	 ',t)A(v7,t)1\e >

v)C4-i ( v )<A( v ,t ) A* ( vy t ) A ( v' ,t ) A1E ( v	 )>d vds.)' (A. 5 )

Now,

<A(V,t)Alf(V9t)A(\)19t)A*(1):t)› = "11,2(\V-0/f )X'
	

(A.6)

From eqn.(2.24) we have,

(A.7)
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Therefore, we get

_2(2 (t)> =	
C G . (9)Gi 	[1+''tF71 

I 
2 ] dvdv' (A. 8)

Jt may be remembered that 11 is a function of the frequency

separation 1v-v't only and can be expressed as a function of

/f v ) where f v is the decorrelation frequency.

i.e.	 1-11,1	 F1,1 (tv-vii /fv)
Hence,	 we can express ail as,

a.2	
2i (

v)G-(v')[1-411m1 1 I ] dvdvl,

(	 Gi(v')dvdvl

\G. (v)G.	 41,11 2 
dvdv'

11

From eqn. (2.18) 1 11 4/n . But in the above formu-,

lae rr11 can be replaced by 1
D' 

as explained in Seotion(2.3.1),, 

because the refraction effect due to PR. is negligible for

observations lasting several hours only.

Therefore,we have

2CC

ail = 	 n i	 1G(v)G.(,)')11-/.\-	 dvdv,

The scintillation index mi for the ith channel is

given by



AB (t)
i=1

2

2
a 2/n 	 >.2 =	 . 	---.1	 1

SSGi (v)Gi ( v')FID 1 2 dvdvi
2 ii

m. -

SG.(v)Gi(v1)dvdv'
11
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1 (A.10)

A.1.2. Case II - Broad band data, obtained by combining the

intensities in all the 12 channels

The intensity 6B (t) obtained by combining the intensi-

ties in all the 12 narrow band channels can be written as

(t)	 (A.11)

The mean-subtracted variance aB2 of the intensity fluctua-

tions caused by ISS, for the broad band data, can be derived

by proceeding along lines similar to those in Section (A.1.1)

and is given by,

•
12 12

mni•,_
6=-)G.(V)Gj (V/)11]-1d 

2 
dVd.V11

iji=

(A.12)

Similarly, the scintillation index mm for the broad band

data can be expressed by

12 12 ro	 ,2
[nGi (V)Gi ( V ? )1	 vav

lull =

i= 3=1

ij

2
G.(v)G.(vi)dvdy!.

(A.13)



= SC-i(v)A(v,t)A*(v,t)cl\)
1

')A(v',t)A(v',t)dv'

Now,

and j(t)
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From eqns.(A.9) and (A.12) we can compute the value of the

parameter Rc
 (Section (2.8.2)) which is the ratio of the

scintillation variance in the broad band to the s*.m of the

acirtiThationvices in 111 the 12 channels i.e. Rt is given by,

12	

2 
E C Gi(\))G.(v')11—D

12avdv,]

= (A.14)

1=

2
 6C1-i(OGi(y')IFIDI 

2 
dvd\)']ii	

, 

A.2	 THE CROSS CORRELATION	 OF INTENSITY FLUCTUATIONSij
DUE TO ISS IN THE iTH AND jTH CHANNELS

Flij is defined by

= <Cli(t) (t)>][1(t)<Jil.t)>]>

CY•1 a.
(A.15a)

i.e.	 1-1.-ij

t)1.(t)>-<.(t)>A(t)>

(5.C' .
1

(A.15b)

There 'fore, we have

k(t) j (t) > =	 Gi(V)Gi(O<A(V9t)A4E(\) t)A(VI,t)11*(VI9t) � dVdV
13

ij
	 (v)Gi(vt)[1+\1-,12] dvdv,
	

(A.16 a)



=
d-i r 2

i (v)G.(v')IT/D 1
it

dvdv'][	 G.(V)G. (V I )1
Ji	 J

dvdv' ]2

2
dvflv'

(A.17)
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Also, we have 

1. 	 Z'2( t )	 — 7
J	 ') n) 	((v)G ,v1)dvdv,

l	
(A.16b)

J

Therefore	 . ,pan be written as

It may be noted that the above formulae take into

account the partial overlap of the intensity response of the

different receiver channels also.	 For example, we can

compute values of rlijOFF which is the cross correlation of

OFFUISE intensities between the ith and the jth channels i.e.

the correlation of receiver noise between the channels. For
2

this purpose we use eqn.(A.17) with\ 	
= 6vvv	 vvlwhere 6	 is

(Kronecker's delta function, i.e.

= 1 if v = v'6 vv'

= 0 if v	 v'

Values of rljOFF were computed by us using this method for

the various receiver channels and they were found to agree

with the values determined from observations, which are

given in Table (3.1).
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APPENDIX B

ESTIMATION OF THE CORRECTION FACTOR -a

As described in Chapter 3, each of the pair of ONPULSE

and OFFPULSE_data points obtained from PULSCINT condensation

are the result of summation of consecutive	 k number of

samples over the pulsar pulse and 	 consecutivee samples over

the+ off-pulse receiver noise, k and k are not equal, in
general. When	 k Q comparison of the fluctuation power at

different frequencies of the ONPULSE and OFFPULSE power spectra

is possible only if the OFFPULSE spectral power (or variance)

is multiplied by a factor 'a'.	 The correction factOr 'a' is

a function of the R-C time constant T of the receiver, the

sampling interval t and the parameters k and -e	 We derive

below an expression for 'a' in terms of the above parameters.

Let n(t') be the receiver noise output at the instant

of time t' for ¶=0. In this case the outputs at different

instants will be independent of one another, i.e.

< n(t') n(t/4t) > = 0 for	 0	 (B.1)

If s is the variance of the fluctuations obtained from a

sequence of data points, then s is independent of the value

of Q., for T = 0

If T	 0 then each of the samples would contain

contributions from the samples at earlier instants. For 	 T > t

we can express the ith sample . n.(t') at.the instant t' by the
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approximate relation

n!	 ni+ni_i c-t/T
1+n.-2 

e-2t/T	 (B.2)

If Y number of consecutive samples of the receiver
noise were added to yield a data point, the variance s obtained

from a sequence_of such data points is given by

s = --[

Q

i=1

2
n!] >

1
n!
1	

>	 (B.3)

Substituting for ni and n' in terms of n., n.1=1'

	  from eqn.(B.2) and by using the relationship (B.1) we

can write,

sQ

	

	
o4 -2)0 -2t/T+

sN+2 -1)e-t/T+2 +2e_(e-i)t/T] 03.4)

For k number of consecutive ONPULSE samples added

to get an ONPULSE data point, the OFFPULSE variance to be used

for comparison with the ONPULSE variance is s
k	sk is

given by

^	 .•
-t/

T 	-2t/T-(k-i)t/Ts k = s[k+2(k-1)e	 +2(k-2)e	
+ .	 +2e	 ]• 	 (B.5)

Therefore we can write s k=a s where a is given by

-(k-1)t/T

	

a = k+2(k-1)e- t/T+2k-2)e-2t/T+ 	 +2e

	

-1-2(.2-1)e-t/T+2(Z-2)e-2 /T+ 	 +2e-(2-1)t/T
(13.6)
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