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ABSTRACT

Daily observations of the flux of nine pulsars have been made with a large phased-array at 74 MHz from
1989 January 24 for 400 days. Modulation indices and time scales have been estimated for the variations. The
results are in only partial agreement with the variability expected from refractive interstellar scintillation
(RISS), The observed modulation indices are above the expectations from a simple Kolmogorov model of
interstellar plasma turbulence, particularly for the nearby pulsars with only moderate levels of scattering.
These results are in reasonable agreement with earlier observations, but disagree with recent measurements at
610 MHz by Kaspi & Stinebring (1992). A tentative explanation is proposed in terms of a Kolmogorov spec-
tral model with an inner scale cutoff, in which there is an inverse relation between inner scale and local
strength of turbulence. This model requires inner scales in the range 107 to 10° m. The observed time scales
are substantially less than expected from the simple model, even though there are large uncertainties in the
predictions of the simple model. No straightforward explanation is found for this discrepancy, which is also
observed at 610 MHz. The combination of higher than expected modulation indices and shorter than expected
time scales is seen in the structure function of flux, as a steep slope near zero time lag. These range from 1.5 to
150 times steeper than the slopes predicted from the simple model. Taking the pulsar time scales to character-
ize RISS for point sources, we would expect that the corresponding time scales for RISS of compact extra-

galactic radio sources would also be substantially reduced.
Subject headings: ISM: general — pulsars: general — turbulence

1. INTRODUCTION

Slow fluctuations of pulsar amplitudes have been reported
since the early days of pulsar observations (Cole, Hesse, &
Page 1970; Rankin, Payne, & Campbell 1974; Helfand,
Fowler, & Kuhlman 1977). However, it was considerably later
that Sieber (1982) recognized that they were interstellar propa-
gation effects. Subsequently, Rickett, Coles, & Bourgois (1984)
explained these as due to refractive interstellar scintillation
(RISS), produced by the same spectrum of electron density
fluctuations in the interstellar medium (ISM) that is
responsible for the well-known diffractive interstellar scintil-
lation (DISS). They gave a first-order theory predicting the
time scales and modulation indices for RISS due to propaga-
tion through a medium with a simple Kolmogorov power-law
spectrum, and pointed out that RISS could be observed in a
variety of other compact radio sources. In this paper we report
a new series of observations of pulsars at 74 MHz, which were
made with the aim of improving our knowledge of the RISS
behavior of point sources. Such observations can refine our
knowledge of the interstellar electron irregularities, and also
refine our predictions of what RISS variations are to be
expected from other compact sources. For example, Rickett
(1986) gave an approximate model for variations of extra-
galactic sources on times of months at meter wavelengths and
on times of days at centimeter wavelengths, but he used a
rather crude model of the RISS behavior of a point source.

Since the identification of slow fluctuations of pulsars with
RISS, there have been only a few new observations. Stinebring
& Condon (1990) reported a 43 day sequence of observations
of a set of 25 pulsars and confirmed the RISS explanation for
the fluctuations. They also noted the stability of the very
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distant pulsars providing evidence for the intrinsic long-term
stability of pulsar amplitudes. Their observations were at fre-
quencies of 310, 416, and 750 MHz, for which the predicted
time scales were short enough to be seen in 43 days for the
nearby pulsars; however, for these same pulsars the band-
widths and integration times were not long enough to com-
pletely average out the DISS variations. As a result they could
make quantitative estimates of the RISS time scale and modu-
lation index for only a few pulsars. Rickett & Lyne (1990,
hereafter R&L) reported 550 days of observations of the Crab
pulsar and summarized the published results for other pulsars
as estimates of refractive time scales and modulation indices.
Kaspi & Stinebring (1992, hereafter K&S) have recently
reported more than a year of observations of 14 pulsars at 610
MHz. They concentrated on pulsars with quite strong scat-
tering and so avoided the “leakage ” of diffractive scintillation
into the intensity time series. They convincingly confirmed that
very distant pulsars exhibit very stable fluxes, consistent with
time scales much greater than 1 yr, and they were able to
measure the RISS parameters of 11 of their pulsars.

Before the work of K&S the reported modulation indices
were substantially greater than predictions for a simple Kol-
mogorov spectrum model (see Fig. 4 of R&L). However, K&S
found the discrepancy to be substantially less. Seven of their
pulsars gave good agreement with the Kolmogorov predic-
tions and four pulsars gave poor agreement with the predic-
tions. Various modifications of the pure Kolmogorov spectrum
have been proposed to explain the enhanced levels of refractive
scintillation. Notable among these are the steep spectrum
model (Blandford & Narayan 1985; Goodman & Narayan
1985), which predicts 100% refractive intensity modulations,
and the inner scale model (Coles et al. 1987), which predicts
increasing levels of refractive scintillations with increasing
inner scale.
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It is important to discriminate between these alternative
spectral models as they imply very different physics for the
interstellar medium (see Rickett 1990 for a review). The simple
Kolmogorov model is based on turbulence theory and is
usually interpreted as a velocity cascade of turbulent energy
from large scales (on the order of parsecs) to very small scales
(<108 m) in the ISM, though it is also possible to have a
reverse vorticity cascade. The few published theoretical studies
of turbulence in the interstellar plasma have found it hard to
explain a cascade over such a wide range of scales. The inner
scale model includes a cutoff at an intermediate scale, at which
the turbulent energy is dissipated. The associated power dissi-
pation rate increases inversely with inner scale and could
become important to the power balance of the ISM, for the
smallest inner scales proposed. The steep spectrum models also
have a power law for the spectrum of electron density fluctua-
tions but the wavenumber exponent is larger than that for the
Kolmogorov case, which is —11/3 for a three-dimensional
wavenumber. Spectra with exponents steeper than —4 do not
necessarily imply a turbulent cascade. The exact shape of the
power spectrum is still open to debate and observations of
refractive scintillations can provide discriminating tests. With
this in mind, a new program for long-term monitoring of
pulsar amplitudes was started at University of California, San
Diego. Data were collected from 1989 January to 1990 March,
using a large 74 MHz antenna array at Fallbrook (California).
In this paper we describe the observations and present the
results.

2. OBSERVATIONS AND DATA ANALYSIS

2.1. The Observations

The Fallbrook antenna is a 73.8 MHz phased array consist-
ing of 128 linearly polarized elements each consisting of eight
full-wave dipoles. The antenna and receiver system were
designed to study interplanetary scintillation (IPS), which
requires a large antenna, but is not affected by confusion and
does not require absolute gain calibration. The array covers 32
A (north-south) by 16 A (east-west) and has a total collecting
area of 8000 m2. The resulting antenna pattern has a half-
power beam width of 1275 (N-S) by 3°5 (E-W) when pointed
normal to the array. The beam is steered by 128 digitally con-
trolled phase shifters. The tracking is controlled by an on-site
microcomputer that calculates the required phase gradients
and updates the phase shifters every 2 minutes. For this series
of observations the receiver was a total power receiver with RF
bandwidth of 500 kHz. The receiver system included amplifiers
distributed in the array and the effective system temperature
was 1000-3000 K, dominated by Galactic noise. After detec-
tion, the signal was low-pass filtered using a time constant of 1
ms. While observing the pulsars the signal was further filtered
with a high-pass filter having a time constant of 4 s, since the
low-frequency components are of no interest. While observing
the calibration sources no high-pass filtering was applied; but
a fixed dc offset was subtracted from the detected signal to
keep the average voltage level within the linear range. The
signal was frequency modulated and transmitted to the
campus laboratory over a leased telephone line. It was then
demodulated, smoothed with an 8 ms time constant, digitally
sampled at 50 Hz and saved on magnetic tape. The 8 ms time
resolution was shorter than the observed pulse durations for
all of the pulsars, since they were substantially broadened by
interstellar dispersion across our 500 kHz bandwidth. Since we
are only interested in the pulse strength, this broadening does
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not limit the signal to noise ratio. Only if the net pulse duration
is longer than about half the pulse period is the signal to noise
degraded.

The requirements for an RISS study include a long enough
observing span to include many time scales of the process,
sufficient integration in time or bandwidth to average out the
DISS for each observation, a high antenna sensitivity and a
high gain stability. The Fallbrook antenna, no longer in use for
IPS, was well suited to the foregoing requirements, except that
it was designed without attention to long-term gain stability.
The criteria for selecting the pulsars were closely linked to
these requirements. The constraint of using 74 MHz made the
RISS time scales long, ranging from a few days for the nearest
sources to years for the distant heavily scattered sources. We
thus chose the nearest pulsars (0.1 to 1.0 kpc), which also
helped us meet the sensitivity requirement. This choice makes
our observations complementary to those of K&S who con-
centrated on the more distant objects. For the sake of compari-
son, some stronger more distant pulsars were also observed,
for which the expected time scale was more than 1 yr; for these
objects the flux was expected to remain relatively steady over
the time period of our observations. After some preliminary
observations nine pulsars were selected for observation once
each day. Funding limitations restricted the total time span to
14 months. In each observation the pulsars were tracked for
20-40 minutes depending on the number of pulsars and cali-
bration sources in the same region of local sidereal time (LST).
Parameters of interest for the observed pulsars are presented in
the first five columns of Table 1: the pulsar name, the average
flux at 400 MHz, dispersion measure, sweep time across the
500 kHz observing bandwidth, and integration time. The mea-
sured 74 MHz flux is also given, and is discussed in § 3.

Twelve strong continuum radio sources were also observed
every day to calibrate the pulse intensities. These were sources
having flux densities greater than 50 Jy at 74 MHz. A typical
calibration sequence consisted of pointing on and off the
source to estimate the change in antenna output power caused
by the source. The off-source locations were chosen so that the
source fell at the second null of the antenna beam pattern in
the N-S direction. By choosing off-source positions to both the
north and south, we reduced the effects of confusion. The sensi-
tivity of a meter-wavelength filled-aperture such as Fallbrook
is in fact limited by confusion. However, since we are looking
for amplitude variations on tens of days, it is only the variabil-
ity of the confusion that is a problem. The observations were
performed at the same sidereal time each day, so the chief

TABLE 1
PULSAR PARAMETERS AND THEIR MEASURED 74 MHz FLux

ASSUMED MEASURED
PARAMETERS Frux
S:voo DM Tdisp T S:\:‘

Name (mJy) (pcecm™3) (ms) (minutes) (Jy) Error
P0329 + 54.... 1400 26.78 275 40 1.7 12.2%
P0809 + 74.... 50 5.76 59 20 32 109
P0823 + 26.... 70 19.46 200 20 057 130
P0834 + 06.... 65 12.86 132 20 2.4 8.9
P0950 + 08..... 900 297 30 40 2.6 9.3
P1133 + 16.... 340 485 50 40 14 7.8
P1237 +25.... 160 9.3 95 40 025 115
P1508 + 55.... 125 19.6 201 40 1.6 14.3
P1919 + 21.... 240 12.43 127 20 30 13.8
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PULSE AMPLITUDE
(arbitrary units)

02 04 06 08 10
PULSE PHASE (IN SECONDS)

F1G. 1.—Typical daily pulse profile for PSR 1133 + 16. The pulse amplitude
is in arbitrary units. The horizontal scale covers the whole pulse period; the
ticks are two sample intervals wide, i.e., 40 ms.

problems were solar confusion and sporadic terrestrial inter-
ference. To minimize the effects of ionospheric scintillation, the
on-source durations were much longer (typically 8 minutes)
than the off-source durations (typically 2 minutes).

2.2. Pulsar Amplitudes and Calibration

The raw data for each day’s observation of a pulsar were first
edited to remove spikes and glitches due to interference and
antenna phase updates. The edited data were coherently aver-
aged using the doppler-corrected period of the pulsar to obtain
a daily pulse profile. Figure 1 shows a typical pulse profile for
PSR 1133 + 16, which was often the strongest pulsar. The daily
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pulse profile for day j from pulsar p was fitted with a template
of the expected pulse profile, to obtain a least-squares estimate
of the pulse strength P;, and its estimation error 6P;,. This
error only includes processes that fluctuate on a time scale
shorter than the pulsar period, since it was obtained from the
average profile; see Appendix A for more discussion of the
errors. The template was obtained by averaging daily pulse
profiles from 20 to 30 days of observations, after they had been
properly aligned and scaled.

The estimate of the daily pulse strength was then corrected
for time variations of the gain of the antenna and receiver. The
measured system gain was found to vary predominantly due to
fluctuations of the ambient temperature. This was a conse-
quence of using an unswitched total power receiver, which was
not well insulated. After some experimenting, it was found that
the gain fluctuations could be adequately modeled as a sinus-
oidal diurnal variation about a mean value which is allowed to
change from day to day to accommodate seasonal variations
and degradation of the antenna. Figure 2 shows a typical set of
gain data and the fitted model. The model included all the
calibration sources observed during each LST day. For each
source the daily source strength was estimated as the difference
between the average on-source value and the average of the
two off-source values. This was normalized by the average
value over 12 months of data for that source.

The gain model for a particular 24 hr interval can be written
as

G(ty) = a sin 2nt,/T) + b cos (2nt,/T) + ¢ , (1)

where ¢, is the LST of observation of the source k and T is 24

N N — ) DAYS
-\ILvm\_‘. .\JJfo‘H:H\I lz}dﬂ‘\l Vrkb!ﬂ\l- 0-4
i R L 1 [\W I\W N
2 L TN eSS P
25 e ~
E E - : "%—’%‘\%‘ = "W)rl —T W’(l ] |O-'4
& g:_ -,#J pt ! LA N m { 4 15-19
n A NW K w T
ul% VY 8 SO %uz%wﬂ\wuuiﬁﬂx
2 : 3 i B W r\rpﬁ?l A 20-24
—~ o )
3 %‘ﬁﬂwk“ RAOR% A W 25-29
|
W 30
o 1 2 3 e 5

DAY NUMBER

F1G. 2.—Example of the results of system gain estimation using the calibration source observations. The variation of the system gain over a period of 31 days
(1989 April 1 to 1989 May 1) is displayed in seven panels, each panel spanning 5 contiguous days. The tick marks on the y-axis show gain changes of 1 dB and those
on the x-axis represent time increments of 2 hr. The asterisks (¥) mark the data points and the filled circles with the error bars mark the model values, shown at
intervals of 2 hr. The blank 2 day section in the second panel corresponds to a time when data were not recorded. The calibration sources were 3C 10, 84, 123, 134,

144,157, 274, 327, 348, 353,405 and 461.
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hr. The optimum values for the model parameters a, b, and ¢
were obtained by doing a weighted least-squares fit of the gain
model to the data points over all the calibration sources avail-
able in a 24 hr period. The weights were chosen in the ratio of
the square roots of the source fluxes to reduce the vulnerability
of the fit to spurious fluctuations of the weaker calibration
sources due to solar or terrestrial interference. The choice of a
square root weighting was a compromise between emphasizing
the stronger sources and maintaining a good distribution of
sources over the 24 hr interval. The model was computed for
every 24 hr period stepped at 2 hr intervals. For an observation
of pulsar p on day j, the system gain G (t,) is then glven by
equation (1) at time ¢, of the observation of pulsar p, using the
fitted parameters from the 24 hr window centered closest to t,,.

The ﬁttmg algorithm also calculated the fractional error for
each gain estimate, 5G,/GJ, derived from the mean squared
error between the data and the best-fit model. Since the strong
calibration sources were not uniformly spaced in LST, the gain
fitting errors varied between pulsars, as illustrated by compar-
ing the error bars on system gain in Figures 3a and 3b. The
final estimate for the corrected daily pulse strength S;, was
obtained by dividing each uncorrected pulse strength P » by
the gain G §(t,). The error 6§, in each value was also computed
by combmlng the errors in the raw pulse strengths and in
system gain. The gain correction model was tested by applying
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the gain model back on the calibration sources themselves. For
the stronger calibration sources the residual variations were
uncorrelated from day to day, except for a 2%—-3% annual
variation. For the weaker sources the residuals were larger and
overall typical errors in the gain model were estimated at
about 8%. This error was typically larger than that due to
system noise. Details of the other errors in S are discussed in
Appendix A.

The intensity data for pulsars PSR 0329 + 54 and 1133+ 16
are shown in Figures 3a and 3b. The top panel in each figure
shows the uncorrected pulsar time series; the second panel
shows the estimated system gain; the third panel shows the
corrected pulsar intensities; and the fourth panel shows the
structure function of the corrected intensities; as discussed
below. Notice that short term (5-10 day) fluctuations in the
gain curve do not seem to be correlated with fluctuations in the
calibrated pulsar intensities. This confirms the success of the
gain correction method. We also estimated the off-pulse noise
power for each observation and found no significant corre-
lation between it and the calibrated pulsar intensity. The error
bars for each time series are +2 ¢ wide and were estimated as
explained above. Note that the error bars for the corrected
intensity series only include JS;, (sum of corresponding nvar
and gvar values), and so do not include the other short-term
noise processes discussed in Appendix A.
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F1G. 3.—Data for (a) PSR 1133+ 16 and (b) PSR 0329+ 54 showing daily uncalibrated pulse intensity (top panel), system gain ;stimate (second par'lel),. gain
calibrated pulse intensity (third panel) and its structure function (bottom panel) from 1989 January 24 to 1990 March 1. The horizontal line in the top panel indicates
dates for which the observations were taken at night, between local times 6 am (at left-hand end) and 6 pm (at right-hand end). The three time series have been
smoothed with a 5 day running mean for display purposes, and the error bars are + 2 g, for the smoothed time series. The structure functions were computed before
smoothing. The smooth solid line is an exponential model for the structure function, with the predicted Kolmogorov variance and time scale.
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2.3. Analysis of the Pulsar Intensity Time Series

To estimate the time scale and modulation index of
refractive scintillations, one can use either the covariance func-
tion or the structure function of the data. We found the struc-
ture function more useful and use this statistic in the following
work. The structure function of pulsar flux S(¢) is defined as

Dy(r) = {[S(8) — St + 1)]*) = 2[C5(0) — Cs(m)],  (2)
where Cg(7) is the auto-covariance of S. The ensemble averaged
Dg(7) rises from zero at zero lag to saturate at twice the total
variance at very large lags.

In our computation, Dg for each pulsar includes the variance
due to the process of interest (signal) as well as that due to all
other processes (noise). The effects of the latter have to be
corrected. They comprise all processes that contribute to the
day-to-day fluctuation of the corrected intensity time series.
These include system noise, varying faraday rotation in the
ionosphere, intrinsic pulse-to-pulse fluctuations, diffractive ISS
effects, ionospheric and interplanetary scintillations, and errors
in the system gain estimate. With the exception of the gain
error, these processes are expected to be uncorrelated from one
day to the next, thus their effect is confined to a step in the
structure function between a lag of zero and one day. Since
several of the possible errors are likely to be related to local
time, we have included a horizontal bar on the time series
plots, that indicate the dates for which the observations were
taken at night. This night-time period might have less terres-
trial interference, the daytime period might have a greater day
to day variability of the Faraday rotation, the dawn and dusk
periods might have increased ionospheric scintillation. The

system gain is certainly correlated with the ambient tem-
perature which also depends on local time. The corrected flux
for the pulsars in Figure 3 do not show any relation with local
time. The rest of the flux time series are displayed in Figure 4
and are also unrelated to local time, except in the case of PSR
0809 + 74, which has higher amplitudes during the night-time
observations; in view of the lack of any such effect for the other
sources, we presume that this correlation is fortuitous.

As discussed in Appendix A, the total “noise” contribution
was estimated as the value of the structure function at unit lag.
This value was subtracted from the total structure function to
yield the structure function of the signal. This method tends to
overcorrect for the noise contribution, since it removes some of
the signal too. The effect, however, is slight except for PSR
0950+ 08, for which the structure function rises abruptly to a
value much greater than the estimated noise level, and we
conclude that there are real intensity fluctuations that have a
time scale of 1-3 days for this pulsar.

There is also a correction to be made to Dg due to the
possibility of errors in the system gain estimate that are corre-
lated over several days. As can be seen in Figure 3, the gain
function has a noticeable variability on a time scale of 2-5
days. This suggests that there might be gain correction errors
correlated over similar times. We estimated the structure func-
tion from the residuals for the calibration sources; but this did
not lead to a stable function that we could use to correct the Dg
estimates. In Table Al of Appendix A the quantity “gvar” is
our estimate of the rms error in the gain correction, which we
include in the “noise ” that varies from day to day. However, it
is likely that part of this variance correlates over a few days.
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predicted Kolmogorov variance and time scale.

188

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...403..183G

intensity structure function intensity

structure function

0.8}
0.6 mm
0.4}
0.2 .
0 " " " 1 L " L 1 n L n " 1 n n " 1 " PR " 1 n n 1 " —
0 50 100 - 150 200 250 300 350 400
time (day number)
T T T
P0834+06 at 74 MHz
0.1
_ _ — Saturation level
Y, e Saturation x 0.5
0.05F
R Error limits for Saturation x 0.5
........ Noise level
O 1 1 1

0 50 100 150 200
time lag (days)
FiG. 4c

L | — " " " 1 " | n

250 300 350 400

time (day number)

PO950+08 at 74 MHz

_ _ — Saturation level
_____ Saturation x 0.5
1 ——— Error limits for Saturation x 0.5
0.5} E
........ Noise level
O " PR " 1 " " " " 1 n n n n | IR n
0 50 100 150 200

time lag (days)
F1G. 4d

189

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...403..183G

AP © C4037 C183G!

T1993
intensity

o
o

n 1 n n n 1 " " n 1 n L 1 n " n 1

150 200 250 300 350 400

time (day number)

structure function

P1237+25 at 74 MHz

_ _ _ Saturation level

_____ Saturation x 0.5

e Error limits for Saturation x 0.5

........ Noise level

150 200

FIG. 4e

intensity

" n " n " " 1 n " " " L a1 i " "
50 100 150 200 250 300 350 400

time (day number)

structure function

P1508+55 at 74 MHz

_ _ — Saturation level
_____ Saturation x 0.5
R Error limits for Saturation x 0.5

........ Noise level

50 00 150 200
time lag (days)
Fic. 4

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...403..183G

REFRACTIVE INTERSTELLAR SCINTILLATION

191

400

T T T T T T T T 1
0.8} 4
H I
>, 0.6 m
= |
C
D o4t 4
R=
0.2} 4
O 2 " 1 L " n " 1 " 1 " " 1 1 n 1 n " 1
0 50 100 - 150 200 250 300 350
time (day number)
T T T T
P19194+21 at 74 MHz
c
IS
S 02+ -
o .
S _ _ _ Saturation level
O prrmrrmermrememme s s g AN Saturation x 0.5
=
§ o1 _——. Error limits for Saturation x 0.5
R b S R Noise level
0

200

time lag (days)
FiG. 49

Since the gain errors are less than 10%, we can linearize their
effect such that their main contribution to Dy is a small ampli-
tude additive term proportional to the structure function in the
gain errors. For many of the pulsars there is a small amplitude
feature in Dy rising over 3—5 days, which we interpret as due to
gain errors and not to a real low-amplitude pulsar flux varia-
tion. By reference to Table A1 we note that this term should be
no greater than about 0.01, but could well lead to noticeable
fluctuations with an rms amplitude of ,/(0.01/2) = 0.07 in the
pulsar time series.

Our goal is to measure the modulation index and time scale
of the variations and to compare them with those predicted by
the RISS theory. The modulation index for the intensity is
estimated as the square root of half the saturation value of the
corrected structure function, provided the original time series
is normalized by its mean value. The time scale is estimated as
the lag at which the structure function reaches half its satura-
tion value. In practice, we estimate the range of lags over which
the structure function is approximately saturated. The average
over this range gives an estimate of twice the variance of the
fluctuations in S. We now draw a line at half this level and take
where it intersects the structure function as an estimate of the
time scale. The error range in the level of Dg then maps to an
error range for the time scale. This technique and the associ-
ated errors were described in more detail by R&L. Figures
4a—4g show the time series and structure functions for the
seven pulsars not displayed in Figure 3. The structure func-
tions are calculated up to a maximum lag of half the data span.
For some of the pulsars the structure functions are still increas-
ing at this maximum lag. Only lower bounds for the time scale
and modulation index can then be obtained. However, for

these pulsars we can still estimate the slope of Dg at zero lag
quite accurately, and so we include this parameter in our
model comparisons. For other pulsars the structure function
starts to cross into saturation but exhibits large oscillations
instead of saturating at a final value. This is typically when the
data span includes more than one—but not very many—time
scales. Here the exact choice of the lags for saturation greatly
influences the estimates of time scale and modulation index
and the errors associated with them.

The statistical errors in Dg(t) are of three types. First there is
a white random error, due to estimation error of the “noise”
processes. For our 400 days of data the rms of this component
is Dg(1)/./400. It could be reduced by low pass filtering the
time series or by smoothing the structure functions. In Figures
3 and 4 we display the time series smoothed by a running
mean, over 3 to 5 days, as noted in the captions. However, the
structure functions are computed from the data before smooth-
ing and so preserve the 1 day resolution of the data. The
second error contribution in Dg(t) is due to estimation errors in
the gain correction which were correlated over a few days. As
discussed above, we were unsuccessful in correcting for the bias
due to gain errors and so cannot reliably model the associated
random errors in Dg, but we note that their rms amplitude
should be less than gvar (in Table Al) and they should be
correlated over lags of few days. The third error contribution
to Dg(t) comes from the random nature of RISS sampled over a
finite observing span T = 400 days. For time lags t > 1, the
true structure function should saturate but there will be fluc-
tuations correlated over 7,, with an rms fractional error of
~./1,/T. For 1 < 1,, where the structure function is still an
increasing function of 7, the error remains correlated over 7,
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but the rms fractional error is roughly \/r/T. Formally the
errors in this regime depend on the form of Dg(t), and the
foregoing result applies when Dg(t) is asymptotically linear.
Some examples of simulations of the estimation errors in a
similar structure function are given by Coles et al. (1991) in
their figures B1 and B2.

3. RESULTS

As can be seen from Figures 3 and 4, the pulsars exhibit a
wide range of time scales and levels of modulation, ranging
from the short time scale, large-amplitude fluctuations of PSR
0950+ 08 to the long time scale, low-level fluctuations of PSR
0329 + 54. Table 2 summarizes the quantitative results, in com-
parison with the expected values of time scale 7, and modula-
tion index m,. These were derived using the following
equations valid for an extended medium model and a Kolmo-
gorov spectrum without an inner scale (Rickett et al. 1984;
Coles et al. 1987):

0526, 05 [cz 3
‘[r = = —
Vv V \ mdv,
1, = 0.035 222 Z03v2520vi4s Ve (days) . (a)
m, = 1.21(8v,/2v)%17 @
m, = 8.6 An 05Ty 0 T30V0LT . (4a)

In the above equations 4 is the wavelength (4,, in meters), Z is
the distance from the pulsar to the observer (Z,,. in kpc), 8, is
the angular radius of the scattering disk, dv, is the measured
decorrelation bandwidth (6v,y, in kHz) and V (¥, in km s~ 1)
is the total relative velocity between the scintillation pattern
and the observer. For pulsars this velocity is usually domi-
nated by the large proper motion of the source. Observations
of dv, are typically made at frequencies higher than that used
for m,. Thus in equation (3a) we include the frequency-scaling
laws to give the refractive time scale at wavelength A, in terms
of dv,y, observed at frequency v,,, (in MHz). Similarly, equa-
tion (4) for the modulation index has been re-expressed as the
refractive modulation index at A, in terms of dv,y, observed at
frequency v, (in MHz) in equation (4a). In Table 2 the values
for év.y, correspond to 1 GHz and are taken from Cordes
(1986). Where possible values for V are taken from proper
motion studies (Lyne, Anderson, & Salter 1982) otherwise from
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Cordes (1986). Z is taken from a table of pulsar parameters
(Manchester & Taylor 1981).

Theoretical expressions similar to equations (3) and (4) are
used in the recent study by K&S. Their expression for m,
agrees within 2%, but their expression for 7, includes a factor
K, which when evaluated for equation (3) is equal to 3.1. As a
consequence their predicted time scales are 3.1 times shorter
than ours. This matter is raised again in § 4. Our predicted
time scales range from 18 days to 324 days and the modulation
indices range from 0.09 (9% rms fluctuation) to 0.18 (18% rms
fluctuation). It should be noted that the uncertainty in the
values of ¥ can be a major cause for errors in the theoretical
estimates of the time scales. This is particularly important for
pulsars where this proper motion velocity is small and com-
parable to other relevant velocities (e.g., the orbital motion of
the earth and the peculiar motion of the Sun).

To give a visual comparison of observations and theory, the
structure function plots include a smooth solid line represent-
ing an approximate (exponential) model for the structure func-
tion, parameterized by the predicted m, and t,: 2 m? {1 — exp
[—t(n2)/z,]}. The data generally lie above this line and rise
more quickly. The estimated values for m, and t, are listed in
Table 2. For three of the pulsars (PSR 0809 + 74, 0950 + 08,
and 1133+ 16) the measurements are reasonably well deter-
mined; for four pulsars (PSR 0823 + 26, 0834+ 06, 1237 + 25,
and 1508 + 55) the time scale is very poorly determined and for
two pulsars (PSR 0329+ 54 and 1919+21) only limits were
obtained. In order to extract the maximum information in
these latter cases, we also list the slope of the structure function
extrapolated to zero lag. This quantity is particularly useful
when the structure function does not saturate over the avail-
able lags. An approximately linear segment of the Dg plots was
selected by eye. A line was drawn through the structure func-
tion over this range of lags, denoted as 1 day to 2 t,,. days.
The slope of this line is entered in Table 2. The predicted errors
in the slopes come from a fractional error of (f,,/400)°->. It
gives the statistical error under the assumption that the struc-
ture function is exponential in form; we guess that the noise
and systematic errors are of a similar magnitude. The predicted
slope is tabulated as 2m?/1,, and is discussed further in the final
section. From Table 2 we see that the observed slopes are all
greater than expected—by factors from 1.5 to 150. We now
discuss the results for each pulsar in detail.

TABLE 2
PREDICTED AND MEASURED RISS PARAMETERS AT 74 MHz

ASSUMED PARAMETERS

PREDICTED PARAMETERS?

MEASURED PARAMETERS

VA V4 1 GHz vV T, dD,/dt T, dD,/dt

Name (kpc) (MHz) (km s™?) (days) m, (day™%) (days) m, (day™Y)
P0329+54......... 2.30 39 229 324 0.098 59 x 1073 >100 >0.15 + 0.06 @23+1)x 1074
P0809+74......... 0.17 85. 41 105° 0.16 49 x 1074 100+ 6 0.34 £+ 0.06 (1.14+02) x 1072
P0823+26......... 0.71 33. 365 39 0.14 1.0 x 1073 [12 + 6] [>0.16 + 0.05] (1.74+02) x 1073
P0834+06......... 043 26. 104 120 0.13 2.8 x 1074 19+ 16 0.16 + 0.03 92+3)x107*
P0950+08......... 0.09 162. 23 98 0.18 6.6 x 1074 32+ 14 0.45 + 0.05 9.7+ 09) x 1072
P1133+16......... 0.15 60. 264 18 0.15 25 x 1073 8.7+ 32 0.18 + 0.02 (4.1+0.5) x 1073
P1237+25......... 033 62. 178 40 0.15 1.1 x 1073 19 + 18°¢ 0.30 + 0.06 (1.9+02) x 1072
P1508+55......... 0.73 23 346 156¢ 0.090 1.0 x 1074 47 + 37 0.28 £+ 0.09 (33+£0.5) x 1073
P1919+21......... 0.33 24. 100 113 0.13 30 x 107# > 100 >0.21 + 0.08 (62+2) x 1074

 There are substantial uncertainties in the predicted parameters, as discussed in the text.
® An estimate of 47 days comes from an alternative choice of the dv, reported by Rickett 1970.

¢ Two scales may be present—= 5 days and ~ 30 days.

4 An estimate of 55 days comes from an alternative choice of the dv, reported by Armstrong & Rickett 1981.
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3.1. PSR0329+ 54

The structure function in Figure 3a shows no signs of satura-
tion up to the maximum lag of 200 days. The observed slope of
the structure function (t,,, = 100 days) is 4 times the predict-
ed slope in Table 2, as can also be seen from comparing the
observed and predicted structure functions. Using the last 20
lags to bound the maximum value of the structure function, the
lower bounds on the time scale and modulation index are 100
days and 0.15 £ 0.06. A much larger span of data is needed to
estimate these quantities accurately. The lower bound on the
time scale is consistent with the expected time scale of 324
days. The lower bound value for m, is just greater than 0.1, the
value predicted for a simple Kolmogorov spectrum (Table 2).

3.2. PSR0809+74

The time series for this pulsar in Figure 4a shows two large
fluctuations on time scales of about 20 days, in addition there
are many lower amplitude and more rapid variations that are
nevertheless above the noise level. The structure function
shows clear saturation beyond about 20 days. The estimated
time scale is 10 4- 6 days and modulation index is 0.34 + 0.06.
The errors are due to the uncertainty in the estimate of the
saturation value caused by the substantial fluctuations of the
structure function in the saturation regime. The estimated time
scale is very much less than the predicted value of 105 days
(Table 2). However, if instead of the Cordes (1986) value for év,
we use an earlier bandwidth measurement (Rickett 1970) con-
verted as in Cordes, Weisberg, & Boriakoff (1985) to év,, the
predicted time scale is reduced to 47 days. The estimated m,
value is significantly larger than 0.16, the value predicted for a
simple Kolmogorov spectrum. Note that the measured time
scale and modulation index are consistent with the values
(r, = 20 + 6 days and m, =~ 0.45 + 0.18), derived by R&L from
the early observations at 81.5 MHz by Cole et al. (1970). The
observed slope (t,,p. = 10 days) is about 20 times steeper than
that predicted, reflecting both the large m, and small t,.

3.3. PSR0823+26

The time series for this pulsar in Figure 4b show some 10 day
fluctuations that are just above the large error bars. The signal-
to-noise ratio for PSR 0823 +26 is less than for most other
pulsars and is responsible for the relatively noisy appearance of
its structure function. There are variations on about a 10 day
time scale during which the structure function rises to a inter-
mediate level which it maintains till a lag of about 70 days. At
greater lags the structure function begins to increase again,
indicating that there might possibly be another scale of fluctua-
tions greater than 70 days, which we have not resolved. Con-
centrating on the short term variation, we estimate its scale as
12 + 6 days and its modulation index as 0.16 + 0.05. Though
uncertain, the time scale is less than the expected value of 39
days (Table 2), but the modulation index is consistent with the
value (0.14) predicted for a simple Kolmogorov spectrum. In
view of the possibility of a longer time scale and the poor
signal-to-noise ratio for this pulsar, we do not regard the esti-
mated parameters as useful; this is indicated by brackets in
Table 2. The observed slope (t,,. =8 days) is somewhat
steeper than predicted. However, given the large error bars in
the time series, the difference is probably not significant.

3.4. PSR 0834+ 06

The time series for this pulsar in Figure 4c show variations
on less than 5-10 days superposed on variations over 100 days.
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The structure function has a large oscillation with a maximum
value at about 90 days. The saturation variance is accordingly
very unreliable, as are the estimated time scale (19 + 16 days)
and modulation index (0.16 + 0.03). The time scale is consis-
tent with the value 25 + 16 days, derived from observations of
Cole et al. (1970); however, the modulation index is notably
less than their value (0.39 + 0.11). These estimates for 7, are
much less than the expected value of 120 days (Table 2), while
that for m, is slightly larger than 0.13, the value predicted for a
simple Kolmogorov spectrum. For the slope estimate we used
taope = 45 days, on the assumption that the feature rising from
1 to 4 days is due to residual errors in the gain correction. The
slope is 3 times that expected, but has a large error.

3.5. PSR 0950+ 08

Of all the pulsars observed, PSR 0950 + 08 shows the strong-
est fluctuations (Fig. 4d), with peaks as much as twice the mean
amplitude, occurring over time scales of 2-5 days. The signal-
to-noise ratio for this pulsar is very good and the error bars on
these estimates are very small. When compared with the gain
fluctuations, there appears to be no correlation between the
pulsar fluctuations and the system gain, though they both vary
on similar time scales. The structure function has a very large
step at unit lag—very much bigger than that expected as listed
in Table Al. It then rises over 5 days to a fairly steady albeit
“noisy” saturation level. Using the standard method of sub-
tracting the unit lag value of Dg leads to 7, = 3.2 + 1.4 days
and m, = 0.45 £ 0.05. Because of the short time scale the unit
lag subtraction method will significantly underestimate the
scintillation index and overestimate the scale. As an alternative
estimate we subtract twice the total “noise” variance expected
from Table Al and obtain 7, = 2.5 days and m, = 0.8, corre-
sponding to an even larger amplitude and a shorter time scale.
Our observations are approximately consistent with those of
Cole et al. (1970), though their data were smoothed over 7 days
and so suppressed the day-to-day fluctuations. The observed
m, is greater than the value 0.18 expected for the simple Kol-
mogorov spectrum.

More notable still is that our nominal time scale of 3.2 days
for this pulsar is totally inconsistent with expected RISS value,
which is 98 days (Table 2). This pulsar is special in that it is
very close to us (only 90 pc) and has a very small proper
motion velocity (only 15 km s~ ). In fact, the velocity is so
small that the assumption that it dominates the relative veloc-
ity between the observer and the scintillation pattern is no
longer valid. The annual motion of the Earth around the Sun
makes significant changes to the total relative velocity. Using
the proper motion measurements of Lyne et al. (1982), assumed
to be relative to the Sun, and adding the Earth’s vector velocity
gives a net transverse velocity that has an average of 23 km s ™!
(as entered in Table 2). The velocity varies between lows of
about 14 km s~ ! on days of year 140 and 320 and highs of
about 33 km s™! on days of year 45 and 215. However, the
greatest transverse velocity only shortens the expected time
scale by a factor of 1.5, still leaving it a factor 20 longer than
the observed time scale. The measured slope of the structure
function (ty,,. = 3 days) is about 0.1 per day which is very
much greater than the prediction of 0.0007 per day.

There are in fact two puzzles. The very short fluctuation time
and the very large unit lag step (or 1 day variance). The 1 day
variance is most likely due to the pulsar’s linear polarization
and an ionospheric Faraday rotation angle varying from one
day to the next. The estimate in Table Al of the “noise”
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variance for this object is dominated by changing Faraday
rotation; this predicts a 1 day step of 1.0 in Dg, in agreement
with the observed step in Figure 4d. The estimated total angle
of Faraday rotation is 20 rad (using a rotation measure of 1.3
rad m~2). The ionospheric contribution is about 10 rad and
even a 5% fluctuation from day to day would change the angle
in equation (A4) by 1 rad and so modulate the apparent flux.
According to the results of Schwarz & Morris (1971), such a
change would occur rapidly (on time scale of about 10 minutes,
when scaled to 74 MHz). Thus the apparent flux should vary
independently on successive days. Additional slower fluctua-
tions of rotation angle would not correspond to visible slower
variations of apparent flux, since essentially 100% decorrela-
tion over 24 hr is caused by the hourly variations (see Appen-
dix A). Further evidence is given in Figure 4d in which we see
no sign of increased day-to-day flux variations for data record-
ed during daylight hours, for which the ionosphere should be
more variable. Thus we believe that the substantial fluctua-
tions over 3 days are not due to the ionosphere. However, in
view of the strong ionospheric influence on this pulsar, new
low-frequency polarimetry on PSR 0950 + 08 would be of con-
siderable interest.

There remains the question of what causes the substantial
(45%) fluctuations over 3 days. These could be intrinsic to the
pulsar, but the observed stability of the distant pulsars, such as
our data on PSR 0329 + 54 and those of Stinebring & Condon
(1990) on PSR 1818—04, 1933+16 and 2111+46 argues
against intrinsic rapid large amplitude variations. There is also
the possibility that the RISS model is seriously at fault, partic-
ularly in regard to the time scale. The discrepancy by a factor
of 20 is by far the greatest in our limited data set, but many of
our observations show time scales shorter than expected by
factors as great as 5. This issue will be further discussed in our
concluding section.

3.6. PSR1133+16

The time series for this pulsar in Figure 3b shows several 10
day fluctuations. The measured structure function yields a t, of
9 + 3 days and a m, of 0.18 + 0.02. These are the most reliable
estimates from our nine pulsars. Though the saturation regime
of the structure function seems to be well defined, there are
sizable oscillations in the structure function in this region;
however, their amplitudes are approximately consistent with
those expected from the (400/9) independent variations in our
400 days of data. The estimated t, is a factor 2 less than the
expected value of 18 days from Table 2. The observations of
Cole et al. (1970) yielded a time scale less than about 7 days
and m, = 0.3. The observed m, is only slightly larger than the
value of 0.15 predicted for a simple Kolmogorov spectrum. For
the slope estimate we used t,,. = 5 days, which gives a slope
only 60% greater than predicted.

3.7. PSR 1237+25

Like PSR 0823+ 26, this pulsar has a poor signal-to-noise
ratio but the time series for this pulsar in Figure 4e shows
10-30 day fluctuations that are clearly greater than the error
bars. In the structure function there is a rapid rise over about 8
days and a slower rise over 50 days and oscillations at large
lags. This suggests two time scales but we do not regard the
evidence as strong. For a single process we estimate t, as
19 + 18 days and m, as 0.30 + 0.06. The time scale is compat-
ible with that predicted from the RISS model (40 days from
Table 2) and m, is larger than 0.15, the value predicted for a
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simple Kolmogorov spectrum. For the slope estimate we used
taope = 4 days, which is the shorter of the two time scales
evident in Figure 4e, and leads to a slope 20 times the predic-
tion; note that this could be due to residual errors in the gain
correction that are correlated over a few days.

3.8. PSR 1508 +55

The data for this pulsar shows a few slow fluctuations in the
time series of Figure 4f. Even without any smoothing the data
show very small fluctuations over 1-3 days, and the structure
function is remarkably smooth on such short scales. It rises to
a maximum at a lag of 120 days and starts to oscillate perhaps
indicating an approach to saturation. The nominal estimates
are 17, =47 + 37 days and m, = 0.28 + 0.09. The former is
shorter than the expected 7, of 156 days (Table 2), and the latter
is again larger than 0.10, the value predicted for a simple Kol-
mogorov spectrum. As in the case of PSR 0809 + 74, there are
conflicting measurements for év,. Armstrong & Rickett (1981)
reported a value about 8 times larger than Cordes (1986),
reducing the predicted time scale to about 55 days. For the
slope estimate we used ¢, = 10 days, giving a slope about 30
times the prediction.

39. PSR 1919+21

The time series for this pulsar in Figure 4g show a long-term
fluctuation over 200 days and some short-term variations over
about 5 days. The structure function shows a small amplitude
(0.01) rise between 1-5 days, that corresponds to the short-term
variations in the time series. We assume that these are residual
errors in the system gain correction, since they have a similar
time scale, but we note that they might alternatively be intrin-
sic or a rapid component of RISS. We assume that the long-
term variations are RISS, but we note that they are somewhat
correlated with the annual term in the system gain function
and so may be corrupted by improper gain correction. The
long-term component appears as the slow rise in the structure
function, which does not saturate before the maximum lag
value. The slope is reasonably well estimated (over ty,,. = 40
days), and is about twice the predicted slope. Since saturation
is not reliably detected, the other parameters can only be
bounded. The resulting bounds are 7, > 100 days and m, >
0.21 + 0.08. The first is consistent with the expected time scale
of 113 days, while the second is larger than the value (0.13)
predicted for a simple Kolmogorov spectrum.

3.10. Absolute Flux Estimates for the Pulsars

The long-term observations can also be used to estimate the
average flux at 74 MHz for the pulsars. The calibration needed
was established from measurements of the continuum sources
(of known flux) used for gain calibration. The flux values for
each source -were corrected for all factors such as antenna
pattern and known changes in receiver gain. These were then
averaged over one year to reduce the error due to uncertainty
in the annual gain fluctuation of the antenna. Some errors
remain due to confusion associated with individual calibration
sources, particularly for the weaker sources. To account for
this we weighted each calibration source by its flux in the
least-squares error fit used to determine the absolute flux cali-
bration. Since the pulse strength estimates were already nor-
malized to the area under each pulse template, they were
multiplied by the area and divided by the pulsar period. The
results for time-averaged pulsar fluxes at 74 MHz are shown in
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Table 1. The errors come partly from the relative variability of
each pulsar and partly from the uncertainty in the absolute flux
calibration.

4. DISCUSSION AND CONCLUSIONS

Daily observations of pulsar flux variations at 74 MHz have
been characterized by their structure functions. They have
been used, as discussed above, to estimate the modulation
index m, and the time scale t, for RISS, which is assumed to be
the major component of the variations. In some cases, where
the data span was not long enough, we could only estimate
lower bounds to these parameters. However we also estimate
the slope [dDg/d7], -y, which can be estimated even from data
spans shorter than 7,. In some cases there appear to be two
time scales in the data. We assume that variations of a few
percent over 2-5 days are probably residual errors from the
system gain corrections; thus RISS variations over such short
times may be corrupted. For variations on time scale of 1 yr
there is also a small error possible in the gain correction, which
we ignore. For four of the five pulsars also observed by Cole et
al. (1970) at 81.5 MHz, our results agree to within the errors
(with the parameters estimated by R&L). When compared with
the simple Kolmogorov model for RISS, our observed m, is
almost always too great and our observed 7, is always too
short, and the observed slope is always too high. This is consis-
tent with conclusions from several other studies. However, it is
not immediately consistent with the results of K&S, who found
modulation indices only slightly above the simple Kolmogorov
values and time scale both shorter and longer than expected.

4.1. Refractive Scintillation Index

The RISS model we are using for comparison is perhaps the
simplest one could devise, a uniform distribution of turbulence
and a pure Kolmogorov spectrum. In this case the dependence
of m, on distance and level of turbulence reduces to a depen-
dence on the diffractive scintillation quantity év,/v. This is
more useful than distance, because it removes the effect of the
large variations of scattering strength between neighboring
lines of sight (Cordes et al. 1985). Thus we follow the idea of
R&L and plot in Figure 5 our observations of m, versus the
ov,/v measured for each pulsar and scaled to 74 MHz. To this
we have added for comparison the recent results of K&S, and
all of the published observations of m,, as summarized by
R&L. The solid line gives the Kolmogorov theory from equa-
tion (4). Compare first our results and those of K&S with this
line. With one exception the K&S results lie above the Kolmo-
gorov line, but they are all within about two standard devi-
ations of it. In contrast four out of nine of our values and lower
limits are significantly above the line. The most obvious differ-
ence is that the four high points come from nearby and high-
latitude pulsars (PSR 0950+ 08, 0809+ 74, 1237+25, and
1508 + 55), with distances 0.09-0.73 kpc. The earlier observa-
tions also show m, greater than the Kolmogorov prediction,
which led Coles et al. (1987) to suggest that adding an inner
scale cutoff to the Kolmogorov spectra could produce the
enhancement of m,. As mentioned by R&L, the theoretical m,
values for an inner scale model depend both on év,/v and on
the fresnel scale. However, they noted that m, can be approx-
imately plotted against év,/v, by making use of the distance
and wavelength scaling laws. Unfortunately the lines plotted
by R&L included an error in the scaling. In Appendix B we
explain the corrected theory in detail and equation (B7) gives
an explicit expression for m,. These are plotted as dashed lines
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F1G. 5—Refractive scintillation m, index vs. dv,/v (see Appendix B for
theory). The data points for the pulsar observations described here and for the
observations of more distant pulsars at 610 MHz by K&S are plotted as filled
symbols. Open symbols give previously published values. Points with arrows
are lower bounds. The lines show the expected behavior for a Kolmogorov
spectrum with inner scales of: (a) 0, (b) 107 m, () 10® m, (d) 10° m, and (e) 10'°
m.

in Figure 5. The lines have a logarithmic slope of 0.108, which
has the effect of decreasing m, over the previous plots at a given
inner scale. An overall comparison with the data suggests an
inner scale of 10® or 10° m. The model with an inner scale
cutoff to a Kolmogorov spectrum is, of course, only one of
many possible models. Another would be a simple power law
with an exponent slightly steeper than the Kolmogorov value.
The solid line in Figure 5 would have a slope 1 — «/2, for a
wavenumber exponent —a — 2. Such a line passing through
the higher values of m, would have o ~ 1.8. This model does
not have the physical basis of the Kolmogorov model with an
inner scale, and so we do not consider it further. In a more
general description, we can discuss any model spectrum that
has a ratio of power density between the refractive scales and
the diffractive scales, that is greater than the Kolmogorov ratio
by a factor of about 4:1. Such a spectrum would be consistent
with the m, observations that lie about a factor of 2 above the
Kolmogorov line; though this ratio is still less than that for
o =2

There is a weak distance dependence in (B7) ignored in
Figure 5. In order to include this dependence we also com-
puted the theoretical m, for inner scales of 0, 107 , 108, 10° m,
for the actual distances of all of the published measurements of
m, that include an error. The differences between measurement
and the four theoretical values were each normalized by the
published rms error and used to compute a ¥ (sum of squared
normalized differences from theory) and also to compute an
rms difference without normalization. These are tabulated in
Table 3 for all 26 measurements and also for the 13 measure-
ments from our 74 MHz and the 610 MHz measurements of
K&S. The minimum y2 corresponds to an inner scale of 10® m,
which is also the value giving the smallest unweighted rms for
the second set. When all the data are included 108 m still gives
the smallest 2, but 10° m gives a smaller rms, due particularly
to several large values of m, measured by Helfand et al. (1977).
The minimum y? exceeds its expected value by 14 and 9 stan-
dard deviations, respectively for the two data sets. Thus the
observations are not statistically homogeneous. There is more
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TABLE 3

%2 AND RESIDUAL ERRORS VERSUS INNER SCALE

INNER SCALE (m)

Data NUMBER OF
SET OBSERVATIONS ~ METHOD 0 107 108 10°
2
x 182 177 123 303
1-6 2% rms 019 019 016 0.1
5.6 13 1 85 80 58 287
’ rms 0.12 0.12 0.09 0.10

Notes—Data set 1: Cole et al. 1970 via R&L. Data set 2: Helfand et al.
1977 via R&L. Data set 3: Rankin et al. 1974. Data set 4: R&L. Data set 5:
K&S. Data set 6: results of present paper.

scatter in the data than is compatible with a single value of
inner scale.

We note that most of the high values of m, are from nearby
high-latitude objects. This suggests that the inner scale may be
larger for these pulsars. Conversely, a smaller inner scale is
suggested for the more distant objects, for which the Kolmo-
gorov theory seems adequate. Many of these distant pulsars
show enhanced scattering, suggesting that small inner scale
may be associated with an enhanced level of plasma turbu-
lence. This is an entirely reasonable supposition in that a
locally increased turbulent power would push the inertial
range to smaller scales, under the assumption that, as in
viscous damping, the dissipation rate is inversely related to
dissipation scale. Note, however, that our best determined
measurement (PSR 1133 +16) is a nearby pulsar that does not
indicate a high level of scintillation, suggesting an inner scale
smaller than about 107 m. Differing values of the inner scale
have been inferred by different authors. In their original propo-
sal, Coles et al. (1987) proposed a value of about 10° m. Using
VLBI observations, Spangler & Gwinn (1990) inferred a value
of 10° m. It is interesting that many of the VLBI measurements
were made on sources with very strongly enhanced scattering,
for which according to the hypothesis above there would be a
smaller inner scale. We suggest this as a possible reconciliation
of inner scale values that differ by a factor of over 1000. It is
difficult to push this idea further since we do not know the
relation between the density spectrum and the velocity spec-
trum. However, if hydrodynamics applied and we used the
density spectrum to estimate the velocity spectrum, the six
orders of magnitude range observed in strength of the density
spectrum, would correspond only two orders of magnitude
change in the viscous dissipation scale.

4.2. Refractive Scintillation Time Scale

We now turn to the time scale results. In all cases the obser-
vations are consistent with time scales considerably shorter
than the Kolmogorov prediction. The measured slope of the
structure function is largely determined by the time scale, since
the range in m? is not very great, but sometimes the slope
responds to the presence of a process with a time scale shorter
than that computed by finding the lag at 50% of saturation.
The measured slopes are all greater than the predictions, by
factors that range from 1.5 to 150. For pulsars PSR 0329 + 54
and PSR 1919 + 21 our data show some weak scintillation over
scales longer than 100 days, consistent with the predicted RISS
times of 313 and 113 days, respectively. Here the slopes are
useful and exceed the predictions by factors of 4 and 2, respec-
tively. For PSR 0809 + 74 we find evidence for a time scale in
the range 4-16 days, substantially shorter than the predicted
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RISS time of 105 days (or possibly as short as 47 days). For
PSR 0834 + 06 we have weak evidence for a time scale less than
or equal to 40 days, compared with a predicted value of 120
days. For PSR 1133+ 16 we estimate 9 + 3 days, again sub-
stantially shorter than the predicted value of 18 days. For PSR
1508 + 55, we find a time scale (47 + 37 days) which, though
poorly constrained, is comparable to the smallest of the pre-
dicted values (55 days), but the structure function has a much
larger slope than predicted. Similarly for PSR 1237425 we
estimate a time scale less than or equal to 40 days, consistent
with the 40 day prediction. For PSR 0950+ 08 the data give a
time scale 3 + 1.5 days, which is shorter than the expected
value by a factor of 20—50, depending on velocity uncertainties.
It is not clear whether the results for PSR 0950 + 08 are part of
the same trend for the predicted RISS time scales to overesti-
mate the observed values, or whether it represents a special
case. It was argued that changing Faraday rotation in the
ionosphere causes the day-to-day variance, but that it could
not also cause its 3 day variations. It is interesting that this
pulsar with the largest and fastest amplitude variations is
closest to the Earth and has the slowest velocity.

It is notable that in their conclusions K&S reported time
scales both above and below their theoretical predictions for
the 14 pulsars that they observed. The theory for the RISS time
scale that we have used is very simple, namely that t, ~
0.5Z6,/V, where Z is the pulsar distance and 0, is the angular
radius of the scattered image and V is the velocity. In equation
(3) and (3a) we relate 7, to év;. K&S used a similar relation in
their equation (3), but included a constant K that in our
analysis equals 3.1, whereas they assumed a value 1.0. Using
K = 3.1 their measured time scales would also be shorter than
or similar to the predictions. Thus the two sets of observations
agree on this point, and the discrepancy is not confined to the
nearby pulsars. It is still necessary to address the question of
the correct theory for the time scale. K&S do not attempt to
justify their choice of K = 1.0 on theoretical grounds; our
value is based on approximate analysis of a simple uniform
distribution of scattering material (Coles et al. 1987). There is a
need for a more definitive theory but we suggest that K = 3.1
has some justification. We note that the time scale also
depends linearly on the assumed distance and inversely on the
assumed velocity. The distances used here are as tabulated in
Cordes (1986) and any revisions of distance scale would change
our conclusions. We used the proper motion velocities where
possible, whereas K&S used the “scintillation velocities ” from
Cordes (1986). These are consistently slower for all of our
pulsars (V,,/V,, ranging from 0.25 to 1.2, mean 0.5). Clearly the
predicted time scales would be lengthened if we used the scin-
tillation velocities. It is reasonable to suppose that the scintil-
lation velocities are the most appropriate, since the proper
motion would be insensitive to any plasma motion of the ISM.
Thus in some sense the discrepancy is worse than given in
Table 2. We note that the discrepancy might be due to a failure
of the “frozen pattern hypothesis,” that we use in mapping
spatial scales into time scales. If this were the case we would
need to explain why random plasma motion was more impor-
tant for the large scales than for the small scales.

As in equation (3) the predicted 7, also depends on the
inverse square root of the measured dv,, and so provides a
source of uncertainty in the predictions. The stability of the
estimated dv, has not been studied extensively. In general
variations from one report to another are within a factor of 2,
with some exceptional pulsars standing out with variations by
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as much as a factor of 8. There is an interesting point that the
influence of refraction on diffractive scintillations is to cause
diffractive features to drift in frequency and that this reduces
the effective decorrelation bandwidth (Hewish et al. 1985).
Thus the effect of refraction is that the observed decorrelation
bandwidth typically underestimates the true év, and so biases
the expected time scale upwards. If the variability is typically a
factor of 2 as suggested above, the mean value will be low by
about a factor of 1.4 and this would bias t, high by 20%. This is
insufficient to explain the discrepancy, though it does go in the
right direction. A procedure for combating this bias would be
to use the largest value of dv, available from the literature. The
practical difficulty is that differing methods of estimating v, by
different observers also add uncertainty; we used the uniform
set of Cordes (1986) for this reason. The pulsars PSR 0809 + 74
and PSR 1508+ 55 show exceptionally large variations in
decorrelation bandwidth and, as footnoted in Table 2, lead to
reduced predictions for 7,; in the latter case this removes the
discrepancy. PSR 0834+ 06 is also very variable; Roberts &
Ables (1982), reported a factor of 5 change over 1 yr. However,
in comparing the predicted , we find that the values based on
Cordes observations lies between the two extremes derived
from the observations of Roberts and Ables, and that the smal-
lest value of 7, is 75 days compared to the observed value of
19 + 16 days. Thus even including the pulsars with exception-
ally variable decorrelation bandwidth, the puzzling time scale
discrepancy remains.

The other important unknown in this problem is the true
distribution of scattering material along each line of sight. In
the formulae used above a uniform distribution is assumed,
and where necessary it is represented by a single screen
midway between pulsar and observer. A localized screen asym-
metrically located is an alternative model, particularly for
sources with enhanced scattering. In Appendix C, we give for-
mulae for 7, in terms of an observed dv,, a distance Z, from
pulsar to screen and a distance Z, from screen to observer.
There are three limiting cases of interest.

KZ,=2,; 1,~AZ,+Z)%)|V,+V,]
KZ,<Z,; t,~AZ)%V,

XZ,>Z,; t,~AZ}°V,,

c/(4ndv,) .

Thus one possible explanation for the shorter than expected
time scales is that the medium is far from uniform and is domi-
nated by scattering in a single screen, either very near the
pulsar or very near the Earth. A reduction by a factor of 5
would require a 25:1 ratio of the two screen distances. It is also
necessary to consider whether an asymmetrically placed screen
would alter the rms level m, of the scintillations. We have
considered this question and conclude that equation (B2) cor-
rectly gives the value of m, in terms of the observed dv,/v. This
conclusion applies for a zero inner scale, but it is clear that an
inner scale would introduce only a very weak distance depen-
dence, similar to that in equation (B7). Thus we can consider
the screen location as a free parameter in an attempt to match
the time scale results. A “screen” location near the pulsar
seems more likely and reduces the time scale more effectively
since pulsar velocities are often high. A second possible expla-
nation lies in the effect of the inner scale on,. It is known (e.g.,
Goodman et al. 1987) that, as the inner scale is increased
toward the scale of the scattering disk, there is power added at
scales intermediate between the refractive and diffractive

where 4 =
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scales. Current analyses of this phenomenon suggests that it is
not a large effect until the inner scale is nearly as large as the
scattering disk, requiring an inner scale several orders of mag-
nitude larger than that suggested above. However, more theo-
retical work is needed with a consistent analysis of the
accompanying 6v,. A third possibility is that the method of
estimating the time scale gives a systematically low value, when
compared with the theoretical expression. However, an evalu-
ation of this possibility requires a full simulation, that is
beyond the present study. The factor of 2 or more disagree-
ment with theory has a parallel consequence for the time scale
of RISS expected of extragalactic radio sources. The discrep-
ancy is in the same sense and of a similar magnitude to that
found by Spangler et al. (1991), in their study of RISS from
extragalactic radio sources that exhibit low-frequency variabil-
ity. A common explanation seems likely but eludes us at
present.

We have confined our studies to parameterizing the struc-
ture functions, rather than examining their shape. The reason
is twofold. First there are likely biases at small time lags due to
errors in the noise subtraction and the gain correction. Second
there are substantial statistical errors in our data, in which the
observing span is commonly not very long compared to 7,.
However, in many cases the slope near the origin is reasonably
well determined and as noted gives values much in excess of the
predictions. There are a number of points concerning the
theory for the slope, that require comment. The theoretical
expression is taken to be 2m?/t,, which is only correct for a
structure function that is linear at small lags. This formally
excludes structure functions in the presence of an inner scale;
they become quadratic and have an asymptotically zero slope.
However, our sample interval of 1 day corresponds to a spatial
sample interval of 4 x 10° m or greater, which is too coarse to
detect curvature in the structure function on the small inner
scales that are proposed. Another point concerns the structure
function when the inner scale becomes comparable to the
refractive scale. As mentioned above this condition gives extra
small-scale power, that could steepen the slope. Again for the
inner scales proposed, we estimate this to be unimportant. The
final point about the shape is that it is strongly influenced by
the distribution of scattering strength along the line of sight.
Only for the uniform medium model is the structure function
approximately linear. For a screen model it should be quadra-
tic; indeed Coles (1988) showed that an extended medium that
lacks as little as 10% of the line of sight near the observer gives
rise to a structure function that is noticeably quadratic. Our
data appear to be much nearer to linear than quadratic and so
are in disagreement with a single screen model, which is the
most obvious solution to the time scale problem discussed
above. In their analysis K&S found that their structure func-
tions depend on lag to an exponent in the range 1.0 and 1.5.
Thus their shapes are nearer to linear than to quadratic and so
support the uniform medium model and reinforce this dis-
agreement. A possible resolution might be the superposition of
an extended medium continuous to near the Earth, with a
screen having much enhanced scattering. Such a scattering dis-
tribution might also give fluctuations that are not “frozen”
over the refractive time scales. However, it is beyond the scope
of this paper to pursue these ideas.

4.3. Conclusions

We end by stating our main conclusions. The 74 MHz obser-
vations show an RISS modulation index, that is enhanced over
that for a Kolmogorov spectrum particularly for several
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nearby pulsars. Such an enhancement suggests the influence of
an inner scale cutoff to the wavenumber spectrum at about 108
m. This could be reconciled with 610 MHz observations (by
K&S) of more distant heavily scattered pulsars that are only
slightly above the Kolmogorov model, if the inner scale were
inversely related to the local strength of scattering. This
hypothesis might even explain the VLBI estimates of inner
scale near 10° m. The observed time scales of RISS are system-
atically less than those expected on a simple model with
uniform distribution of scattering material, typically by a
factor of 2 or more. Several explanations have been proposed
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to the inadequacy of the simple models for RISS in quantita-
tive explanations of the time scales of radio source variations.
Thus more observations are needed to tighten the description
of the RISS phenomena (particularly for PSR 0950+ 08). A
reevaluation of the theory with an inner scale and a more
realistic distribution of both scattering strength and velocity is
also clearly needed.

We gratefully acknowledge a grant (CS-14-89) from the Cali-
fornia Space Institute that provided one year of support for the

but none seems entirely satisfactory. These conclusions point observations.

APPENDIX A
ESTIMATION ERRORS IN PULSE AMPLITUDES

The estimated errors in the daily pulse strength 6P;, and in the system gain 6G ;» (listed as “nvar” and “gvar” respectively, in
Table A1) are combined to give the error dS;, in the corrected daily pulse strength. However, there are several sources of variation
which are not accounted for in this estimate. Evidently the error in the system gain estimate is included, as are any pulse variations
that occur over times shorter than the length of the pulse period. These include rapid intrinsic pulse variations (subpulses and
micropulses), interplanetary scintillation and system noise. The modulations not accounted for include: longer intrinsic (pulse to
pulse and day to day) fluctuations, ionospheric scintillations, varying faraday rotation of the linearly polarized pulsar signal by the
ionosphere, and residual diffractive interstellar scintillation. In calculating the contribution to the variance from each of these, we
note our integration over 20—-40 minutes reduces the effect of all of these except for intrinsic day to day variations and the effect of
changing faraday rotation. Each process is discussed below and in Table A1 we list its net contribution to the normalized pulse
amplitude variance.

System Noise—In integrating a pulsar of period P for T seconds, we coherently average T/P pulses, forming a daily pulse profile,
which is fitted with a template. The fitted amplitude has an error due to residual noise in the profile. The signal I and rms noise N in
this case are given by

P
I=05G,— S, A,B,

Tp

G, kT, B P
N__ t s i
X T,

- /Bt
14
where G, is the total gain from RF to post-detection, S,, is the time-averaged flux at 74 MHz, A, is the effective area of the antenna,
B is the observing bandwidth, T; is the system noise temperature, 7, is the width of the profile template and k is the Boltzmann

constant. This expression ignores the noise in the off-pulse part of the profile. The rms noise normalized by the average pulse
amplitude is then

(A1)

(A2)

N_ 2T (A3)
I s, A./BTPz,

In most of our observations the observed pulse width 7, was dominated by dispersion and so was proportional to the receiver
bandwidth B; in such cases one can see that the signal-to-noise ratio is then nominally independent of bandwidth. Initially we

TABLE Al

ESTIMATION OF THE “NOISE” VARIANCES (HALF THE UNIT-LAG STEP IN THE STRUCTURE FUNCTIONS)

Pulsar fvar

nvar invar scvar dsvar gvar tvar mvar
P0329+54.......... 34 x 1073 40 x 1073 30 x 1074 2.1 %1073 1.6 x 107° 72 x 1073 1.1 x 1072 1.1 x 1072
P0809+74.......... 6.6 x 1073 6.5 x 107 1.0 x 1073 42 x 1073 1.6 x 1073 7.8 x 1073 1.6 x 1072 8.0 x 1072
P0823+26.......... 9.5 x 1073 1.7 x 1072 44 x 1074 42 x 1073 1.6 x 1073 7.5 %1073 34 x 1072 28 x 1072
P0834+06.......... 14 x 1073 4.7 x 1074 1.1 x 1073 42 x 1073 1.6 x 1073 84 x 1073 1.1 x 1072 14 x 1072
P0950+08.......... 31x1073 44 x 107! 1.1 x 1074 2.1 x 10°° 1.6 x 1073 8.8 x 1073 4.5 x 107! 5.1 x10°!
P1133+16.......... 56 x 107 31 x1072 49 x 1074 2.1 x 1073 1.6 x 10~ 9.8 x 1073 42 x 1072 14 x 1072
P1237+25.......... 1.1 x 1072 5.1 % 1072 58 x 1074 2.1 x 1073 1.6 x 10% 94 x 1073 7.2 x 1072 6.5 x 1072
P1508+55.......... 26 x 1073 1.6 x 107 2.1 x 107# 2.1 x 1073 1.6 x 1073 9.8 x 1073 1.3 x 1072 1.1 x 1072
P1919+21.......... 8.5 x 107# 72 x 1073 1.1 x 1073 42 x 1073 1.6 x 1073 7.7 x 1073 9.8 x 1073 19 x 1072

NoTEes—nvar is variance due to system noise; fvar is variance due to random ionospheric Faraday Rotation; invar is variance due to intrinsic
pulsar fluctuations; scvar is variance due to ionospheric scintillation; dsvar is variance due to diffractive scintillation leakage; gvar is variance due to
errors in gain correction; tvar is the predicted total variance; mvar is variance as measured from unit lag step in structure functions.
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estimated the expected pulsar fluxes at 74 MHz from the published fluxes at 400 MHz and the spectral index between 400 and 1400
MHz. With T, = 1000 K, the calculations predicted signal to noise ratios in the range 200 to 20,000 for the pulsars. In fact T, is
dominated by Galactic noise and is substantially larger near the Galactic plane. If the pulsar spectrum has a low-frequency turnover
between 74 and 400 MHz, it would also reduce the signal. For example, this is certainly true for P0329 + 54—whose spectrum is
known to turnover at about 100 MHz—for which the observed signal was not as great as predicted. In fact one of the results of our
observations is an estimate of the average flux at 74 MHz for each of the pulsars. See Table 1. As discussed below, the signal-to-noise
ratios as observed are determined by the various contributions to pulse fluctuation rather than by system noise, except in the cases
of PSR 0823 +26 and PSR 1237 +25.

Rapid Intrinsic Variations—Many pulsars are known to exhibit large—as much as 100%—intrinsic fluctuations from one pulse
to the next. This effect can bias the daily pulse strength estimate if an insufficient number of pulses are averaged to obtain the daily
pulse profile. For our observations, a typical averaging period is 30 minutes. Using a typical pulsar period of 1 s, gives an average
over 1800 pulses. This would reduce 100% pulse-to-pulse modulation to 100/,/1800 = 2.4% modulation. This is a small level of
fluctuation. The value for each pulsar is entered in the column “invar ” in Table A1.

Ionospheric Scintillations—Ionospheric scintillations, which occur on time scales shorter than the averaging period, can also bias
the daily pulse strength estimate. For these, if we take 50% as a typical large modulation index and 10 s as a typical time scale, then a
30 minute observation includes 180 such independent fluctuations, reducing the observed modulation index to 3.8%. Again this is a
small level of fluctuation. The individual values are entered under column “scvar ” in Table Al.

Ionospheric Faraday Rotation—The Fallbrook antenna is sensitive to linearly polarized radiation with the electric field in the
local north-south direction. Since a significant fraction of radiation from most pulsars is linearly polarized, apparent variations in
pulsar flux will occur as the angle of polarization changes. The most serious contribution is from changes in Faraday rotation as the
total electron content in the Earth’s ionosphere changes over times of hours to days. If I, is the ratio of apparent intensity in
x-polarization to its value averaged over all angles of polarization and m, is the fraction of the total intensity in the linearly
polarized component, then neglecting circular polarization we have

L(f, ) =1 —m,) + 2m, cos® [0,(t) — «(f)] . (A4)

Here 0,(¢) is the offset angle between the direction of the antenna and the direction of the linearly polarized component. For most
pulsars it is found to vary with time across the pulse in an approximately linear fashion, i.e., 6,(t) = 6,, + Kt. The quantity ¢,(f) is
the total Faraday rotation angle of the linearly polarized component, given by

O{f) = A[RM);gp + RM),, ], (A5)

where (RM);,,, and (RM),,, are the contributions to the rotation measure from the interstellar medium and the ionosphere.
Integration of equation (A4) over the observing bandwidth and the pulse width gives the total observed pulse strength for any single
day’s observation. Since the bandwidth B is much smaller than the center frequency f,, the variation of ¢, over the band can be
treated as approximately linear. Under this assumption, the following normalized expression for the apparent pulse flux results

S, =1+ m, sinc (2¢, B/f,) sinc (Kz,) cos [2(0,0 — ¢.0)] - (A6)

Here ¢, is the total Faraday rotation at the center of the band, 7, is the pulse width, 0, is the offset angle at the center of the pulse
and sinc (x) = sin (x)/x.

For typical values of magnetic field and electron density in the ionosphere, it can be shown that even a 5% fluctuation in the
electron content in the ionosphere can cause a change of Faraday rotation of more than 1 rad at 74 MHz. Thus under the worst case
conditions the cosine term in equation (A6) will vary through its maximum range of —1 to + 1. This will lead to a worst case
apparent modulation index of

my, = 0.707m, | sinc (2¢,, B/f,)| |sinc (K7,)| . (A7)

The values of mg, are tabulated in Table A2 together with the parameters RM, m,, ¢,, K7,. They come from the literature (Taylor
& Manchester 1975; Morris, Graham, & Seiber 1981; Schwarz & Morris 1971; Lyne & Manchester 1988) and are extrapolated to a
frequency of 74 MHz, but we note that they are somewhat uncertain. The rotation measures are those tabulated in the literature,
which typically include an ionospheric contribution of about 0.6 rad m ~ 2. This value is quite uncertain and no attempt was made to

TABLE A2
APPARENT INTENSITY MODULATION OF PULSARS DUE TO VARIABLE FARADAY ROTATION

RM mp ¢10
Pulsar (rad m~2) (74 MHz) (rad) Kz, mg,
PSR 0329+54......... —63.7 0.2 —-1052 90° 6.3 x 1073
PSR 0809+74......... —11.7 0.2 —193 30 25 x 1072
PSR 0823+26......... 59 0.3 98 60 1.3 x 107!
PSR 0834+06......... 23.6 0.3 390 90 22 x 1072
PSR 0950+08......... 1.35 1.0 22 35 6.6 x 1071
PSR 1133+16......... 39 0.5 64 100 1.75 x 1071
PSR 1237+25......... 0.33 0.5 54 90 22 x 1071
PSR 1508+55......... 0.8 0.3 13 180 1.2 x 1072
PSR 1919+21......... 16.5 0.15 273 100 85x 1073
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monitor the ionospheric term, since even a 5% error in it will change the polarization angle by 1 rad. Thus the day-to-day pulsar
fluctuations contain an ionospheric term with an rms magnitude given by mg,. The square of this gives a contribution to the
observed variance tabulated as “fvar ” in Table A1. Of all the effects discussed in this section, Faraday rotation is the most critical.
In view of the dominance of the apparent variations discussed above, we also ask whether they could cause a variation over times
longer than 1 day, in particular whether they might be responsible for the large amplitude 3 day variations in PSR 0950 + 08. For
this pulsar equation (A6) becomes S, = 1 + cos [®(t)], where ® = [2(0,, — P,0)] is twice the angle between the average pulsar
polarization and the antenna orientation. Thus the question to be answered is what is the temporal correlation function for S, ?

C(t) = (AS,(t) AS,(t + 7)) where AS,(t) = cos (®) — {cos (D)) . (A8)

We can evaluate C(z), if ® = ®, + d® and J® is a zero mean Gaussian random variable. The result is simple, if 4 the rms variation
in 6@ is many radians

C(t) = 0.5 exp [ —0.5D4(7)] where Dy(t) = {[D(t) — Dt + 1)]%) . (A9)

The error involves terms of order exp [ —o3]. Thus (A9) will be accurate to within 2% if 6 > 2. So we need to know the statistics of
®. For the present purposes we refer to the work of Schwarz & Morris (1971), in which they measured the variation in @ at 150 MHz
for PSR 0950 +08. Their Figure 3 shows ®/2 varying linearly over 45 minutes at a rate of 90° per hr. This scales to 12 rad per hr at
74 MHz. We suggest that this provides reasonable evidence that o4, is much larger than a radian, justifying equation (A9). Hence we
can use equation (A9) to consider what apparent flux variations would be seen on times longer than 1 day. Setting = = 1 day, we find
a residual variance 0.5 exp [ —0.5Dg4(t = 1 day)]. We do not know Dg(t = 1 day), but it is hard to imagine that it is less than 9 rad?,
if 12 rad per hr is at all typical. The corresponding residual variance is then much less than 1%. This provides the argument that the
3 day variations of PSR 0950 + 08 are not caused by variable ionospheric polarization rotation.

Diffractive Scintillation—Diffractive scintillation changes randomly with time and frequency and so can modulate the daily pulse
strength estimate, depending on the number of independent diffractive scintles present in a single day’s data. This number is given by

N = [B/vi][T/zd] » (A10)

where B is the observation bandwidth, T is the total observation time, v, and 7, are the decorrelation bandwidth and time scale,
respectively, of the diffractive scintillations. For typical values of the scattering parameters and a pulsar at a distance of 500 pc
moving with a relative velocity of 100 km s~ !, v; = 270 Hz and 1, = 50 s. Thus, for a bandwidth of 500 kHz and a 30 minute
observation, N = 65,800 and this would reduce a 100% diffractive scintillation to 0.4%. This is again a very small effect and is
tabulated under “dsvar ” in Table A1.

Since the time scales for all the above process are less than a day, they contribute to the unit lag step in the structure function for
the corrected pulse strength. Table Al lists the expected contributions to the variance in the pulse strength. Wherever exact
calculations are not possible, typical worst case numbers have been used. The sum of these contributions is “ tvar ” in Table A1; it is
to be compared with the measured variance “mvar,” estimated as one-half the value of Dy at a lag of 1 day. That these are of the
same order of magnitude gives us confidence that in general we understand the sources of “ noise.” However, there are cases where
tvar exceeds mvar and there are sufficient uncertainties in the individual pulsar parameters, that the estimate tvar cannot be used to
correct Dg for the unit lag step. Consequently we have simply subtracted the measured value of D at a lag of 1 day.

APPENDIX B
REFRACTIVE SCINTILLATION INDEX

In the theoretical analysis of the refractive scintillation index m, for emission from a point source like a pulsar, the following
parameters have to be specified (in reference to the model for the wavenumber spectrum of electron density in equation (1) of Coles
et al. 1987): C3(z) is the distribution of scattering strength with distance z (the two standard models are a uniform distribution along
the line of sight or a localized “screen”); —a — 2 is the exponent of the power-law part of the wavenumber spectrum, which we take
to be the Kolmogorov value of —11/3; s; is the inner scale; Z is the pulsar distance; 4 is the observing wavelength.

A simple physical model for the turbulence distribution is that C% is independent of position in the Galaxy. However, this is far
from what is observed; rather there is a wide range in this quantity over differing lines of sight. Thus the method which we use to
estimate these quantities is to rely on the observed dv,, the frequency difference at. which the correlation of diffractive scintillations
falls to 0.5. This gives a measure of the level of scattering on each line of sight and is related to the scattering parameters by

ov, so |? Zi|M?
4 _rl 20 h =| = . B1
> S I:"f:I » Wwhere rp=|—— (B1)

Here s, is the field coherence scale, at which the structure function of phase equals one, and fis a constant that comes from the
specification of 0.5 in defining dv,. We use f'= 1.0, noting that it changes between a screen and uniform model, and Cordes et al.
(1986) use f = 0.76; since it affects the results only to a power of 0.166, the differences are slight. The scale s, is related to the same
quantities listed above and in turn can be related to m,. With a uniform scattering distribution the results are

m, ~ 1.21[so/r 1"/ ~ 1.08[6v,/v]'/®,  where 85; < So (B2)

m, ~ 1.21[so/r;16[si/r/1Y%,  where  5;,> s, . (B3)
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' In order to predict m, in terms of 6v,/v, we need (B1) and also a relation to r,. The same question was addressed by R&L in their
Figure 4. Unfortunately, there is an error in their analysis which is corrected as follows.
£ For an extended uniform distribution év,/v depends on Z and 1 as

?c: Svyvoc A34Z 722 (B4)
and hence
rf = rj'o[’l/j'az/zo]l/2 (BS)
Z 268 5y, /v, 68
rp= rf"l:Z,,:l [ Ov/v ' ®9
This is substituted into (B3) for s; > s, to finally give
m, = L.14[6vy/v]* 078 [sifr 1,1 [0Va/v, ]~ *0*°[2/Z,]7*02%% . (B7)

This result expresses m, in terms of 6v,/v and standard values r;, and 6v,,/v, at Z, and 4,. In our analysis we have taken Z, = 1 kpc,
A, =1 m, and 6v,,/v, = 10~*. The latter value seems nearer to the typical observational results than 1073, used by R&L. In
comparing observations of m, with theory we plot them against dv,/v as scaled to the same frequency as the observed m,, but we
ignore the dependence on distance Z in (B7).

APPENDIX C
REFRACTIVE TIME SCALE

Equation (3) for 1, comes from an approximate analysis of the scattering in an extended medium, in which V is the relative
velocity of the refractive pattern and the observer, dv, is the measured diffractive scintillation bandwidth and Z is the distance to the
pulsar. Consider now scattering from a screen localized between the pulsar and observer. Let Z, be the distance from pulsar to
screen and Z, be from screen to observer. Let the velocity of the pulsar be ¥, and that of the observer be V,, taken with respect to
the screen. Then using the analysis of Appendix B from Rickett (1986), we find

_ 05(Z, + Z,)0p

T, R .
|V, + ViZ,/Z,)]

Here 0,,, is the apparent angular radius of the scattering disk seen by the observer. This can be related to the pulse broadening time

ot as
2
s ot )00, 2,
2c VA

14
Then relating this to the diffractive bandwidth dv, by 6t ~ (2rndv,) ™!, we obtain

o5 [ZiZ.+2) 1
T, ~ U
’ vaZ, |V,+V(Z,Z,)|

If velocities were referred to some other standard of rest and the screen also had motion with respect to that standard, ¥, would be
replaced by the velocity difference between pulsar and screen and a similar replacement for the observer velocity. In modeling the
RISS of the pulsars, we know the earth’s velocity with respect to the Sun and the proper motion measurements give pulsar velocity
also with respect to the Sun. We do not know the screen velocity and have set this to zero, but it is evidently one of the weaknesses of
the model.
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Note added in proof —In a recent preprint, J. A. Phillips and A. Wolszczan report DISS observations of PSR 0950+ 08 at 50
MHz. Their observed dv, yields predicted RISS m, of 0.4 and 7, of 10 days. Our results for this pulsar are thus in agreement for m,
and shorter by a factor of only 3 for t,.
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