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ABSTRACT 
We have measured accurate flux densities of 25 pulsars at 310, 416, and 750 MHz for 43 consecutive days 

with the NRAO 91 m telescope. We chose pulsars covering a wide range of dispersion measures (DM) to 
distinguish intrinsic luminosity variations from diffractive and refractive interstellar scintillations (RISS). The 
pulsars PSR 1818—04, 1933 + 16, and 2111+46 have such high DMs and/or low space velocities that their 
predicted RISS time scales at low frequencies are P43 days. These pulsars were observed to have quite con- 
stant flux densities, implying that their luminosities must be intrinsically stable on time scales from several 
minutes (the duration of a single flux-density measurement) to several weeks (the duration of the experiment). 
Since the DM is primarily a property of the interstellar medium along the line of sight to a pulsar, rather than 
of the pulsar itself or its environment, we conclude that most pulsars have intrinsically stable luminosities. A 
number of pulsars with intermediate dispersion measures (e.g., PSR 0329 + 54) showed moderate (AS,/<S> « 
0.3) flux-density variations on time scales from days to weeks. We ascribe these variations to refraction in the 
interstellar medium. It follows that an intrinsically nonvariable extragalactic source whose angular diameter is 
not much larger than the scattering angle 6 should also scintillate. The observed values 0ä1O~4 to 10-3 

arcsec approach the angular sizes of the most compact extragalactic sources at these frequencies, so our pulsar 
observations confirm the suggestion of Rickett, Coles, and Bourgois that low-frequency (v < 1 GHz) variabil- 
ity of extragalactic sources can be caused by RISS. 
Subject headings: interstellar: matter — pulsars 

I. INTRODUCTION 

Variability in the observed flux densities of compact radio 
sources can be produced by intrinsic luminosity changes or by 
propagation effects along the line of sight. Interstellar electron- 
density inhomogeneities on scales 109-10u cm cause diffrac- 
tive interstellar scintillations (hereafter DISS), rapid (minutes 
to hours) flux-density variations in pulsars (Scheuer 1968; 
Cordes, Weisberg, and Boriakoff 1985). Motion of the line of 
sight between the pulsar and Earth with respect to the inter- 
stellar medium is needed to produce the time variations; the 
inhomogeneities themselves are essentially “ frozen in.” Pulsars 
are the only known sources that are sufficiently compact to 
exhibit strong DISS. DISS fluctuations along lines of sight 
separated by more than ælO-7 arcsec add incoherently, 
reducing the intensity modulation index nij = (¡¡/(I} °f an 

extended source, where 07 = <(/ — </»2>1/2 and the angle 
brackets denote a time average. At 430 MHz even the most 
compact (0 æ 10-3 arcsec) extragalactic sources have unde- 
tectably low (nij < 10_3) DISS modulation indices (Dennison 
and Condon 1981, and references therein). Rickett, Coles, and 
Bourgois (1984) have pointed out that refraction by larger scale 
(1011—1013 cm) electron-density inhomogeneities will cause 
focusing and defocusing of rays from a distant Galactic or 
extragalactic radio source. Refraction might produce slow 
(days to years) intensity variations, or refractive interstellar 
scintillations (RISS), in Galactic pulsars and possibly in 
compact extragalactic sources. 

Long-term pulsar intensity variations were first studied by 
Cole, Hesse, and Page (1970) and Helfand, Fowler, and 
Kuhlman (1977, hereafter HFK). They found nonperiodic 
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intensity fluctuations with a characteristic time scale of tens of 
days at 156 MHz and 390 MHz. Sieber (1982) pointed out that 
these time scales were correlated with the dispersion measures 
of the seven pulsars studied and concluded that the flux varia- 
tions were probably caused by propagation effects in the inter- 
stellar medium, motivating the Rickett, Coles, and Bourgois 
(1984) hypothesis. The theory behind RISS has been developed 
further in a series of papers (Blandford and Narayan 1985; 
Goodman and Narayan 1985; Romani, Narayan, and Bland- 
ford 1986; Cordes, Pidwerbetsky, and Lovelace 1986). These 
authors have presented results for refraction in an extended 
medium and for a variety of density inhomogeneity spectra, 
including spectra for which large-scale inhomogeneities domi- 
nate the refraction. Other work (Cawthorne and Rickett 1985; 
Rickett 1986) has emphasized the potential importance of this 
phenomenon in explaining intensity variations of compact 
extragalactic sources (e.g., Altschuler et al 1984), the small- 
amplitude “flicker” of flat-spectrum extragalactic sources 
(Heeschen 1984; Simonetti, Cordes, and Heeschen 1986; 
Blandford, Narayan, and Romani 1986), the variability of 
Galactic continuum sources (Taylor and Gregory 1983), and 
the presence of isolated scattering events that might cause dra- 
matic intensity variations (Fiedler et al. 1987; Romani, Bland- 
ford, and Cordes 1987). An excellent summary of the state of 
RISS studies can be found in the conference proceedings edited 
by Cordes, Rickett, and Backer (1988). 

Although RISS has received a considerable amount of theo- 
retical attention, it is not well studied observationally. This is 
particularly true for pulsars, the only sources which exhibit 
DISS and can be used as point-source calibrators of the RISS 

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



19
90

A
pJ

. 
. .

35
2.

 .
20

73
 

208 STINEBRING AND CONDON Vol. 352 

phenomenon. Cole, Hesse, and Page (1970) made daily obser- 
vations of five pulsars at 81.5 MHz for 11 months. They found 
moderate modulation on a time scale of several weeks for those 
nearby pulsars. Hesse (1972) made daily observations of three 
pulsars at 81.5 MHz and 151 MHz, finding a substantial corre- 
lation in flux variations at the two frequencies. HFK studied 
seven pulsars at 156 MHz and 390 MHz and reported roughly 
equal time scales at the two frequencies and substantial inten- 
sity modulation. McAdam (1981) showed that the Vela pulsar, 
PSR 0833 — 45, underwent large intensity fluctuations during a 
12 yr period. A number of careful studies of diffractive pulsar 
scintillation have been made in recent years (e.g., Hewish, 
Wolszczan, and Graham 1985; Cordes and Wolszczan 1986) 
that show how refractive effects introduce non-random pat- 
terns in the DISS fluctuations. 

Nevertheless, there is still much that is not known about 
RISS. The depth of RISS intensity modulation has not been 
well determined, there has been no quantitative comparison 
between predicted and observed values of the RISS time scale 
Tr, and the scaling of modulation depth and time scale with 
frequency is not well established. All of these quantities are 
important for checking the validity of various theoretical 
assumptions and for distinguishing between different models of 
the interstellar medium. They are also useful for deciding 
whether RISS can cause the observed low-frequency variability 
of extragalactic sources. 

In this paper we report the results of an extensive study of 
RISS using pulsars as point-source probes of the interstellar 
medium. We concentrate on three major questions: (1) Are 
pulsar luminosities intrinsically stable enough to be useful for 
quantitative studies of RISS? (2) What is the point-source 
modulation depth of RISS? (3) Can RISS be responsible for 
low-frequency variability of “ extended ” extragalactic sources 
with intrinsic angular diameters 0,* æ 10-3 arcsec? We discuss 
our observing and analysis procedures in § II and present the 
results of the observations in § III. We summarize our findings 
in § IV. 

II. OBSERVATIONS AND DATA ANALYSIS 

a) Observing Procedure 
We selected 25 pulsars for daily flux-density monitoring. 

These pulsars have 10.7 < DM < 158 pc cm-3 and, for the 
most part, known DISS parameters. The observations are 
summarized in Table 1. For each pulsar we list the observing 
frequency v, the dispersion measure DM, the number of days 
over which the observations extended N (the /2 notation indi- 
cates sampling every other day), the average number of pulses 
in an observation <M>, and the mean continuum flux density 
observed <S>. The seventh and eighth columns are values of 
the DISS decorrelation bandwidth Avd and the decorrelation 
time scale Td taken from Cordes, Weisberg, and Boriakoff 
(1985) and scaled to the observing frequency using equations 
(A9) and (A10) assuming a = 11/3, the Kolmogorov value. The 
ninth column is the transverse velocity of the pulsar, derived 
from DISS parameters by Cordes (1986). The tenth column 
lists the predicted RISS time scale Tr, calculated using equation 
(A 12). 

Our observations were made during the interval 1984 
August 16-September 28 with the NR AO1 91 m transit tele- 

1 The National Radio Astronomy Observatory is operated by Associated 
Universities, Inc., under contract with the National Science Foundation. 

scope in Green Bank, West Virginia. A daily pulsar observa- 
tion normally consisted of separate flux-density measurements 
made at 310 MHz, 416 MHz, and 750 MHz while the pulsar 
was being tracked continuously with the low-frequency trav- 
eling feed system. The total integration time at each frequency 
was about 5 minutes. During each flux-density measurement 
the Nicolet signal averager accumulated separate 2048 point 
pulse-synchronous averages of the detected outputs in two 
orthogonal linear polarizations. Both averages were written 
onto magnetic tape every 10 s. The results of a typical pulsar 
observation are shown in Figure 1. Since the maximum track- 
ing time per source with the traveling feed is only about 25 
sec S minutes, some pulsars in crowded right ascension ranges 
were observed at only one or two frequencies or were observed 
every other day rather than daily. Otherwise, the observations 
were identical on the 43 consecutive days of our observing run. 

In order to minimize interference, we used observing band- 
widths of 3 MHz at the two lower frequencies and 10 MHz at 
the higher frequency. Dispersion smearing across these band- 
widths is generally much smaller than either the postdetection 
time constant (3 ms) or the pulse width, except for a few short- 
period, high-DM pulsars. In these cases, dispersion smearing 
broadened the pulses but had no effect on the time-averaged 
flux densities measured, aside from lowering the signal-to-noise 
ratios of the observations. In most cases receiver noise was not 
the limiting factor in our flux-density measurements. Our 
observing bandwidths were not significantly larger than the 
DISS decorrelation bandwidths vd of pulsars with the lowest 

0 50 100 150 200 250 
Sample Number 

Fig. 1.—Results from a single 5 minute scan of PSR 2154 + 40 at 750 MHz. 
Separate profiles were obtained for orthogonal linear polarizations (a) and (h). 
The original 2048 point profiles were smoothed to 256 points and phase- 
shifted to center the pulse before linear baselines were subtracted. The area 
under each rectangle is equal to the area under the pulse. The abscissa is the 
sample number; the ordinate is the uncalibrated flux density (digital levels). 
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TABLE 1 
Observational Summary 

PSR v DM 
(MHz) (pc cm'3) 

<M> <S> 
(mJy) 

log Avd 
(MHz) 

Td 
(s) 

V± 
(km s'1) 

Tr 
(days) 

0031-07.. 
0031-07.. 
0031-07.. 
0136+57.. 
0136+57.. 
0138+59.. 
0138+59.. 
0138+59.. 
0301+19.. 
0301+19.. 
0301+19.. 
0329+54.. 
0329+54.. 
0329+54.. 
0355+54.. 
0355+54. 
0355+54. 
1508+55. 
1508+55. 
1508+55. 
1541+09. 
1541+09.. 
1604-00. 
1604-00. 
1604-00. 
1642-03. 
1642-03.. 
1706-16. 
1706-16.. 
1706-16.. 
1737+13.. 
1737+13.. 
1737+13., 
1818-04.. 
1844-04.. 
1919+21.. 
1919+21.. 
1919+21.. 
1933+16.. 
1933+16.. 
1944+17.. 
1944+17.. 
1944+17.. 
2016+28.. 
2016+28.. 
2016+28.. 
2020+28.. 
2020+28., 
2020+28.. 
2045-16.. 
2045-16.. 
2045-16.. 
2111+46.. 
2111+46., 
2111+46.. 
2154+40.. 
2154+40.. 
2217+47., 
2217+47.. 
2217+47.. 
2255+58.. 
2255+58.. 
2255+58.. 
2319+60.. 
2319+60. 
2319+60. 

.310 

.416 

.750 

.310 

.750 

.310 

.416 

.750 

.310 

.416 

.750 

.310 

.416 

.750 

.310 

.416 
,.750 
.310 
.416 
.750 

..416 
,.750 
.310 
.416 
.750 
.416 
.750 
,.310 
,.416 
.750 
.310 
,.416 
.750 
.416 
.310 
.310 
.416 
.750 
.310 
.750 
.310 
.416 
.750 
.310 
.416 
.750 
.310 
.416 
.750 
,.310 
.416 
,.750 
.310 
.416 
.750 
.416 
.750 
.310 
.416 
.750 
.310 
.416 
.750 
..310 
.416 

..750 

10.9 
10.9 
10.9 
72.2 
72.2 
34.8 
34.8 
34.8 
15.7 
15.7 
15.7 
26.8 
26.8 
26.8 
57.0 
57.0 
57.0 
19.6 
19.6 
19.6 
35.0 
35.0 
10.7 
10.7 
10.7 
35.7 
35.7 
24.9 
24.9 
24.9 
48.4 
48.4 
48.4 
84.4 

141.9 
12.4 
12.4 
12.4 

158.5 
158.5 

16.3 
16.3 
16.3 
14.2 
14.2 
14.2 
24.6 
24.6 
24.6 
11.5 
11.5 
11.5 

141.5 
141.5 
141.5 
71.0 
71.0 
43.5 
43.5 
43.5 

148.0 
148.0 
148.0 
96.0 
96.0 
96.0 

39 
39 
35 

40/2 
36/2 
36/2 
38/2 
28/2 

38 
39 
39 
38 
39 
39 
38 
37 
38 
33 
32 
31 
32 
28 
34 
32 
30 
34 
35 
32 
32 
33 
31 
34 
33 
36 
31 
37 
37 
37 

40/2 
34/2 
36/2 
34/2 
34/2 
40/2 
36/2 
36/2 
42/2 
40/2 
40/2 

40 
37 
38 
37 
37 
39 
41 
38 
40 
39 
41 
40 
39 
38 
42 
41 
41 

656 
400 
672 

2786 
2513 

578 
80 

498 
145 
266 
434 
242 
545 
890 

5207 
2409 
4512 

569 
431 
805 
513 
838 

1838 
942 

1577 
1028 
1669 
657 
590 
961 
922 
477 
785 
641 

1083 
39 

255 
441 

2109 
1311 
1455 
906 

1489 
658 
690 

1138 
320 

1666 
1888 

88 
151 
330 
950 
171 
662 
364 
386 

1336 
748 

1148 
345 

1308 
1680 
495 
104 
418 

159 
96 
29 
47 
12 
54 
31 
14 
34 
37 
14 

1479 
1639 
921 

62 
53 
33 

162 
96 
26 
61 
19 
74 
59 
16 

305 
86 
47 
47 
25 
31 
23 
11 

135 
69 

303 
201 

31 
295 
130 
34 
33 
22 

443 
318 

55 
122 
112 
58 

162 
127 
67 

209 
117 
72 
92 
47 

318 
135 

17 
72 
59 
24 
68 
59 
36 

-0.60 
-0.04 

1.09 

-1.76 
-1.20 
-0.07 
-1.26 
-0.70 

0.43 
-1.65 
-1.09 

0.04 
-2.22 
-1.66 
-0.53 
-1.87 
-1.31 
-0.18 
-2.08 
-0.95 
-0.53 

0.03 
1.16 

-1.12 
0.01 

-1.50 
-0.94 

0.19 
-1.94 
-1.38 
-0.25 
-3.73 

-0.86 
-0.30 

0.83 
-4.04 
-2.35 
-1.48 
-0.92 

0.21 
-1.44 
-0.88 

0.25 
-1.11 
-0.55 

0.58 
-0.54 
0.02 
1.15 

-3.86 
-3.30 
-2.17 
-2.39 
-1.26 
-1.88 
-1.32 
-0.19 

-3.77 
-3.21 
-2.08 

691 
984 

1996 

363 
516 

1047 
148 
210 
427 
138 
196 
398 

28 
40 
81 
32 
45 
91 

108 
219 
645 
918 

1862 
61 

123 
186 
265 
537 

41 
58 

118 
7 

141 
201 
407 

8 
23 

282 
401 
813 
436 
621 

1259 
275 
392 
794 

63 
90 

182 
13 
18 
36 
11 
21 
55 
78 

159 

10 
14 
28 

19 
19 
19 

25 
25 
25 
48 
48 
48 
68 
68 
68 

145 
145 
145 
128 
128 
128 
30 
30 
21 
21 
21 
56 
56 
36 
36 
36 

144 
144 
144 
69 

65 
65 
65 

120 
120 

18 
18 
18 
20 
20 
20 
47 
47 
47 

214 
214 
214 

80 
80 
80 

298 
298 
103 
103 
103 

93 
93 
93 

12.5 
6.6 
1.8 

87.0 
46.0 
94.9 
49.7 
13.6 
12.2 
6.4 
1.8 

28.0 
14.7 
4.0 

21.3 
11.1 
3.0 

10.7 
5.6 
1.5 

78.8 
21.5 
9.9 
5.2 
1.4 
4.9 
1.3 

26.8 
14.0 
3.8 

16.1 
8.4 
2.3 

237.9 
258.0 

4.6 
2.4 
0.7 

395.7 
56.7 
38.7 
20.2 
5.5 

54.6 
28.6 
7.8 

16.1 
8.4 
2.3 
1.0 
0.5 
0.1 

414.4 
217.0 

59.3 
15.7 
4.3 

18.9 
9.9 
2.7 

276 
145 
39 

255.5 
133.8 
36.6 

DMs, so that DISS caused large fractional fluctuations in the 
daily flux-density values measured for such objects. 

b) Calibration 
Daily calibration observations were made of the extra- 

galactic sources 3C 33 and 3C 380. The source 3C 33 was 
chosen because it does not contain any compact component 
that might scintillate or vary intrinsically—its 430 MHz fringe 

visibility between Arecibo and Green Bank is y < 0.01 
(Broderick and Condon 1975). Whereas pulsar observations 
were made by tracking the pulsar position and allowing the 
periodic time variation of the pulsar to build up a profile, the 
steady calibration sources were observed with drift scans at 
two or three different hour angles. By setting the averaging 
period equal to the duration of the drift scan, we were able to 
use the signal averager to obtain calibrator data with the same 
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Fig. 2.—Results from a single scan of the extragalactic calibration source 
3C 33 at 310 MHz. Panels (a) and (b) are orthogonal linear polarizations. It 
was observed with the same equipment and analyzed with the same programs 
as the pulsar scans (see Fig. 1). The abscissa is the sample number; the ordinate 
is the uncalibrated flux density (digital levels). 

equipment and data format as those of the pulsars (see Fig. 2). 
Previous experience with the cooled upconverter receivers and 
analysis of the calibration data showed that receiver gain 
variations were typically less than 2% over the interval («12 
hr) between calibration scans. 

The ultimate goal of our data reduction procedure was to 
obtain a set of scan-averaged total flux densities Spvi, where the 
index p labels the pulsar; v, the frequency of observation; and i, 
the day of the observation. The first step in this procedure was 
to form 2048 point scan averages from the recorded 10 s aver- 
ages. These 2048 point pulse profiles were passed through a 
digital filter that replaced each point with the median of itself 
and the four adjacent points on either side. This nine point 
median filter removed most impulsive interference from the 
data without significantly broadening the pulse profile. The 
phase of the pulse peak was found by cross-correlating the 
smoothed profile with a triangular function whose base width 
was about 10% wider than the known full width of the pulse at 
the 10% level. This cross-correlation was performed on the 
sum of the two polarization channels for maximum sensitivity. 
Once the phase of the pulse peak had been found, we shifted it 
to 180° and subtracted linear baselines from the two polariza- 
tion channels separately. We then integrated across the pulse 
profiles to obtain the scan-averaged, uncalibrated (in units of 
digital levels) flux density Upvin in each polarization channel n. 

Plots of the calibration scans were measured by hand. A 
linear baseline was fitted to each, and the peak deflection 
(again, in digital levels from the signal averager) was recorded 
for each polarization channel. Time series of these deflections 
reveal slow (5-10 day) drifts in the overall system gain at about 
the 10% level. These purely time-dependent gain variations Gt 

were approximated by a smooth function fitted to the time 
series. Since the calibration drift scans were made at several 
different hour angles, we were also able to measure the tele- 
scope gain as a function of hour angle, Gh. We need to know Gh 
only approximately since all observations of a particular 
pulsar were always made over the same hour-angle ranges on 
successive days. Then, using assumed flux densities for both 
calibration sources at each of the three frequencies (see Table 
2), we determined the six time-independent gain constants GV7t 
(with dimensions of digital levels per Jy) needed to characterize 
the average on-axis gains for both polarizations n at all three 
observing frequencies v. The results of the calibration are 
shown in Table 2 and Figures 3 and 4. At 310 MHz and 750 
MHz the rms scatter of the calibrator flux densities is about 
4%. The 416 MHz data, with a scatter of 7%, was noisier 
throughout the observing session, particularly in one of the 
polarization channels. These fluctuations were partly due to 
decreased sensitivity of this channel because the feed was being 
operated near the end of its frequency range. Because both the 
pulsars and calibration sources were observed with the same 
equipment, we believe that the pulsar calibration uncertainties 
are also only 4% at 310 MHz and 750 MHz, and 7% at 
416 MHz. 

The uncalibrated pulsar flux densities were then scaled by 
the gain values derived from the calibration scans. We aver- 
aged the pulsar flux densities from the two polarization chan- 
nels to form the total intensities 

spv. = i upvikg;k
1 , (i) it — 1 

which are the basis of our scintillation analysis. Once this 
automated processing was completed, the entire set of raw data 
plots was rechecked for interference, bad baselines, or other 
problems. Bad scans were either reanalyzed by hand or deleted 
from the data set. 

Since pulsar radiation is very often highly linearly polarized, 
time-varying Faraday rotation in the ionosphere can cause 
large intensity variations in the separate polarization channels. 
This effect does not influence the accuracy of the total-intensity 
measurements, however. 

c) Data Presentation : Time Series and Structure Functions 
We present our results in two formats. First, we plot flux- 

density time series on logarithmic scales in order to make it 
easier to compare percentage flux variations at different flux 
levels. The mean flux levels are recorded in Table 1. Since the 
flux scale is logarithmic, the mean ordinate value is unimpor- 
tant and has been chosen to clarify the presentation. 

The second format consists of structure function plots of 

TABLE 2 
Summary of Calibrator Observations 

Assumed Flux Observed Flux 
v Density Density 

Source (MHz) (Jy) (Jy) mt 

3C33   310 37.0 35.4 4.6% 
416 29.0 30.7 7.8 
750 20.0 19.9 4.9 

3C380   310 41.0 39.7 4.0 
416 34.0 34.0 8.0 
750 21.0 20.9 3.7 
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Fig. 3.—(a) Light curves of the calibration source 3C 33 at 310 MHz (triangles), 416 MHz (circles), and 750 MHz (squares). The rms scatter of individual points 
about their mean is 4% at 310 and 750 MHz, 7% at 416 MHz. The flux densities are plotted on logarithmic scales to facilitate comparisons of fractional flux-density 
changes and shifted vertically for clarity. The error bars span ±2 standard errors («95% confidence interval), (b) Structure function plots for the time series in (a), 
with the same data symbols. The structure function values are plotted at lags of t = 1, 2, 4, 8, and 16 days with ± 1 error bars. Modulation index levels m = 0.05, 
0.10, and 0.20 are shown on the right-hand axis for comparison. Both axes are logarithmic. See § lie for a further discussion of structure functions and their 
interpretation. 

selected time series. Structure functions have been used exten- 
sively in the study of scintillation, turbulence in random media, 
and the characterization of oscillator stability (see Simonetti, 
Cordes, and Heeschen 1985, and references therein). The first- 
order structure function, the only one we use here, is defined as 

D(z) = D<V(t) = ^ Nf(xi+t - x,)2 , (2) 

where = Spvi, x is the sample mean, and t is discrete in units 
of the sampling interval = 1 day, N is the number of samples, 
and N(k) is a normalizing factor equal to the number of obser- 
vations included in the sum. For a stationary time series with 
finite variance D(t) = 2<r2[l — p(t)]/5c2 in the limit of an infi- 
nitely long data span, where p(t) is the autocovariance function 
and <t2 is the variance. 

A structure function will normally display three distinct 
regimes of behavior, as illustrated schematically in Figure 5. In 
the “noise regime” (t Ti), uncorrelated sources of noise 
dominate any correlated variation of the time series. The struc- 
ture function takes on a constant value of 2<r2 throughout this 
regime, where <72 is the noise variance. In the “structure 
regime” (tî < t < t2), the structure function monotonically 
increases with t at a rate determined by the slope of the auto- 
covariance function at that lag. Finally, when t is significantly 
longer than the longest time scale for variation in the process, 
t2, the structure function reaches the “saturation regime” 

characterized by a constant value of 2öf, where of = a2 + cr2 

represents the total variance of the time series including all 
sources of noise and all correlated variations. Many naturally 
occurring time series have a region of approximately power- 
law increase in the structure regime, making log-log plots of 
structure functions useful in determining the slope of the power 
law. Note that the slope of the first-order structure function is 
unaffected by misestimating the mean p of the underlying 
process [although all the values of D(t) will be scaled by 3c2/p2]. 
A linear trend in a time series will result in a logarithmic slope 
of 2 for the first-order structure function in the structure 
regime. 

d) Noiselike Fluctuations 
Noiselike processes raise the overall level of the structure 

function without introducing any net trend. Noise decreases 
the sensitivity of the structure functions to correlated structure 
in the time series by raising the baseline level of D(t) and 
increasing its estimation error. We have identified four noise- 
like processes in our observations. 

Calibration noise, due to imperfect knowledge of receiver 
and antenna gains, introduces a constant fractional error in the 
flux measurements. By reference to the calibrator sources in 
Table 2, we estimate the fractional errors in the calibration 
to be €c = 0.04 at 310 MHz, 0.07 at 416 MHz, and 0.04 at 
750 MHz. 
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Fig. 4.—(a) Light curves of the calibration source 3C 380 at 310 MHz (triangles), 416 MHz (circles), and 750 MHz (squares), (b) Structure function plots for the 

time series in (a), with the same data symbols. 

Measurement noise is due to the finite signal-to-noise ratio of 
the average pulse profile accumulated during the scan. For an 
N point profile with n points of signal and N — n points of 
baseline, the fractional error in estimating the flux is em = 

Fig. 5.—Structure function (schematic) for a process with fluctuations on 
time scales Tj < t < t2. In the noise regime (t < tJ, no correlated fluctuations 
are present and the structure function is flat. In the structure regime (i1 < t < 
*2)’ ^(T) nionotonically increases with a slope which depends on the power 
spectrum of the correlated fluctuations. Many naturally occurring processes 
exhibit power-law increases in this regime. In the saturation regime (t > t2), the 
structure function attains its maximum and constant value of 2o2, where o2 = 
ffí¡ + v?’ with and the variances of the noiselike and correlated portion of 
the process, respectively. A nonstationary random process has an infinite value 
of t2 and D(t) increases without bound for large t. The dashed line near the 
origin is meant to indicate that D(0) = 0, showing that the noise decorrelates 
rapidly compared to the signal. 

(ob/S)[(N/n)/(N — n)]1/2, where ob is the rms noise over the 
baseline region and S is the continuum flux, S — (1/N)£?= x 
The values for em for each scan were determined and combined 
quadratically to form an average value of Dm = 2e2, the contri- 
bution of measurement error to the structure function value. 
Table 3 contains values of em for the noise-dominated time 
series. 

Stabilization noise is due to the finite number of pulses 
included in the average profile. Individual pulses are highly 
variable in shape and strength. The modulation index of pulsar 
average profiles has been studied by Weisberg et al (1986) and 
others. They find that the pulse-to-pulse modulation index mpp 
varies with position across the average profile, but is generally 
within the range 0.5 < mpp < 2.0. We estimate the fractional 
error in the flux estimate due to stabilization noise as €s = 
mpp/M

1/2, where M is the number of pulses observed in a scan. 
The mean value of M for each pulsar and observing frequency 
is given in Table 1. Values of Ds = 2e2 are tabulated in Table 3. 

DISS noise is the fourth and often dominant noiselike 
process in the observations. Diffractive scintillation has a time 
scale Td and a frequency scale Avd. DISS has a modulation 
index > 1.0, leading to a fractional flux error of ed « l/AT^t, 
where Nscint is the number of independent scintillation maxima 
in the observation. The number of scintillation maxima is 
Nscint = fJ,At Av)/(TdAvd) for an observation of duration At and 
a bandwidth of Av. The filling factor fd « 0.20 accounts for the 
fact that the scintillation maxima fill only a fraction of the 
frequency-time plane. This simplified estimate does not 
account for the details of the DISS statistics or the fact that 
DISS often exhibits correlated structure in the frequency-time 
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TABLE 3 
Noise-dominated Time Series 

PSR v 
(MHz) 

Dm 
(log) 

Ds 
(log) 

Dd 
(log) 

Dnoise 
(log) 

<D(t)> 
(log) 

mobs Tr 
(days) 

0031-07 310 
0031-07 416 
0031-07 750 
0136+57 310 
0136+57 750 
0138+59 310 
0138+59 416 
0138+59 750 
0301+19 750 
0355+54 750 
1508+55 310 
1508+55 416 
1508+55 750 
1541+09 416 
1541+09 750 
1604-00 310 
1604-00 416 
1604-00 750 
1642-03 416 
1642-03 750 
1706-16 310 
1706-16 416 
1706-16 750 
1737+13 310 
1737+13 750 
1818-04 416 
1919+21 310 
1919+21 416 
1919+21 750 
1933+16 310 
1944+17 310 
1944+17 416 
1944+17 750 
2016+28 310 
2016+28 416 
2016+28 750 
2020+28 310 
2020+28 416 
2020+28 750 
2045-16 310 
2045-16 416 
2045-16 750 
2111+46 310 
2111+46 416 
2111+46 750 
2217+47 750 
2255+58 310 
2255+58 416 
2319+60 310 
2319+60 416 
2319+60 750 

-3.68 
-2.61 
-3.17 
-2.92 
-2.69 
-3.25 
-1.49 
-2.44 
-2.48 
-3.16 
-2.93 
-3.04 
-3.07 
-2.23 
-2.37 
-3.22 
-1.91 
-2.82 
-3.88 
-4.29 
-2.93 
-2.32 
-3.18 
-2.37 
-1.99 
-3.05 
-3.60 
-3.78 
-3.47 
-3.81 
-2.55 
-2.23 
-3.04 
-4.37 
-3.87 
-4.09 
-3.36 
-3.58 
-4.12 
-3.69 
-3.08 
-3.60 
-4.04 
-2.78 
-3.51 
-3.03 
-1.50 
-1.10 
-3.10 
-2.18 
-3.04 

-2.52 
-2.30 
-2.53 

-3.15 
-3.10 
-2.46 
-1.60 
-2.40 
-2.34 

-3.35 
-2.45 
-2.33 
-2.60 
-2.41 
-2.62 
-2.96 
-2.67 
-2.90 

-2.71 
-2.92 
-2.52 
-2.47 
-2.68 

-2.66 
-2.59 
-2.51 
-1.30 
-2.11 
-2.34 

-3.02 
-2.86 
-2.66 
-2.87 

-2.52 
-2.54 
-2.76 

-2.20 
-2.92 
-2.98 

-1.64 
-1.88 
-2.22 

-2.68 
-1.93 
-2.52 
-2.76 
-2.24 
-2.82 
-2.39 
-1.72 
-2.32 

0.07 
0.98 
1.61 
4.04 
2.45 
1.42 
0.12 
0.19 
0.31 
1.44 
2.37 
1.56 
0.97 
2.03 
1.38 
0.02 
1.00 
1.63 
1.33 
0.69 
1.24 
0.50 
0.15 
2.57 
0.95 
4.85 
0.19 
0.07 
0.70 
5.39 
1.21 
0.32 
0.33 
0.74 
0.07 
0.57 
0.08 
0.11 
0.69 
0.35 
0.10 
0.62 
5.12 
3.68 
3.41 
0.76 
4.92 
4.81 
5.21 
3.84 
3.59 

0.08 
0.98 
1.61 

-2.28 
-2.02 
-1.35 
0.14 
0.19 
0.31 

-1.39 
-1.91 
-1.37 
-0.94 
-1.54 
-1.29 
0.02 
1.00 
1.63 

-1.24 
-0.68 
-1.18 
-0.48 
0.15 

-1.91 
-0.90 
-1.86 
0.21 
0.08 
0.70 

-2.37 
-1.16 
-0.30 
0.33 

-0.72 
-0.06 
0.57 

-0.08 
-0.11 
0.69 

-0.33 
0.11 
0.63 

-2.27 
-1.63 
-2.16 
-0.74 
-1.39 
-1.04 
-2.09 
-1.45 
-2.04 

0.22 
0.17 
0.37 

-1.67 
-1.60 
-1.07 
-0.78 
-0.80 
-0.06 
-0.72 
-0.95 
-0.89 
-0.65 
-1.28 
-1.05 
-0.44 
0.33 
0.35 

-0.01 
0.17 

-0.78 
-1.03 
-0.19 
-1.05 
-0.23 
-1.84 
-0.03 
0.11 
0.27 

-2.40 
-0.78 
-0.67 
-0.49 
-1.18 
-1.04 
-0.60 
-0.53 
-0.25 
-0.31 
-0.15 
0.12 
0.48 

-2.49 
-1.32 
-1.82 
-0.85 
-1.03 
-1.47 
-1.34 
-0.83 
-1.56 

0.91 
0.86 
1.09 
0.10 
0.11 
0.21 
0.29 
0.28 
0.66 
0.31 
0.24 
0.25 
0.33 
0.16 
0.21 
0.43 
1.04 
1.06 
0.70 
0.86 
0.29 
0.22 
0.57 
0.21 
0.54 
0.08 
0.69 
0.80 
0.97 
0.04 
0.29 
0.33 
0.40 
0.18 
0.21 
0.35 
0.38 
0.53 
0.50 
0.60 
0.81 
1.23 
0.04 
0.16 
0.09 
0.27 
0.22 
0.13 
0.15 
0.27 
0.12 

12 
6.6 
1.8 

87 
46 
95 
50 
14 

1.8 
3.0 

11 
5.6 
1.5 

79 
22 
9.9 
5.2 
1.4 
4.9 
1.3 

27 
14 
3.8 

16 
2.3 

240 
4.6 
2.4 
0.7 

400 
39 
20 

5.5 
55 
29 
7.8 

16 
8.4 
2.3 
1.0 
0.5 
0.1 

410 
220 

60 
2.7 

280 
150 
260 
130 
37 

plane, but, lacking more detailed information about the DISS 
behavior, we will use this expression for ed to estimate the error 
introduced by diffractive scintillation. In calculating ed we have 
used the DISS parameters found by Cordes, Weisberg, and 
Boriakoff (1985) scaled to our observing frequencies as 7^ oc 
v1-2 and Avd oc v4,4, the scaling appropriate for a Kolmogorov 
spectrum (see the Appendix). The scaled DISS parameters are 
given in Table 1 and Dd = 2ej is shown in Table 3. 

Since these noise sources are independent, their cumulative 
effect on D(t) will be to raise all values in a time series by a 
constant amount Dnoise = 2(e2 + €2 + €2 + €d), which is tabu- 
lated in Table 3. Although this is our best estimate of the total 
noise present in the observations, difficulty in estimating stabil- 
ization noise and DISS noise may result in a misestimate of 
Dnoise by as much as a factor of 10 in either direction. An 
observed noise level that is smaller than expected is not serious 
since it merely indicates an overestimate of Dnoise. An observed 
noise level that is larger than expected is a problem, however, 
since it is impossible to tell whether the estimate of Dnoise is in 
error, whether there is an unsuspected source of additional 

noise in the system, or whether the pulsar is displaying day-to- 
day variability that would show up as an additional source of 
noise. We have investigated the effect that changing the 
assumed values of mpp or fd have on the error estimates. For 
mpp = 1 and/d = 0.20 this noise ratio varies between 0.05 and 
20 with a median value of 0.86. The distribution of this noise 
ratio, which is sensitive to the choice of fd but not to mpp 
(because DISS noise dominates over stabilization noise in most 
cases), clearly becomes biased when fd deviates from 0.20 by 
more than a factor of 2. Although individual noise estimates 
can vary by more than a factor of 10 from the observed values, 
there is no obvious bias or trend in the error estimates. 

The structure function values, like those of the autoco- 
variance function, are highly correlated for lags separated by 
less than an octave and are still partially correlated over a 
number of octaves. This is why we have chosen to plot only the 
T = 1, 2, 4, 8, and 16 day lag values of the structure function. 
The error bars on those points are ±IgD9 where cr¿ « 
8cr2 D(t)/AT(/c) is the estimator of the structure function variance 
(Simonetti, Cordes, and Heeschen 1985) and a2 is the noise 
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variance. Although we have attempted to account for all 
sources of noise in the measurements, uncertainty in the esti- 
mates of stabilization noise and DISS noise make the calcu- 
lated error estimates uncertain. We have therefore estimated 
the noise by using the shortest available lag of the structure 
function (t = 1 or 2 days), = D(l)/2. This will be an overesti- 
mate of the error for a few time series, such as PSR 1933 -I-16, 
which have structure functions that are still sharply decreasing 
at the shortest available lag. 

in. RESULTS 

a) Pulsars Are Stable Continuum Sources 
Many of the time series in our observations are noiselike; 

that is, they exhibit no correlated structure in the time domain 
and have essentially flat structure functions. Table 3 sum- 
marizes the results for these data sets, listing the estimated 
noise contribution, Dnoise, the observed mean structure func- 
tion value, <I>(t)>, the observed modulation index, mobs = 
[<D(t))/2]1/2, and the calculated refractive time scale, Tr. A 
time series in our observations will be noiselike if any refractive 
scintillation modulation is small compared to the sources of 
noise or if Tr is comparable to or shorter than the 1 day spacing 
of our flux measurements. This latter condition blends diffrac- 
tive and refractive effects so thoroughly that no useful informa- 
tion about RISS can be extracted from the time series. The 
time series will also be noiselike if the duration of the observa- 
tions is much less than Tr. In this case, if the intrinsic flux 
density of the pulsar is constant, we will observe a roughly 
constant flux density contaminated by some amount of addi- 
tive noise. On the other hand, if pulsars are not constant flux 
sources on the time scale that we are probing (minutes to 
weeks), then we can expect that there will be additional fluctua- 
tions in the time series above the level of the noise that we have 
accounted for. 

In Figure 6 we have plotted the observed modulation index, 
mobs against our best estimate of the noise contribution to the 
modulation index mnoise = [D(t)/2]1/2 for the 51 time series in 
Table 3. Those time series that lie below and to the right of the 
dashed line are contaminated by noise contributions, since 
their estimated mnoise is greater than mobs. Not surprisingly, 
these points are mainly from the time series for which Tr is less 
than or comparable to the duration of our observations, since 
a small value of Tr indicates that the dif active time scale Td is 
becoming long and the diffractive bandwidth is also becoming 
large. The points with 7^ < 10 days to the left and above the 
dashed line are probably also corrupted by DISS noise, and we 
have underestimated its contribution to the noise total. We see 
in Figure 6 that the time series with intermediate refractive 
time scales (10 < Tr < 100 days) and minimal noise corruption 
have modulation indices no larger than about 0.3. This is 
important because it indicates that the modulation index of 
RISS is relatively small since at least some of the uncorrupted 
time series in this group would show large mobs otherwise. The 
time series with the longest values of Tr show the smallest 
values of mobs as would be expected if these pulsars are intrinsi- 
cally stable and the RISS modulation is reduced by the small 
duration of our observations relative to Tr for these data. 

This point is explored further in Figure 7. There we have 
plotted mobs against Tr for the 51 time series in Table 3. The 
tendency for time series with large Tr to have small modulation 
indices is clear in this figure. Most of the points in the lower 
right-hand corner of this figure have very low mnoise values. For 

Fig. 6.—Observed modulation index plotted against the modulation index 
estimated from noise statistics. Points falling below and to the right of the 
dashed line are contaminated by noise and are not reliable estimates of the 
RISS modulation depth. The points are also split into three groups based on 
the expected refractive time scale for that pulsar and observing frequency. The 
general agreement with RISS theory is evident, with those time series with 
large Tr values exhibiting very low values of mohs and those with intermediate 
Tr values exhibiting modulation indices in the range 0.2-0.3. 

them to then also have low observed modulation indices (as 
low as the continuum calibrators in some cases) requires that 
intrinsic pulsar variability must be very small for these pulsars. 
For the most extreme cases we can set limits of mpsr < 0.05 for 
intrinsic pulsar variability over our 40 day observing span. 

Fig. 7.—Observed modulation indices plotted against the expected 
refractive time scale 7^ for 51 time series showing noiselike behavior. Different 
observing frequencies are denoted by triangles (310 MHz), circles (416 MHz), 
and squares (750 MHz). The trend for large Tr value data to show very low 
modulation is evident. This is consistent with RISS theory and furthermore 
indicates that pulsars are stable continuum sources over this time span (40 
days). 
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Fig. 8.—(a) Pulsar time series with flux values nearly as stable as the calibrator sources. The value of Tr for these sources is >43 days, (b) Structure functions for 
the same sources as in (a). Data symbols as in Figs. 3 and 4. 

Four of the most stable pulsar time series are displayed in 
Figure 8 along with their structure functions. The lack of any 
significant increase in the D(t) level above that due to cali- 
bration noise sets upper bounds on the intrinsic modulation 
depth, mint, of mint < 0.04 at 310 MHz, mint < 0.07 at 416 MHz, 
and mint < 0.04 at 750 MHz for the intrinsic intensity fluctua- 
tions of these pulsars over all time scales from several minutes 
to 40 days. The PSR 2111+46 time data at 750 MHz has a 
value of mobs of 0.09. Since noise and intrinsic contributions 
will add linearly to the D(t) value, data for this time series set a 
3 a limit of mint <0.16 for the intrinsic variability of this pulsar 
at 750 MHz over the sampled time scales. 

The predicted values of Tr for three of these time series are 
longer than 200 days (see Table 1). We note also that only one 
time series with 7^ > 100 days shows any nonrandom intensity 
fluctuations (see § Illh), and its Tr value is poorly determined 
because of a lack of DISS data. Since the value of Tr for a 
particular time series is dependent only on DISS parameters 
and the observing frequency, there is no reason to expect a 
correlation between RISS variability and intrinsic pulsar varia- 
bility. The lack of any significant variability above the expected 
noise level for time series with large Tr values leads us to con- 
clude that pulsars are stable continuum sources on time scales of 
several minutes to several weeks. 

b) Refractive Scintillation: Times Scales 
We turn now to a discussion of the time series in our data set 

which exhibit correlated intensity fluctuations. We identify cor- 
related fluctuations by inspecting the structure function for the 
time series. Significant deviations from a constant value in the 

structure function indicate that there is correlated structure in 
the time series that is larger than that due to the noiselike 
(uncorrelated) component. We present time series and struc- 
ture function pairs for nine such pulsars in Figures 9-12. These 
time series have a number of features in common. By selection, 
they all have structure functions that increase toward longer 
lags. This increase is usually monotonie, although there are 
instances of dips at a single lag value that are consistent with 
the estimation error of the structure functions (e.g., PSR 
1737 +13). Second, at shorter lag values many of the structure 
functions show evidence of contamination by noise. This has 
the effect of increasing D(t) by a constant amount. This, in turn, 
flattens the slope of the structure function in this log-log pres- 
entation, since the D(z) values on the left end of the curve are 
pushed upward proportionately more than those on the right 
end. 

It would be useful to estimate RISS time scales from these 
structure functions in order to compare the observed values 
with Tr predicted by equations (A4) and (A 12). We have not 
been able to do so with these data, however, since the separa- 
tion between diffractive and refractive time scales is not great 
enough for those time series of most interest—namely, those 
which have Tr values between 10 and 30 days. At the short end 
of this range, the DISS decorrelation bandwidths Avd and time 
scales Td become large enough that our bandwidth and integra- 
tion time per observation were inadequate to quench the DISS 
fluctuations fully. At the other end of this range, the RISS time 
scale starts to approach the total duration of our observation 
and the structure function estimates become unreliable. Our 
observations could be improved upon by using very wide 
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Figs. 9-12.—(a) Light curves of six pulsars displaying refractive interstellar scintillation (RISS) behavior at one or more frequencies. The flux density time series 
are plotted on logarithmic scales to facilitate comparisons of fractional flux-density changes and shifted vertically for clarity. The error bars span ± 2 standard errors. 
Data symbols as in Figs. 3 and 4. (b) Structure function plots for the time series in (a), with the same data symbols. Logarithmic slopes of 1 and 2 are identified. 
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observing bandwidths (perhaps with interference rejection 
within the band), longer scans, and longer total duration. 

Nevertheless, we can comment on the qualitative agreement 
between RISS theory and these observations. With one excep- 
tion, the 11 time series which show RISS behavior in our 
observations have predicted values of 4 < 7^ < 56 days. The 
excellent qualitative agreement between the Tr values predicted 
by RISS theory and those observed in our experiment are 
support for the basic correctness of the theory. 

The exception, PSR 1844 — 04 at 310 MHz, has a predicted 
value of 258 days based on the expression of Rickett, Coles, 
and Bourgois (1984), Tr = 0.1 DM1,622 2/kioo Ways]» where 
V100 is the pulsar transverse velocity in units of 100 km s-1. 
This equation with Vi00 = 1 was used because of the lack of 
DISS parameters for this pulsar. Tr would be smaller for this 
source, and it would be in closer agreement with the other 
RISS results, if its velocity were larger than the median of the 
pulsar population. This same expression was used in determin- 
ing Tr for PSR 0136 4- 57 and PSR 2255 + 58 since no published 
DISS data for them exists. 

We close this section with a brief discussion of the RISS 
behavior of the 11 time series and corresponding structure 
functions plotted in Figures 9-12. The predicted and observed 
values of Dnoise are presented in Table 4, with some other 
parameters that will be discussed further below. 

PSR 0329 + 54 (Figs. 9a, b).—This is an excellent example of 
RISS at all three observing frequencies, with the shortest time 
scales present in the 416 MHz and 750 MHz data and the 
longest time scale (to be compared with Tr = 2$ days) at 
310 MHz. At all three frequencies the modulation depth 
approaches 0.20 at the longest lags. 

PSR 0355 + 54 (Figs. 10a, b).—RISS is evident at both fre- 
quencies although the 310 MHz data is affected by noise. The 
predicted value of 7^ = 11 days agrees qualitatively with the 
behavior of the 416 MHz time series. 

PSR 1844-04 (Figs. 11a, h).—The 310 MHz data is a good 
example of RISS behavior that has significant fluctuation 
power on time scales longer than 40 days. The structure func- 
tion, which is only slightly affected by noise at the shorter lags, 
is showing no sign of saturation at the longest lag plotted here. 
This is in keeping with the net linear trend in the time series. 

PSR 1933 + 16 (Figs. 11a, b).—This time series contains 
some of the quietest data obtained in these observations. There 
is a quasi-linear trend over the course of the observations. This 
is consistent with the Tr = 51 day value, although it looks like 
there are time scales present in the time series that are signifi- 
cantly longer than this. The structure function rises at almost 

TABLE 4 
Refractive Scintillation Time Series 

V 7r(obs) Dn,pred Ai.obs 
PSR (MHz) (days) (days) (log) (log) b 

0329 + 54  310 28 >16 -1.06 -1.69 1.4 
0329 + 54  416 15 >16 -0.75 -1.86 0.9 
0329 + 54  750 4 2 -0.13 -1.29 0.1 
0355 + 54  310 21 >16 -2.71 -1.70 0.4 
0355 + 54  416 11 >16 -1.91 -1.43 1.3 
1844 - 04   310 260 >16 -2.02 -1.53 0.9 
1933 + 16  750 57 >16 -2.24 -2.86 1.3 
2217 + 47  310 19 >16 -2.05 -2.41 1.6 
2217 + 47  416 10 >16 -1.30 -1.63 1.0 
2217 + 47  750 3 >2 -0.75 -1.20 0.4 
2255 + 58  750 39 >16 -1.91 -1.82 0.5 

the D(t) oc t2 behavior expected for a purely linear trend in the 
data. 

PSR 22255 + 58 (Figs. 11a, b).—Although partially contami- 
nated by noise, this time series shows substantial fluctuation 
power on 10-15 day time scales. Again, there is no indication 
that the structure function has saturated at the longest lag 
plotted here. 

PSR 2217+47 (Figs. 12a, b).—These are the best examples 
of RISS behavior in the entire data set. The 310 MHz and 416 
MHz data show strong long-term trends in the time series, 
although the calculated Tr values of 19 and 10 days, respec- 
tively, seem short compared to some of the time scales present 
in the data. Furthermore, there is a strong correlation between 
flux variations at the two frequencies. Such a wide-band corre- 
lation of flux variations was also seen in the observations of 
Hesse (1972) and is consistent with the wideband character of 
fluctuations expected from RISS. Refractive scintillation is also 
present in the 750 MHz data, but that time series is contami- 
nated by noise. 

c) Refractive Scintillation: Modulation Index 
From Figures 6 and 7 it is clear that the maximum unam- 

biguous RISS modulation index is not much larger than 0.30 in 
our data. It is possible, of course, that we may be missing some 
time series with larger values of mr because of the limited dura- 
tion of our observations and because of noise contamination 
for series with low values of Tr. However, even the time series 
with intermediate values of Tr and low noise contamination 
have observed modulation indices no larger than about 0.3. 

As noted in the Introduction, longer term (and lower 
frequency) studies of pulsar fluxes have reported long-term 
modulation depths near 1.0 (HFK; Me Adam 1981). However, 
HFK tabulated a different modulation index Mj = 
</2>1/2/</>, a fact which was first pointed out to us by R. 
Narayan. We have tabulated mj = <(/ — </»2>1/2/</>. They 
are related by m¡ = (Mj — 1)1/2. For convenience of inter- 
comparison we have tabulated both of these modulation 
indices in Table 5. Note that with this modification, their mea- 
sured values of modulation index are mainly in the range 
0.30 < nij < 0.60, which is larger than the modulation that we 
have found here, but not dramatically so. Their observations 
clearly show impulsive features of undetermined origin that 
may partly explain the discrepancy in the modulation indices. 
It is worth noting that their 390 MHz data, which should have 
a shorter RISS time scale, attain larger modulation indices 
than the lower frequency data. It may be that RISS fluctua- 
tions have considerable power at time scales much longer that 
Tr, which only shows up in very extended observations. 

McAdam’s data on the Vela pulsar (PSR 0833 — 45) is sug- 

TABLE 5 
Previously Published Modulation Indices3 

M M m m 
PSR (156 MHz) (390 MHz) (156 MHz) (390 MHz) 

0329 + 54  1.06 1.07 0.35 0.38 
0823 + 26  1.10 1.13 0.46 0.53 
1133 + 16  1.12 1.21 0.50 0.68 
1508 + 55  1.08 1.18 0.41 0.63 
1919 + 21  1.12 1.11 0.50 0.48 
2217 + 47  1.08 1.42 0.41 1.01 

a From Helfand, Kuhlman, and Fowler 1977. 
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gestive of a large modulation depth, although an exact value is 
hard to determine because the flux measurements are sparsely 
sampled. The most continuous monitoring session, from 
1975.2 to 1976.2, shows flux variation of a factor of 2 over what 
appears to be a significant portion of a fluctuation time scale. 
This is roughly consistent with the moderate modulation 
depths we have observed. 

d) Refractive Scintillation: Spectral Slope 
We turn next to the power-law index in the structure regime 

of the RISS structure function plots. Note that many of the 
structure functions in Figures 9-12 have power-law behavior 
over many octaves of time lag (e.g., PSR 0329 + 54 at 310 MHz 
and 416 MHz and PSR 1933 + 16 at 750 MHz). This is to be 
expected if the length of the observing span is shorter than the 
longest time scales in the RISS modulation. Discussions with J. 
Goodman and R. Romani have alerted us to the importance of 
this behavior. Long stretches of power-law behavior in the 
structure function indicate that the random process under 
study is far from saturation. Using the formalism developed in 
Romani, Narayan, and Blandford (1986) and Goodman and 
Narayan (1985), Goodman has shown that D(t) oc t“-3 for an 
extended medium in this regime (private communication). 
Here a is the exponent of the three-dimensional inhomogeneity 
power spectrum, <I>fc oc where k is the spatial wavenumber. 
R. Romani (private communication) has established the same 
result numerically. 

A measurement of the power-law slope of the structure func- 
tion for lags much less than the saturation time scale would 
seem to contain valuable information about the density inho- 
mogeneity spectrum of the interstellar medium since 
a = 3 + h. If we could be sure that the interstellar medium was 
essentially continuous, this would indeed be the case. As has 
been pointed out to us by the referee, however, the situation 
changes dramatically for a thin-screen geometry (also see 
Hjellming and Narayan 1986). Then b = 2 and b contains no 
information about the steepness of the inhomogeneity spec- 
trum. Furthermore, as has been demonstrated by Coles (1988), 
it takes only a small gap in the medium in the vicinity of the 
observer to move from the extended medium to the thin-screen 
regime. Thus, unless the interstellar medium is highly uniform, 
a condition that is not supported by other observations or 
expected theoretically, results on the slope of the intensity 
structure function far from saturation will not be informative. 

We have estimated the power-law slope for the 11 time series 
in Figures 9-12. The presence of noise in the time series com- 
plicates the analysis since it tends to flatten the power-law 
slope of the structure function, underestimating b and a. We 
tabulate the predicted and observed values of noise in the 
structure functions in Table 4. In this table we also present an 
estimate of b determined by fitting a line through the power- 
law regime of each structure function once the noise bias has 
been removed. These fits include the value of the structure 
funtion at 32 day lag, which is not plotted in Figures 9-12. The 
estimate of Dnoise was generally Dnoise = D(l), except in those 
cases for which D(l) was not the smallest value of the structure 
function. In these cases a value of Dnoise was found by extrapo- 
lation from the first few lags of the structure function. The 
uncertainty in these b values is typically +0.2. The mean of 
these b values is 0.9, although there is considerable spread in 
both directions. The best RISS data in our study, those for 
PSR 2217 + 47, are particularly intriguing since they show two 
clearly difieren slopes for the structure functions at 416 and 750 

MHz. We have also used the structure function behavior to 
estimate a characteristic time scale for the time series in a few 
cases. These estimates (and lower limits) are consistent with 
fluctuations caused entirely by RISS. 

IV. SUMMARY 

We have clarified a number of points about RISS with these 
observations. First, we have shown that there is good reason to 
believe that pulsars are intrinsically stable continuum 
sources—at least on time scales between 5 minutes and 40 
days. Hence they are valuable sources to use for further studies 
of RISS. 

We have shown that the modulation index of RISS mr is not 
large (>1). It typically has a value between 0.2 and 0.3 in 
pulsars whose RISS time scale is about half the time span of 
our observations. For pulsar-frequency combinations such 
that the predicted RISS time scale is long compared to 40 days, 
mr is consistently lower than for those for which 7^ < 40 days. 
This is to be expected if Tr correctly predicts the true RISS time 
scale, since the modulation index of these time series should be 
damped by «(40 days/7^). There is no obvious frequency 
dependence of mr, although the exponent of the dependence 
would have to be steeper than about 1.5 in order to produce an 
observable effect. Over the shorter time span of our observa- 
tions we do not see the larger modulation reported by HFK 
and later seen in flux monitoring of the Vela pulsar over a 12 yr 
period (MeAdam 1981). This is explicable if either the time 
scale for RISS variation is much larger than predicted by RISS 
theory or if the RISS fluctuations have a large amount of 
power in very low-frequency spectral components. This would 
give rise to a larger modulation index as the averaging time is 
increased. 

Our data also show that the predictions for the refractive 
scintillation time scale Tr arising from RISS theory and DISS 
measurements are qualitatively correct (that is, within a factor 
of 3 in either direction). In two cases in which we were able to 
estimate observed refractive time scales, they agreed within a 
factor of 2 with the predicted values. Further observations, 
over a longer observing interval and with improved suppress- 
ion of DISS noise, are necessary to test these predictions more 
quantitatively. 

Finally, since pulsars are intrinsically stable point sources, 
we may use their observed long-term variability to estimate the 
effects of RISS on extended extragalactic sources. The pulsar 
observations show that RISS is caused by scattering in regions 
with angular size 6 < 10"3 arcsec at v « 1 GHz and that 
modulation indices as large as m « 0.3 result. Extragalactic 
sources with intrinsic angular sizes « 10-3 will therefore 
undergo RISS as well, with somewhat lower modulation 
indices. Their RISS time scales will be slower (months instead 
of weeks) because extragalactic sources are extended and 
because they have nearly zero proper motion. The expected 
RISS parameters for extragalactic sources are consistent with 
the observed variations of extragalactic sources at v < 1 GHz 
(e.g., Altschuler et al 1984). 

We would like to thank the staff of the NRAO 91 m tele- 
scope for their diligence and care in running this long program 
of observations. We would also like to thank Jim Cordes, 
Jeremy Goodman, Ramesh Narayan, Roger Romani, Barney 
Rickett, and John Simonetti for illuminating discussions about 
refractive scintillation. 
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APPENDIX 

SCINTILLATION EQUATIONS 

Figure 13 shows the scattering geometry for a pulsar at distance L, embedded in the interstellar medium. The scattering medium 
actually filling the line of sight has been approximated by a thin screen midway between the point source and the observer. 
Radiation is scattered through an angle 29 ^ 1 rad by electron-density fluctuations with a range of sizes a crossing the line of sight 
with transverse velocity v±. 

Diffractive scintillations (DISS) are rapid intensity variations produced by the smallest electron-density fluctuations (diameter ad) 
capable of introducing phase differences A</> > tt rad between adjacent ray paths (see Scheuer 1968). The geometric phase delay 
along the bent ray path shown in Figure 13 is 0 = nL62v/c9 where v is the radiation frequency. The adjacent ray with average path 
separation a along the line of sight is displaced by 2a at the screen, and the phase difference between these two rays is 
A</> « 7üv[(L0 + 4a)2 — (L6)2y(cL) æ SnOav/c. The value ad for which A</> = n is ad& c/($0v). The DISS time scale Td (usually defined 
as the half-width to the e-1 point of the intensity autocovariance function) is Td& 3ad/(5t;1) since the e-1 radius of a Gaussian is 
nearly equal to f the half-intensity diameter. Thus 

Td * 3c/(409vv1) . (Al) 

Diffractive scintillations decorrelate over a bandwidth Avd (normally taken to be the half-width to half-maximum of the autoco- 
variance function). From the uncertainty principle, Avd æ (2nTgy

1, where Tg æ L62/(2c) « </>/(27rv) is the geometric time delay, so 

Avd » c/(nL92) . (A2) 

Refractive scintillations (RISS) are slow intensity fluctuations produced by the largest electron-density fluctuations (diameter ar) 
that fit in the ray bundle. This scale is approximately equal to the average path separation along the line of sight, or ar « LO/2 
(Rickett, Coles, and Bourgois 1984). The e_1 time scale Tr of refractive scintillations is then 

Tr « 3L9/(10vl) . (A3) 

Equations (Al) and (A2) can be used to eliminate the unknowns L, 6, and v± in favor of the DISS observables Td and Avd : 

Tr 

4 
71 

(A4) 

Equation (A4) gives the pulsar RISS time scale Tr only for the frequency v at which both its DISS time scale Td and decorrelation 
bandwidth Avd have been measured. 

Values of Tr observed at different frequencies may be found from scaling laws that depend on the spectrum of electron-density 
fluctuation sizes a. When a ray of frequency v passes through a single electron-density fluctuation of rms amplitude (An2)1/2, it bends 
through an angle AO oc v-2(An2)1/2. The number of electron-density fluctuations encountered along the line of sight is proportional 
to L/a, so the total scattering angle 26 oc v_2(An2)1/2(L/a)1/2 (see Scheuer 1968). If there is a power-law spectrum of fluctuation sizes: 
O(k) = C^k_a, where k = (2n/a) in three dimensions, then An2 oc C£aa-3. Inhomogeneities with the smallest sizes a produce the 
largest scattering angles 0 if a < 4, and the largest a dominate for a > 4, so the observed scattering angle obeys 

9 oc v-2L1/2(C2)1/24a-4)/2 , (A5) 

where a* = ßd if a < 4 and a* = ar if a > 4. 
For a < 4 and a given pulsar (fixed C£, y1, and L), 9 oc va/(2 -a) and equation (Al) implies 

Td oc v2/(a-2) (a < 4) . (A6) 

Fig. 13.—Scattering geometry for a galactic pulsar with scattering occurring in a thin screen along the line of sight 

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



19
90

A
pJ

. 
. .

35
2.

 .
20

73
 

No. 1, 1990 PULSAR FLUX STABILITY 221 

Similarly equations (A2) and (A5) combine to give the scaling law 

Av,, oc v2a/(a_2) (a < 4), (A7) 

and equations (A4) and (A5) result in 

Tr oc v“/(2_“t) (a < 4). (A8) 

Similarly as for equations (A6)-(A8), the corresponding scaling laws for a > 4 are 6 oc v4 l=t 61 and 

7¿oc v('’'-2)/(6■‘,, (a >4), 

Av^ocv8^-«» (a >4), 

rroc v4/<“-6) (a >4). 

Thus a pulsar with DISS parameters T/v0) and Avd(v0) measured at one frequency v0 will have an RISS time scale Tr(v) at any 
frequency v given by either 

(A9) 

(A10) 

(All) 

TV t - Í f V’o T>o)¥_ly 
7t L Avd(v0) Jvv0J 

\a/(2-a) 

or 

n L Avd(v0) 

v\4/(6-a) 

v0) 

(a<4) 

(a > 4) . 

(A 12a) 

(A 12b) 

The values in Table 1 were calculated for the particular case a = 11/3 (Kolmogorov spectrum), but Tr varies only slowly with a for 
a«4. 
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