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SUMMARY

Observations at Jodrell Bank of the intensity variations from ten pulsars are
described. T'wo regimes are established. A pulse-to-pulse fluctuation is imposed
at the source, simultaneously over a wide frequency range. Longer term varia-
tions show very fine frequency structure, the width of which varies between
sources approximately as the inverse square of the dispersion measure. This slow
fading is explained in terms of an interstellar scintillation model. Irregularities
in the interstellar electron density with deviations of about o'1 per cent of the
mean density and scale of about 101! cm are deduced.

I. INTRODUCTION

The discovery of pulsars by Dr A. Hewish and his colleagues (1) has provided
insight into some entirely new aspects of our Galaxy. The nature and origin of
pulsars, themselves, are only slowly becoming understood as more radio and optical
observations are made. The way, however, in which the emitted radio pulses are
modified during propagation is already well understood and has been used to
determine several properties of the interstellar medium.

The dependence of pulse arrival time on frequency has been shown to obey a
simple plasma dispersion law to a high degree of accuracy (2), (3), (4). The derived
quantity, the integrated electron density along the line of sight, has now been
measured accurately for most pulsars. This will be referred to as the dispersion
measure (in units cm~3 pc). The mean interstellar electron density can be directly
deduced, if the pulsar distance is known. For CP 0328 and NP o531 distances of
0-8 kpc and 2-0 kpc (5), (6), (%), (8) both correspond to about 0-03 electrons per cm3,
Observations of the angle of linear polarization at two or more frequencies have
been interpreted as due to Faraday rotation in the interstellar medium. By combin-
ing the deduced rotation measures and dispersion measures several observers (9)—
(x3) have estimated the longitudinal component of magnetic field in the pulsar lines
of sight.

This paper is chiefly concerned with the identification of a further propagation
phenomenon. The variations of pulsar intensities have been extensively studied at
Jodrell Bank and a component has been isolated, which is clearly caused by inter-
stellar scintillation. Sections 2—4 of this paper are concerned with the methods of
observation and analysis of the pulsar intensity variations; Sections 5—7 present the
results. In Sections 8-11 the theory of interstellar scintillation is summarized and
compared with the results of the long term pulsar fading. Sections 1213 review the
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deductions concerning the interstellar plasma irregularities and their effect on radio
astronomy observations. Finally Section 14 outlines some suggested experiments to
elucidate further the interstellar scintillation processes.

2. OBSERVATIONS OF PULSAR INTENSITY VARIATIONS

The variability of pulse intensities has been evident in all pulsar observations
since their discovery. The first Cambridge recordings (x) at 81-5 MHz revealed
erratic variations from CP 1919 over time scales of seconds to months. In early
observations at Jodrell Bank (2), CP 1919 was observed at 408 MHz to remain
comparatively steady over a few minutes, but to show a deep fading over 10-30 min.
In an attempt to throw some light on the origins of the fluctuations, extensive
observations have now been made using the 250-ft telescope at Jodrell Bank at
various frequencies from 151 MHz to 1420 MHz. The intensity variations over
time scales of seconds to hours have been studied for about ten pulsars. Some pre-
liminary reports of this work have already been published (26), (17), (x8).

Conventional radio receivers were used for the observations. A low-noise
amplifier (F.E.T. amplifier at 151 MHz and 240 MHz and parametric amplifiers at
higher frequencies) was followed by a mixer, I.F. stages (defining the band-pass)
and detector. The detected signals were amplified and displayed on a chart recorder
and also fed to an analogue-to-digital converter. The chart recorder had a time
response of about o-25 s, while the time constant, before sampling, was set at 10 ms
or 30 ms for these observations. A fast galvanometer with an ultra-violet recording
system was also used for a qualitative study of the pulse-to-pulse variations. Some
examples of such recordings at two or three frequencies simultaneously are shown in
Fig. 1.

For quantitative analysis of the variations, pulse intensities have been recorded
in two digital forms. The digitized receiver samples at 10 ms intervals were fed to an
on-line computer. These were reduced to give either an intensity for each period or
a pulse intensity averaged over one (or more) minutes. We will refer to these as single-
pulse data and mean-pulse data, respectively. The pulse intensity is here defined as
proportional to the mean level inside a window including the pulse, after subtract-
ing the mean receiver level outside this window. It should be stressed that in both
types of data the varying structure within the pulse has been removed by smoothing
over the window, which was typically 60 ms long. The repetition period and position
of the window were selected manually for each observation. Checks were available
on-line to ensure correct phasing of the window within the period.

3. METHODS OF ANALYSIS

Intensities were recorded in the two formats from about ten pulsars at one or
more frequencies. For each pulsar-frequency combination, fluctuations were
observed on one or more time scales (e.g. pulse-to-pulse and minute-to-minute). In
each case the analysis has been directed at establishing quantitative estimates of the
time scale and decorrelation frequency width for the differing time scales. Only a
part of this comprehensive aim has been achieved, but it is hoped that the results are
fairly representative.

The methods of analysis for the two formats have been governed by the quality
and duration of the data. Typical pulse energies of 1027 joules metre—2 Hz~1 were
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F1G. 1. Pulse recordings at two or three frequencies with 30 ms time constants from (a)
CP 0328 in 4 MHz bandwidth, (b) CP ogs0 in 15 MHz bandwidth and (c) CP 1133 in
1'5 MHz bandwidth. Time increases to the right; the relative dispersion delays are shown by
the arrows.

observed from many of the pulsars, giving an intensity signal roughly equal to r.m.s.
noise in a single 60 ms window. Thus for the single-pulse data, satisfactory signal-to-
noise ratios were only obtained during the ten-fold increases in signal typical of the
slow fading of intensities. In practice, good single-pulse data were obtained for four
pulsars. These observations consisted of sequences of several thousand pulses, in
some cases at two frequencies simultaneously.
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The time scale of the pulse-to-pulse fluctuations has been investigated by form-
ing the auto-correlation function (a.c.f.) out to lags of 64 periods. Slower variations
were studied by first smoothing the data into blocks of 5-10 pulses and then forming
the a.c.f. Comparison between the frequencies has been made by forming the cross
correlation function of the two pulse sequences. An example of the analysis of these
observations is shown in Fig. 2. Here, the a.c.f.s and c.c.f. of pulse sequences re-
corded at 151 MHz and 408 MHz from CP 0328 are shown. Histograms of intensity
distributions have also been prepared, an example of which is shown in Fig. 3.

0
CP 0328
Auto -correlation
o5 H
A V/\ nals IW
AVl 50
-0
r Deloy (periods)
CP 0328
Cross-correlation
(151,408 MHz) 05

-50 0 50
Delay (periods)
F1G. 2. Auto and cross-correlation functions of a sequence of 3500 pulses from CP 0328 at

408 MHz and 151 MHz in 1-5 MHz bandwidths. The dispersion delay of about six periods
can be seen.

For the slower fading, recorded in the mean-pulse format, one minute mean
intensities were obtained for runs of one to eight hours from ten pulsars. The noise
in these data was down by typically ten times compared with the single-pulse data
and satisfactory signal-to-noise ratios were obtained from nearly all the observations.
The dominant time scales were in the region 10-100 minutes, giving only a few bursts
in the duration of each run. For this reason the auto-correlation analysis was
inappropriate and the mean time £, between maxima in the fading curves has been
chosen as a measure of time scale. This quantity is tabulated in Table I for the
pulsar frequency combinations observed. The errors (column 3) come from the
difficulty in estimating maxima in the presence of noise, and additional errors
(column 5) come from the small number of maxima in each observation.

It soon became apparent from mean-pulse recordings made simultaneously at
widely-spaced frequencies that the long term fading was completely decorrelated
between 151 MHz, 240 MHz, 408 MHz and 922 MHz (see for example Fig. 5 of
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FiG. 3. Histogram of intensities of a sequence of 3500 pulses from CP 0328 at 408 MHz in
1'5 MHz bandwidth. The intensity scale is linear in units of the mean intensity; the number
scale is (@) linear and (b) logarithmic showing an exponential distribution of the same mean.

reference (16)). A series of observations was thus directed at establishing the fre-
quency width of the long term fading patterns.

Scott & Collins (19) were the first to demonstrate the existence of pulsar fine
frequency structure in their studies of CP og50 at 815 MHz. For CP 0328 the
detailed pulse spectrum at 408 MHz has been studied using the digital spectrometer
recently built at Jodrell Bank (20). The spectrometer was gated in synchronization
with the pulses and spectra were obtained averaged over about seventy pulses.
Fig. 4 shows such spectra plotted successively with a resolution of about 60 KHz.
The narrow spectral features fade randomly over about four minutes; this is identi-
fiable with a similar time scale observed in the mean-pulse intensity recordings. The
fading and the frequency structure are thus clearly part of the same phenomenon.

4. THE BANDWIDTH EXPERIMENT

Investigation with the spectrometer was not possible for the weaker pulsars and
a simpler experiment was devised to investigate the frequency structure of as many
pulsars as possible. This experiment will be described in some detail as the results
are used extensively in later sections.
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TaBLE I
Time scale of mean pulse data
% Error
Frequency tx No. of 100 Averaging
Source (MHz) (min) peaks (N) (N—1)"V/2 time (min)
CP 0328 151 3+ 1 20 23 I
408 14+ 3 20 23 I
610 18+ 6 10 31 1
1420 40+ 8 8o 11 2
CP 0808 151 76+ 15 [ 50 I
408 170+ 40 3 70 1
CP 0834 151 12+ 3 28 19 4
151 4+ 2 15 27 1
408 15+ o9 30 18 1
922 21+ 7 16 26 4
CP ogs0 151 78+ 50 5 50 4
o8 200 + o 2 100
4 —100 4
CP 1133 151 1t 7 20 23 1, 4
408 20+ 10 15 27 1,4
922 37% 20 9 35
HP 1508 151 5+ 2 20 23
408 7+ 3 23 21
PSR 1749 408 11+ 5 8 38 1
610 15+ 3 5 50 1
CP 1919 151 5+ 2 40 16 I,2
240 7t 3 25 21 2
408 28+ 8 15 27 2
AP 2015 151 25+ 15 4 58
408 8o+ 350 2 100 I
PSR 2045 408 St I: 11 31 I

Simultaneous observations were made in three bandwidths, typically o-35 MHz,
1-5 MHz and 4-0 MHz, centred on the same radio frequency. The pulse intensities
were plotted versus time as in Fig. 5. Here the fluctuations are more deeply modu-
lated in the narrow than in the wide bandwidths. This can be understood by
imagining the spectra of Fig. 4 smoothed with differing bandwidths. The fluctua-
tion index, defined as the r.m.s. deviation normalized by the mean pulse intensity,
was determined from the time sequences in each bandwidth. A simple measure of
the width of the frequency structure has been defined as that receiver bandwidth
which would halve the fluctuation index over that observed in an infinitesimal band-
width. This is called the half-visibility bandwidth, Bp,.

The bandwidth experiment has been performed on nineteen pulsar-frequency
combinations and the fluctuation index plotted logarithmically against receiver
bandwidth. Fourteen of these plots are displayed in Fig. 6. The index Fj has been
corrected for noise, by subtracting the contribution of the noise power to the total
fluctuation power, before taking the square root and normalizing. The error bars on
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F1c. 4. Spectra from CP 0328 at 408 MHz integrated over about 770 pulses, plotted at

successive 50 second intervals. The frequency resolution is about 60 KHz and the spectra
include the receiver bandpass, which gives a gradual cut-off at the edges of the diagram.

Fp are due to the uncertainties in the noise correction, and, more important, due to
the small number of fading times in the duration of each observation.

The chief difficulty in deducing a value for By, is that the zero bandwidth index
Fy is not known a priori. A simple theoretical model has therefore been fitted to
these plots. The model assumes that the fluctuations are statistically stationary and
independent with respect to frequency and time. A rectangular bandpass B in width
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FiG. 5. The bandwidth experiment on CP 0328 at 408 MHz. Simultaneous recordings of the
pulse intensity averaged over 1 minute in the bandwidths indicated.

is assumed; the normalized a.c.f. for the intensity fluctuations in the frequency
domain is assumed to be of the form exp (—n2/no?) between frequencies separated
by n. It follows that the fluctuation visibility (V' = Fp/Fo) is given by:

V(y) = {m'2y~t erf (y) -y (1 —exp (-3} (1)

where ¥ = B[no. The model, therefore, gives a single logarithmic curve, equation
(1) for Fyp against B. Different values of 7o and Fy are obtained by shifting the curve
horizontally or vertically. The procedure used was to fit a traced version of the curve
by eye to the points, taking due account of the error bars. The position of the curve,
however, was by no means unique. In the two extreme cases small and large y, a
straight line results of slope 0 and — o5, respectively. If the points fitted either of
these situations only lower or upper limits, respectively, could be deduced for 7o
(and hence for By, = 6°1 n9).

In arriving at the adopted values of B, given in Table IT a further restriction has
been introduced. For the case where the observed points fit a slope of —o-5, cor-
responding to bandwidths apparently containing several spectral features, the curve
could be moved indefinitely towards smaller values of By and larger values of Fy.
The value of By, corresponding to Fo = 1 has then been chosen, with a lower error
limit corresponding to Fo = 4. The errors given for By are large and somewhat
subjective, but it is thought that they do represent the relative confidence to be
placed in the results. Table II lists all the results for which a value or limit on By,
could be estimated. Null results were obtained from many 151 MHz observations
(e.g. Fig. 6(n)).

Further enquiry has been made into the applicability of the model by analysing
the spectra of Fig. 4 in more detail. The two-dimensional a.c.f. with respect to
frequency and time has been computed and is shown as a contour diagram in Fig. 7.
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F1c. 6. Logarithmic plots of fluctuation index versus receiver bandwidth for the pulsar-
frequency combinations indicated. The fitted position for the model curve is shown. Different
symbols signify observations on separate occasions.
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TaBLE 11
Half visibility bandwidths
Frequency
Source (MHz) Bn (MHz) +dB Fo Fig. 6
CP 0328 408 o8 f g 1'0 (a)
CP 0328 610 4 + 4 085 (k)
CP 0808 151 1°2 + 3 1°0 )]
CP 0808 408 =30 11 (b)
CP 0834 408 5°§ + 3 10 (c)
CP o950 408 z 20 044 (d)
CP 1133 408 Z 10 14 (e)
HP 1508 408 15 + 4 o3 ()
PSR 1749 408 o-15 -_I- 12 1°0 (2)
PSR 1749 610 1'5 —_t g 055§ (m)
CP 1919 408 3 + 4 10 (h)
AP 2015 408 o7 + 6 I-0 @)
PSR 2045 408 >18 10 )

The a.c.f.s. given by cuts along the frequency and time axes are also shown. In the
frequency domain the a.c.f. is nearer to exponential than the gaussian (assumed in
the model), but this will not significantly affect the values of Bj compared with the
uncertainties. The value of By, computed from the CP 0328 spectra agrees well with
that determined from the bandwidth experiment.

|

1 1 I 0 ! I

Frequency

: o
_// \ - ~ L
\\\ _ ‘ O *:
- /—O'! ~ - 400
/ \
L I I { 1 | 1 1

Fic. 7. Contour diagram of the two dimensional auto-correlation function (in time and
Jrequency) of the data of Fig. 4. Sections along the time and frequency axes are shown.

5. THE OBSERVED CHARACTERISTICS OF PULSAR INTENSITY VARIATIONS

A summary of the results is now given by, first, considering the fluctuations from
CP 0328 over several time scales and at various frequencies and, second, by making
comparisons between the pulsars.

The auto-correlation analysis of Fig. 2 has revealed the presence of a deeply
modulated pulse-to-pulse variation from CP 0328. This is highly correlated
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(260 per cent) between 151 MHz and 408 MHz. The position of the peak in the
c.c.f. at six periods delay corresponds to the dispersion between the two frequencies,
We conclude that bursts of 2—3 pulses occur simultaneously at both frequencies.
and that this variation is imposed before the pulses travel through the dispersing
medium. The negative-going portions of the correlation functions seem to imply that
the bursts are followed by relatively inactive periods, with the source only recover-
ing after about ten periods. Dr R. R. Clark (private communication) has observed
drifting of the features within the pulse during these bursts. One explanation is that
each burst is from a single emitting region (e.g. group of electrons), which may be
moving with respect to the star, but which only survives for a few periods of
revolution.

In Fig. 1(a) the broad-band nature of the pulse-to-pulse variations is also
evident, showing that the ratio of pulse intensities (after removing the dispersion
delay) between 151 MHz and 408 MHz remains constant for tens of seconds.
However after a few minutes the ratio may have changed substantially; this slow
fading constitutes the second regime of the fluctuations. In contrast to the short
term variations the long term fading shows very narrow frequency structure
(Fig. 4). The intensity varies randomly in frequency and time with 1/e decorrelation
widths of about 125 KHz and 3-8 minutes, at 408 MHz. Similar data taken at
610 MHz, using six analogue filters covering a total of 2 MHz, gave widths of about
400 KHz and 6 minutes.

We now consider the results from the other pulsars. The long term fading
component shows itself in the recordings made in the bandwidth experiment and
will be discussed in Section 7. Short term fluctuations, very similar to those observed
for CP 0328, have been identified for CP o950, CP 1133 and PSR 1749-28. For
some sources (i.e. CP 1919, CP 0834 and CP 0808) there is much less pulse-to-pulse
variation at 408 MHz. For HP 1506, AP 2015 and PSR 2045-16 the data were of
inadequate signal-to-noise ratio. The results for CP 1919 are described in the next
section. Broad-band short term fluctuations have been reported from NP o525 and

NP o531 (21), (22).

6. INTENSITY VARIATIONS FROM CP 1919

As the variations in pulse intensity from CP 1919 cannot immediately be classi-
fied into the two regimes mentioned above, some further discussion of its behaviour
is necessary. This pulsar is especially interesting as it has been studied extensively by
many observers.

At 80200 MHz it is characterized by bursts of activity lasting about one minute
at intervals of several minutes (1), (3), (23), (24). At the lower frequencies there is
some evidence of pulse-to-pulse variations within the one minute outbursts, though
there may be a contribution to this from interplanetary scintillation. At 408 MHz
and above the variations are much slower (2), (25) showing time scales of 10-30
minutes but less pulse-to-pulse variation. Fine frequency structure has been
observed in the spectrum at 150 MHz (24) and at 430 MHz (25). Spaced receiver
observations (26), (27) have shown that the fluctuations, of duration one minute or
faster at 8o MHz and 110 MHz, are not caused by interstellar scintillation.

The present observations have included many recordings from CP 1919. Three
components appear to be present in the variations. The fastest of these shows a
repetition time of 4—5 pulse periods. This was first noted by Conklin et al. (27) and
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explained by Drake & Craft (28) as being caused by the pulse drifting phenomenon
(known as the second periodicity). The a.c.f.s. at 148 MHz and 151 MHz (Fig. 8)
show the effect as small subsidiary peaks. The spikes at zero lag may be due to noise
or to a genuine weakly modulated pulse-to-pulse variation.

The second component is characterized by one minute bursts evident at 148, 151,
240 and 408 MHz; these occur as features in the a.c.f.s (Fig. 8) with half-power half
widths of about twenty periods, though the depth of modulation is clearly reduced
at 408 MHz. The c.c.f.s (Fig. 8) show that these same features are strongly cor-
related between 148 and 151 MHz and somewhat more weakly correlated between
240 MHz and 408 MHz. The one minute bursts are revealed more clearly by
smoothing the pulses into groups of five or ten before computing the a.c.f.s and
c.c.f.s. Examples of this are also shown in Fig. 8; these show a tendency for the
bursts to repeat at intervals of about 120 pulses. A period of 120 pulses corresponds
to 6-3 x 1073 Hz; the power spectrum of Lovelace & Craft (25) at 112 MHz shows a
significant peak at 6 x 1073 Hz, supporting the identification of a quasi-periodic
variation.

The third component of the variations from CP 1919 is identifiable with the long
term fading of other sources. At 408 MHz it is the dominant component and is
responsible for the fading over times of 10-30 minutes, and associated frequency
structure of a few MHz in width. At 151 MHz the fading time is faster and frequency
width narrower. Komesaroff et al. (24) observed decorrelation over o-5 MHz over a
few minutes at this frequency. The present observations at 148 and 151 MHz showed
a ratio of pulse intensities, which was constant over 1—2 minutes but changed over
5—I10 minutes.

The interpretation of these results for CP 1919 is that the first rapid component is
intrinsic to the source and is associated with the ‘ second periodicity ’. The third
fading component is identified with the long term regime of other pulsars. The
second component has no direct counterpart, but is a broad-band variation like the
short term regime of other pulsars. It is slower (minutes compared to seconds) and
the depth of modulation decreases with increasing frequency. It seems possible that
this component is due to a scintillation caused in a ‘ screen’ close to the source,
which becomes ‘ phase thick’ at about 200 MHz. However, the quasi-periodic
nature of the variations is not readily explained on this hypothesis. Bearing these
considerations in mind it seems best at this stage to classify the second component
under the short term regime.

Other sources, possibly showing a similar shallow variation at 408 MHz over a
time scale of minutes, are CP 0834 and CP 0808.

7. THE LONG TERM FADING

The fading component of pulse intensities is characterized by variations over a
time scale of minutes to hours, with which is associated narrow frequency structure
from 100 KHz to 10 MHz in width. We first summarize the results for ten pulsars
at 408 MHz, and then compare the behaviour at different frequencies for a few
pulsars. The results in question are depth of fluctuation, time scale and frequency
width.

The chief source of data is the bandwidth experiment, in which the fluctuation
index Fy for zero bandwidth was determined only very approximately. The conclu-
sion is that indices Fo normally lie in the range o5 to 1-3; values larger than one
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F1G. 9. Logarithmic plot of mean time (tz) between fading maxima at 408 MHz against
dispersion measure for ten pulsars.

have been observed but are not reliably established. The time scale, characterized by
tz, ranges from 7 minutes to 200 minutes among the ten sources at 408 MHz
(Table I). No correlation has been found between £, and pulsar period or duration.
However, Fig. 9, showing a plot of ¢, against dispersion measure, reveals a tendency
for the lower dispersion pulsars to show slower variations.

The frequency width, characterized by By, similarly shows no correlation with
intrinsic source parameters such as period or pulse length. Fig. 10, however, shows a
correlation with dispersion measure; the higher dispersion pulsars show narrower
frequency structure. The relationship is strong with a slope certainly steeper than
—1; a line of slope —2 is drawn and is discussed in later sections. The points are
well scattered even compared to the large errors; for example the four sources in the
range 11-4-14'3 cm~3 pc show values of By, differing by factors up to 26. Neverthe-
less, the conclusion from Fig. 10 is quite clear, that those electrons which are
responsible for the dispersion are also responsible (perhaps indirectly) for the
frequency structure.

The dependence of fading parameters on frequency has only been investigated for
a few pulsars. No evidence has been found for a dependence of fluctuation index on
frequency up to 92z MHz. The time scale £, is longer at higher frequencies. Fig. 11
shows this for CP 1133 and CP 0328. If #;ocf™, then # lies in the range 0:3<n<1°5
for all the observations. For frequencies above 408 MHz n~o-'5 appears to be
typical.
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F16. 10. Logarithmic plot of half-visibility bandwidth (Br) at 408 MHz against dispersion
measure for eleven pulsars. A line of slope — 2 is drawn.

The variation of By, with frequency has proved harder to determine. It is clear
that narrower structure is obtained at lower frequencies. If Byocf™, then the values
from Table Il yield m ~ 4, m 23-2 and m ~ 5 for CP 0328, CP 0808 and PSR 1749-28,
respectively. The most precise result comes from the 1/e decorrelation widths of
CP 0328 at 408 MHz and 610 MHz yielding #m ~ 3-0. The results of other observers
(19), (24), (25), (29) when combined with the present results give m in the range 2—3.
Taylor and Huguenin (private communication) have recently measured a decor-
relation frequency width at several frequencies from 100 MHz to 400 MHz. They
find that for eight pulsars m lies in the range 26 to 3-5 and they confirm the relation-
ship with dispersion measure.

8. INTERSTELLAR SCINTILLATION AND PULSAR FADING

In the previous section evidence was given that the long term fading is definitely
associated with the dispersing electrons. It now seems likely that most of the disper-

6
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F1c. 11. Logarithmic plot of time scale (tz) against frequency for CP 1133 and CP 0328.
Lines of slope —1 are drawn.

sion is caused by a general interstellar electron distribution. The dispersion measures
show a correlation with galactic latitude. In addition, uncomfortably low mean
electron densities would be implied, if most of the dispersion was occurring in a
dense electron cloud close to the source. We, therefore, assume that most pulsars lie
within the galactic disc and that dispersion measures are (at least on average) a useful
measure of distance. In estimating distances we will assume a uniform slab of
0-03 cm~3 electron density. Fig. 10is thus taken as direct evidence that the frequency
structure and fading is imposed on the pulses during their propagation through the
interstellar medium.

A simple model of interstellar plasma irregularities is proposed. The irregu-
larities in electron density are characterized by an r.m.s. deviation A cm=3 and a
spatial a.c.f., which will be assumed to be a spherical gaussian of 1/e radius ¢ cm.
The irregularities are assumed distributed uniformly (filling randomly a fraction «
of the volume) in a galactic disc + 200 pc in thickness.

The theory of scintillation in an extended medium is summarized in the next
section and compared with the results in the following section.
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9. THEORY OF SCINTILLATION IN AN EXTENDED MEDIUM

Some results of the theory of scattering in an extended medium are presented,
derived chiefly from the work of Uscinski (30), (31).

A plane wave is assumed to be incident normally on a uniform scattering medium
filling the half space 2> 0. At a distance z into the medium, the wave may have
suffered multiple scattering and the intensity remaining in the unscattered wave is
reduced by a factor exp (— f2) on the incident wave. Here 8 is the coefficient of total
scattering (30) and is given, for the scattering medium outlined in Section 8, by:

B = wl/262A%ro)2 cm1 (2)

where Acm is the wavelength and b = 2-82x 10713 cm is the classical electron
radius. In this and subsequent formulae a value of « = 1 is assumed; other values
are given by replacing A by «!/2A. It should be noted that the quantity (8z)'/2 bears
a very close relationship to the r.m.s. phase deviation of the equivalent phase screen
used by several authors (14), (15), (25).

A necessary consequence of traversing a distance 2 through the medium is that
the plane wave is scattered into an angular spectrum with 1 /e radius 5. In the extreme
cases of weak and strong scattering approximate expressions exist:

s = 0y = )\/777'0 for /32’<I
8, = 0o(B2)12  for B> 1.

In order to explain pulsar fading we require strong intensity fluctuations, the
growth of which are controlled by two conditions. First we require strong scattering
(Bz>2), and, second, we require that mutual interference between components of
the scattered angular power spectrum must have occurred. Providing that the first
condition holds, Uscinski (31) shows, in a note added in proof, that 422> 6 is a
sufficient condition for this to occur (where 4 = (Bz0)~! and 20 = #7¢2/2], the
Fresnel distance for the irregularities). If this inequality does not hold his analysis
breaks down. Nevertheless intensity fluctuations may still develop for large =.

Consider the medium in two parts o to 21 and 2 to 2. If large phase fluctuations
have occurred at 21 (821> 2) then, by analogy with a strong phase screen, intensity
fluctuations will certainly have developed by a further distance 2max~ 20 (B21)~0-6
(equation (27) of reference (32)). This would be true even if there was no scattering
medium beyond z1; the continued multiple scattering can only help to accelerate
the production of intensity fluctuations. Following this argument further, it may be
shown that the distance 21+ 2max has a minimum value of 1-3 294937, Therefore
we can safely say that strong intensity fluctuations will have developed at total
distances = exceeding this value. Thus the two conditions for strong intensity
fluctuations may be stated:

(3)

Pr>2 4)
2> 13204037, (5)

An independent approach comes from a ray path argument adopted by Scheuer (14),
that rays passing through neighbouring irregularities in the equivalent screen cannot
interfere unless 20s/2>r¢. It is interesting that this reduces to a condition very
similar to (5).

If both inequalities (4) and (5) are obeyed, strong intensity fluctuations will be
present and the lateral scale rj of the pattern is given by the 1/e point of the spatial
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a.c.f. (31). The two limiting cases are:
7p~ 081 for Bz<1

rp~ro(2P2)712 for PBz>1.

(6)

For the intensity fluctuations to be visible in practice two further conditions
must be obeyed. First the angular extent of the source must be small, for which an
approximate condition is 2 <1775 (4 is the half-power diameter of the source).
The second condition is that the intensity pattern is not decorrelated across the
receiver bandwidth. An approximate condition for this has been preliminarily
obtained by Uscinski (41):

27BB220¢%[c < 10. (7)

An approximate but independent derivation of this condition is given in the
Appendix.

The time scale of the scintillations is related to the lateral scale 75, via a velocity.
For a rigid medium moving at a transverse velocity v the time scale is simply 7p/v.
However, in a more realistic situation there will be random and systematic motions
in the medium, which will imply that a single velocity is inadequate to relate the
temporal and spatial variations.

I0. COMPARISON OF RESULTS WITH THEORETICAL MODEL

'The observations of conventional radio sources as well as those of pulsar intensity
variations must be compatible with the proposed model of interstellar scintillation.
An approach similar to that of Scheuer (x4) will be used to investigate what con-
straints the observations impose on the parameters A and rg, which describe the
irregularities. The differences from Scheuer’s analysis come in the somewhat more
rigorous theory and in the new observations. The various constraints are as follows:

(i) Conventional small diameter sources do not vary on time scales of hours (or
even days). It is proposed that this is due to angular diameter blurring of the scintil-
lation pattern. The severest constraint comes from the observed steadiness of very
small diameter sources at very high frequencies where the lack of scintillation cannot
be due to bandwidth smoothing. The quasar 3C 454+3 has been observed to have over
8o per cent of its flux at 6-cm wavelength from a diameter less than 6 x 10~4 sec arc
(33). Using equation (6) and a distance of 300 pc through the medium, the condition
for angular diameter blurring leads to:

Arg71/2> 65 x 10712 cm—35, (8)

(ii) If inequality (77) does not hold in an angular diameter measurement of a
radio source, amplitude scintillation will not be observed but the apparent diameter
will be increased to a lower limit of 65 given by equation (3). Observations of very
small diameters at very low frequencies, therefore, allow us to put an upper limit on
0. The strictest limit (Scheuer (14)) comes from the observation of a component of
the Crab nebula with a diameter <o-3 sec arc at 38 MHz (34). Assuming a distance
of 2 kpc (8), this leads to:

Arg™12< 2-7 x 10710 cm 35, (9)

(iii) The pulsars show strong intensity fluctuations; the two inequalities (4) and
(5) must therefore be obeyed. The strictest limits come from the observations of
nearby pulsars at the higher frequencies. Deep fading has been observed at 922 MHz
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from CP 1133, for which a distance of 150 pc is estimated (Section 8). Conditions
(4) and (5) lead to:
Arol/2 254 cn25 (10)

Argl-16 22:2 x 10718 cm—4-16, (11)

(iv) We now compare the results for the pulsar frequency structure with the
theory. If inequality (7) is replaced by an equality it gives a theoretical expression
for By, the quantity measured in the bandwidth experiment. This can be re-
expressed using equations (2) and (3) as:

8-9c

Br= joyociprina

Hz. (12)
The importance of this relation is the variation of Bpocz—2A~4. As discussed in
Section 8, the dispersion measure of each pulsar is on average proportional to its
distance through the scattering medium. Hence a slope of — 2 is predicted in Fig. 10.
The observed points are in reasonable agreement with such a line and thus the model
satisfactorily explains the results. The observed dependence of By on frequency is
closer to the third power than the fourth as predicted. However, the steepness of the
observed dependence on frequency will be accepted, at this stage, as evidence that
the scintillation model is correct in principle. In order to put the frequency structure
measurements quantitatively into the model, the results of Fig. 10 will be repre-
sented by a single pulsar. We take the following values for CP 0328:

z = 08 kpc
Bj = 008§ MHz at A = 735 cm.
Substituting into equation (12) this leads to:
Arg71/2~1'5%x 10710 ¢ ~3-5 (13)

(v) Finally we compare the time scale data with the model. An effective scale
size for the intensity pattern is obtained by combining equations (6), (2) and (12):

7p=~ 5-8 X 107(By, MHz)1/2(z kpc)l/2A cm.

If this is now combined with the time scale #; we can define an effective velocity
Vett = 2-67p/tz, leading to:

verr~ 24(2 kpc)1/2(By MHz)1/2)(t; min)~1 km s~1.

Vet has been evaluated from the observed By and ¢, for each pulsar at 408 MHz.
The values lie in the range 12 to 250 km s™1 (except for PSR 2045-16, giving
> 580 km s71). Velocities of about 50 km s™1 are expected from the Earth’s motion
and differential galactic rotation and are of similar magnitude to ves; except in a few
cases. The results of Section 7 show that the time scale is approximately proportional
to frequency as predicted by the theory.

1I. DISCUSSION OF THE MODEL

Fig. 12 is a logarithmic plot of the A, g plane, as first plotted by Scheuer (14).
The constraints obtained in the previous section are plotted as lines. We are trying
to locate a single point, representing the interstellar irregularities. Such a point must
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loglio % (cm)

F1G. 12. Parameters of the interstellar plasma irregularities A, ro on logarithmic scales. The
various limiting lines discussed in the text are shown with their equation numbers indicated.
The area outlined by a dashed line is that considered by Salpeter (15).

lie beyond each solid line in the direction of the arrows and close to the dashed line
representing the result of the bandwidth experiment (equation (13)). Itis seen that
there is a small allowed region approximately centred on:

A = 47%x105cm™3

(14)

The ranges allowed are factors of about 2 and 4 in either direction on A and 7
respectively.

The fact that a single point can be reconciled with all the observations is regarded
as a success for the model. However, this does not prove that the irregularities are
well-defined regions of a unique scale 79 and density deviation A, nor does it prove
that they are uniformly distributed in the galactic disc. Nevertheless we pursue the
specific model further (as it is compatible with the observations) and re-examine the
applicability of the theory and the predictions from it.

Using the values of equation (14), we obtain at a frequency f MHz:

B = 052 (408/f) pc~1
A = o027 (f/408)
o = 71 (f/408) pc. (15)

The analysis of Uscinski (30), (31) is strictly applicable only if 428z >6, which
becomes, independently of frequency:

2> 62 kpc. (16)

7o = 10!l cm.

The pulsars observed are thought to lie within about 2 kpc and thus inequality (16)
does not hold. The medium is therefore behaving like an extended phase screen and
the scattered waves will not be randomly phased (35). This might produce fluctua-
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tion indices exceeding one and intensity distributions differing from the limiting
exponential form. It may be significant that the low dispersion pulsars have given
fluctuation indices exceeding unity at 408 MHz (e.g. CP 1133). Another consequence
of (16) is that the derivation of equation (12) for By may no longer be valid. We
suggest that this might account for the observed dependence of By, on frequency as
the third power instead of the predicted fourth.

A further approximation in the analysis is that the pulsars have been represented
by sources of plane waves incident on the scattering medium. In practice they are
probably extended objects embedded in the medium. No proper analysis exists for
this situation, but the theory will probably be satisfactory providing that the
transverse linear dimension of the emitting region is smaller than the scale of the
pattern 7. This requires emitting regions smaller than about 104 km.

The values of vesr derived from the time scale observations show no detailed
correlation with transverse velocities computed from the Earth’s motion and dif-
ferential galactic rotation for each measurement. We conclude that shearing or
random motions with velocities up to 100 km s1 are typical for the irregularities.

Scheuer (14), in considering the role of interstellar scintillation in explaining the
pulsar intensity variations, found some difficulties with the observations then avail-
able. These problems have largely been overcome by a better understanding of the
frequency structure, and by the separation of the slower variations from CP 1919
into two regimes. The relatively wide band one minute bursts from this source are
distinct from the interstellar scintillations, but could still be caused by a diffraction
‘screen ’ close to the source (as suggested by Scheuer).

Salpeter (15) tackled the problem differently and proposed a range of values of
A and 7r¢. He postulated a range 7o from 10!l cm to 1014 cm, each with its own
(functionally related) A. His model would be a line with a slope y lying in the dashed
area on Fig. 12 rather than a point. The conditions for scintillation are picked out by
the application of the focusing condition from the equivalent phase screen at the
frequency of observation. Salpeter’s approximate analysis predicts the dependence
of frequency structure width and time scale on frequency and distance. Using his
expressions the present observations imply that his exponent y <o, which is just
compatible with his postulated o <y < o-5. He also suggests that the frequency a.c.f.
of the fluctuations might show two widths; the result, however, for CP 0328 at
408 MHz (Fig. 7) shows a smooth curve over the range 60 KHz to 2:5 MHz. It is
felt that a more exact theory is necessary for detailed comparison with the observa-
tions. Analysis is needed, as discussed in Section 14, of ‘ focusing ’ conditions in
extended media, allowing also non-gaussian spatial power spectra for the density
deviations.

I2. IRREGULARITIES IN THE INTERSTELLAR PLASMA

The proposed scale of the irregularities is very small (16 R) on a galactic scale.
The possibility that these are actual stellar coronae has been examined, but number
densities for stars are too small. The condition for an effective scattering medium is
that there must be a very large number of irregularities in a column of length say
100 pc with the diameter of a Fresnel zone at 408 MHz; this leads to a minimum
number density for the irregularities of 2 x 1012 pc~3. In the expressions given up to
this point the irregularities are assumed to fill the available volume. However, if
only a fraction « of the volume is (randomly) filled, the r.m.s. density A must be
replaced by ol/2A, in all formulae. Knowing the volume of each irregularity the
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minimum number density implies that &> 5 x 10710 and thus A, <2 cm=3. The mean
electron density contributed by the irregularities is aA, which is a maximum of
47 % 1079 cm~3 as o< 1. Thus we are concerned with a maximum of about o-15 per
cent of the total number of electrons (taking a mean density of 0-03 cm—3).

Recently several authors (36), (37), (38) have discussed the contributions to
pulsar dispersions from the cool interstellar clouds and the hot intercloud medium.
Hjellming et al. (37) show that the intercloud medium is largely responsible for the
pulsar dispersions. It follows that the plasma irregularities causing the scintillation
are probably situated in the intercloud medium. For thermal electrons in 108 gauss
in this region the gyro-radius will be about 10% cm, which is much smaller than the
irregularities. It therefore seems likely that the irregularities will be linked to a
microstructure in the magnetic field. Disturbances such as Alfvén waves suggest
themselves; in the intercloud medium Alfvén velocities are typically 10~100 km s—1,
compatible with those deduced from the observations.

A possible excitation mechanism for such waves has been suggested by Wentzel
(39). He shows that if cosmic rays are caused to stream along magnetic field lines
(e.g. in regions of compression between H 1 clouds), they will excite hydromagnetic
waves with a wavelength equal to their gyro-radius. Thus in a one microgauss field,
electrons of 5§ MeV or protons of o-o1 MeV, will excite wavelengths of 10!l cm.
Some longitudinal component of the waves must be present to allow density changes.
The circumstances giving rise to such waves must be widespread in order to explain
the strong correlation with dispersion measure shown in Fig. 10. No further con-
sideration will be given here of the possible origins and stability of interstellar plasma
irregularities; we have been chiefly concerned with presenting observational evi-
dence for their existence.

I3. PREDICTIONS FROM THE MODEL

Having analysed the pulsar fading results in the light of a simple model of inter-
stellar scintillation, we will now summarize the predictions from the model.

The conditions for the observation of scintillation are first given for a source
seen through z kpc of medium at a frequency f MHz.

(i) Strong scattering condition: f <6600 (2 kpc)/2 MHz.

(ii) Interference condition: f<6150 (2 kpc)0-73 MHz.

(iii) Receiver bandwidth B: B So'61 (2 kpc)—2 (f/408)4 MHz.

(iv) Source half-power diameter: f $3-8 x 107 (2 kpc)~3/2 (f/408) sec arc.

Pulsars are the only objects known to satisfy all these conditions; other sources
do not satisfy condition (iv). Interstellar scattering will occur for any observation in

which condition (i) is satisfied. The radiation is scattered into a cone of angular half-

width 6
’ 05~ 1073(408/f)2(= kpc)l/2 sec arc.

Measurements of angular diameters are therefore subject to a minimum observable
diameter of 65 provided that one of the conditions (iii) or (iv) does not hold or
integration is taken over many intervals of the fading time. This may be tested by
observation of radio sources at low frequencies. If small enough (intrinsic) diameter
extra~galactic sources could be measured, a dependence of apparent diameter on
galactic latitude should be found. Measurements of angular diameters at say 38 MHz
using interplanetary scintillation might be the most sensitive test of this.
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I14. CONCLUSION

Further experiments on pulsar intensity variations can now be suggested. More
work is needed on many sources to compare the short term fluctuations with those
of CP 0328 and CP 1919, which show time scales of seconds and minutes respec-
tively. It would be useful to establish whether there is a range of behaviour between
these extremes or perhaps two well-defined classes of ‘pulsar. Does the duration of
the short term variability correlate with other source parameters? The contrast
between the erratic pulses reported from NP o531 and the steady pulses from
PSR 0833-45 is surprising from two pulsars showing several common features. The
variations over days to months require further investigation. In particular the
frequency range over which these changes occur has not yet been established.

Experiments to investigate further the interstellar fading component include
spectral observations of a larger sample of sources, monitoring the time scale of the
variations (an annual change might be found due to the changing direction of the
Earth’s velocity), spaced receiver observations to detect the motion and possibly
measure the scale of the intensity pattern, and high frequency measurements to find
at what frequency the strong scattering condition breaks down.

The analysis in the theoretical model has several short comings, suggesting some
further lines of theoretical work.

(i) The analysis of a linearly extended source embedded in the scattering
medium requires detailed analysis.

(ii) Motion of the extended medium, including shearing, is inadequately related
to the observable temporal variations.

(i) The irregularities may be better described by a spatial power spectrum
which is flatter than the assumed gaussian.

(iv) The model leads to a medium which is behaving like an extended phase
screen. There is inadequate analysis of the fluctuation parameters (including spectral
width) for waves scattered by such a medium, where intensity variations have just
barely developed.

To conclude, we note that the pulsar intensity variations have been shown to
contain at least two categories. A pulse-to-pulse variation occurs at the source,
simultaneously over a wide frequency range. In contrast a narrow band slow fading
is imposed during the propagation of the waves through the interstellar medium.
The steep dependence of the frequency structure width on dispersion measure and
frequency is strong evidence in favour of an interstellar scintillation process. A model,
assuming well-defined irregularities of a unique size and strength, fits the results
well; the deduced values are an r.m.s. electron density deviation 47 X 1075 cm—3 and
size 101! cm. This deduction comes from the limits imposed by several observations,
interpreted by the model. If a flatter than assumed spatial spectrum is present, the
values may deviate by perhaps an order of magnitude. It seems, however, that a
weak widespread distribution of very small scale irregularities must be responsible
for the fading and frequency structure observed in pulsar intensities.
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APPENDIX

FREQUENCY WIDTH OF STRONG SCINTILLATION IN AN
EXTENDED MEDIUM

Little (40) has analysed the reduction in scintillation index from a localized dif-
fracting screen at a distance 2, caused by observing with a non-zero receiver band-
width. His results show that the scintillation visibility is a function of the parameter
D = 72052Ay/c. Here A, is the 1/e halfwidth of the gaussian assumed bandpass, and
05 is the halfwidth of the scattered angular power spectrum. Replacing A, by B/1-65
for a rectangular bandwidth B and using Little’s result that the visibility falls to one-
half at D = 4, we obtain the half-visibility bandwidth:

By~ 6-6¢|mz032. (17)

This is explained in a simplified way by the following argument (first put forward by
Hewish).

The details of the diffraction pattern at a given frequency are determined by the
path differences between various components of the scattered angular spectrum.
These path differences are typically 20,2/2 for a scattering angle 6;. Some smearing
of the scintillation patterns across a bandwidth B will occur if the coherence length
¢/B is less than this. The condition for reduction of scintillation thus, 26,2/2 Z¢/B.

In an extended medium similar arguments apply, but the chief difference is that
the scattering angle is now a function of distance. We, therefore, consider an effective

2
path length difference as ;f 0s2dz. Assuming that the two equations (3) apply
0

exactly for distances S 21 the integral becomes:

2 281 z
3 f 0s2dz = 4 f 902dz+%f 602B2dz
0 0 -

2B
= P0o®2%/4.
If this effective path length is substituted for 20s2/2 in equation (177) we obtain:

23¢

Bu~ Rrsiprn (18)

Where expressions for B and 0y have been introduced from equations (2) and (3).

Uscinski (41) has derived a result which reduces to equation (12). The functional
agreement with (18) is exact; the results differ by a constant factor of 2+6. Uscinski’s
result is used as it is based on more exact arguments than those presented above.
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