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SYNOPSIS
Pulgars are a new class of galactic objects discovered
a decade ago. Their pulsed radio emisaion is characterised by

very regular repevition rates. However, their amplitudes show
erratic Tluctuations, over time scales ranging from less than a
second (i,eu pulse t0 pulse flLuCtuations) to-'several days or
Yonger,  The imvensity fluctuations ‘with' %ime Scalds "of seVeral
minutes are explainsble as arising from gscintillations due to
irregularities in electron density of the interstéllar (I3)
medium betwesen the observer and the source. These interstellar
scintillations (ISS) are characterised by very narrow bandwidths
— g few to several hundred kilohertz - over which the intensities
are correlated. In contrast to the above, the intrinsic intensity
varigtions - 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
g of intensity fluctuations of 33
2=

L3

observatione and anglysi
g/

s A3}

pulsars obssrved at with the Ooiy Radio Telescope.

The*fhcory of 1S5S of‘radiec waves ;" as applicabilie=te an
extended I0 medium model is reviewed in Chapter II. The theory
is based on the coherence function approach using Markov approxi-
mation. In particular, we hgve discussed the effect of receiver
vandwidth on the observable characteristics of ISS, congidering
two different moiels, Gaussian and Kolmogorov spectral models,
of the spectrum of irregularities in the interstellar space.
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*tn Chapter ITI we describe the salient features of the
receiver gystem vused, the observational procedures and the tech-~
pigEes addptied ror data reddotieon,-thc lhding Those used wor
cofreeting the data for receiver noise. The observational para-
meters relevant t0 intensity fluctuaiions are defined in this
chepter.,
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Detaile ‘'of the methods used for deducing ISS parameters
like ecomrrelation freguency, scintillstion index. and scintilla-
tion bandwidth from the parameters of the observed intensity
fhg@EiRtions are given in Chgpter IV.  These methods incorporate
corrections for effects due to the finite bandwidth of the
receiver and intensity variations intrinsic to the source. The
probable biass in the measurements of these parameters by earlier
workers without incorporating these corrections is also pointed
BNl t 15 shown-that iffinite bandwidth effects are not
@dfrected for, the error in the estimates of decorrelation
EStiency could be 25 per cent or more for values of decorrelg-
tion frequency comparable to the receiver bandwidth. We giwve
estimates of the statistical uncertainties on the obsecrved
correlations of intensities at different radio frequencies and
W Griibe how these unicertainties dead to- practiecal 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
nulsars 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-
Bflons with time scales comparable to those due to ISS. It is
B that such fluctuations exist-in many pulsaers, complicating
the elucidation of features of ISS. The dependence of decorre-
lation frequency on dispersion measure has been investigated
u8ing only the definite measurements of the former parameter
BREN1S pulsars, This systematic observational determination of
gécorrelation frequencies, free from the finite handwidth effects
and intrinsic fluctuations, shows that the depoendeince of decorre-
lation frequency on dispersion measure is steever than that
gepected ‘from theoretical models of the irregularitiss in the IS
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medium, even for pulsars of dispersion measure less than 20 pec.
Barlier 1nvest1gators had found evidence for this steep

mogorov models of spectra of irregularities in the LS medium,
sumarise the arguments -~ based on this discr epancy between

: Messurcments of the scintillation bandwidth have been
Irfied out for pulsars in the dispersion measure range 4.8 to
58 pc. em 0. These show absence of any trend in the relation-
Ship between scintillation bandwidth and dispersion measure.
IS scscribed to any one or all of the following three
BREOns: (i) presence of intrinsic intensity variations with

e scales similar to those due to IS3 as have been deduced by
:for several pulsars, (ii) the assumption of frozen scintil-
:ﬁion ettern being untenable; as has been found from the
bwo-station observations of ISS of pulsars which makes it
ifficult to estimate scale sizes of spatial intensity correla-
Qe Trom the observed temporal spectra of intensity fluctua-
lons, (iii) inhomogeneity of the medium. We also point out

; the linear dependence of scintillation bandwidth on dis-—
jion measure noted by earlicr investigators of ISS spectra,
1d be an artifact due to either the presence of intrinsic
B8ty variations with ISS-like time scales in some pulsars
_%rge statis tical uncertainties in the determination of the

tillation bandwidths.

Pstimates of rms fluctuation in electron density

-yed from the observed values of decorrelation frequency,

> both Gaussian and Kolmogorov spectral modzsls are presented
e last part of Chapter V. DNotable from these estimates is
terence of a region of strong fluctuations in elec tron

ty i the direction of the pulsar PSR 1564203, The other
;Lstlng 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 clectrons 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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I hereby declare that the work described in this
thesis has not been submitted to this or any other universit:
or body for a degree, diploma or any other academic awaxrd.

Statemeht No(2) pequired dnder Ox771

The work reported in this thesis is based on new
gbslervations ‘of séWelral pulsars afi-327 Mz, 1t Raselel Lo
clear cut evidence for the first time, for the éxistence o
intrinsic intensity fluctuations in many pulsars, with time
scales similar to the fluctuations produced by intersteliar
scintillations (ISS), Systematic observational determina-
tion of values of the ISS parameter, decorrelation frequercy
has been carried out by us for several pulsars using methods
which incorporate corrections for the effects of both
intrinsic intensity variations and finite bandwidth of the
receiver. In the determination of decorrelation fregquenciss
by earlier workers both of these corrections have not been
fully accounted for. Based on the present determination of
the values of decorrelation frequency we infer the clumpi-
ness of the distribution of electrons in the interstellar
medium,. Other parameters of ISS, like scintillation band-
width and scintillation indices have also been observa-~
tionally estimated for several pulsars at 327 MHz. The
results from the work reported in this thesis have important
implications on the question of using pulsars as probes
for studying the electron density irregularities in the
interstellar medium.
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CHAPTER 1

INTRODUCTION

Obgservations 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 mediu@ but also

on the angular 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 galgctic radio sources discovered a decade ago. They
are characterised by the Véry 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 thé signal is the same as expected from the propaga-

tion of radio waves in an ionised interstellar gas. Hence



the rate of change of puloe 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 1line of sight B, the pulsar.
Another notable feature of pulsar emission is the highly
R, 2 e P S P e 1'F intensities, Both the cnarac-
teristic time scales and:the 56f}elation bendwidths of these
irregular intensity variations have been observed to encom-
pass wide ranges in their respectlve ‘domains. In our study of
1nterstellar sc1ntlllatlons of pulsars, we are concerned w1th

both of the above aspects. *

l.l;..iNTENsITY FLUQTUATIONS bF PULSARS
Tne charactefistic time seales of wpulsar intensity
variations are known 500, epan a wide range, from fraction of a
second to several weeks or longer (Lyne and Rickett 19682 ,b;
Rickett 1969; Mc Lean 1573). As discussed below, we cannot
attfibute 811 these fluctuations, with fheir varied time
scales, to scinfillatiens diie to the interstellaF medium. ‘
Those with short time scales, the ﬁﬁlse to pulse fluctuatione;
have been observed to be highly”eerrelated over a frequency
RSt SIS P e Ml (Lyne and Rickett 1968b). In
contrast, the intensity fluctuntions with time scales on the
order of minutes are correlated only over 4 narrow range of
frequencies;‘En the order of a few to seVeralhhnndrea KHz,
(Rickett 1969). ‘It was sh0wn by Scheuer (1968) thaf the |

pulse to pulse fluctuations are an 1ntr1ns1c prOperty of the



source, but the fluctuations with time scales on the order of
a few to several minutes are likely to arise from scinfilla—
tions caused by the interstellar medium (also Salpeter 1969).
Dynamic spectra of several pulsars observed at different
frequencies (Ewing et al. 1979) show narrow band features
whose widths scale approximately as the fourth power of freqg-
uency. This is in agreement with the ISS hypothesis of
intensity variations with time scales on the order of minutes.
The most convincing evidence 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 intensity fluctuations
are correlated. This result implies that the fluctuations in

electron density are related to their mean value.

1,2. SCINTILLATIONS bUE TO THE_INTERSTELLAR MEDIUM
The interstellar medium contains .large regions of

it T PO GO gl O L. 1

ionized gas at densities of 10
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
Eelariged extrafalactic radio sources. As mentioned above,
the observed deep fadingjof pulsarxintensities, with time
scaies 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



QQ??eSponding fluctuations 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 eguivalent 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 Jarth, 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 propérties of the irregular medium.

It was predicted from the theory‘bf scintillagtions
of pulsars by Salpeter (1969) that the pulse shapes will be
asymmetrically broadened at metre wavelengths, notably in the
case of pulsars with large DM. This has been verified by
observations (Lang 197123 Staelin and Sutton 1970; Rankin et
ahg B 9% @, YAbRes et 8%, +1970¢ Thidng "EIT SR tLyae dnd Smith 19%2;
Davies et al., 1972). Under the framework of the theory of
IS st pdPaarss  tie asymmetrlcql broadenlng of pulses - to be
called scattering broadenlng — 1nversely relqted to the

intensity decowrelatlon bandw1dth



The fact that pulsar radiation exhibits interstellar
sointillationsiShows that puisars are compact sources with
angularwéize léés than about a.microarc gecond. ' This 'is to
be expécted because pulsars are highly compact neutron stars.
Aérin fhé case of interplanetary scintillatiqn (IPS) which was
Boediin-the sdarghisficorednd determination of angular sizes of
small diameter radio sources in the range of angular sizekﬂi{fo
interstellar'scimtiliations"vieogld: glsotbe usedl to weairck
for radio sources smaller tuaan about & microarc second. A?T
the present time such tests have been"ﬁegatiﬁngn‘al; sources

except pulsars (Condon and Backer 1976; Armstrong et al.l977).

Another consequence of scattéringrpﬁhradiovwaves by
the turbulent interstellar medigm is_thét sﬁa;;‘diameter radio
sources will suffef an apparent angular broadening as seen
from‘fhé Earth. The angular broadening amountsbto about 0.1
seconds Qf~arc at metre waveleﬁgths and its evidence is found

from studics of IPS (Readhead and Hewish 1972).

1.5 PROPERTIES OF INTERSTELLAR MEDTUM INFERRED FROM STUDIES

1t 1s +possible, i¥ prinedple, to0 deduce 2ll 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 Barth with large mutual separations.
Added to it are difficulties in interpretation of such data
because of the complex nature of sl sarsid sawel l agofebhetd S
medium. .  Some of these problems are discussed in later sec-
tions: of this chapter. Nevertheless, s observational study of
even limited aspects of 'ISS of pulsars can yield a wealth of

details about the IS medium.

1:5.1. BEstimates of Eiectron Density Fluctuations and Their
Scale Sizes From Measurements of Decorrelation
Bandwidths
Theoretiéal mddels of irregularities ‘in IS medium

impose réstrictions 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.

B0 S2. Dt Selloei i es, o= Seimtbidl a:bi on. Battern: fHeom
Multistation Observations

Simultaneous observations of a pulsar at the same

frequency with two or more radio telescopes which are separabed



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 paftern 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 joinihg the two
stations is given by dividing their distance ﬁy the lag corres-
ponding to the maximum wvalue of the cross correlation. The
drift velocity of the scintillation pattern depends also 6n fhé
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

tormation of pulsars.

1.3.3. Nature of the Spectrum of Scale Sizes of Irregularities
Inferred I'rom ultifrequency Cbservations

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 aré 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 special case .0f power law spectra, because natural turbu-
lance resultsngenerally 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 (Mdtel
et al., 1974; Isaacman-and Rankin 1977; Backer 19743 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 0f this thesis, levidencecfor
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

gight from the Earth to the pulsar
M = S 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 B, and decorrelation time .y (Section 2.5) and the
parameters of the medium like r.m.s. value of the electron

i o
density fluctu_ations<6Ne2 *>, the typical scale sizes I of

the irrcgularity spectrum and the distance "z to the pulsar.




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.

pof-

<6N62 = o sl = (1.2

The above proportionality implies spatial homogeneity of the
general IS medium. With this assumption one c¢an arrive at

the following relationships:

B, = (o) SEe=ell yda/la-2) C1.3)
g pen (o) Tk <A) =2) (a=B) (1.4)
where OC & is the spatial correlation scale of the intensity

fluctuations., It-is directly relatad to both the temporal
scale T and the transverse wvelocity v ., as given by

v
P « vt , In equations (1.3) and (1.4) o is the index of

.8

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 n function of DM and/or A , one can test

the validity of the relation (1.3) which is based on ths
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I;;.mw-c eity,;fér-different types of spectra.

‘%n-i _qﬁawqgn_check the. validity of cgn.(l.4) by observa=-
tional ;etefmingtion Ot vafor scveral ?alsars. P Barrys out
fhis test, single station observations alone are not sufficient.
One needs to know values of the transverse velocity v for
différent pulsars which require simultaneous multistation

observations.

1.5. OBSERVATIONAL AND INTERPRETATIONAL DIFFICULTIES IN ISS
OF PULSARS

S O islervia hilernaliDi bt c tlkHles

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 pec en™>,

Therefore, for
cérrying out useful observations aimed at reliable determina-
tiong of the decorrelation bandwidths one nceds to use
detectors with bandwidths as narrow as-possible, say 10 kiz

0 100 kHz, Further, in order to achieve sufficient signal4to
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 gf
scintillations are on the order of a few minutes; one necds 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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LoD o A 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
aeterminations of ISS parameters incorporate suitable correc-
tions for the finite bandwidth effects. Because of the use of
a 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.

1,555 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 chéck 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 fluétuations over a

large range of frequencies, one may be able to distinguish
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between I3SS and intrinsic variations even though their time
scales are similar. If the two are nct 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 datda do not yield definite
val@creiedeal  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 0of the pattern velocity
(Rickett and Lang 1973; Slee™et al, 19747 in a shopt Fhiegryal.
sSuch 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.

1.5 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.cmns.

Most of the observations were carried out during 1976-78. Of
the 157 pﬁlsars known at that time 102 are in the declination
range covered by the Ooty Radio Telescope. Ther 33 pulsdrs
observed by us are among the brightest of these 102, Continu-
ous sfretches of data, each lasting a few to several hours,
have been acquired with multichannel receivers on each of the
33.pulsafs 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 speétra with good sighal 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 wavcs 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

ST TIODADY DIap

4
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finite bandwidth of the detectors on ISS parameters and also
developed a method to detect‘thé pregence of intrinsic inten-
sity fluctuations with time scales similar to those due to IJS.
For observing the pulsars multichannelireceivers were used.
The instrumentation and.observational procedures are described
in Chapter 3s The details of the techniques adopted-for
data reduction including cross correlation and power spectral
analysis arc also given., ‘Chapter 4 deals with the methods
used for deriving the walues of the ISS parameters of interest
Zirom the observed data. Procedurééhadopted for evalusting the
possible statistical unéertainties on the estimates of these
parameters are also described in this Chapter; Presentation
and discugssion of the results obtained from our observations
form the main topics of Chapter 5. The results and discussions
pertain|to four aspects: (i) Estimates of ISS parameters and
their comparison with theoretical models (ii) Evidence for the
existence of intrinsic intensity fluctuations with time scales
similar to those produced by ISS (iii) Inhomogencity of the
interstellar medium as inferred from the dependenée oﬁ.DM.of
observed ISS parameters (iv) Estimates of the characteristics
of the IS medium and the clumpiness of the electron density

GENSEaEibiGaser [ it .
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CHAPERE 2

: REVIEW OF THEORY OF INTERSTELLAR SCINTILLATION OF PULSARS

2¢ds " TIHTRVIENGT I ON

Therphehomenon efiSscinfiliigsions>et & distant FadHe

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 idirregularities, and on @O 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-.0f.intensitiestis-offen Small 'ise:im < 1. This can

be shown to arise due to the condition, Py << 1, which is

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

Wy

this, the observed interstellar scintillation (ISS) of pulsar
radiation exhibits deep fading, i.e.y m ~ 1, which implies the

condition of strong scattering d.e. Pq >> il

2,2. THEORY OF INTERSTELLAR SCINTILLATION

Observed intensity fluctuations due to ionospheric or
interplanetary or interstellar plasms are random. As such, one
is interested only in statistical properties of scintillstion
which in turn can throw light on the statistical properties 10f

the medium. The theoretical situation implies the solution of

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

tions of refractive indéx, A complete'analytic solution is
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intractable owing to mathematical complexity. As such,
solutions have becn obtained using various simplifying assump-
tions. One of the approaches assumes that the medium cédld
be replaced by a 'thin phase changing screen'.  The thin scremn
approximgtion is justifiable in the case of ionospheric and
interplanetary scintillgtions but iis not wvalid 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
eausing ISS. Good accounts of thin screen, weak scattering
models, as applicable-to ionospheric and interplanetary scin~
tillatiens are available in literature-(Ratcliffe 1956;

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

For comparison of our observational results with
theoretical predictiohs %e have used.a strong-scattering
extendéd medium model, Thin screen models have not been used,
but they are helpful in understanding the physics of scintil-
lations produced by a2 random medium. Therefore, we firstly.
give.a brief account of a simple thin screen model which is
applicable to pulsar scintillations, in sécfion‘(2;é.l). It is
followed by a review of the theory of radio wave propagation
in 2n extended random medium developed by Lee and Jokipii. In
our brief review of this model we have reétricted our atten-
tion to those aspects which are relevanf 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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Gaussiarn 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 parzmeters on dispersion measure. Section
(2.7) describes the procedures derived by us from the theory
to estimate finite bandwidth cffects 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.

22231, « PThel Thin Sereen- -Model

The phase perturbation 69 of the radio wave owing
to its passage through an irregularity in electron density of

magnitude éNe and characteristic linear scale size L 1is
given by

Sy GMILE LS & L (2.3

Il

where re

classical electron radius and
A = observing wavelength.
On passing through a depth 2z of such irregularities the rms

phase deviation @O becomes

L o
§5 (L) =oWAEs =S pley (2.2)
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The above assumes a Gaussian spectral distribution for sizes of
irregularitics. Depending upon whether g > T radians or
Po< ® 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
7 4 @
ab ndffagrsdayyade SOABY
m = 4 2 o i (203)
¥ % <o>

where jg:is the total intensity, the mean-subtracted intensi-
ties being denoted by I . The angular brackets indicate
averages. - In the case of ihterplanetary seintillations (IPS)
the modulation index is often small compared to unity, which
implies ‘that ths scintillations are in the regime of weak
séattering. Pulsar intensity flgctuations dué B0 LdS, OF -whe
oClnea® Wihd , have modulgtion indices close to urity, which

indicates that strong scattering is operative. i.e. for 1SS,
CPO S [ (204’)

Under the thin screen approximation we rceplace 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 @O as the actual medium.

There is enough expcrimental evidence from two-station

olisc Pratitons.-af 188 of pulsars to show that I >> 3 for .the IS
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medium. Therefore onc may use geometrieal optics to calculate
the rms :scattering angle @S due to-tlhe irregularities, One

obtains,

@S = A¢O/(2ﬂL) (2.5)

To have deep intensity variations it is necessary that
several scattcred rays rcach the observer so that the inter-
ference amongst these scattered rays gives rise to deep
scintillations. This requirement may be stated mathematieally

B
ZQS S I (2.6)

2.2.1a Correlation of intensity fluctuwations with frequency:
As has been mentioned earlier, it is observed in ISS
of pulsars that the.fluctvations in intengity.arswcornelatied
gver a nexrrow-range, of freguengies . only .  Ohe.seintil-larivicns
will be similar at wavelengths 3 and A+dar if the phase
differences between the various interfering beams.arc.the same
at a+da as~at A, to within say, © .radians. .The., phase
difference betwecen any two interfering becams is composed of
two parts (i) that duc to differences between 6NO at the two
physically separate regions on the sereen traversed by the
beams and (ii) that due to differcnces betwecen the geometrical
pathé along which the rays have propagated. 1£ we. considen
the direct ray and a scattered ray, the geometric path
difference between them amounts to %z@sz and this . .is much

larger than the phase difference duc to (i). Hence we may
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@B the phass dslay dus to (i). The time lag between
ircet and scattered rays is z@S2/(20) and hence the fluctua-
Bine intensities will be correlated over a bandwidth fv

given by

f\) = 20‘//(Z@S2) (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
secaettered into a pulse whose time profile will have an expo-
nential decay with a characteristic‘dccay time of fv—l i
2.2.1b Time scale of scintillations:

The screen produces an irregular diffraction pattern
1. SPpace. If the screen has a transverse velocity v with
respect to the observer the diffraction pattern is swept past
the dbserver with this velocity. The observed random inten-
sity fluctuations erc a2 manifestation of the swept diffraction
pattern.  The scale of the diffraction pattern at the Barth
will be c¢/(ve_ ). If the characteristic time seale of the

intensity variations is designated as T, then
wi o= c/(ve,) (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 patteruns
and conséquently the fluctuations due to the whole of the

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

Vo = o/ (v0,z) (2.9)

The conditions (2.4), (2.6) and (2.7) necessary for dedp
scintillations, restrict the rangec of allowable values of

5Ne and L of the I8 medium, For the thin screen model these
conditions are shown graphically by Scheuer (1968) from which
we note that deep scintillations necessarily imply a narrow

bandwidth of: correlation for intensity fluectuations.

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 tof “the Earth have 'resulted “in fruitful approsches
towards solution of the strong scattering problem (Tatarskii
197y Brown A9%2s," MOT2by-BurFvich add " TotfarsKiT-Te95y Iy
these approaches one tries to solve for the second and fourth
order cohercnce functions of tihe random wave field, using
plausible approximations, instead of solving the wave propa-
gation equation. The cohercnce function approach gives
solutions in the weak scattering regime also. The Rytov
approximation to solve for the cohercnce functions, described
by Tatarskii (1971) is applicable only in the woak scattering
case. A morc 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 197i; Lee and Jokipii 1975a). This

equation is a scalar wave egquation, neglecting polarization

gffects. The egsence of parabolic apyuroximation agmounts to
neglecting reflected waves. The range of validity of this

assumption is discussed by “atarsiii (1971) =2nd the satisfac-~
tory applicahility of the pafabolic and Markov approximations
to ISS of pulsars is discussed by Lee znd Jokipii (197%a). In
the subsequent sections we briefly outline the conerence
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 o Sp s Theory of ISS - Coherence Function Approach

We consider a plane mcnochromatic wave of frequency v
propagating along the +z direction and incident on a plasma of
non~uniforn electron density, filling the half svpace 2 > OF
The electron density Ne(§) at any position r = (x,y,z) is such

that the plasma frequency v at all ¥ , is much less than v .

p’
The electron density N, {and hence the refractive index E@(?))

is assumed to vary randomly. We consider ensemble averages of

various quantities indicated by = > .

Gt & i > o2
o 2inrall sepn cBinD o (2.10a)

Il

<e {T)> =1 - ume;~— (2.10b)

li

NG(E) < Ne(z) > + 6Ne(r) (2+18¢c)
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3(%) = = (Z9.9d)

] (2s210e)

where w = 2nV
¢ = electronic charge
m = mass of an e¢lectron
6Ne= fluctuating component of electron density
¢ = velocity of light = 3x10L0 cn/sec.
The following assumptions which are relevant in the case
of the interstellar medium are made:
) the fluctuations in refractive index are much less than
one everywhere '

. ) the soale of fluctuations in refractive index are much
larger than the observing wavelength 3

R ) the total distance through the medium is much larger
than the largest scale of refractive index fluctuations

87 ) the medium is statistically homogeneous.

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

equation can be simplified to the 'parabolic equation',
S o e (] — 2
2ik To-+ V. u+k®eu =0 (Z-XRY

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

frequency o , of the electric fizld E(r,t) such that

(r,t) = Eoei(kz”wt) ; (2:32)
2 2
The operator Qﬁf o SN
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ligti: pe=alX iy) velig®: Transvetage GoOTILNa S} The
belaviour of the medium ean .be degeribed by various c¢oherence

-

: i .
ions >fined by
functions |} i def d- by

n ET- =_ T A e T 2
g msn(z’plyp2,ooopm9k19k29..ol{ 9pi'péyoocpr’1’{iyké,look}l)

:<u(z’-51yk-l) u(Z9529E2) T DI LLET u(Z,Em9Em) u(z,@i,Ei)

u(z,Eé,Eé)...u(z,Eh,Eﬁ) = (2.1%)

in particulariﬁl % describes angular spectrum .and angular
Z ’

broadening, and r; o intensity correlations.
4

Under the parabolic and Markov random process approxi-

mations, Lee (1974) has derived the following differential

: il
equation for im,n

, for different transverse coordinates and

different wave numbers

2 2
y 2 - 7t
a PIAD-LQ: ;1: ..::.:.L.—_ 3 £ h:\;P}& «l“- Sl o lor e _‘\.\.‘...‘3.._... AR Y
I e e < I ' ’
! i, k
n
= USRS B T L’x('ﬁl-ﬁ'i)a-A(E%-Ei)
. T .
I=l sjmivop ot B8l 035X J

, A(p! = p'.)
+§L 5) Rk ‘L}r‘ (2.14)
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where \ T T
L \:—\Xl jo Jrl
Z
— - (’ - —
A0 e 8 e=ray o FrPEaR )Y Bz Pl): 7 ade
-0

Analytical solubions for tine avove traonsport equation

for fﬁp - heve not been found and nurerical methods haove been
1:.9

used for deriving results (Lee and Jokipii 197%b). The equation

or {ﬁl,l is

: 1 1 dl
oz 2 2 2 i v =N 2
k%L 1;2 xgl >
2A(P, =p,)
2
—'"_jgj?“‘f}rl’l ' (2.15)

For a statistically homogeneous medium[ﬂl T depends on
= ’

i 31—52 ard not on El and 32 . Also :312 s Vé2 =;$22 -
Define = kezbk

1 a1

k2 = k-zAk ,

Writing

M (2,7, 1,1(2,5,k k)

and assuming ak] << x g2 .- 15) can be simpldfisd Ho
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‘W(z B, ak)+5 25 V204 s [a(0)-a(F) 11+ &5 A(c)r =07 #129%6)

4~

If the sccond term involving sz is neglected and one solves

for V' (z,9=0,4k) onc obtains

rT(z P=i0indde)s = F} (z,9=0,4k) = expl< ;“—A(O) 7 ] CRTT )

The above equation describes the effect of differing
transit times of different rays due to the varying refractive
index. Hence PR(z,Ezo,Ak) describes the !'pure refraction'
effect. Obviously the effects dut to diffraction must be
arising from the term proportional to V}2 sy whith™i§ €alled, the

diffraction term. The diffraction cffect is determinea by

defining a new | (z p,40k) by
I (z2,5,4k) = VD(z,b',ak) PR(Z,E = 0,4k). (2.18)

Then the. equation for PD becones

- i L
= A e 52 [A(0)-0(F) 1M, = 0 (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 = 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

. Pt oo T
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concerned only with PD in discussing messurable ISS parameters,

hlen clesfoming

2.4 NATURE OF THE SPECTRUM OF IRREGULARITIES

Solutions for ‘ﬂD obviously depend upon the functional
form of A(P) which in turn depends on the nature of the
refractive index fluctuations in the medium. The spectrum

Pg(i) of refractive index fluctuntions is defined by
P (q) = S < g, (T) €, (x+r) > cxp(iq.r) 4’r (2.20)

If one assumes the spertrum to be Gaussian,
P {q) = B, exp(~q°/g,°) (2.21)

where L, = l/qo is the coherence scale of the fluctuations
and
s T2, = EhA 3 2 R
By =WABRE( p S/ICT) g ¥l Ol 2» = (2. 20a)

e = e?/mc? = classical electron radius.

Alternatively one can assumc o modified power law spectrum of

the form

exp(~q®/q;?)
: aj% (2.22)

P<a)="‘p
" (1+a*/q,*)
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dpisti 4o << q; . This spectrunm is Fiap "o § < aQq is a power
law with index -a for 0dg < q < ¢y and ‘g ‘eut |oENTTER g > qq -
Lp w l/q_O is referred to as the outer scale andé= l/ql Viks
the inner-'scale. Usuelly « has a renge 2 < a <4 and a=11/3
corredponds” to 'the Welnozgorov spoectrum. The justi¥ication for
assuning a modified power law spectrum stems from the following
two reasons: (i) natural turbulence is expected to result in a
Eolnogonv ‘specibn of  Trregulsrity sizZe, disfribution,. {ii ). IPS
observations secem to indicate a power law spectrum for the
inhomogeneities in the solar wind plasma (Jokipii 1973; Coles
et al. 1974);  The constant B, is given by

B, = 1281 /2 g P (x 2/t < on’ > P(a/2)/ b ooy e 22)

A

where P(a/z) and P(a/2-3/2) are gamma functions.

While finding solutions for egn.(2.19)one is interested in
solutions of PD(z,E £ 0, &k # 0), apart from the solutions for
the more general rb(z,ﬁa# 0, 23k # 0} . DPhis is becatise Ofe 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 r(D(z,';; = 0, Ak # 0) under certain assumptions
regarding the relationships between{jl’l andr'Z’2 (Lee and
Jokipii 1975; Lee 1976). As analytic solutions have not been
found numerical methods have been used for solving egn. (2.19)

which are described by Lec «nd Jokivii (1975b). One finds that
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the characteristic frequency scale s of PD(Z,B = (@ RIS O

is given by

i (C/ZR)BO“z/“ w2 (W27 4) (Z/g)—(u+2)/u (2.23)

where BO = [A(O)—A(E)]/D—“
B2 g ls 2 rfercpower aw sSheehiewel b 2 s ri e d

= 2 for Gaussian spectra-

The numerical solutions for Pb have been presented as
graphical plots of [';(z,5 = 0, ak # 0) as a function of
(Aw/wc)% = (Av/vc)% by Lge and ~ToRkipii L9758, L Iwoiddts of
solutions are available in their paper, one for Gaussian
spectrum of refractive index fluctuations and the other for a

Kolmogorov spectrum.
£

Solutions of Fb are useful in making quantitative
predictions of the effect of finite receiver bandwidths on

cbservable parameters of pulsar intensity scintillations,

inspite of the faet thatvPD describes only the correlation of
electric fields due to the propagating electromagnetic wave.
This is possible under certain assumptions as Jdescribed in

the next section.
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] “INTENSITY FLUCTUATIONS

In order to diseuss the fluctuations in intensity due
to the medium one has to solve for FE 5 - 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

(ﬁl,l and F>’2 5

If the complex amplitudes are Gaussian random
variates, then it can be shown (e.g. Hanbury Browd} pp 39,

1974) that

V2’2 2 1+}{“l’132 (2

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 that‘ﬁl’l andr‘z’2 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.thisvassumption we can develop ﬁethods using solutions

of PD 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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BNl DEPENDENCE OF PULSAR SCINTILLATION PARAMETERS
‘ 0ii DISPERSION MAASURE '

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 a
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 fv on DM and v,
where f  1s the characteristic frequency scale of correla-
tion = of the intensity fluctuations. Similarly one may
investigate dependence of Pu. g, On DM and v, where B, o, is

the characteristic transverse spatial scale of intensity

fluctuations. pC o is related to the decorrelation times of

intensities as explained in Sectionwv(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.

ScintilY¥avion paramefers 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 < N_ > and < 6Ne2 > 5 LOle »eahoE
deduce theoretical relationships between ISS parameters and
dispersion measure. To c¢ircumvent this difficulty one makes
plausihle assumptions regarding the dependence of < 6Ne2 Seon
3 Ne > 1in the IS medium. The simplest of the assumptions

could be of the form
< Ne*>2 Bl GNGQ = (2.2%5)
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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 scections, one cannot readily evaluate
the relevant predictions quantitatively. The prime ‘reason for

this is the lack -0f anglytice solutions for [ in terms of

D
A(p), 2z, v and v' for the case of wide band radiation. On the
other hand, if one considers monochrcomatic waves only -
implying an infinitesimally narrow bandwidth of the detector -
one can arrive gt the necessary quantitative predictions

involving £ (or p ) and v, z and < 6Ne2 > , for both

COS.
Gaussian and power law spectra of irregularities.

For Gaussian spectra it turms out to be

afjeCY \)4 ; (2°26)
v L 6Ne‘ >

For a power law spectrum with index « we obtain

, e/ (a=2)

T @) _ oy 2 22/ (a=2)

& »arm)

Specifically, in the case of the Kolmogorov gspectrum with

@ = 1/5 e relafigrghip (2,29} bogenes

By (2.28)
13

i e
Y 22‘2 < 6N62 >

The relationship between Pory and DM can be obtained

from the asymptotic analytic solutions of FE 2(Lee and
?




b2,

Jokipii 1975c) for propagation of monochromatic waves under
conditiong of strong scattering. For the case of Gaussian

spectrum of irregularities we obtain

v (2.29)

G B

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

" . A . -\ < i | -uo
prssible situations (i) X < Po.s., <L and (i1) ‘gl <{

% :
For .2. ey <L we get
2/ (a-2) 23
ore. T IT(@2) gy e s 17(@2) (il
and for the case of LY <,£ we obtain the same relation=-
ship-as #a (2:350),; I%iuky be neted that fEE Q; > Pgug. HhE

relationship does not involve the spectral index o in so

far as the dependences on v , z and < 6Ne2 > are concerned,

For Kolmogorov spectrum with a = 11/3, for the case
of ,2< o) < L we get

CeSo

Tk
Y - T2l

p <

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

dependence on DM of fv and Bd 4 for a Gaussian irregularity

3 »
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spectrum, ags below:

4

TR §2rs2 )
v (DMJ=
e 253,

% T
it (DP/{)Z

For Kolmogorov spectrum of irregularities the corresponding

relations are as follows:

: g P .
"fva« (DM)2'2 P—LT (2.34)

12
Game Sil.pi0FBn LOE = Po. 51T & (2.35)
{ D)
5 r > for p < Q (2.36)
@ (&l (DIYJ‘)O.S CeSe

2 BANDWIDTH EFFECTS ON FREQUENCY CROSS CCRRELATION
OF INTENSITIES DUE TC SCINTILLATION

2ol  Bandwidihi Bffeeds

The intensity of a Fourier component at frequency v

observed at position (z,p) is given by

2

s
1x o= \
g(z,;,\i) - Eu(z9t)’\)}i




The normalised cross corrclation of intensitiles 2f GRrof Foliricr

components, observed respectively at (z,ci) o, 1zl e ke

J
given by
34, s
PI(ZypiyVi’pjy\)j) Z"g:"" 9‘:] - 1 (2037)
For T PI becomes the 'spatial intensity correlation

function' which is related to the observed temporal intensity
fluctuations through the relative velocity of the medium with
respect to the observer. TFor ., # vy and Ei 2 ;j ,» Pr
bedMiney'Vthle. "EfY@quency “crosd donprelation' of ihtenisity Lluctu-
ations. 7 .

PI as defined agbove refers to detectors with zero
bandwidth. TFor a detector with finite bandwidth and an infen—
sity response Gi(v) such that SGi(v)dvzl , the observed

intensity is given by

:91(2,3) = S‘u(z’;’v)}z G; (v)dv '(2;38)

and the intensity correlation function QI becomes

gg <uy S 195 bl G, (v)G (v')dvdv!
= -1 (2.39)

[S<uiu§(}i(\))d\)] [S<uju3$(}j (v)dv]

QI(ZrQi’Viyﬂ

svi) =

binle

If we invoke the assumption that the simple relation-
ship between | 1 and [, , , given in eqn.(2.24) holds good
v v)

even for nonmonochromatic waves then we can express - QI as




e F B0l ows ¢
SR‘\/U{ HX>¥ 2G. (\))G.(\J' )dVd\)'
QI(z,:i,vinj,Vj) e " (2.40)

[§<52>Gi(v)dv][g<f§>Gj(V)dv]

. J = IE0 R
SaLilele <uiu?> = r; 5 = !

r' D is known from the solution of
Y

-the transport equation forr‘l 1 (egmst 42,150 ) 4 Qp can be
?

readily evaluated from eqn.(2.4C). TFor reasons described in
Seetiian (2.3 1) one ‘can peglect . khe contribution to fl 1 by
2 b4
refraction effects so that |I7 ;| can be substituted by
?

}rggz in order to evaluate ‘QI -

2.7.2. Nature of the spectrum of refractive index fluctua-
tions in the medium and its effect on the observed

intensi¥y' 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 of!fb‘z
on.5jp end av - fOF a Gaudsian spectrum is siightly different
from that for a Kolmogorov (power law) spectrum. This is seen
from the graphical plots of }r%ig vs (AV/VC) (FLE.2.Y) and
Py Vs p/pC (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

PERREC NSRRI Wi i

ST,
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bandwidth effect on spatial intensity correlation functions
Sios. 5. O el -l 00 Lee 1976) .for ther two spectra. .. One finds
that as the bandwidth of Shevdetector is increased, The
halfwidth of the spatial intensity correlation function
increases for both types of spectra, bubt the rate 0f increase
of . halfyidth is higher.for Xolmegorov. speetrum. thad fom
Gaussian spectrum. Hence, by observational determination of
temporal intensity fluctuations with devectors of different
bandwidths one may be able to decipher the nature of the

irregularity spectrum of interstellar space.

ot INTENSITY VARTIATIONS INTRINSIC TO THE SOURCE

As described in the introductory chapter, the mgjor
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 correlafion 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 1m 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

would lead to low values of scintillation index. But, for
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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

IS8 {€hapter 5).J o Ifi dhe assumes that irrespective of their
time scales the intrinsic fluctuations wre always characterised
by much latrger c¢orrelation bandwidths than those due to ISS,
then one can cestimate the degree of contamination of ISS

e tigtitons bFtiAtriasie sFlwebuatrons: - 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

\9(t)= =(a) yis) (2.41)

where x(t) is the intrinsic pulse intensity and y(t)
describes the scintillation.superposed on intrinsic intensity
e meddom, Writing . wlt) = <x4em () neand pog (B ) sstSady (1),
I(t) = <x>ey(t)+ex(t)<y>+ex(t)ey(t) where angular brackets
indicate time averages. The frequency cross correlation of

intensities at vy and Vj as defined as

i s o (2.42)

o =
o I Gigj OBS

1
T 2 . :
where GizuIi (t)>“= rms fluctuation of mean subtracted
intensities. Assuming that intrinsic variations are correlae=

ted over a wide band, i.e. xi(t)zxj(t), the observing time is
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sufficiently long so that iyi‘ = <yj>, o = Oj and also cross

products of uncorralatsd terms can be ignored, then

LEY . EY .>+ 4
v = e el oot
i TR 2
i <‘( eyi ) >+A

< (eX ) 52ye>
where ki S anadng (2.4%a)
’ =~ §r(e2) 2%

For large frequency separations the frequency cross correla-
tyon will be

y PR S (2.44)

1Jp. <(Eyi)2>+A

@l refers to broad band intrinsic variatiens . of "z pulsa®:
Zven in the ‘presence of intrinsic varigtions, it can be' shown
from eqns.(2.4%) and (2.44) that the frequency cross correla-

tion due to I3S is given by

LEWe &Y = V4 2=
i o s T 3 <

Equation (2.43) shows that in the presence of intrinsic
variations, the frequency cross correlation will decay to a
nonzero basc level équal to p when the frequency separations
are much larger than fv .y the pharactéristic decorrelation

frequency of ISS. Alternatively, when the observed freguency
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grogss correclation rshows a-zero pedestal  p ', it 'indieates
the presence of IS8 only. Yhen 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 %o 155 in such s case is given by
the width of the function ?”‘ijm(j) which is given by eqn.(2.45).

The value of p can be related to the modulation

s : . ; L : 1S )
lndex of the variagtions intrinsic to the pulsar, a'_RIS Sl

<x>
If the modulation index due to the interstellar medium alone
3 1 ; : q ; 3 .
g §' = EL%%EXl, the observed scintillation index m is givenby

2= O <X>2<(EM)2><&X?><f;+<G?f><(€y)2>
<WB% <x>2<y>?

a"4g v 2 Lt @Ea e (2.46)

W7 =

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

and (2.44) that
Eri= w2 /m® (2.47)

If one observes pulsars with identical narrow bandpass
receivers at several closely spaced frequencies and computes
the frequency' cross correlationiofi intedsity fluctuations and

the modulation indices mj for each of the channels gt bl

by the use of equations (2.46) and (2.47) the values of «
and B' 2an be estimated.  Ang hence one can get an idea of
the significance of intrineic causes as compared with I3S

in producing the observed intensity fluctuations.
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But it may be noted that this method does 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 Intensifiy Fluctuations

In Pig.(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), (¢) 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 ‘Treland 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 1970bj; Lyne 1971),
deep and abrupt nulls (Backer 1970s), isolated bursts of
emission (Huguenin, Taylor and Troland 1970; Backer et al.
1975) and any other modulations of similar period as ISS

(# tc 10 min) (Lang 1969). Component (b) can mix up with the
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8S component (a) heavily and make the straight forward

determination of the true ISS power spectral widths unreliable.

Recentiy Krishnamohan of our Centre has developed a
technique to separate intrinsic and ISE 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) intrinsicg
variabilities are known to be correlated over bandwidths on
the order of hundreds of MH; in contrast to the narrow corre-
lation bandwidths oharacteristic of fluctuations due to ISS.
If observations are made with two different detector band-
widths, hvg and AV s and power spectra of intensity fluctua-
tions afé computed then one can estimate the degree of mix up
between components (a) and (b) as follows. If GSB2 and USN2
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
ft"

Q
il

and
fy

_GSNz = § (SN(f)—CN)df (2.48b)
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where f, is the frequency at which (b) merges with the
'white' level (c)t (Big.(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)

[ ,6.:2.137 = R_ = (2.49)
SN p P

(3
%g'GN(v)GN(v')dvdv'

. where GB(v) and GN(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 recceiver

bandwidths AvB and AvN .

On the other hand, the presence. of only the ISS
component results in a ratio of GSPQ to GSNQ given by

(Appendix A)

(~ I
o 2 }‘S'GB(V)GB(\)')[’D (6\)/fv)d\)d‘)'
[ 3337 ] =B =Sy (2.50)
SN SCINT Y

J(: GN(\))GN(\)' ) %2(6\J/fv)dvd\)'

NIV

where 6v=§v-v']. One notes that Rp and R, represent two

ideal extremes such that Rp is always greater than RC o | |
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wath IS5 and- infiringdc £I0e s eons wittlh Siniler sshimacicllir:
e

sre present the observed ratio PO of the variances 1is

expected to be such that RC<RO<RP . A8 described in Chapter

5, the above procedure has bsen uscd by us for analysis of

data on 23 pulsars for which good power spectra were obtained

and 1t is seen that in many cases intrinsic variastions with

ISS~1like time scales are present.
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CHAPTER 3

OBSERVATIONS AND ANALYSIS

3 ak INTRODUCTION

In this chapter we firstly describe the procedures of
observations and analysis for the 33 pulsars studied by us.
The latter secctions in this chapter describe the methods which
were used for correcting the IS5 parameters computed from the

raws dataif or, ithe effeets- of Tecelver noise gnd other instru-

nentala chiracteristicas

o2 OOTY 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 1359 andeah. track a
source continuously for 9% hours. _The feed at the foeal line
B the parabolic eylindvical .reflector of ORT consi Sibice O
collinear array of 968 half wavelength dipoles which are
Binearly polarized (Kapshi-‘at-al. 1975).  “Phe lGRMaca
multibeam facility which provides twelve simultancous beams
with scparation between adjacent becms in the north-south
direction of 3(sec &) minutes of arc. Both total power and
phase switched modes of operations are available. ZEach beam
in the total power mode has a half-power beamwidth of 5.5

arcmin in declination and 292 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.(3.1). The full description
of the system is available in references (Swarup et al. 1971;
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 BANKS

Most of the observations were made with a multichannel
receiver with a2 bandwidth of 300 kHz for: each of the chanhnels.
But in some cases, where the dispersion measures (DM) of the

3

pulsars were largs, say DM > 35 pec. cm -, a 50 kHz system was

used.

3.3.1. The 1l2-channel 300 kHz system

This system consists of a se¢t of 12 tuned amplifiers
each of 300 kHz half power width (Fig.(3.2)). Their centre
frequencies (f ) 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 frequcncy amplifier of the ORT. The local
ogcillator signal to this mixer is generated by a crystal

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

sguare law detectors followed by a set of twelve DC amplifiers.

3.3.2. The 1l2-channel 50 kHz System

This filter bank consists of a set of 12 pasgsive
Filters and buffer amplificrses- -Bach Filter hasdslBlr Soce
bandwidth of 50 kHz. The separation between the centre freg-
uencies of adjacent filters is 50 kHz for channel No.l to
channel No.l1l0. However, the difference between the centre
frequencies of the tenth and cleventh channéls JAsiC.5 HHZ amc
so is the case with the eleventh and twelfth channels (Fig.
(3.4)). '"Bhis filter bank has its own 6¥Fystal contmilied lecal
oscillator and wide band mixer and output of each channel goes

to a square law detector.

By using a twelve togole switches, either of the two
sets of 1l2-channel filter banks can be connected to the common

set of twelve DC amplificrs.

Outputs of the twelve DC amplificrs 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
gontrol. A -pergllal-set of oubtpubs Trem THEBE: apliTilers
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 OH-LINE WINDOW DATA ACQUISITION AND

CONDENSATION PROGRAM
Badeili - Daba Aeguds T hicn

Precomputed topocentric period P ‘of the pulsaxn 40 be
observed was set on a preset timer driven by, the 1 MHz, sdgnal
output of a rubidium clock. The preset timeri-beingadjustable
in'steps of lus, the difference.. AP, bebween the preset{timer
period and the topocentric period of the pulsar was < 5%107 's.
The preset timer produced a, pulse  brain;with the setaperieds a
sampling pulse train at 2 ms pericd and. s - few pother control
pulses for the computer. To _start with, the l2-channel 300 +kiz
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. Bach of the channels was sampled
every 2 ms, generaily. The program corrected for the pulse
Birrival time delay among the different. channelsg prior, e
adding the twelve outputs. The output was displayed using a
digital to analog converter (DAC) on an oscilloscope continu-
ally, the sweep of the oscillpscope trace being triggered by
the pulse train from the preset timer. , After;felding-feria
fewvhundred pulsar periods, the pulsar signal weuld be,clearly
visible on the oscilloscope from which the phase of the pulssrpulse
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

81de., Generally, the width of data: window Wweg 20 90 %0 70 96

BF the pulsar period.
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Cnce the data window was defined one could change over
to the 50 kHz system or continue with the 30C kiiz system
itself. The former was preferred for pulsars of IM greater
than 35 pec. cm.“3, in order to resolve adequately intensity

decorrelation with frequency and to reduce dispersion smearing

within the bandwidth. (Pulsc smearing due to dispersion across |

the bandpass at 327 MHz amounts to 0.012 ms. per pc. cm._3 ki€ 0) 2 é

50 kHz channels and 0.0715 ms. per pc. em2

Tor 500 iz
channels). The on-line folding was thcn terminated and the 1
on-line acquisition of digitised data over the data window, i
from each channel 2ot 2 mzs. 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 consccutive on-line windows. The
on-pulse samples and the dff—pulse level for each channel
were’ reeorded digitally on magnetic tape. IT 05, %
resilted in a gradual drift of the pulsar pulse within the
data window. The pulse position within the data window was
monitored from time to fimo‘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

clopnReeted Bor]

PP - Con@engation

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 varig-
tions, the,results of which will be- presented elsewhere.; - For
studying. the scintillation of. pulsar signalscdue to the
interstellar medium and possihkle intrinsic variations in
pulsars with time .gcales,similarpte that ef.rintersteliardscin-
tillations,. such . detailed Wdatacis mot necessaryu A pairwof
'ONPULSE' and 'OFFPULSE' intensities for each pulse per
channel is enough for ISS _studics, To.apriyve atthis
simplified data format from the raw data a.computer program
named 'PULSCINT' was used. .. We will refer -to .the pnoecdure: of
simplifying the data format as condensation of, data. . The
*PULSCINT', program developed by Krishnamohan is the one: used
for carrying out a major pert of analysis..of,datas, 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 pulsc, from

plth to pl+kth’ in the raw data were added. From this the

corresponding off-pulse base level was subtracted to give the
PONPULSE' 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 X adjacent samples, from n)th to

nl+§th s from the raw data, such that these samples were
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outside pulse duration. The data window usecd during acquisi-
tion. of data wns wide enough to permit this procedure. 454!
general, 'k and ¢ need not be the same, in which case the

' OFFPULSE' power spectrum was corrected by a multiplicative
correction faétor '"a' in order to make quantitative comparison
between 'ONRULSE' and ''OFFPUL3E' power spectra possible.
'a' depends on k,Q.and e the receiver time constant
(Appendix B). During condensation py and n, 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 intensitiecs were always from a fixed.phaée
of pulsar period. The condenscd data on magnetic tape

ISR Rec of ' YONPULSE" v and corrésponding !'OFFPULSE' - wvaluc
for' each“pulse, stored separately for each of the twelve
narrow band channels, Consecutive N 'ONPULSE' wvalues

(' OFFPULSE' “values) could be averaged to produce arrays
consisting of intensity points constituting a time series.

N eouldd be.varied asg integral powers, of 2 ,. . Thesarray length
M was also.variable.  Generally, array lengths of 1024 or

2048 were used.

3.5 DATA ANALYSIS

In a study .0f the characterigtics -of - fluctuations of
pulsar signals one is interested in (a) correlation of inten-
sities at differcnt radio frequencies, (b) modulation index of

the fluctuations and (¢) power spectrum of the fluctuations.

BT Uy D i A OO p e
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We define below the paramcters specifying the above three
features of the observed fluctuations of pulsar emission.
3. 82T “Ihe Cross Uorrelation Junction (COM), L

The CCF, Ylj’ between the intensities of first and

jth channels of the multichennel receiver is.defined I

O'lo'j

’\{lj ==

<I, (£)T.(t) >
s ,.,,c_;_.,m&igg..&.,,.. ' o

where Il-,Ij are the mean subtracted intensities and Glz’

sz are the variances bf Il,Ij given by

(%) =§j<t>_<§j(t)> - (3.2)

cj2 = < [ﬁj(t)—<3j(t)>]2 > (3.3)

The angular brackets denote averages over time t

§.5.2... Yogd ulation dntex mj

The modulation index mj for StheVintensities in the

jth channel is defined by

§re

2

e tndlcnay
mj _<3j(t)>2 (3.4)



62

Saefie. Rowsr -Seectra

feguisition 9f-gawat' en polsar Intensitles with any
channel for n consccutive pulses results in a time series
(I(t),I(t+P),.I(t+2P), ..... FUCleAR)-, CIRER S idN S TeY can
bé "subjected tc standard methods of power spectral analysis
(Blackman and Tuckey 1959; Otnes and Enochson 1972 ) to yield
pewer “‘spedtra whicch giserthe varianece dereity S as a
e tTrow- of the Tluctuatien ffequengy £ . In our analysis
the power spectra of arrays of pulse intensities were computed
Y "af .subroutine of "PULSCINT'.  From -'RUESCINT' gnalydcis we
could obtain three kinds of spsctra of mean subtracted
intensities, namely, (2) Sj(f) which is the spectrum for. the
B Stannel (3% 1,2,3, .id.. 11, 12)5 (b) %il 5,(£). which
we call as the Narrow Band All Channels Combined Spectrum
(NBACCS) and (c) Sg(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. Smbothing of Intensities of Consecutive N Pulses

As;discussed, in Seetipn lsdjuthe pulsar intensity
fluctuations, in general, could be due %o..intrinsic causes' as
well as irrcgularities in IS medium. One of the most well-
studied types of intrinsie fluctuations is the pulse to pulse

variations which are correlated over a large range of radio
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L reguengigs., This type of variations havé time scales
typieally of alfew Or several periods Gin comtrast o thettime
gcales of IBS 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
fluctuationg duc to ISS, by averaging,the intensitiestiof
consecutive 10 or 20 pulszes,  With.!'PULSCINT) ;prognsi we
achieve this by assigning a .suitable.valuc, [Say Ss0d8l6 an¥32,
for the paraneter N. Y140 m.,-<ifn Sj(f) and SB(f) were all

3
computed from such arrays of smoothed intensities only.

3.6 CORRECTIONS TO vy 5, 03.2, ij and §,(f) TO REMOVE

EFFECTS DUE TO RECEIVER NOISE

The definitions as per the preceding sections, of
guantities of interest reclevant to ISS of pulsar signals =
namely cross correlation function, variances of intensitiésgj
geintillation-indices and power speetra of intensity fluctul=
Bions —-gfe. .gtrictly valid.only. in’ theo—-abscgitte;o0f 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 Y150 cjz, mj2 and Sj(f) computed from 'ONPULSE' intensi-
ties, using those cormputed from 'CFFPULSEY intensities, ars
Beeessary to rcomovo these e¢ffects., Methods 'of "correction for

receiver noise are described below.
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3.6 daloforrettionsg: to i and o

Bew . o "ol Q ad jacent samplcs from raw data be added
to produce 'ONPULSE' and 'OFFPULSE' intcnsitiecs as described
in-an“earlicr section. Lot Gjtz and Gjnz be the variances
computed from the smoothed intensity arrays for 'ONPULSE'
and 'OFFPULSE' respectively. Gjtz includes contribution from
both fluetuations of signals (due to both intrinsic variations

and ISS) as well -as ‘recdiver noise. Signal fluctuations being

independent of noise fluctuations we can write

Gjt2 = i Mgy o 5:5)

where ojz = vamance dke o igngl fluctlhatilns alone, 'af

i3 a ecorrection factor due to the fact that the number of
samples’'added to- forti ' ONPULSE' intensities and that for
VOFFPUENE © intenditied are hot equel i.e. k £ Q , and is given

by (Appendix B)

]‘i““z(k':L)e_t/T*'z(1“2-2)e"2t/17+...+2c"(k"l)t/'r

R g e e e

=
&5
O
=)
¢
+
!

= sanpling interval wvsed in acquiring raw data
Gl Se RO GlReeonSiEant, 0 Bht hneceiver: cliamneils:.

From eéegn.’ (3.5) Gj2 could be calculated.




65

The CCF.is. computed separately for: both "ONPULSE'"and
' OFFPULSE' intensitics. TFor 'CONPULSE' intensities one can
write

i ) ol
Y15 ol S Regt (3.7)

1655
For.the'OFRPFULSE' case, l.ce [0r-peceidirhngise (alome We

write

<I

10FF Li0FF (3.8)

YleFF =~ Glndjn

The 'true'frequency cross correlation function due to signal

fluctuations Ylj can be written as

UG L e |
Yy el e =P FOBS (5.9)

From known values of YleN9 YleFF 5 Gjt i Gjn and a , one
can compute Ylj uding .bhe rrelabtion
o S o L AoR
= Lo o 5] S
T S Ame ] = | (3.10)
5Ly 1j0N 1&j0FH Glgjt alcj OBS

The wvalue of YlePF depends only on the intensity responses
of the firs%t and 3th channelsg, which are invariant with

respect to time. For each pulsar which was observed, YleFF
werce compuied for different® walueest of - §{i=2.3ms=+11 and 120

From this set of values the mean wvalue of Y1 jOFF corresponding
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to each channel was obtained. These mean values were used in

eqnuid.100 toiaryivérdt . Mean values of Y1j0pp ATC

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

RO COTRC G OIT hl© mj

The !'true' modulation index, mj , that will be obtained
in the absence of-Psceivef-fo¥se s given by

T -
mj2 = "“Z'“’]““-; (3.11)
<“jON>
as fluctuations due to receiver noise do not change the mean
intensity <95> when averaging time is much larger than the
7 !

receiver's time constant so that <J o >= <d> . Tmhis applics
to our data analysis wherc ii%ﬂﬂf' 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 I ONPULSE! intefisities in

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

[
m "tz = '-".g—'lt
3 2
<Sorr
IUaEA6 + ShE) 2 2
e T - S
- —'<§ R <4 A 2
jor 1o %4t



| TABLE 3.1
VALUES OF CONRELATION yiiopp FOR OFF-PULSE NOISE

Ch.No. Mean Valuc of Y1jCFE
300 Rha ’ 50 kHz
System System
i 1.000 1.00G
2 0.353 0152
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
o 0.000 | 0.000

12 080 1 0,000
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Hence we have,

m, = —dtd e

'ONPULSE' modulation indices were corrected for receiver noise

using equu- (3wl

3.6.3. Corrected Estimate of Varianeé of Intensity
Fluctuations from Power Spectra

Ths ol AnNe - o el L udihatibne e Telabad e She

power spectrum of fluctuations by the integral relation

.fN

i é sS(f)arf e 1Y)

where S(f) = speectral power at iregueney 8" and

4

it

N Nyquist frequerncy.

If the variance cjz due to signal fluctuations alone were to

g wesitimated., fromiile  "ONPULSE! mnd - «"WOFFRPULEE' gpeotra we Have

B nig

I N
SON(f)df - a S SQFF(f)df (Sudl)
0

2

Q
@ =

It may be mentioned here that for the paramecters
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

Vil A ISS PARAMETERS OF INTEREST

Observation of pulsar intensity variations provide
the following parameters related to the properties of the
interstellar medium. These parameters ares (i) the decorre-
lation frequency f,, , (ii) the scintillation index m due
te &38, (did) the sedatallstlcn batfwidth f, and (iv) the
pulSe broadening due to interstellar scattering Ats & . e
do not concern ourselves, in the work reported in this
thesis, with the measurement of angular broadening @S due

to interstellar scattering.

4R DECORRELATION FREQUENCY &

The decorrelation frequency £ is defined as that
value of frequency'separation Av at which the normalised
Prequeligy —corr&lation Tunetion, cemrected for inthinsis
fluctuations, decays to half its maximum value. This defini-
tion of decorrelation frequency is identical to that used by

Lang (1971la). The parameter B called the half visibility

h ’

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

as B, = 3.3f, (Sutton 1971). 'Ewing et al. (1970) had

parameterized deccrrelation of intensities with frequency by
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measurement of half widths B of features on two dimensional
contours of intensities against freguency and tims. Though
B- is a fomcslon of <, “HibiEsvdirfieult to establish a
straightforward mathematical relation between £ t-and B,
because of the very nature of the definition of -8B . Only an
emgirical relation 3B = lOfv cculd 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 gero value p of F%BS for large frequency separations., ¥e
did come acrosé'suoh situations for many pulsars. Hence the

CCF was renormalised using the relation (Bqn.2.45)

(g = e [ (4.1)
SCINT = "1 - p 1j ’

1
The resulting curve of fij vs channel number j represents
scintillationkonly and could be tested for predictions of the

theory:of gednbilligtion ewtlined in, Chapter 2,

4.3 SCINTILLATION INDEX m

The scintillation index | m ~due to ISS is given by

n? = — 1 (423



et

2

where 0y is, the variance of fluctuations in intensity due to

: Lol . x ’ .
IS medium alone and <I{t)> is the mean intensity over which

the fluctuations are observed. I ds probable that dntrinsig
intensity fluctuationg with similar time scales as those due

to IS8 exist. In such a case the ebserved modulstion. Hsadiex

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

tien index due. to. 1S medium. As discuBsed in Seotidn- (2 T)
if observations were done simultaneously with receive:s of
different bandwidths it is possible to estimate the true
scinfillation index. ' .We.postpone the description of the
methods adopted by us to estimate scintillatiion indices from

observations to a later section (Section 4.8).

4.4 SCINTILLATION BANDWIDTH fe AWD TIUCORRELATION TIME wv
The scintillation bendwidih I_ ir defined as the

et width of the ISS component in the jowe: spectrum of inten-

Sty fluetugtions and hence gives an idna of the typiezl Hime

scales ef I8S. An.equivalent descript on of 138 time scailes

is given by the decorrelation tims whiisll 1s defined as

the e © width of the temporai intensity ~v . correlation

function (ACF) due to ISS. f_ and ¥, ave -:lated to each
other by £ = (Zm\))’"l s owing o the Fourier transform
relationship between autocorrelation function and power
spectrum. As in the case of determination of scintillation
index, the existence of intrinsie variations with time scales

similar to those of IRS complicates the problem of estimating
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the true scintillation bandwidth from oObserved power spectra
ofiintens ity “fluctvations. ' 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-

etz

4.5 FINITE BANDWIDTH ®FPECTS

From the theoretical ciscussion  of intensity correla=-

tions as embodied in the evolution. of QI(z,Ei,E.,v

3 i’vj) in the

Boedng chapter, it is clgar that fV,TV,AtS aifd Tl aiee

strongly dependent on the bandwidth of the detector used for
the observations. It is preferable to remove the dependence

of ISS parameters on dctector bandwidths. In the measurements
of f by Lang (1971a)and f, by Backer (1975) bandwidth
effects were not eliminated or corrected for. Rickett (1970)
had estimnted By, 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, 0 estimate bandwidth effects on ISS
parameters, as Markov approximation is valid for less restrict-
ive conditions than those required for Uscinski's theory. The
following sections describe the procedures used by us for esti-
mating 'true’' IS3 parameters from observed CCF and power

spectra.



4.6 COMPARISON OF OBSERVED
PREDICTRD CCF
4.6.,1, Method for BEstimating

Observations

Earlier investigators
have determinéd the values of

from observations by defining

L,

CCF WITH THEORETICALLY

Decorrelation Frequency from

(e.g. Lang, 1971, Sutton 1971)
degorrslation fregyeney . £y

St

o

£ as

freauency separa-
9 b

tion atk which the ohserved CCF (whiek is conreelegd for
intringic intensity fluctuations) decays to half of its maxies
mum value at zero frequency separation. Our method of esti-
matihg the value of £ from the observed CCF, ylj(jj, is
somewhat different from this. Corrections for beth intrinsig
intensity fluctuations and finite bandwidth effects are
incorporated in our method. A brief outline of our method is

asy felilkows 3

(a)

function Ylj(j) we determine r;j(j) whignsis Sher COR

Firstly, from the obgerved frequency cross correlation

corrected for intrinsie intensity: fluvetuadionsg;. by using

ogits, (2 A5,

(b) Using the theory of ISS described in Chapter 2 and the

known intensity response of the 12 channel receivers, we

7
ConStruCt(ﬁlj(j,fv) which is the CCF expected from theory =ud

?V iz the decorrelation frequency .for ideal, raceivers of zero

{
handwidth. The functionrij(j,fv) is computed fur all--valugs of

the channel number 3§ and for several values of fv ranging

betwocn f i, 204 fvmax ot suitable diserete irtcrvals Afv. Two sets of
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such ‘curves Ej.(j,fv) are constructed, ¥he assuming Gaussian
spectrum of irregularities and the other assuming Kolmogorov

spectrum,

c) Pinally, for the intrinsic-corrected CCT,'raj(j), we
find the best-fitting model curve| 1 .(i,£)) by the method of
least squares. Now, the value of the decorrelation frequency.

for the observed CCF rzj(j> is given by i)

The details of the above method of determination of
decorrelation frequencies from observations are given in the

following sections.

i
dsai6 it Computation of the theoretically expected CCF,*ij(j,fv)

It may be recalled from Jection (3.5) that we have
i rnad the cross correlation of intensity .fluctuations at
two different channels by 713 which are normalised by the
pEodacts. ofnthe rme valuesof the''fluctuations-in the two
channels end not by the product'of’the mean valiues. If Gi(v)
and Gj(v) are the intensity responses of the ith and jth
channels respectively, then the theoretically expected CCF,

Qi, which incorporates finite bandwidth effects due to the

receivers, is given by (Appendix &),

1
Q'Iij = QIlJ(Z wl“%&

&

LA

S S e T Te o €0 K (lév/f Advdv'
PR g e (4.1)
28
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where &v = v-v' and Ji‘,5j7 are tne bandwidith affected rms
values of the fluctuzations in. the ith and §th channels

spectively. o;' and Uj' ayre zZiven by

p
3 A . :
)vuv G (W) (v') THE1EW/E j ddvay! (4.15)
fo k=i or j. The ivtegretione Al e w,;) are over the

pass banas of the ith and jth channels. It mey be noted that

besides incorporating the ISS bandwidth effects, the formula-

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

xrecelver noise in tho two channels also which may arise due to
overlap of the intensity responses of the channels.

The values of f’((év/f \) used for evaluating QIlJ

were derived from the rr~rh1c41 rligits . off the | SlelfcEnifonic) i (%

given by Lee and Jokipii for Gaussian and Kolmogorov “pectré

(Fl x5 (1) and (3) of their peper.1975b). %b- soluticns of Yb
=rc given as functions of (rw/m = 0 )/u ) WISy ool

the charactoristic frequency senle of [y +hich is the first

order coherence function. To arrive at ?bz as a function of

fv which is thc fregusney scale of the second crder cohercnee
funetion we dofiy

j

o P

-

i bvc (4,29

where b . ds a constant nearly egqual to 0.5. This definitign
is based on (i) the theoretically calculated CCF, Py, for
receivers of zero bandwidth decays to half of its peak value
Gl vﬁlues of freguency separations O.52vc and O.44vc in the

cases of Gaussian and kolmogorov speetra respectively, and
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(il i) i the 1iterstute oh ISS of pullsars fv is defined as
the frequency separation at wlhich the observed CCF decays

to half of its peak value. As such the definition of fv as
per eqgn.(4.2) facilitates direct comparison of our measurece
ments of decorrelation frequency with measurements by earlier

workers.

The integrations in eqn.(4.1) were carried out
ok col ¥ty £or .i=1 awnd j=2,3,....,L2, for bot Z0C ISR frid
50 kHz receiver systems, and for Gaussian and Kolmogorov
spectra. For the 300 kHz systemlﬂij(j,fv) was evaluated for
fv values which were integral multiples of 19.5 kHz in thc
Gaussian case; they were multiples of 16.5 kHz for Kolmugorov
spectrunm. 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, the computed CCF are shown in Figs (4.1), (4.2), (4.3)
and (4.4). The relevant informatien on the receiver system,
type of spectrum assumed and the wvalue of f, fo¥ each eMrve
are given in the respective figures. It may be noted fhat the
gurves for the 300 kHz system presented in Figs. (4.1) and (4.2)
correspond to values of Vo which are integral multiples of
150 kHz,, for both the spectra. i For example,. the. curve with
f,, value marked as 156 kHz in Tig.(4.1) and the one with f
value marked as 132 kHz in Fig. (4.2), have the same value of
v = 300 kHz, .The differences in the wvalues -of fv assigned

e
to them arise from the different values ¢f the constant b






73

KOLMOGOROV SPECTRUM

300 kHz SYSTEM

6 8 i0
CHANNEL NUMBER

ge4.2

r

r17(5 = C) 23

=

FOR 1256, =00 oper RECE
SCINT FU% 12 Th. 300 Kz pgg

Q

IVERS - KOLig

CGORUV spg CTRUM

8L 8dng









8k

for- the « tyoispeetra,;r in ourt defind®i oniret fv as*pe® cgnil
(42547 SimTlérly fhe valunSoas v, for the curves shown in

Figs. (4.3 ) and (4.4), are integral’multipled” of "24 kilz.

4.6.2. Comments on the shapes of the CCF for Gaussian and

Kolmogorov Spectra

Coumparison of the two sets of theoretically expected
CCF curves for Gaussian and Kolmogorov spectra indicatecs
that for the same value of Vo the half-widths of the curves
are not very much different from each uther, although we
assign slightly different values of fv to them, for reasons
explained above. But it may be noted that the detailed shape
of the curves fer the two spectfﬁ differ from each other.
Specifically, the cross correlation «f the intensities around
v ~ 0 falls slightly faster in the case 9f Kolmogowov
spectrum than for Gaussian spectrum. Also for larger values
3f 6v the cross corrclation of intensities for Kolmogorov
speetrum is higher than that for a Gauesian spectrum. These
differences are understandable because the CCF reflects the
nature of the irregﬁlarity spectrum, and if we remember that
the most active spétial frequonciss as far as ecffectiveness
in secattering is concerned, are the ones which are close to
(Kz)-%, the inverse of the Fresnel scale. If we normalize
both the spectra with the pegk power which oceurs at the
lowest spatial frequencies so that comparison of the relative
distribution of power at different spatial fregueneies fop

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)-i. This is
responsible for the faster decrease of CCF around o6wv ~ 0 in
the case of the Kolmogorov spectrum as comparcd with that for
the Gaussian spectrum. Similarly for the Kolmogorov spectrunm
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 r;j vs channel number may throw
light on the naturc of the spectrum of irredularities in
interstellar space. 3But in the attempt to determine the
nature ef the speetrum from the shape of the observed CCF we
are hampered by the fairly large statistical uncertainties -en
the observationally determined cross correlation of intensi-
ties at different radio frequencies. We adopted a least
sghares method to sglect 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 2 better fit. 'In the forthcoming
sections we quantify the statistical uncertainties and
describe the methods used in implementing the least squares

£iE.
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ABIFE A8tatis tieal  Brrors Hn Observed Cross Correlation

Coeff il cicnts ofedinifelsisriles

Frowm~the: theorygof  theldistrdbution  of* corrélation

coefficients! one can show that" variancs: due e sitatistical
i
Sl

uncertainty on the observed correlation coefficient ‘¢J is
given by (Johnson and Kotz 1970)
1 =
2 [l—(ﬁ gl
i ¢ SPPST SR G tiel O
(%) )= = == (4.3)
c 3

where &, = number of independent pairs of variables (Ii and
Ij) between which correlation coefficient is estimated and
Pij = population mean of the correlation coefficient. In our
case n, is-the number- of cycles of scintillation in the
data corresponding t6 any onc of the narrow band channels and
is given by

n, = fe/Af (4.4)
where f_ is the e width of the scintillation part of
the power spectrum of intensity fluctuations in a narrow band
channel and Af 1is the best resoclution obtained from the
spectrum gi%én by the inverse of the ftotal duraetion.of the
defia: e, AF = (NXPXM)_l where N 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).

Fij , the population mean of correlation coefficients,

is given by
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, (k)
!ﬁlj = r&j = theoretical expectation for Kolmogorov
‘ spectrum and V
' ﬂ(G) :
g 13 = 1= theoretical expeetation for Gaussian

spectrum.

4.6.4. The Method of Least Squares for Determining the

Best-Fit Value of f\J

From eqn.{4.3) it is -clear thet the rms errors on the
observed cross correlation coefficients for different channels
are different, being larger for larger separation of frequen-
cies because Pij is smaller. As such the statistic X2 was
defined a2s the sum of the squares of the deviations between
observed and modcl-basecd crosg corrclation coefficients with
each of the term in the gsum of the squares weighted by the

corresponding varisnee due to its statistical ungerteintysi.e.

12
~2 =) = (4.5)
S ot e :
j=2
It may be noted thot T . =0 . (£) 30 that X* =X2(£.) . Thus
J = PR Ly L3 W - S B

by comparison of the observed CCF with the set of model-based

~2
.

curves 'one can evalunte 7

as a function of fv and select
the best-fitting model curve as the one that yields the

o Bk 2
minimum value of 7X°.

There 18 o seriobhs” difTheul¥ty inlicrent it this method

owing to the very rapid change of the statistical weights Wj

1 {
with Plj , when Plj changes from 0.8 to 1.0, This is shown



85

i

i Tabde  (4:1) whiel it Wj against ﬁlj il "3 s el A3
S I eS LR = E O fv < 750 kHz in the case of the 300 kiiz data
afid Bor f\J < 120 KkHz in,the case of the 50 kHz data, the.
ninimum of“}f(f ) is almost entirely determined by the

V

P

2
laotion of intensities at channels 2 and 3 dominate and the

observed values of and r13; i.e. the obscrved cross corre-
values at other channels are given practically no weight in
determining the best fitting model curve. Thercfore, this
procedure does not allow us to investigate details of the shape
of the curve of T&j ve channel number, for higher frequency

separations.

In order to avoid this difficulty we have redefined

7f(fv) such that the statistical weight Wj is not more then
G

F wj+l If the weight wj computed from eqn.(4.3) turns
j+1 5
out to be grenter than TH° Wiy » then W is set equal to
J+1
%£2 wj+1 ; otherwise Wj ig keft unchaiged. . In Tolilas (4529
i+1

to (4.5) we present the statistical weights obtained by‘this
method corresponding to Kolmogorov and Gaussian spectra for

50 kitz Bhd 300 kHz:channelsiforss oW valued af fv , 25 an
example with nc=l, These modified wvalues of Wj were used

in the least squares method. The above weighting procedure
adopted by us is justified since the theoretical predictions
differ mainly for large fregquency 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



86

VALUES OF UNMODIFIZD STATISTICAL WEIGHTS Vj

l’lC =l

15 o
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@) . T 150200
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OL 5 ilvs TS
04 6 25440
O) F g
0.8 [ o ¥R
0485 12.986
C.9 &l . 10 %
0.92 42.%86
0.94 T3 +8C%

0i{96 162,693



TABLE 4.2

VALUES OF STATISTICAL WEIGHTS Wj

12Ch, 300 kHz receivers-Gaussian Spectrum - n =

3
3y 2 3 4 5 6 . 8 9 10 i 12
(kHz) i\ ~7 EACAN =N, Alg ) s
78 1,624 1.041 1.006 1.000 1,000 1.000 1.000 1,000 1.000 1,000 1,000
156 2.319 1,131 1.028 1,004, 1.00L  1.000) WH008 i 001,000 1,000 1.000
312 4,364 IRGGe Seloeise oIl SETO s B0 SE Wt OO 0l NGO, S GOCK WING TG
624 6.403 2,508 “1,640 21.2575 1,044 =064 1:0%6 1031 1.01% 1.008 1,005
( 12.674)
936 8.378 G PodEy g GUTANTESRE | Ta a2 i 5 1eak A TSR 056 il Ol S E;
( 305555
1248 L3512 (A cAs e ZANs e b A SR W S SSRGS M Sla s e b 0o o N7
( 63.214) ( 8.299)
1560 16.50 ) ISR IEIOl o 0T E i 2 4 SIS (a1 L () S IR I it s 0 =0k Sty v

Note: Values in parentheses are

4 92
(113.509) (13.822)

unmodified weights obtained from eq1(4¢3)
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TABLE 4.3

VALUES OF STATISTICAL WEIGHTS Wj

12Ch, 300 kHz receivers-Kolmogorov Spectrum - B al
;ﬂwua RET— . .
(ﬁHz) 2 i) 4 9 6 K4 8 9 L0} i 12
66 15664 i Ae45E 1 Ao chiE WlCel 1. 30808 T 3006 N 3600 - 1 4000 B a000ix o090 5 1,600
1552 AL AR TENASE TAGEE 1 3005l s0 @ l.OOO‘ 1000, N0EE.,. 1. CeC .. 1.6800C i, C8e
264 44555 1.3 550 L Her@iy, i s OB, 1. : OR2, 1., OB, 2. . 083, 100100 1L 01 FAL000 138U
528 6.481 #0649 iL.684n 1:286% 1,%63n 1,008y L.043 L.02%6nds 006 md=0l0 1,004
(10.789)
792 8,118 A ot Re SIS GEGR S RG0S SR s e, 1Se RIUGRETET Q64 AL, 045 AL 085
(19.050) :
1056 105108 DRSS S At RESUGEEE T\ 5@ i Aaliel Wl say Wionio AL S e Bl 0B il 08
(29.348)
AL 5520 128455 Te8E5r =186 2680« Rl gl 6Ea o462, MBSl 244 | dlL 188 il 5

(43.420)

Note: Values in parentheses are unmadified weights obtained from eqn. (4.3)
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TABLE 4.4
VALUES OF STATISTICAL WEIGHTS wj

12Ch. 50 kHz receivers - Gaussian Spectrum - nC=L

3 ’
f\) 5) 4 5 6 7 8 9 10 - I 12
(diz)

N

185 i k83 1.005 1000 &, -QOEL 0000 1., 000 . 1o 0B0L 1, OO, 1. 0BG 1., G001, 000
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(67=152)" (122574

Wotec: Values in parenthescs are unmodified weights obtained from eqn.(4.3)
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TABLE 4.5

12Ch. 50 kHz receivers - Kolmogorov Spectrum - nczl
> 4 5 6 i 8 9 10 alle 4.2
E3
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Note: Values in parentheses are unmodified weights obtained from eqn.(4.3)
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model curve with larger value of £ than the one using
unmodified weights. The two best-fit values of f!  were
found to differ by about 20 Yo at large values of £ and
at leow valugss They cowld ‘dAifier By 2 fzctor of 2 of 3.

Assuming a Gaussian sucotrum, X2 (f ) was evaluated

et - (Q) "
R T = oo T T (Sl ST T I )
2 13 1¢ pest-fit was

L

using eqn.(4.5), setting

chosen as that particular model curve with fv = T such

{;
v
that'xf(fb) was a minimum, and thus yielding the best estimate
of the decorrelation frequency for the pulsar under considera-
sien as fb . This method of estimation of decorrclation

frequency was applied to the model curve based on Kolmogorov

spectrum of irregularities in IS medium, also.

&.645. HEstimabte of errors on f;

To estimate the uncertainty o, on f; ene may use
the criterion (Bevington 1969, pp 242~243) that as £,
changes from f! to (fsicv) the minimum value of yf(fv)
changes by umitly. But this criterdon. is valid enly if the

statistical uncertainties on Flj are uncorrelated with those

for r&k(j#k),i.e.

<l jf;‘a‘ > = 0 for j#k (4.6)

9 s ] | 5 A A g
where u\lj and A 1k arc the statistical uncertainties on

r&j and rik respectively. For the condition implied by

eqn. (4.6) to hold good irrespecctive of the actual decorreclation
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frequency for the pulsar, each of the corrclagion eoefficients
b~ oid o o i 7L 3 Y 1 i 1 :
Yi2’113’314’ ceee alqy0 should have bzen measured using data
on pulsar intensities spanning different intervals of time,
with the temporal separation between the siremnches of data, on
the order of a decorrelation time v, Or nore. This is not

the case with our observations. From data spanning the same

length of time we are computing fon 5 = Ledidon stk 2 SMEA

=%,
In such a case ?ij and T}k will be shatistically independent
only if the separation of centre frequencies?}vj~vk\ between

the jth and kth channels is larger than £. which is the e™*

b
freguency width .of the «CeF..  Thig dsicnokmsbrae for Slome tof Sthe
pulsars observed. In those cases one cannot justifiably use
the eriterion
X2pintl = (£ t0,) (4.7)

to estimate the uncertainty g, -

4.6.6. Modified Criteridi Tor Bstimate of Uv

Owing to the above reasons we have used a slightly
different criterion for estimating 7, from The variation of
X2 (£,) with £, - This criterion is obtained from the follow-
ing arguments. If the x? were obtained from L number of

independent measurements and if the mecdel curve is a good
-,
expected X® 1is given by %* ~ L-n where n is the number of

approximation to the observed curve of vs J , then the

parameters determined from the data (Bevington 1969). Also

s . ' - .
in such a case a change in fv by an amount 10, 1increases



b

- 24 5 p . -
JE 0 ?fmin*l . If only n; of the L measurements were
statistically independent, the degrecs of freedom would be

only n; rather t¢han (L-n). Hence, we infer that a change

of #0 is likely to increase <¥? not by unity but (L-n)/ni F

T ¥ 1
i LD L= ;
> (f\’);(_-d\)) = (f\')) + n; (4.8)
Ye have used the criterion specified by eqn.(4.8) to estimate
the uncertainties G, 06 f; 59 En ourteade n-="1 ) beeguse
only one parameter, namely p , is obtained from the data.
n; can be estimated for our observations as follows: For the
best fitting model curve let fé be the frequency separation
at which Pij decays to et . The effective number My of
statistically independent measurements of cross correlation
coefficients is given by

Mg =

Vq =V
. L*-;l?l— (4.9)

{

D

where v, and vy, are the centrs frequencies of the first
and the twelfth channels.

In the case of some pulsars, mostly of high DM, the
ISS frequency structure in the CCF was not resolved. In
such instances we could estirate enly the upper limkitis en
decorrelation frequency. This was due to the fact that
altﬁough.}?(fv) decreased contirually with £ it secemed to

approach the minimum value at unreliably small values of fv
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which were much less than 5 9b of the bandwidth of''the hérrow
band' ‘reteivers ugsd for acéuiring the data. In'such cases,
instead of computing'yfmin, we estimated the upper limit on
decorrelation frefyuency as™ 5 %Jof the” bandwidth of' the narrow
band receiver. The approximatée confidence level of the
values o7 ti.e upper limits was also-calculated from the rate
of change of X?(fv) with fv, using arguments similar to those
given in Scctions (4.6.5) and (4.6.6). Ty 211 The*eases’ of
upper limits encountered in our data we could infer from the
rate of change of X?(fv) that the approximately calculated

confidence level would be an under-—estimate, ihdicating that

the estimated upper limits are very religble.

4.6.7. Kolmogorov vs Gaussian Spectrun

In the preceding sections we have described the
methods used for estimatine 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 decorrclation frequeney

for a pulsar from observations.

It is possible, in principle, te distinguish between
Gaussian and Kolmogorov spectra of irregularities in the IS
medium, using the above methods. Between the two model curves
tased on Gaussian and Kolmogorov spectrum the one that yields

a lower value of %2

e liSepa. more greslisitic - medel b= Bigb « il

practice this criterion camnnot be implemented successfully
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with ease and confidence. Comparison of the model curves of

CCF for the two spectra show thzt the differences between
(k)

ng(fg and 14 ¥ aresery, margingl; on the order 0ifi? 9b
or less, though the shape of one model curve is different
from the other. From egns (4.3) and (4.4) it is seen that if
the data lecngth has n, ngabsr 'of  @eintillabion ¢ycles; the
statistical uncertainty is proportional to (nc)-?. Hence

to achieve a statistical stability of a few per cent for Plj
dataylengths containing several hundred scintillation cycles
will be required. TFor pulsars with dispersion measure in
the range 5~30 pc. cm_aa the decorrclation times at metre
wavelengths are on the order of 10 minutes for detcctor
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 speetrum of irrcgularities in the IS
medium by techniques using correlation of intensity fluctua-
tions at different radio frequencies.

One may improve the statistical stability of the CCF
of intensity fluctuations due to scintillation of a pulsar by
combining the CCF pobtained as a result of observations on
different days providing that the observations were done with
the same multichannel receiver, If ng(l),‘r&j(Z), Pij(B)’
oo lo oty raj(K) are the cross correlation coefficients between

first and jth channel on KX different days of observing and

(l),n(2>, csw Il(K)

c e i are the number of scintillag-

L ]

tion’ gycles in the'data’ on the £i¥st, -decon®, ... Kth'day
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respectively, then the resultant cross correlation coefficient

3

C ! LTk
{2j( ) ocbtalnable By combihing all the

? KC) ¢ R i‘l.’} ot , ?j e (4.10)
K

T o000 | AR

(c)

and the resultant number of gscintillation cycles n, is
given by
¥
Lo B Ty Ao €3 (K)
2y 5 3.9 ¢0ged Fu e du edng §Juhd )

Two pulsars, namely PSR 0301+19 and PSR 1919+21 were
observed by us on more than onec occasion and we have combined
the data as per eqns. (4.10) and (4.11). The CCF obtained
by combining several obscrvations was then subjected to least
sguares 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
Iliae, SEiaieall el On EehaplEs: mé daa to IS8 for the il
channel incorporating the effects due to finite bandwidth of

the channel is given by (Appendix A)

. oy
- G ()G (! {16y | Y3 wdy!
" S S 'J()) ‘J{\')q) S \‘)x ) '\de
! (4.12)

1 s V-V
o & GV, (v')dway!
o N J
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w%z was compubted by numerical integration for different values

of fv Lo all charnels for both Gaussian and Kolmogorow
spectra. Cwing to slight differences in gain and tandshape
among the twelve channels there were slight variations in the
compﬁted %él&és bf{‘ﬁé
£

channel, Thege differences amounted to a magximum scatter in

forrany given ¥ , from channel 10
) Y

24

the wvalues of mé for any particular value of fv and for
different channels, of not greater than 0.05, The mean curve
Gt vy S fV ebtained from the set of values for the 12
channels, is shown in Figs.(4.5) and (4.6). PFig.(4.5) is for
the 300 kHz system and shows the variagtion of scintillation
1ndesx mé with fv 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

6 (v) = 5 oy(v) | (4.1%)
j:

The scintillation index mj due to ISS for the broad band

is given by (Appendix A)
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The model curve for mj as a function of fv was evaluated
from equ.(4.14¥ By numerical integrationfor-heth, 500 and S8
kHz systems and for CGaussian and Kolmogorov spectra. The
graphical presentation of these are given in Figs.(4.7) and

(H58) .

4.8 ESTIMATION OF SCINTILLATION VARIANCES AND INDICES

FROM OBSERVED POWER SPECTRA

The modulation index mj , corrected for receiver
noise (eqn.(3.12)), includes signal fluctuations due to ISS
as well as any possible fluctuations intrinsic tc the source.
As such mj is not a true representative of the 'scintillg~
tion' index due to IS medium. Rather, it is the upper limit
on the scintillation index due to the medium. We correct the
m 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 (BBS3)
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 Soy is the 'ONPULSE!

spectrum and curve (2) marked SOFF is the 'OFFPULSE' spectrum,
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The curve which is marked (35) is the OFFPULSE spectrun
carydctaed for the différences in sdmpling Wwid ths G 5 CIEELEET
and 'OFFPULSE'd intemsitits) by 'mulvtiplying by ‘thée Tasgtor 'at
{Segtiap (Be621N0q:d3 The? ap@ad M OE80nARE by =¥375(D) (&) and
curve (1) represents the‘varianee 'due to ISS. This is not
guite correct if (i) be is comparable to ab and (ii) intrin-
sic variations with depth of modulation comparable to that due

tQ LGS

[8V]

reispresent.dndife fregiiermey Yreghge ~OTT0 ft «uo Ao Tle
case of the observations reported in this thesis, ab is 80
to 1000 times, of  bei+ and heneet {i)die not a gepious Sotire of
error-Jun our? ¥s tillia tee’ ‘of - The' varidhce due To 138: e, cifldet
of (i1i) is to enhance the estimate, of variance due. to ISS and
consequently our estimates of scintillation indices could be
biased towards higher wvalues than actual. The area B bounded
by bdegp represents the varianec -due rtorintrinsic fluctuations.
If we denote the scintillation indexdfoersthevjth .clishinsl ; dds

to 1S medium hy mjm then we have

2! 2 A BCE 1A
jm ~J] Sum of areas A and B (4.15)

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

53; = m, corresponding to a narrow bandwidth of 300 kiHz (or
50 kHz). Similarly the scintillation index m, corresponding

to the broad band spectrum was also computed.
The estimates of the area A , representing the

scintillation variancce, obtained from the observed NBACCS and

BBS cnable us to determine the observed ratio RO @i




LO%

scintillation wariances forrthestwo:different!i bancwidths, for
difierent, pulsars. Fog~calcukdting: -theTtheoretical ¥alus'of
this ratio, wec firstly estimate the decorrelation frequency f
of the pulsar from its CCF using the methods described in

88t cn. (4.6 )k Phig . value .0f fv' immased ‘iw egn.i(2.5@) to

compute the variance ratio Rc(fv') cxpected from the thoreti-
cal model of the spectrum of irregularities in the IS medium,
The theoretical and obscrved ratios, Rc(f;) and RO respectively,
e conparad, wikth ©ach' othdr,” ¥U0''revraal th?' existence of
intrinsic variations with modulation depth and time-seales
comparable to those due to ISS. Discussion of the rcsults
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, develuped by Lee and Jokipii'it is possible to
model a power spectrum (or auto corrclation 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 tc 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 secen 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 confidsnce, to arise solely from ISS, thus invalidat-

ing the grounds for their comparison with model predictions,

Ry g e T
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(ii) The results of Lee (1976, Figs. (5) and (6)) indicate
that the effecct of finite bandwidth of detectors on the et
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

vedeeity . of the' 'frozen' pathern wof the scintillmbichEn
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5.1 - INTRODUCTTON

< In this chapter we present Observations and results
' for 33 pulsars studied by us.

Ve also discuss in detail our
jy*ﬂ.'; maiﬂ regults on intrinsie intenmlty

variations of pulsars and
the nature of the interstellar mediam,
~ Mosgt of the observations were carried out during the

period from Mqreh TR 1H March 1978 Tlll the end of . thlq

:febserving perlad 157 pulsars were known, of which 102 pulsar

'f,g'are‘in the deelinntion range of +32,d00°8&lble to the OOtj quio

_‘Telesccpéﬁ of thﬁqL we chose 3) pulsqrs for our studies, based

__on tbe eriterion that the nxphctad avernge gignal to n01se per
KL
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6t g¢ither 300 th or 50 kﬁ&
j@bLﬂdWidth 5 wnd time
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';and 5.3 ng for pul”"rs wi%h Dﬁ 39 Pt cmmj. The aim ir-==
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T hf thu nwrravar hqndwmdth for lmrgur DM wag to @nsure*%hat-
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bdsia," bcaf 4) pulonts were enrmarked Fop

b we oould thain useful observational data
Bt of tha U1 iT‘H datn on the reast had
quy p@ﬂr a*guﬂl 0 noise ratie

and henes not usable for
SR meaningful unalyais.

Thig is most likely due to vquabilitie

§
i



1¢8
of pulsar luminosities. I+ may be mentioned hore that ()bl 3 {oha
the 155 new puls-rs dincovered reecntly at Molonglo and the

17 ~% NRAO (Manchester ot -1, 1978 inmashek, Taylor and
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obably observe in future ~bout 45 SIaTE
pulsars with the ORT for the purpose of the Syoe cflstiidieas
diseussed in this thesis.

4

Basic observational data on all the 33 puls-rs arc
prosented in Section (5.2). . Por 22 of +hese puls=rs power
Sprectra of intensity fluctuations, obtained with g006 signal
to noise rntio, are nlso nresentsd.  We then present in
saeetion (5.3), fregueney cross corf lation functions doerived
for 25 pulsars. Por 15 out of thegt vulsars, definite valuas
0f daecorrclation froguency could be determined and for tho
rest, only upper limits could be ob%zinod, a8 deders SaasT

e

Section (5.4) Bvidcence on intrinsic intensity variantions

The topic of discussion in'Section (5.6) is the
ohserved dependence of decorrzlation frequency on dispersion
Teasure and its implicnations on the nature of the IS medium,
This is followed by a discussion of tine obscrved dependence
of power spceetral widths on dispgréion measure. In the last
sactibn we present estimantes of tthrms clectron density
deviations and their scale sizes, deduced from the measured
values of dccorrelation frequency. ' The inferences on tho
nature of the eleectron density dis%fibution in the IS nmedium,

bascd on the above cstimates, are also presented.
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N2 Powesr Spectra of Intonsity Fluctuations
As eXplained in Section {7.5.3) we.have obtained power

spectra of intensity fluctuationz fer narrow and broad band=
widths simultaneously using either a 12-channel 300 kHz system
over 3.6 Miz or a 1l2-channel 50 kHz system over 1.5 MHz., Pig.
(5.1a) to (5.1% ) show these spectra for 25 pulsars, presented
in the order of increasing DM. The data of observation and
the bandwidth used are indicated in cach figure. Only the low
frequency part of the spectrum is shown in cach figure and not
the entire spectrum over the whole span of frequencies from O
to fy, 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 IM pulsars, only
the narrow band spectrum is shown. In these cases the low
frequency ISS 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 easily rccognisable low frequengy

components, out of the 33 pulsars which were observed.

The results are summariged in Table (5.1) in which
columns 1 to 6 give the pulsar names (PSR), dispersion meas-—
ures (DM), bandwidth of the recciver (BW), lengths of record-
ings in periods (NxM where N is the number of conseccutive

pulses averaged and M is the array longth),wg:imwidths of the

-
e
~

narrow band scintillation spectra {f_ ) and transition
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TABLE 5.1 : NEASURED ISS PARAMETERS FOR 33 PULSARS ‘= Y7
e e s LG e gf """" ;j """"""""""" i§§'ﬁ£§£5&”ﬁ;ﬁé§ié§§:{ """""""""""""" ié;MﬁEBQE“ﬁQE&QEE%h
Sqh.y BOR (ch.Jélm—B) Of TR o ] RS g oy 7
(kHz) (rHz) (mHz) (mHz )
L¥E.0 . Q) (CA0L M (5) (EREF] F (EY) {6). (1) (@) (@) @) (@) . (Er2EET )
A.a113%436 4.8 © 300 8x1024 2,08 _5.55 0.927 0,779 5 95 0.597 0.460. 0.82
b 1133%+16 4.8 300 8x2048 1.561''-%.49 0.989 0.951 3 96 0.907 0.665 1.44
250 80305 9.3 300 gaodss VXOrRomaferas o 067 15086y 14 4 5 1m0300 02927, 0.44
A. —1604=00 10.7 %00 8x20n8 “'0.51. Q.74 0.%04 U.582 7 "14 0.462 0C.47%6 0i14
A, 0 .2045-16 8.5 300 aelllbod: ‘Faldowr P00 15035 0,887 5 100 0L8A9 0i700  1.26
5. 1919+21 12.4 GHOToZE LT OF MR 055 oy N2l PN | Ot B IC T s 518 Ao T =50 Ao 777 7o 375 o LS
b 1919+21 12,14 300 16x512 1.37\f8:76 0,612 0.598 " 6 ' 83 0.351L 0.346 1.28
c  1919+21 10 300  L6x1024 0.73f°'$?47 0.950 0.926 6 96 0.648 0,648 0.64
el L 12.4 £00 8x1024 1.46_) 3.56 04738 0.7i6 3 48 0.%93 0.584 0.91
6.2 0834+06 12.9 300 821024 L.3i§€_4¢60 0.601 0.565 5 63 0.400 0.359 1.53
b 0834+06 12,9 3000 16x102¢ 0.9 .16 0.757 0.746 4 67 0.454 0.446 0.62
V7, -2016+28 ., 2 300  16x512 0.66 850,88 0.254 0,208 7 20 0.164 0,094 0.44
Bl 0301419 58 300 szilGRd  SeCaha® S50 DO TSL © 034208 4 04 U 0:630 0.259  0l0g
b 0301+19 15,7 300 | 16x1024 o.75j°ﬁi45 0L 520 OhsaE 0N e, = 0 tsral. oMa G s A
+9. 1822-09 19.3 300 (oL OIS () 5L P, 1 580 QR PO TN SO Tt = SISl S I B O] 047 O (O} et it (055 ~
“10. 0823+26 19.4 300 8x2048 3.304%°6,90 0.618 0,515 10 200 0.420 0.278 1l.61 ®
“A1a  2020+28 24.6 300U L 1680024 CPOEHY 280 @506 - 0MUZST 8 U2  6.+27d o077 6.8 1
b 2020+28 24.6 50 32x1024 1.15—)‘§?99 0,345 05430 13 52 - 0.424 o4es i OR
M2, 0628-28 344 300 8xlO24 GFSY 2:06 “0.3700 GUEsxE 5 Yo . 0.4%4 0:543''%0.20
8.2




Page 123

—_ - - - Q‘[ -

- = = = i =

= % L SNIOT a

- - - - O‘[‘ -
92 0DFBT020  LI0FD 0LIODOT 7 26DA%0

5 < » —3700T =

= = = 0T 2

e = = - 0T 4

% & = =200 T &

- = = =30 =
LB 2l2¥T0 O06E'@ 09F X0T T84TY0
B4 0EI0ETD 9VETY gd#liy v9tTt0

% 5 = 3ot fe
TL*0 §90°0 9£T°0 0% 8 . 080°C
S0° ¥ 26V@N0  CHTET0  OTEOT 1529850

= z T = 3T i
HBS B 99T0 . V4ET0l £5T 06¢°0

3 = BRGFOE BT LLV*O
8SDSSTZLNG 6T2°0: 062 '0T %Ve 0
SERIHATTS0) BGPYY! BT 0T ELTEO
68°0 8680 , V5G4 0° ev* i 056°0
09°0 6L0°0 6¢2°0 09 OT 80T"0
GOV 262°0 SGILC OVE 0T GHL°0
ity GET°0 0BT:0-0le OF  Bhgy0
L T LR B O N

é

TLEO
868°0
68¢°0
L69°0
660°0
VL0
€56°0
496°0
99%°0
20v"0
T62°0
6€T 0
667°0
79T 0
VIEZ90)
96L 0
80%°0

BOL'O

L6%°0
LatT o
90L°0
8L2°0
GS9L°0
Y820

(L)

927002920
00*71-5L8°2
68°0 “656°0

gL - 298°T

4

6L°L 982
01" L~ 9y e
DU e Gl
662 ~09°0
86.2a ~4¢°§
j'a(
CrUeY\ Gz P

SRR g Wl o 1) ﬁ._..:_r-,_...*.f..;....‘,

(9) (9

v20T8
v20T®e
87028
Feotxy
“heoTxeE
Y2OTXY
v20T%8
V201XV
v20T*8
v201%8
V20TX9T
v20TX8
v20Tx8
Y20TZ9T
vZ0T¥9T
veoTXY
8V02%8

veoTxZ

¥20TX8
y201%8
¥20TX8
Y20TX9T
8102¥8
8¥0zx8

()

0% 1¢e
0§ 822
06 06T
06 €91
00% T G°BST
0& Gl
06 02T
05 ¢TT
00¢ CIIAE
06 JEERE
0% L°96
06 V68
0& 48
0% Vv
04 8 ¢l
06 89
04 804
ARG
08 OB
00¢ Ol
04 6°6¢
06 8°L¢
0% L°G¢
00¢ L 68
@__ @
o

£0-148T
TO+006T
2O+LO6T
TO-47¥8T

TUTHELhT

70-478T
Ce=8TLT
2e~00LT
26~00LT
00+L06T
2e+1T90
Vo= mi6m
Q0+LT6T
70-8181
820710
70-TE8T
82~6VLT

“o¢reoce

¢T-2180
£T-8T80
8T-047v0
92=-L48T
£0revIt
£0-2V91

.:Zi)

19
2
¢
0¢
62
82

e

q

Boe
G2
Ve
92

=
<

T2~
oz
6T +
8T~
Vi



124
frequcnecics (ft) at which the power level of the low freglefi-
cy component (due to ISS) docays te the 'white' level due'teo
pulse to pulse fluctuntions and receiver noise. Column 9
gives 0., the number of channels which are statistically
independ=nt, as estimated from cqn.{4.9). Q is the quality

actor of the measurements and gives the number of degrees of
frecdom for the narrow band all channcels combined spectrum.
= feXTxni = fGXNXMXPXni . Valucs of Q are listed in column
10. Columns 7 and 8 give the modulation indices ﬁj and scin-
i1 Lo hidlon:, indd ces Mm computed using eqn.{(4.15) for the narrow
band dataj; values of the corresponding two parameters, g and
My, Tor-the bread’ band data are listed in Colémns 11 and 12
in the Table. The last column of the table gives the e-l widths,
fé , of the low frequency (ISS) components in the broad band
gspeetra. In the ensc of many pulsars we could not derive

e

values of because the low frequency component was not

H
%
detected in their broad band spectra, althouglt the correspond=
ing NBACCS had a low frequency (ISZ) component. As such we

9
j
5

infepd Hhat dn these cases the IS5 flucrtuations have belkeR
considerably- smoothed out by the large receiver bandwidth
corresponding to the broad band spectra. Also, for 9 out of
the 33 pulsars cven the narrow band spectrun did not show a
detectable low frequency component. Hence we infer that the
values of decorrelntion frequency for these pulsars are mueh

amaller than the bandwidth of 50 k2 which was used for

nulsars, marked "x' o tie

g

observing them. For this group of

TN T P

auiiiiasiaiest i sl 3
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table the DM is greater than 68 pc. cm . An additional
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 Oj/djn <5 DIIBK

Fu 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 Flj of
#ndensities (CCF) for.l5. out of the 33 pulsars observed, are
shown, in Fig. (5.2a,be..n) . Only for these 15 cases, the
frequency structure due to scintillation was well-resolved,
showing gradual decrease in correlafion of intensity fluctua-
tions with frequency. The DM of these pulsars are in the
range 4,9-5C.% pc.om"B. In the case of 6 pulsars (1133+16,
1919+21, 0834+C6, 0301+19, 1642~03 and 0318-13) which were
observed on more than one oceasion, the CCF obtained on
different occasions are vresented individually. Two of these
6 pulsars, namely 1919+21 and 03C1l+193, werc observed more
than once with identifical configuraticns of the 1l2-channel
receivers. For these two pulsars, the resultant CCF
obtained by combining the cbservations on different occasions,
using the method described in Section(4.6.56), are also
presented. Such combined CCPF are indicated by(:)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 XHz or 300 kHz) beiween adjacent chamels, name of
Blag vulsans, dter DY ands aafie o, obsenva bl Ont 1 e CIEOLS ks
dienote the statisticgl stability of thnescross. ceorrelstbtieonsisamd
have been computed using eqn.(4.3)..In the case of pulsarssfor
which the number of cycles of secintillation n, in the data

(e

stretch was large, reliabie values of \ij were obtaired 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 n, 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 +l1. Wherever the observed CCF indicated by
YBBS decays to a nonzero value p at frequency separations
appreciably larger than fv o the valuewgf p 1s 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

r

SCINT ° is the renormalised CCF  representative of scintilla-

. 4 3
tions alone, as given by |

o

= G g ] X ‘ ;
SOTHT ( 0BS )/ (1-p), fSectdom{4.Z) ).
The figures also show model-based curves which are the best~-fit
to V. carves (Section (4.6.3)). The model-based curves are
SCINT :
shown by dashes (—=——=). These are obtained by assuming a

Kolmogorov spectrum of irregularities and incorporate finite

bandwidth effeets.
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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. em™, Ye infer that values of f = for these
pulsars must be much smailsr than the bandwidths and frequency
separations of the 1l2-channel receivers used for observations.
It was also noticed that most of these pulsars showed low
levels of signal fluctuation, with wvalues of Gj/djn less than
0.3, where o and O4p BTe the rms values of signal and
receiver noise fluctuations respectively, for the jth channel.
The exceptions to this were the pulsars 1857-26, 1818-04,
1911-04, 193%3+16 and Probably 0611+22 zlso. ' The data on these
five pulsars are discussed separately later in this section.
It may be noted that lew values of Uj/gjn are expected from
the theory, which predicts that the use of observing bandwidths
nuch larger than decorrelation frequency will result in
considerable smoothing of the intensity fluctuations due to
e |

For these 18 pulsars with unresolvasd frequency
structure we present the data on frequency cross correlation
of intensity fIuctaations in Table *(5.2). In this table we
give values of (i) 71 5 oxg(3=2,3,...9) which is the ONPULSE
correlation (eqn.(3.7)) without correction for receiver noise,

and (ii) values of (5;73§;) which is the mean value of



DABLE 5.2 : 'ONPULSE' INTENSITY CORRELATIONS POR THE PULSARS WITH UNRESOLVED FREQUENCY STRUCTURE
o N o=V

No, POR (llgiz )y Y12 Y13 Y14 Y15 Y16 T Y18 Ts Mug ey
i, 1822-00 300 0,000 0,145 0,045 0.040 =-0.022 N0 Eol WS ONcE BN ON 0SS O20)
5. 1857-26 750 0.349° 02218° 0.IB7g 0g15% 0,204 Og242 B.202 [ G661 0. 54
3, 2303430 50 0,119 0.011 "=0,017 . ©.066. -0.002 0,006 =0.020 -0.0%6 -0.009 0.16
2. ligz1-g4 P50 0.4635 $107. =0.0104 0025 19.088  Ofp2E. 0.034 p 0.025 9,000 1022
5. 0740-28 : 50 0,175 0,057 =0.009 0.029 -0,016 -0:012 -0.071 _osB10s " &0kt @.19
¢ 1818-G2 ‘wso ©0.%004 hzz® Ro.1¥8 ~ OR3& 10.0Y9 . 0,110 O.0RL i 0092 0.056 ©.39
7. 1917+0D 250 0.171~ 0:078 [0.808 ir Ov04Q 0,087 07078, ©.005 ° 0.024 ~0.0534 @
S LT CIT=OIRE T (i, i 0 ULz ] ol o <ok (i R OMOTRS G{098 olGliE0s (g0l @3y
g, 0611422 E50 o0.¥78@ 07074 WO.BLO ¥ 0,06% 0,088 Cf0sgL 0,083 5 O.0550 G.05% 8.19
10, 0907+08 50 0NS8R | OX1eZ  §O.085 4 OmO4 0,024 0,061, .06 =0.041% ©.038 0.1%
11. 1700-32 50 0,128 - 0.069 =0.021 " 0,086 0.009 -0,043" 0.024 _ 0.050" =0.,026 0.253
RN RES lse WiosEo e GR03R  FO.065 @ 0B0L T8 | D.056 -0\008 0.069 0,061 =-0,007 0.28
13, 1845-04 50 0.143, 0.005 0,002 =0,008 ©0.009 =0,012 0,016 . 0.004 0.007 0.28
k4., LB S00 - Q.35 O T8 0.1580 OFIUEE) 0,159 0.187 6.115 G2 0.149 o0.82
165, 1845-G1 50 - 0.%21. 05043 0,008 n» 0.015" -0.086 , OJO5% €.055 F0.814 0B B L
16. 1907+02 50 0.167 0.042 0.033 =0.006 0.022 0,051 0.015 =-0,031 -0,051 0.13
17. 1900+01 50 0.087 -0.001 0,011 .. 0,006, 0.815 =-0.033 =~0.022 -0.040 0.018 0.27
18, 1831-05 550 O0.1x7h Qg03L 19,086 0027, §.082 0D2Z" 0.075 =0.803¢ 0010 G

2vT °%eq
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(Gj/djn) averaged over all the channels. We are prescnting
the values of only the uncorrected corrclations because most

of these pulsars have (3;73jn) téss tham 0.3 and at such,low

it

values of (0j7cjn

cannot be relied upon. We have not given the values of

) the noise=corrected correlation vealues

correlgtion for the 10%h, Xtk and 12th'-channels jas” they ‘are
not significantly different from those'of the nearer ﬁhannels.
Graphical plots of Ylj oN against charnel number j are
given for a representative sample of 10 out of the above 18
plikee e 3 n Pive ( SiB anbi. L we) satdichs inelude” the. above
mentioned pulsars 1857-26, 1818-04, 1911-04, 193%+16 and
0611+22.

For these five pulsars we note that, although their
frequency structu;es of scintillations are unresolved, they
differ from the others in the following respects (i) these
pulsars have values of Rg larger than Ra (ii) they have
values of (337332) greatér than 0.3 and (iii} they show
appreciably large positive wvalues of Y1i om for all frequency
separations, unlike the other 13 pulsars for which Y1j om
Eluctuates dDr both. shdes of nzexo; over arsmall range: AN
of these symptems are consistent with the inference that
these five pulsars have intrinsic intensity variations with
ISS-like time scales, which aspect is discussed further in

Seetion (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 wvalues of n,. Also as can be seen
from the values of yij g for thesecpulsars in, Table! (5.2)§
there is no appreciable fluctuations which '‘are correlated
over signiificant ranges-of radiq freguency. -Ihéregforef>for
these pulsars one may consider each of the data point on the
time serics formed by the sequence of intensities, to.-be
independent of the others. In other words, the:effective
value of n, for, these. pulsars, ds, the samesas the array length
M. ,For most of our observations ¥ was equal $0:1024 or 2048.
Hence, from eqgn.(4.3), the cstimated statistical errors on the
low values (~ O) of intensity correlations for these pulsars,

are in the. range 0,02-0,03,

5¢3.3. HNature 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 FBBS due
to statistical fluctuations are large. The differences between
the theoretically expected CCF fur Gaussian and Kolmogorov
spectra are very much smaller than the statistical errors. As
a . r#Buiv it '1s a very diffieult 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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Af)f 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 n., 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.onfjsCINT, 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 fv
for 23 pulsars are presented in column 3 of Table (5.3)3 The
values are arranged in increasing order of IM. Values of the
pedestal P  of the frequency cross correlation function F}.,
at frequency separations which are much larger than fv y are
gumen. in - Column 4. Colunn 5 gives values of n, 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 RO 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)). 1In the
last column we list the calculated values of ratio RC of

scintillation variances, for comparison with RO. Rc values are

calculated from eqn. (2.50) using the measured values of fv c
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TABLE 5.3 : Decorrzlation frecquencies and ratio of variances
in broad and Aarrow bBandwidths for 25 pulsass

e e e S bt T - h 2 e o

) (f&vz ) ’ T 0 »
@) (2) (3) (85) i (5) (6) ”,ﬁf7lw
bt o S BBHL B0t 16 850 L7 ~TLE AR 05 480 5368204 volleB5! L g bude
RorsuildBT+25 9.7% 595 0.400 11 8.19 5.92
3, - 1604-0C 6. 72 165 0.0 2 4.69 344
THCER . NG [y R 25k 400 0.250 26 4374 432
5. 1919+21 S 23Qen fapl=0 4 58 bgd. 0% 82 6.18
6. 0834406 12.86 495 G.0 7 2, TH 2.75
T oA aR 14.18 132 0.0 3 2.17a 3.18
8. 0301+19 15569 1oy i 4+ QuT B0 Lia 2 le) %R alhe ey 4885
Qs MBZDEED NG S e el 0.0 4 35267 <1265
10. 0823+25 19,46 53 0.250 20 2.40 2.63
L 2020428 20162 150 0.0 13 4,093 5.06
324 - i06RB=2E 34.36 430 0.0 8 3,742 5.15
13, 1642-03 B L 9 0.0 34 1565 1.50
14, - 1857-26 37.8 < 255 0.9 6 6y32 noas 018
15, 0450-18 39.93 47 0.0 6 2.41d 2 444
16. (:818-13 £0.99 10 0.300 29 5.40 1.58
TR -~ 2303650 49,9 < (RO 0.0 T 0441 201,58
18, 1749-28 50.88 ~ 2.5 0.330 17 WBIT ~ 0.8
19. 0740=28 R O, T L | 0.0 11 4.88 <10,8
20. 1818464 84 .38/t pe2 o5 20049 5 9.13»en<20y8
21. 191104 89443 i+ mde 0.300 4 8.62 < 0,8
29 . £4Dal e 22 96.7 < adad 0.05 13 7.97 < 0.8
25, «l933+L6  158.5 5 oyl 0.35 3 15845q0k< 2, 63

ST At bt A s i T P
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Inferences are made in the next section by comparing these

values of RO and RC i O 25N D RS S fRs

It may be noted that the fv valuecs listed are obtained
by using the procedurcs described in Section (4.6). These
procedures.ensure that the fv 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 'Intingic' fIuctiations “only and” not £8r 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 fv with those by others for a few
pulsars which arc common to the earlier and the present obser-
vations is presented in Seetion (5.6).

Table (5.3) gives the values of f, estimated by
assuming a Kolmogorov spectrum of irregularities in interstel-
lar space. fv values egtimated 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 depend on n, as described in Section (4.6). For larger

c
values of n, the errors will be smaller. These errors are

]
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shown in the plot of f\J vs DM in Section (5.6).

TR tie™d8se *of twWo'puiledrs; PPR L9082 “SnW™ PRSIl O,
the observations on different occasions have been combined to
arrive at the estimate of f_ (Sectitn Idere " ThisrYe
indicated by a notation "(c)' in the column for mn, . 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.

5.1 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 Rg and RC are such that Ry > RC. This
implies the existence of intrinsic intensity fluctuations of
ecomparable strength to I3S and with ISS-like time scales in
many pulsars. We summarise below the arguments for such a

conclusion, agnd 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 1in the freguency cross correlation function, at
frequency separations which are large compared with fv » 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 give us
information on  the -time.scales of the.intrinsic intensity
fluctuations. Power.spectra of fluctuations are  needed o

infer.abeul thes timesscales.

As described in Chapter 3, we have determined power
spectra of intensity fluctuztions of pulsars for narrow as
well as wide bandpass of the receiver. TIrom these spectra,
we compute variances GSN2 Fonithler NS REOW: DR Lo ¢ GSBQN
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 Ry = (”SBz/GSNz)' Assuming that
the low frequency component is only due to ISS with narrow
decorrelation frequency as estimated reliably from CCF (Sece
Section (2.8.1)), we can compute the theoretically expected
ratio Rc of variances for broad and narrow band (Section
(2.8.2)). But in general, =2 low frequency component of power
spectra may alsoc arise due to intrinsic fluctuations with
similar time scales as ISS but correlated over large range of
radio frequencies., In that case, we expect RO to be larger

than R, as explained in Section L2 a80R)

Therefore, if: only ISS were present we expect s = RC.
On the other hand, in the presence of only intrinsic fluctua-

tions we expect RO o Rp > Rc . ILf both are present R§>R0>Rc’



153

We have computed RO and Rc for 23 pulsars which
showed recognizable components both in their narrow band and
broad band spectra. These values of RO and Rc are given
in Columrms 6 snd 7 of Table (5.3). As explgined in Section
(5.3) definite measurecments of decorrelation frequency fv
were pessible only for 15 o6ut of the above 25 puilsSdss. In
the other 8 cases the frequency structure due to scintilla-
tion was unresolved, leading to estimates of upper limits of
fv only. Consequently for these 8 pulsars only lower limits

on Rc could be calculated.

e, (594 ) ohete'a Slot of Ry against the corresponding
RC for the 23 pulsars. We notice from this plot that the
pointstfor several pulsars lie below the straight line at
450 to] the axes. This indiecates the presence 6Ff "Ll [RCguUSREY
fluctuations in intensity with similar time scale and strength
as I3S but which are correlated over a large bandwidth for
at least 8 cases where RO > RC, and possibly for 4 more, out
of the 23 pulsars (Table 5.3). The measurements on 4 pulsars
are seen to bhe discrepant with the expectation because their
data pointe lie above the line at 45° to the axes in the Ry =
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
Fig.(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 fv estimates for the 4 pulsars are on the higher side,
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which would explain the discrepancy.

T&risiknown that*pulsar pulses exhibit high degres of
linear polarization™in-thé case®of some” pulsars.*® In such
cases obgscecrvations with 4 linearly polarized antenna can
result in intensity variations due to changes in the ionosphe-
rie¢ Bapadayirotation..  ‘Largechanges irr-fonospheric Faraday
rotation are known to take place over a2 few hours after

shhwvigeand>sunset (Sethia et R, 1978), “'From the work oFf
Sethia et al.(1978) who have measured the Faraday rotation
a-ér Ootacamund using the ATS-6 satellite we deduce that the
differential rotation between the edges of the 4 Mz paés band
at 327 MHz used in our observations could be about 2C = 30

degrees. Hence dtoig-pogssible“that changes in ionosphéric
Faraday rotation can generate intensity fluctuations correla-
ted over several MHz in the case rof pulsarscwiththighXy
linearly polarized cemissions and thus mimic intrinsic inten-
sity variations. But we rule out such o possibility affecting
our data because we have avoided periods of sunrise and sunset
in our observations. Also the ISS-like time scales we are
concerned with in this section are'smaller than those

expected from changes in ionospheric Faraday rotation.

It may e noted here that regarding the aforesaid
intrinsic fluctuations we are talking of correlation band-
widths on the order of 1.5 to 4 FHz {(which 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 fluctumtions., 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.(l) in the paper by
Salpeter (1969). Although ths 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.
Therefofe we prefer to attribute the observed wide band

fluctuations discussed 2bove to intrinsic causes.

Pulsars are known to exhibit wide band intrinsic
fluctuationstfrom 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 recognition of this componeant in many pulsars

even in the presence of ISS of similar time scales.

56 THE OBSERVED DEPENDENCE OF DECORRELATION FREQUENCY
- ON DISPERSION MEASURE

In this section we summarise firstly the results on
the observed fv;DM relationship from the work of earlier
investigators. The probable sources of error in the estimates
of f, (or the eguivalent parameter B,) 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
fV—DM dependence at large valuss of DM which in turn implies
inhomogeneity of the IS medium. The implications are

disecussed.. in Section. S a5.4.

SO AL Barlier Observations

The most convincing 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 freguency.. Therseintiliation index‘waé
computed after smoothing the intensities for consocuti§e one
minute intervals in order to reduce the fluctuations due to
intrinsic causes. The frequency structure seen in pulsar
scintillation was paramctrised by the half-visibility band-
width Bh which he defined as the bandwidth at which the
scintillation index decreased to half its value for zero

bandwidth. B was determined by fitting a theoretical curve

h
to the measured values of scintillation index, assuming a
rectangular bandpass and s gaussian autocorrelation function
for the variations of intensity with frequency. These obser=-
vations showed that B, 1is smaller for pulsars of large

dispersion measure, the dependence being given avproximately

by By = (DM)™° (Sec Fig.10 of Rickett 1970). Both thin.
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screen (Scheuer 1968; Lang 1971a) and extended medium models
(Uscinski 1968a, 1968b; Rickett 1970) of the IS medium, with
Gaussian spectra of irregularities predict such a dependence
@i Bh on DM if one assumes that < éNe2>% is proportional to
= NC > Sand cTM Lilgfproporti onglite theidistance to the pulssy.
Rickett's data showed considerable scatter in the wvalues of
B, especially in the range 11.4 =< DM < 14.3 pc.cm‘3, In
view of the fact that in our observations many pulsars showed
the exigtence of dintrinsic fluctuations with time scales
similar to those due to the IS medium, it is possible that |
Rickett's method of e¢stimating B, from varintion of scintil-

lation index with bandwidth could have resulted in apparently

large values of Bh nissons! casegl/dtie . to presente of suth

el ned ot viariati onsh

Most of the other measurements on frequency structure,
of pulsaf intensity fluctuations available in literature were
T78m "the work of Lang (1971la). Ewing et al.(1970), Wolzscan
et al. (1974) and Backer (1974) had also observed a few
pulsaré 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 coxrrections to
the estimated values of fv 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!

5 by 25 % or more for eascs where the bandwidth is comparable
to the true £ . This is seen from Pigs. (4.1,2,3,4) of this !
thesis. As such the estimates of fv by Lang could have been
higher than the actual values. His observations at 318 MHz
resulted in meagurements ,of fv for 5 pulsars in the DM range

4.9-19.5 pc.cm_3

«..iibhe - relaftion fv o (DM)"2 was séen to fit
the data on these 5 pulsars. The measurements by BEwing 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 et 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 Miz. He found that B, scales as viEo:2
for this pulsar, in agreement with prediction of scintillation
theory.

Sutton (1971) had made n comparative study of the
measurements of B, B and fv by Rickett (1970), Ewing et al.
(1970) and Lang (1971a) respectively. He showed that Lang's
method of estimating fV from thi observed CCF by correcting
femn the‘nonzoro pedestal p, corrects for the effects of

intrinsic intensity fluctuations. He also derived the rela=-

tionship £ =~ Bh/9'9 ~ B/1.5. Using this relationship, and
M

L p——

the measurements b& the three authors he determined values of
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£ at 318 iHz, which were subjective averages of f Bh/9.2
and.B/1v5.4¥ TneTablei {50 4)iwelprégent' a comparison of -the
values of f327 ocbtained by us with those derived by the
above feurlwdrkefsy)after .scaling 'to 327 MHz uding theé 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:' dewiation.” Errors of similar magnitude or larger
are expected “to be associated with the other measurements
which wereralso derived from data streches as long as or less
than those of ours. Hence we conclude that the differences
amongst the wvarious measurecnents are mostly within the

expected statistical uncertainties

546,22, Barlier Results an the .Conposiste £,~DM Magram

Sutton (1971) had attempted to extend the range of
the measured valuesg of fv(or Bh) beyond DM=50.,9 pc:.cm—3 by
invoking the inverse relationship between decorrelation
frequency fv and the scattered pulse width Ats, 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

form of the inverse relationship ig" given by

2% oy 0fy =yl (5.1)
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TABLE 5.4 5. DICORRELATION FREQUENCIES fypo AT 327 MHZ -
COMPARISON OF MEASUREMENTS FOR 8 PULSARS
S PSR DM (Rickett)(Bwing) (Lang) (Sutton) (Present
No. (pe.cm™ work
(kdz) (kHz) (kHz') (kHz) (xHz)

1, 1133416 4.9 778 289 2223 778 7104430
25138020 9.5 % - ¥78 ¥is 535¥375
3. 2045-16 W e (TRITGE - - > 778  400£230
4. 1919+21 b 123% 445 889 333 3304160
5. 0834406 ili2a6) s 226 N 595 335 4954400
Gast QURGH2E . M2 BOne ol b £ B8RS 55 2 198E e
7. 0823426  19.5 - - 555 555 581280
8. 1749-28  50.9 6.7 - L &7 . SiEieE




164

The above equation was derived under the assumption that both
strong and nultiple scattering conditions are satisfied.
Sutton's modél of interstellar scattering further showed that
the CCF is) the real part of fthe Fourier transform of the

pulso broadening function which leads to the exponential decay
of pulse profiles for pulsar with large DM (see also ‘ronyn
1970). Also he had prescented arguments to show that eqn.
(5.1) holds good approximately for any screen, thick or thin,
andaregardless of its location, providing that the strong and

multiple scattering conditions are fulfilled.

Using the fv—ﬁts relationship (eqn.(5.1)) and the
measured values of fv(or Bh)amiAgsfarseveral pulsars available
in .the literature Suttcn constructed a compoéite fv-AtS-DM
diagram which was a log-log plot of f vs DM, ‘For pulsars
with DM > 50,9 pc.cm 3, the fvvalues were derived from the
known vnlues of At  using eqn.(5.1). The dingram was for

= %318 MHz. The relation ﬁts o A4 was used “for scaling the
Ats values at other frequencies to %218 MHz, He noted from this
diagram thdt RSS2 pc.,cm"3 fv decreascs roughly as
(DM)—z, but, thc dependcence steepens considerably, approach-
ing (mﬁ)"4 at large dispersion measures particularly for those
fv values derived from pulse broadening. Suelh 'a trefid 1s in
disagreement with the predictions of the theorectical models.

We discuss this aspect later in the light of the new data

Obtained from our obsecrvetions.,

In this connection it may be mentioned here that Lang

had also constructed o similar disgram in which the £ -At =DM
€ v S
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trend was found to be in fair agreement with theory, i.e.
fv'm (DM)—Z, especially for 111 MHz, though not for the data
2t 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 fv »ts = 1 and this has the
effect of reducing the deviations from the theoretically

expected relationship, f « (DM)_Z.

BLEED. Results on f,-DM dependance from Cur Observations

The values of decorrelation frequencies fv 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 Eis ™ abiewt onel standard devia thlomns

As described in Chapter 2, theoretical models of the IS
medium predict a linear dependence of log fV onl Log DI Wkt
slope of ;2 in the cascec of 2 Gaussian irregularity spectrum
and of -2.2 for a Kolmogorov spectrum. In order to cumpare
the observations with the theoretical prediction we tried to
TNt 8 SEroight 1line to the log fv -~ 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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aig iolllews: (i) data on all the 23 pulsars in the rance Mors
DM < 158 pc.cmm3 and (ii) 3ata on 17 pulsars in the DM, range
4,9-50,9 pcocm_3, and excluding the measurement on PSR 0628-28
the fv for which c-uld have been overestimated by us as

expliained i Sectioy (514 ),

The procedure used for fitting a straLait 1sed i's
the well-known weighted lcast squares method ( Bevington 1969)
which assumes that the rms crrors on both sides of any data
point are equal. But for scme of the pulsars the rms errors
on fv estimated by us were not equal on either side of the f
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 fv they werc 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 fv-DM data on
all the 23 pulsars in the DM range 4.9 £ TM < 158 pc.cm"3
turned out to have a slope of,-2,.8,..This_is.shown:ia Pig:(5.5
by the continuous straight line. In order to examine whether
this ‘discrepancy between theory =nd observations is mostly
caused by the data at high DM or whether the discrepaney exists
even at lower valucs of DM, we selected the subset of 17
pulsars, as explained above, in the range of DM 4.9-50.9 pc.

cm-g. These 17 data puints were scparately subjected to the
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least squares method. The best-fitting straight line obtained
£from" this procedure had.a glepe of ~-2.5. Thisrline is, shown
BRI (BI5 ) by datg (.v..00). 8 Shreight line with 2Lepé. -of

-2 is also given in the figure.

It should be noted here thant the slope of -2.8 (or
-2.5) derived from our observations could not be a2 consequence
of the particular method used by us t¢ choose the best-fitting
KU ateye of CCF. Ho the observsd CCF (Seation (%.:6.%9)). . The
weighting procedure uséd by us for CCF fits tends to increase
the fv estimates, especially from CCF with narrow frequency
gtructures or ISS. This hag the effect of reducing the devia-
tions of measurecd values of £, from the (DM)~2 slope at large
DM. Therefore we conclude that the deviation of the observed
log f,~log DM slope from thc theoretical prediction, is

significant cecven though the departure is apparently small.

S dm— it ieations of the Uhsorved fV—DM o

Ty order to0 explain the ¢bscerved steepening of the compo-
site f -4t -Di aiagr-n at lorge dispcrsion measures, Sutton
had considsred the possibility that the conditions necessary .
for the validity of the inverse relationship between‘fv and
rt, (eqn. (5.1)) may not hold good in the interstellar medium.
Our results describzd in the previous section rule out this
possibility becaus: they =r: based cn measurements of fv only
and do not invoke the inverse relaticuship between f, and Ats
derived from theory cf meattering. We conciude that the dis-

crepancy between obscrvations and ihecry rogarding the fV~DM
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dependence, reflects the lack of validity of some assumption
omrwlidiich’ the thedretical model “0f the IS medium is based so

as to arrive at the predicted fv-DM slope of =-2.

As has been pointed out by Rickett (1977) the steep
élope at large DM cannot be explained by postulating a power
_law spectrum of irregularitics in the IS medium such that the
index a of the spectrum has a value of about 2,7. BSuch a
value of a will match the observed steep slope of -4 for fhe
f£,-DM diagram but will predict f « 1‘8 o T XS. Such a
steep A dependence for fv has not been observed so far. On
the contrary Backer (1974) has observed B, « 405 por
PSR 083%3-45 and there exist in literature.several nmeasurenents

of Ats at several radio frequcncies for quite a few pulsars

which ghow that At e ) -y

From the above considerations it is clear that the
assumption of homogeneity of the IS medium may not be walid

i.e. the assumption that the rms electron density fluctuation

S
)

= 6N02 >“ 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 Intcrstellar Medium

The fw—\tS-DM diagram 1s essentially a comparison of
the scattering and dispersive propertics of the IS medium. The
conclusion one draws from the observed fV-DM trend is that the

scattering properties of the I5 medium become more pronounced
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in comparison with the dispersive properties at larger values
)t 1 ADIUIA ’Larger values of DM imply larger Qistances, at lcast
on a gtatistical average.  .Thexefiore, one. infers:that bhe rate
at which scattering properties of the IS mediunm 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 <_<S_Nez>17
and its scale size L can be characterised by the parameter
[<6Nea>/L]%. The dispersion in the IS medium is represented
by the mean electron density <Ne>’ The inference one draws
from observations, therefore, is that the conditions for the
validity of the relationship <6Nez>/L S <Ne>2'may not hold
gobd ai. ke LS medium, ower all the regions of our galaxy.,In
othef words, the IS medium does not have a homogcneous
character throughout our galaxy with regard to <6N02>%, L and
<N o

A p&ssible 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
systematic variation of <6N02>%/L and <Ne> with distance of
the pulsar from the galactic centre. With the data available
on a limited number of pulsers there are indieations that such

a systematic variation of scattering and dispersive propertics

of the IS medium in our gal~xy cculd be presents This isiigeen

from the compesite f -rt_~DM diagram for 327 MHz shown in
\) i)
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Bia. (526)., In this diagram we present the data available =i
literature along with our neasuremncnts of fvfor IS ot IS TEs)
Our measurements arce shown as filled circles. Bi Nked catrellecs
with downward arrows indicate upper linits on fv estimated by
WIS o Al v4 scnling law wos used in converting the measurements
of fv at other frequenciel o velues at 327 MHz. These
values are shown by filled squares. The open circles are
values of fv derived from measurements of Ats available in

4 scaling law and the relationship

literature, using the a
2T fv Ats = 1, The derived values of fv used ig constructing
the diagram in Fig.(5.6) are given in Table (5.6). The

diagram contains the fv values of a.total of 35 pulsars over

a DM range 3-450 pc.cm_s.

From PFig.(5.6) we see that it may
not be possible 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 steepcen continually from about -2 to -4 as the DM
increases from low to high values. Such a continual change

af =iltope veflacts s continual inercase Gf <6Nez>%/L with
dispersion measure. From the valucs of galactic longitude

atid Iatitude for the 395 pulsars given in Table (5.5) we Find
that pulsars with high DM tend to lie in the direction towards

i
galactic centre. Hence it seems likely that<6NO2>2/L decreases

Wit galactocentric distance of the pulsars.

To confirm the existence of such a systemotic varia-

tiem of the scattering property of the IS medium with
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distanec fromsthe galactic centre, dataion fv and Ats for
more numbecr of pulsars will be necessary, with the pulsars
selected for observations such that they are more or less
uniformly distributed over 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 remrants and 0,B stars. These investiga-—
tions may lead to an understanding of the possible mechanisms
which produce systematic variations in <6Nez>%, L and <N >

se. as.fo resulits in.the ebscnyed fv-DM trend.

il OBSERVED RELATIONSHIP BETWEEN WIDTHS OF INTENSITY
FLUCTUATION SPECTRA AND DISPERSION MEASURES

In the subsecquent sections we describe .the obserwed
dependence of fe on DM, summarising both earlier results
available from published literature as well a8 thosce from the
present obscrvations. We deal with the implications of the

results in Seetion (5.7.3).

5. el .4 Resulfss Trom Baviie ! Work

The earliest attempt by Rickett (1970) at ciucidating
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 larger for
pulsars of lower dispersion measurc. His observations at
408 MH, of 10 pulsars with DM < 50,883 pc.cm-3 are summarised
in Fig.(9) of his paper. The next major attempt at under-

standing temporal behaviour of I8S was done by Backer (1975).
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He had obgerved 28 pulsars (3.0 < IM < 158.5.) and computed
the temporsl spectfa of intensity fluctuntions, with degrees
of freedom rangimg from l.ito 50, /1 In 25 cadésd low frequency
components in the spectra were recognigsed which he ascribed
to scintillation due to IS medium. - Assuming ISS spectra Ttobe
Gaussian in shape.and scintillation index of unity, Backer
obtained e_l widths fe 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 respecct to the Earth-based obser-
ver, in differént regions and directlions. Further, pulsars

thenselves have different proper motions.

Dle: [ oi2h: LRashilFs firdm stheé’ Preséht -Observations

Resulte from our observations of 23 pulsars are
summarised in Fig.(5.7) which is a plot of f_ 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 fe do not show any correlation with DM.
The statistical stahility of the specfr@ obtained by us are
nuch bettef than those‘of Backer as cduld be seen by comparing
the values of the quality factor 0 (Q = £ T = nunber of
degrees of fréedom),rfor tihe #o sebg. of observedions, . In
Table (5.6) we list for complfison values of fe for pulsars

common to ours and B-cker's observations. Backer's
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TABLE 5.6 : COMPARISON OF MEASUREMENTS OF ISS SPECTRAL WIDTHS

w(;‘
~ ,\;’

B f d
Sr. PSR DH o B Q
el (pc.chB) (i £ E

o A 3 S PR

7
2 ~BOsEET o] 9.3 0.86 0,49 W3 2 L4
3o RSP LE 89 0.7 & s 0.51 s 8% 14
5.  1ONgEZ 12.4 Oy 78 0.55 §» 7 3
6. 0834+06 5.4 1.05 =34 HE) 6 63
e Jou6:aE 14,2 Skl 0.66 718 16 20
8. 0301419 15,7 1.08 0. 75 -3 18 170
9.  0823+26 19.4 5 2,30 5 gy 200
10, 2020428 21,5 3.19 34 g U 08 72
11, 1642-03 35.7 1.59 5.35 bW 48 340
G
12, <JB0za30c o Mixghe 5. 67 3,56t ¥ Aadngs L6
¥5.1 01340 o857 5.2% Sl =i T 160
14. 1933+16 158.5 10.2 ‘(0.26 3 30
el

e e 5 S ——remi e

2]

Values under column A are from Bacler (1975) scaled to 327 MHz
ald these. ander B ape from the D
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observations have been scoled from 408 MHz to 327 MHz assuming

fe « x“l. Values of Q are also listed. Q ranges from 1 to 58

for Backer's data coempared with a range of 14 to 340 for our

oo,

Tl 5. Ditmeuviged con f

Theorcticnl models of the IS medium predict a depend-

ence of the spatial correlation scale P, 4, On disporsion

measure and wavelength of the form

P e (DM)TT T (5.22)
for Gaussian spectra of irregularities, and
- = - ul
p o ()R =2 2 ) (5.2b)

C.So

for power law spectra, if one makes the usual assumption of

DM proportional to the pulsar distonce z and <6Nez>% o <Ne> of
A frozen-in scintillation pattern - the so cnlled Taylor
hypothesis - gives a dircct relation between spatial and
temporal spectra (Tatarskii 1971) through the velocity v, fehe 1

the mediunm with respeect to the obscrver.

The discrepancy between thce theoretical predictions
embodied in equations (5.22,b) and thce obscrved f,-DM plot
(Fig.(5.7)) could be due to any onc or all of the following

reagons

) The estimates of f_ could bo confused by intrinsic
<

varintions. The cvidence for the existence of such variations



199
hag' beer Presented’ in Secddon {5.5)«" "This nay also Jead tb
differdng- valucs-eof fO measured at different epochs, owing to
varighility eof Imtrinsic fRuciivotilons ,” Wikthy asyr-partly

explain differcnce between ours and Backer's values.

ii) The assunption of frogen pattern may not be wvalid as
is shown by sudden rcversals of the pattern velocity during
spaced receiver observations (Rickett and Lang '197%; Sleé et

al. 1974 and Uscinski “1975%).

dmirin ) Inhomogeneity of the medium. From our discussion of
the steepening of the dependence of fv on DM at large values
of DM it is clear that the IS medium cannot be considered to

be homogeneous.

iv) Purther, as noted above, scatter arises due t0o
differing values of the veclocities of the medium and pulsars

with respect to observer.

As pointed out by Rickett (1977) the linear dependence
(O fe on DM as inferred by Backer demands o = 3 for power law
models, ‘But, then' the predicted- A dependence’ {for 'a ='3)
turns oullst8 ke fe « 2? yhich is discrepant with observations
of PSR 0329454 by Rickett- (1970) and that by Backer (19747 of
PSR 0833-45. As in the casc of the observed f,~DM relation-
ship, the linear fe—DM dependence ia’'gkeo*at-odds ‘with DGGE

Gaussian and Kolmogorov speetral models of the IS mediunm.

In this connection we would like to mention that the

linear fG-DM relaticonship obserwved by Backer jcould pbe an
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artifact.due &0 the presencer of intrinsic intensity jvariations
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.secintillation. In,such a casz the statistical
errors on the eétimates could be very large. It may be pointed
out that in Fig.(5.7) which gives our measurements of £ 1R

3

we renove fgur points corresponding to DM =z 80 pc.cm- and

£, = b Hz; 2 linenr dependence of log f_ on log(DM) could be
inferred. A similar reasoning may be responsible for the
observed fG = DM trend by Backero Lt scem@ impdértant to
extend the measurements of fe 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.

p=, NONUNIFORM SPATTIAL DISTRIBUTION OF FLUCTUATIONS
' IN ELECTRON DENSITY
In. the forthcoming sections we describe the method
adopted to.cstimate the magnitude of rms fluctuations in
electron density using the obscerved values of decorrelation
frequencies, .present these cstimates and bricfly discuss the

inplications .of these results.
oML, | WEeitimatidn=6f 4§ and 'L frot Tobsérved values of fv

From the observationsl determination of ISS of a

pulsar one would like to caiculate the values of the rms
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|
fluctuation of electron density AN (:<6NG2>§) and the scale
gize L of the fluctuations. The method for estimation of AN
and L was established firset by Scheuazr (1968), for a thin
screen nmodel of the IS medium. It invelves the use of the
two conditions for strong scattering and the dependence of
decorrelation frequency fv on the mean square scattering
angle @S, These three conditions impose constraints on the

range cf permissible values of AN and L. Lee and Jokipii
(1975¢ and 1976) have derived these conditions as applicable
to an extended medium for both forms of spectra - Gaussian
and Kolmogorov of irregularitiese. These constraints are
given in eqns.(6), (7a), (7b), (Bak (Bb), (9a) ond (9b) of
their paper (1976). These contraints at 327 MHZ, for a

Gaussian spectrum are given by:

AR)2 | 755N 9unas
. = Ledg (545a)
\Y]
(sw)2/3. 1.2500x10°
LL ~ 4 r.z (503b)
2

where 2z 1is the distance, in cem., to the pulsar, L is in cnm
and fv is in Hz. These conditions are indicated by the three
straight lines in the logarithmic plot of AN vs L in Pig. (585
The constraints imply that the point representing the medium

nust lic above lines (b) and (c¢), ond on the line (a). The
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segnent 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 Kolmogorov spectrum of
irregularities two situations are possible depending on the
relative values of the inner scale L of the irrcgularities
and the tronsverse intensity correlation scale B la of the

cbserved randcem waves. These two cases arc:
Case L R< 'l < L and

Casd D Gl g

CeSe

For Case I the constraints cn AN_and L at 327 MHz are given by

L8/ 5 -
(AN) _ 1.0649x107° (5.4a)
14/5 le/sfv
.l 10
(aN)~ 8.4269x10
7 > — (5.41b)
el

The constraints (5.4a) and (5.4b) are shown by the
straight lincs (2) =2nd (%) in the aN=L plot in Fig.(5.9).
(5.4¢) is readily satisfied for rensonable values of the
paraneters ~nd is not shown. We note that unlike the caseof the
Gaussian speetrum the lines (a) and (b) are parallel implying

that the condition (5.4b) has no constraint on the values of
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"N and .. This is understandable from the following physical
aspecfs: Inhomogenelities with scales much greatcr than the
Fresnel scale pf=(z/k)% have hardly any effect on the scintil-
lations of radio waves. Thercfore the scintillation pattern
will be unaffected if one introduces inhomogeneities of
larger size (cquivalent to increasing the value of the largest
scale sizc L) while keeping constant the magnitude of the
i homogecneities which arc important for the scintillations, by
inereising "tide anué 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 valuec of B
is accompanicd by a correspondingly larger value of AN and in
the actual physical situation i1t may be unrealistic to
conceive of a model of the IS medium with a very large value
of /N as comparced with the mzan eclectron density <Ne>’ withoudt
affecting the propertics of ths madium in relation to-aspects
oth:r than IS3, likc the observed nonthermal radio emigsion,

A=rays and v-rays from the IS medium.

For Case II we have one more constraint on AN..and -
that o >{ - in addition to %the three usual conditions.

12 e

These are given below for 327 MHgz,

i Badia 05
Kafoin o e (5.52)
Y

i 1(5:2/3
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AN 2/3 2 A7 D7 6 :
i /g)uq 5 > i:,§.9.2~2.£*;~©w (5.5b)
)8 % |
. 21
(21)2 L ., +.0022x10 — 556 )

-4 (5.50)

The constraints embodied in eqns. ((5.52),(b),(d)) are.
shown by the straight lines (1a), (1b) and (lc) in Fig.{5J0)
for o particular value of L and by (2a), (2b) and (2¢) for a
smaller velue of L, The constraint in eqn. (5.5c¢) is
well—satisficd for recasonable values of AN and L, and is not

shown in Fig. (5.10)

5.8:2. Results Obtained from the Prescnt Obscrvations

In Table (5.7) we summarisc the estimates of AN and
scale sizes, for both Gaussian and Kolmogorov spectra, derived
from our measurcments of decdrrélation frequency fvbfor 15
pulsars at 327 IMHz. The distances 2z were %aken from the
table of properties of pulsars compilecd by Taylor and
Manchestsr (1975). We have assumed a value of 0,03 en™ for
the mean elcctron density < Ne >. As pointed out earlier,one
is unable to set a limit on the value of the outer scnle 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 secale I as described below.
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_ withl> p, o A S L=10 "cm - Lo= 10 Sem :

R T e we RANSIRER S (AT S TN TR S T A SR AN o, - (o | 0N
1133416 g oo SR, N s 5 =3 0.19
1257425 2.k A0S %, 8% OO 0.9 1.9 0.13
3 1604--00 e Bt Y e 20 136 3.4 0.31
A 2045-15 DRG0y DA 0.9 2.0 0.15
5 1919421 0 A g POl . TEr 102 W3 283 0.03
6 0834406 P R i ot M sy 0.8 s 0.12
7 2016428 O S S VO &5 225 0.3
8 0301+19 5 /85 HtB i o T2 2.0 4.4 0.05
9 0823+26 9.1 x A0 17, v 20120 Wi 3.3 0.41
10 12020+28 8. 95 LR R . W2 0.4 0.8 0.10
11 0628-28 4od xR BT TOMC 0.3 Rl C.06
12 1642-03 R g s o 39.8 5,53
13 0450-18 B 5 3 RO BHy ke 0.6 1.3 0.21
14 0818-17% IR LSy S B DO 251 4.4 0.86

15 1749-28 IR O ol e 4.1 8.9 0,2

Notc: @) Values in Columns (2) 3ndv(3) arc the mean of the maximum and minimum
values permissible for the parcmeter
b) Valuecs in Columns (4), (5) and (6) zrc obtained by using <N > = 0.03 cm”
and the mean.valuc of AN 7 ;
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The importance of sturbulent istochmsitiie Eluekustlions 18
the galactic meghetic field for explaining ‘the obssrved life
times of cosmic rays in the Galaxy was pointed out hy Jokipii
and Parker (19692,b). Subsequently Jokipii and Lerche (1969)
applied this theory to explain the obscrved dependence on
galactic latitude of Faraday. robtetionmref Wstiagalactic radlo
sources and of pulsar dispersion mcasures. They found that a
correlation length L on the order of 250 pc (=8XlO2OCm) Por
the fluctuations in magnetic field and eleetron density, fits
the observed data reasonably well and also that the fluctua-
ticns could be as large as the mean value of the quantities.
Also investigntions on the cbserved fluctuatioﬁs in the polari-

ze fiiron 1of, Stamldght. (Jekipii etitale. E968) gaiclied 2 value @b
150 pc (=5X102Ocm) for the corrclation length of the inhomoge-~

neities responsible for thc polarization fluetuations, presum-
ably produced by alignment of dust grains by the galactic
nagnetic field, It may be noted, however, that the estimated
value, ~ 100 pc,, for the scole slze of “the TlLiichilh tiong (aEaNES
be treated as precise, owing to the large uncertainties in the
observational data on Faraday ‘rotation ‘and starlaght polariza=
tion. We have evaluatcd the range of permissible values of aN,
in the case of Kolmogorev spectrum fer fwo valtiee ‘ef the oculler

20

scale - L = ¥o e cul (5.2 7. o ahd = I NS o)

From Table (5.7) we see that the range of scalc sizes
cstimated for a Gaussian spectrum arc cn the order of lOll cm,
similar to the eatimates by Rickett (1970). The values G

ratio QN/Ne for the Gaussian spectrum are consistently smeller
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than thosc for the Kelamogorov svcctrun. This i3 because the
value of LN in the Gaussian speetrum corresponds to the density
fluctuations of only those inhomogeneities which areAimportant
in causing. scintillations, unlike the case with the Xolmogorov
spectrum. PSR 1642-03 gtands out:in Table (5.7), by its
large wvalue of AN, This is -easily explained along the lincs
adopted by Lee and Jokipii (1976) to explain similar observa-
tiong 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
icnized 'thin'i region with strong electron density fluctua-
tions.. :This inference is ecomfirmed bywithe obserwations' of
Prentice and ter Haar. (1969) that the line of sight to this

pulsar hits the H “II region of the O star =§Ophiuchi.

e %

Apart from %he specific case -of PSR 1642-03, the
general rcnge of valucs ofAH/<Q§>for the other pulsars is
itself interesting from the aspect of the structure of the

| general IS medium. For o Kolmogorov spectrum of irrogulari;
ties we find that the range of values of A/ <N.>is 2-3 for

P95 (32 @.e. ). EE G

outer scale sizes on the order of 10
were to use a vaiue of 150 p.c. for the outer scale size = g8
indicated by data on Faraday rotation of extragalactic radie
Psources ant starlight polarization - this ratio.will tend @
lbe larger than 3., Such a value, larger than unity, of the
raotio of tha rms to the mean of electron density fluctuations
impliecs a highly nonuniform distribution of electrons along

|
the line of sight to pulsars. The picture one gets of the
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H]o]

general: IS mediw is one with clunmpy aggregates of clectrons.

=

!

t may be noted that this descripticn of the IS medium agrees
well with the clumpyrdéistributionriof H II regions, deduced
from data on interstellar optiecal lines and other observations
(Kaplay tang! Piketner 11970 Spitzeridg78 ).~ It may be noted
here that a Goussion spectrum of irregularities does not lead
to such large values of AN<N> as is the case with Kolmogorov
turbulencc spectra, although the assumption of Gaussian spec-
frum ig- capable of explaining the other observed features of
ISS of pulsars such as CCF-and scintillation indices. This
s because of the fact that the Gaussian spectrum emphasises
those sealc sizes important to scintillation very much more
than fhe cthers, unlike the Kolmogorov spectrum which
ineorporates effects of 211 scale sizes over a very large

range.
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CHAPTER 6

SUMMARY ANT DISCUSSION

In this chapter we summarise the principal results
cbtained from our detailed studies of the interstellar scintil-
lations of 33 pulsars. These results pertaln to intrinsiec
intensity fluctuations of pulsars with time scales similar to
those due to 73S, comparison of observed values of ISS pars-~
meters with predictions of theory, and estimates of rms
electron density fluctuations and their scale sizesvigﬁthe IS
medium,

Measurements by earlier workers have shown that there
is considerable scatter in the dependence on Dﬁ of the ISS
parameters such as decorrelation freguency f, and scintilila-
tion bandwidth £, . Also the mean trends of DM vs f,or f et
been in agreement with theoretical predictions. The aim of
eRb, 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
observatibnal errors on the measured values of the ISS para-
meters. In derivation of these parameters, especlally £, ,
corrections have heen made for .the effects due to finiﬁe band -
widths of the receivers, using the theory of ISS by Lee and
Jokipii. It may be noted that the observed intensity fluctua;k

2501, 0hANE) = (O pulsafs are produced by both ISS and intrinsic
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causes. As intrinsic fluctuations are already known to0 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 severzl minutes also,. Such 'intrinsic intensity
variations with ISS-like time scales could interfare with the
accurate determination of ISS parameters and thus give rise to
scattér 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 rangehdf
the Ooty telescope, out of the 157 pulsars which were known at
that time (1976-78). The DM of the 33 pulsars are in thé

i 5 .

range 4.8 < DM < 231 pc.cm™~. Good power spectra of the inten-
sity fluotuatidns were obtaindd for 23 of the puisars° Useful
frequency eross correlation functions for zero temporél laés
(CCF) were obtained for 15 of them. The results are discussed
below.
a) Intrinsic Intensity Fluctuations with ISS-like Time
Scales RS
We have developed a method for detecting the presence
of intrinsic intensity variations with time scales similar to
thbse e o L[9S. It may be noted that ISS is correlated
over a harrow 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 wvariations, but their time scales cannot
be distinguished unless wé»determine CCF with different time
lags. Our method is %éﬁﬁd on determination of variance of
intensity fluctuations cof ISS-like time scales for two diffe-
rent receiver bandwidths° The viriznce-is-Touni: i om the
power‘épécfruﬁ:ovér I3S-1like fluctuation frequencies. The
variance ratio will be proportional to the sguare of the ratio
of thé?receiver bandwidths for the case of fluctuations with
wide correlation bandwidths. On the other hand the variance
ratio will be approximately proportienal only .fe. the rotio el

Y,

the receiver bandwidths if tho dccorrelation frequency' of  the

intensity fluctuations is narrower than- the smaller of the two
recoivorfbandwidthg. Thus, by dﬁtormining,the;ratiorofvvarian—
ces for the two receiver bandwidtus and comparing its value
wifh the theoretically expccted value based on measurcments

of ISS decorrelation frequency, we can recognizc the presence

of any intrinsic variations with ISS-like time scales(Sec.2.8.2))

Of the 23 pulsaxs Pfor which the pewer spectrs  of
intensity fluctuations were measured reliably, intrinsic
variations with ISS-like time scales and comparable strength

seem to be present for at least 8 and possibly for 4 more cases.
b) f,-TM Relationship

Decorrelation frequencies fv heve' béen’determined "fow
15 pulsars in the Bl -wange of abeut 5 to. 50 pc.cm_S, 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

Weccribed . .in Shapnter w3 Upper limits were obtained for 7
more pulsars in the DM range 50 to 158 pc.cm-B. We have

determined the rms errors for the. above values.

A welghted leas?t squares straight line fit to the plot
of the observed log fv againgt - 1log (T Tor tHe 25 pulsars
shows a slope of at least -2.8 in the DM range 5 to 158pc.om—3.
This is appreciably steeper than the predicted slope of -2
from theoretical models of irregularities in the IS medium, in

1

which it is assumed that < He2 P ] «'<'Ne > . By including

estimates of fv derived from measurements of pulse broadening -
for pulsars in the DM range 3.0 = 450 pec.em™ by other
workérs, it is clear that the slope of the f,~DM plot changes
Eontinuglly from gbout -2.5%t low DM to aboﬁt -4 at high DM,

Barlier workers could note thc steepening of theslope only LI

Glie ‘high DI range.

A steeper~than-minus-two slopne of fv-DM plot can be
exvlained bj'aSSuming that the ratio <« 6Nez >%/(L%<Ne>)
increases with DM, Sincé the high 5F pulsars are mostly
located dloser %0 the galaetic centre, this implies that
either électron density fluctuations increase or scale size
decreases or both vary with increasing distance from the solar

8ystem towards the centrzl regions of our Galaxy.

Our observations 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 )
3. 30 statistical, tncerdainties on: the estimadas Ol
f.. are gquite large unless stretches of tens of hours of data on
intensitE TluctugdBons a¥e: chmailicdy.-SeTeifiore’, b ds . 0L iRERINe
cult to distinguish betweesn Goussian and Kolmogorov spectra

of irregularities in the IS mecdium ueing our CCF measurements

~

obibioitRlEEl raht Bs olaibah BlchamllshE i e shie) L DR i

o9}

c) Nonuniform Digtribution of Electron Density in the

IS Medium

From the definite measurements of fv ROBRI SpRiicEN RS

we have estimated the values of the rms electron density

o}

N

fluctuations < 6Neg > 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 iﬁvéstigators, we
note that the typical value of the scale size of the irregu-
larities in the IS medium in our Galaxy is about k50 Ney- THEE
such values of L and mean electron density < Ne == 0, 05 cm"S,
using our measurements of fv for the 15 pulsars, we find that
< 6N62 >%/<F5> > 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 is in agreement with the results obtained from
optieal observations of interstellar lines.

In the specific case of PSR 1642-03 we infer from the
large valuc of <6Ne2>%/<Né> derived from ISS observations that
the line of sight to this pulsar passes through an ionized
'thin' région with strong electron density fluctuations. This
region is identified with the E II region of the Oy ;5 star !

Ophiuchi. -

The above results show the usefulness of the observa-
tions of interstellar seintillations' of pulsars in probing the
structure of the IS medium of our Galaxy. Particularly they
show that thé value of < 6Ne2 >%/< 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 I,

.-
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APPENDIX A

We describe below the method of theoretically estimat=.
ing the variances, scintillation indices and the COF of inten—
gities due to ISS. The formulae which are derived below
express the relevant IST parameters as functions of the
intensity response of the receiver channels and;ﬁD. They are
based on the theory of ISS developed by Lee and Jokipii and
‘incorpora?e the effects on ISS parameters due to the finite

bandwidthAef the receivers.

A.1. VARIANCES AND SCINTILLATION INDICES DUE TO ISS FOR
NARROW AND;BROAD BANDWIDTHS OF THE 12-CHANNEL DATA

ACssilieatl Case I - Narrow band dats

Let Gi(v) be the intensity response of the ith channel
of the 12 chanhnel receiver system. If A(v,t) is the electric
faelgds at the” radic. Trequehe vy Ty then'the'ihtensity regigtered

by.. the ith channel gt &ime ', #58 SaSFigi by

9i(t) = g(%fv)A(v,t)A*(v,t)dv (A.1la)
1

where A¥ indicates the complex conjugate of A,
The time-averaged mean intensity <gf> is given by
<d> = Y g (v) < aCe, )% (0, 1) > dv (4.1D)
3
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 3§ at any
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Fourier component v is.indcpendent of v s~df fluctuztions

. cnuscd by-ISS:are smoothed-out by ~vernging over time W

o,

- 4
< .A(v,t)A*(v,H» =8 4 (y' ,t)AK(\)' o e (g2}

Therefore, we have
<\Ji> == \}§ Gi(\))dv (A.B)

L]

The mean-subtracted variance ciz of intensity fluctua-

tions due to ISS for the ith channel is given by

Giz = <[{}i(t)_<ﬁi(t)>]2> = <9i2 (t)>—.<9j_(t})>2 (_‘;"“4)

We can express <9i2(t)> as

<912(t)> — § Gi(\’)A(‘V)_If(V;t)d"'§(}i(\f'),&(\)',‘t)Ax(v',t)d_”'v," =
~ SSGi(v)Gi(\)')<A(V’t)AX(VJt)A(V'st)Ax(v'yt)>d\3dv' (4.5)
il s
Now,
<a (v, A% (v, DA, 8)a% (0, 8)> = [ 5 (Iv-vl /2,)x¥ (4.6)

From eqn.(2.24) we have,

PQ,Z = 11‘-"—]‘_,1{ ; : (1@.7)
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Therefore, we get

Wl e : 2
<é§2<t)> =3 §%Gi(v)Gi(v')[l+lvaylt ] dvav! (4.8)
It may be remembered that ! e 1s a function of the freguency
=5
separation }v—v’i only and can be expressed as a function of

(\V—v')/fv) where f  is the decorrelation frequency.

i.e. [ =0 LGyt /e

Hence, we can express Giz as,

<¥f ==§2§§Gi(v)Gi(v')[l+‘ri,ﬂ2] dvd v

.2 ]
o §§Gi(v)Gi(vf)dvdv'

=2 ] o) ¥ 7 img
=9 §§Gi(v)Gi(v‘)tr1'l\ dvdv! (A.8)
Frem eqn. (2.18) f} =/2(" . But in the above formu-
Ll 7R p

lae F&,l can be replaced by [ '), as explained in Seetion(2.3.1),

because the refraction effect due to ré'is negligible for
observations lasting several hours only.

Therefore,we have
=2 ¢ 2
Gi2>= 3 §§Gi(y)Gi(u')‘r5\ (0l Vrel B ek (A.9)

The scintillation index m; for the ith channel is

given by



20K

2 i S
: = (0 <4 >
s al; / ik

SSG (v) Gy (v ]S“ lzdvdv'
e m, $v= ety s P (4.10)

: SQG (V)G (v')dvav!

A.l.2, Case II -~ Broad band data, obtained by combining the
intensities in all the 12 channels

The intensity QB(t) obtained by combining the intensi-

ties in all the 12 narrow band channels can be written as

St L izﬂ;

(1) (a.11)
i=l

The mean-subtracted variance qu of the intensity fluctua-
tions caused by ISS, for the broad band data, can be derived
Bytproceeding along lines gimilar 3g those iniSection (4.1.1)

and is given by,

2. 2
a#=3"Y Y Do e |Glaev] a2)
l_]
i=1 =1

Similarly, the seintillation index Ty for the broad band

data can be expressed by

L2 2
7Y tiie et {P  duavt ]
= k2l d=d 2 (A.13)

3 § % G (v)G (vt)dvdaw'
=it — il
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From eqns.(A.9) and (A.12) we can compute the value of the
parameter R, (Ysetion (2.8.2)) which is the ratie of WS
scintillation variance 1n the broad bandbto the swm of the

geintillotion variances in =21l the 12 channels i.e. R, is given FN

i e ¢ 1
2 & SG (V)G (v'>if‘f avav' J
g e
R e B = oo == (4.14)
T 2 Gi2 iJ [SSGi(v)Gi(v')‘TB) dvav' ]
e iy — i=1 1
A.2 THE CROSS CORRELATION r;j OF INTENSITY FLUCTUATIONS
DUE T0 ISS IN"THE iTH AND jTH CHANNELS
flj is defined by
® : |
<4 =<l 1L =<l (0B » o
r;j e e e (4.15a)
iy

<§i(t)3.(t)>—<§i(t)>(§;(t)>
T T e feaae : (4.15D)

g Al ; i :
Now, ﬂi(t) = gal v)A(v,t)A (v,t)dv

L
and Qj(t) = SGI (v! )ﬁ(v L8 aF (v, t)ay
: L

Therefore, we have

QSG (v )G (D)< (v, 8) 65 (v $)a (v, 1) 2% (vih> dvav!
RIS ’

<9i(t)9j(t) o

It

|
at

ézggei(v)Gj(v')[1+\f1\2] dvdv! (A.163)
1]
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Also, we have

e ; G
" <gi(t>>_<:%(t)> =9 }%Gi(v)Gj(v')dvdv' (A.16D)
Suerefore r;j san be written as
W e (ve (v"){\”}zd T d
V1 K g A g A
\ij = (A7)

[ggGi(V)Gi(V')‘Tb\QdVdV']%[SSGJ(V)Gj(v'))Fb\zdvdv‘]%
5 {3

It may be noted that the above fermulae take into
account the partial overlap of the intensity response of the
different receiver channels also. For exanmple, we can
compute values !flr;jOFF 7
OFFRPULSE intensities between the ith and the jth channels i.e.

which is the cross correlatien of

the correlation of receiver noise between the channels. Fcr
2
this purpose we use eqn.(A.17) withyfbl B 6Vv7 where 8, is

Kronecker's delta function, i.e.
7

e L

i

B O Vg

Values of rleFF 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

fen in Table (3.1).

| e
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APPENDIX B

ESTIMATION OF TH® CORRECTION FACTOR -a

As described in Chapter 3, each of the pair of ONPULSE
and OFFPULSEHdatarﬁéintSJobtainod from PULSCINT: ~céndénsati or
are the result of summation of consecutive k number of
samples over the pulsar pulée and i—consocutive samples over
thes off-pulse receiver ﬂoise, k ax@.»g are nat eqgel, “ifd
general, When k ¢‘Q comparison of - the Hluctuziion {oseis =
different frequencies of the ONPULSE and OFFPULSE power spcctra
is possible only if the OFFPULSE sbectral power (or variance)
ié Ml tiplitel by E factor 'a'. The correction factor 'a' is
At cEison ot Fifhe WR=E time constant: © of the receiver, the -
sampling intérval‘ t and the parameters k and.Q . We derive

below an expression for 'a' in terms of the above parameters.

Let n(t') be the receiver moige. output at_ the et
of time t' for t=0. In this casc the outputs at different

instants will be independent of one another, i.e.
< n(t') n(t'+8t) > =0 for L £ 0 (B.1)

If & 4is the wvariance of the fluctuatiens obtained’ frem a
sequence of data points, then s 1is independent of the value

of Q IfoRel ilan i=k (0F "1

If 1 # 0. then each of the samples would contain
contributions from the samples at earlier instants. For T > t

we can express the ith sample ni(t') at the instant U5 0y

STl A T = —




PAL

approximate relation

—t/r Wzl e—2t/1+.

1o (B.2)

1E5E f.numbor 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

/
¥

T
< 51 EA > (BL5)
al=

1 j=1

L
8) = i }:

ng
il =i
Substituting for ni and ns in terms of n, ,.n =y
.......... from egn. (B.2) and by using the relationship (B.l) we

can write,

ke S[Q+2(Q—l)e—t/1+2(g—2)e-2t/1+ ---------- +2e-(ﬁ_l)t/T] (B.4)

For k numbecr 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 o Sy is

given by

o

8o £33 Yl e A

+2..(k_2)e-2t/'t+ ............ +2€-(k—l)t/1] (B- 5)

Therefore we can write S=a 8 where a 1is given by

- k+2(K;l)e;t/ttgjk;Z)e-Zt/T+ ............ e (k 1)t/
[ e e P e SRS ~@1)t/x

|

el
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