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Abstract. We have observed the flux densities of PSRs B0329+54 and B1508+55 for 460 days at 327 MHz using the 25 m
telescope of NAOC Urumqi Observatory. The flux density time series and the corresponding structure functions are presented.
Our observational results at 327 MHz and other observations at 74 MHz and 610 MHz are compared with the predictions of the
refractive scintillation theory. The frequency dependence of the refractive scintillation parameters for PSR B0329+54 has been
investigated. The results show that the long-term flux density modulations of PSR B0329+54 at the three frequencies are best
described by a Kolmogorov spectrum for electron density inhomogeneities. For PSR B1508+55, we suggest that the spectrum
of the electron density fluctuation has a power exponent β < 4.
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1. Introduction

Two kinds of strong scintillation, diffractive interstellar scin-
tillation (DISS) and refractive interstellar scintillation (RISS),
emerged in pulsar radio astronomy. The DISS effects, in which
the intensity varies with characteristic timescales of minutes,
are believed to be due to the scattering of small spatial scale
density fluctuations (106−108 m) in the interstellar medium
(ISM). DISS effects are narrowband (about 100 kHz)in fre-
quency. The long-term flux density variations with charac-
teristic timescales of days to months are attributed to the
RISS effects, which are produced by large-scale (1010−1012 m)
irregularities in the ISM (Sieber 1982; Rickett et al. 1984).
The RISS effects are generally broadband in frequency. In
addition to the long-term flux density variations, the refrac-
tive effects include timing perturbations, modulations of DISS
observables, drifting bands in dynamic scintillation spectra,
and image wandering. Recently, Bhat et al. (1999a,b,c) in-
vestigated the combined effects due to diffractive and refrac-
tive interstellar scintillations and suggested the necessity of
more comprehensive theoretical treatments to describe refrac-
tive fluctuations. Unlike DISS effects, there are several as-
pects of RISS phenomena that remain to be well understood
(e.g. Rickett 1990; Cordes & Rickett 1998).

Observations of DISS and RISS effects are used to ob-
tain crucial information about the distribution of the electron
density along the line of sight. The electron density fluctua-
tions are thought to arise from turbulence and can be character-
ized by their spatial wavenumber spectrum (e.g. Rickett 1990;

Armstrong et al. 1995; Lambert & Rickett 1999). According
to current understanding, the three-dimensional electron den-
sity spectrum is considered to be a simple power-law form
PNe(k) = C2

Nek−β in the range kouter � k � kinner, where k
is the spatial wavenumber, which is inversely related to the
length scale of electron density fluctuation. kouter and kinner cor-
respond to outer and inner cut-offs in scales of the spectrum,
respectively. The power-law index β is thought to be in the
range 3 < β < 5, and the value for a simple Kolmogorov
turbulence is β = 11/3. The quantity C2

Ne is a measure of
the electron density fluctuation, which gives rise to scattering
along a particular line of sight. Knowledge of the spectrum
would provide valuable insight into the physics of the interstel-
lar medium. Kolmogorov turbulence results if there is a cascade
of energy from a large outer scale (1/kouter) downward in size
without energy loss until the energy is dissipated as heat at a
small inner scale (1/kinner). A steep spectrum (β > 4) model
(Blandford & Narayan 1985) and an inner scale model (Coles
et al. 1987) were developed to explain enhanced refractive scin-
tillation (e.g. Cordes & Wolszczan 1986; Rickett et al. 1997).
Spectra having β > 4 can result from a superposition of large
objects, like interstellar clouds and do not have turbulence con-
notations. The inner scale model includes a cutoff at an inter-
mediate scale at which the turbulent energy is dissipated, and
predicts increasing levels of refractive scintillations with in-
creasing inner scale. However, the exact form of the spectrum
and the spatial-scale range over which such a spectrum is valid
are still open to discussion.
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The structure-function analyses are extensively used to ob-
tain refractive scintillation parameters. Structure functions are
easy to interpret for uniformly sampled data with missing data
points, and they are unbiased estimators of the fluctuation
power in the absence of a well determined mean. However,
it needs long observation duration (Tobs) and a nearly daily
sampling interval to observe significant refractive modulation
in many pulsars. Rickett & Lyne (1990) reported 550 day ob-
servations of the Crab pulsar at 610 MHz using a 13 m an-
tenna and established much of the analysis procedure followed
in later studies. Gupta et al. (1993, hereafter GRC93) pre-
sented 400 days of flux density monitoring for nine nearby
pulsars at 74 MHz. LaBrecque et al. (1994) studied 20 pul-
sars at 430 MHz observed over a 4 yr span. Bhat et al. (1999a)
presented results of a project of dynamic-scintillation-spectra
monitoring of 18 pulsars at 327 MHz during a 3 yr period. They
studied refractive effects in pulsar scintillation and obtained re-
liable estimates of diffractive scintillation properties. Recently,
Stinebring et al. (2000, hereafter S2000) presented results of
flux density monitoring of 21 pulsars at 610 MHz on a daily
basis over a period of five years. However, the refractive scin-
tillation time scale Tr (i.e. the time lag at which the structure
function reaches half its saturation value), has not yet been pre-
cisely obtained for some pulsars observed because the length of
the observing span is still shorter than the longest time scales
in the RISS modulation.

Long-term flux density monitoring and the subsequent
structure function analysis at several frequencies are impor-
tant to test the scintillation model and to constrain the param-
eters of interstellar medium (Zhou et al. 2003a,b). In this pa-
per, we report a flux density monitoring of PSRs B0329+54
and B1508+55 at 327 MHz over a period of 460 days using
the 25 m radio telescope of NAOC Urumqi Observatory. Our
observational procedure is introduced in Sect. 2. In Sect. 3, we
present the time series along with the observed structure func-
tions. The observed modulation parameters are compared with
the theoretical predictions in Sect. 4. Discussion and some con-
clusions of this work are presented in Sect. 5.

2. Observations

The long-term flux density monitoring of PSRs B0329+54
and B1508+55 was performed from April 15, 1999 to July 7,
2000 using the Urumqi 25-m radio telescope at 327 MHz. The
pulsar-monitoring program ran when the telescope was not be-
ing used for VLBI observations.

Linearly polarized signals were fed into a single-channel
pulsar back-end with a bandwidth of 2 MHz, and the signals
were square-law detected and stored on disk for analysis. A to-
tal of 50–60 min were spent in obtaining each data file with a
sampling interval of 2 ms. During each pulsar observation, we
recorded signal from cold sky and a noise calibration source,
which was injected at the front end, before and after the tele-
scope was pointed at the pulsar observed. So in each data set,
there are two calibration scans with a fixed time span just be-
fore and after the pulsar signals as a primary power reference
for off-line pulsar intensity calibration.

Before each pulsar observation, a continuum source of
known flux density intensity at a declination close to that of the
pulsar was observed for gain calibration. The data from the cal-
ibrator were acquired for 3 min duration, and an equal stretch
of data was acquired by pointing the telescope at the cold sky.
When the telescope was pointed at the cold sky, the noise cal-
ibration source was turned on for one minute. Pulsar flux den-
sities were then computed using the known gain characteris-
tics of the instrument. The data from all calibrations taken
on a given day were also used to monitor the stability of the
telescope gain during the observing periods. Interference and
the disparity between pulsar and continuum source flux den-
sities have affected the accuracy of our absolute calibration.
We should note that both pulsars are highly linearly polarized,
therefore depending on our observational bandwidth, time span
of each observation and the rotation measures of the two pul-
sars only a fraction of the total intensity is measured by using
one linearly-polarized single observations on the flux density
measurements.

3. Data reduction and results

We present in Fig. 1 the time series of the flux density for
PSRs B0329+54 (top right) and B1508+55 (bottom right). The
flux densities plotted have been divided by the mean value for
that time series, and the neighboring points have been con-
nected by solid line to guide the eye. A total of 215 observa-
tions were conducted for each pulsar over a period of 460 days.
As shown in the two time series of Fig. 1, there are two large
gaps in each time series; the time-span of one gap is 37 days,
and that of the other is 59 days. Our observations in the re-
maining 361 days are interrupted by VLBI observations and
the regular maintenance of the telescope.

Corresponding structure functions for the two pulsars are
shown on log-log scales in Fig. 1 (left two diagrams). We ob-
tained the structure functions following the method described
by Rickett & Lyne (1990). The first order of the structure func-
tion of the flux density is

D(τ) =
1
〈F〉2

n∑
j=1

(
I j − I j+τ

)2

Wτ
(1)

where 〈F〉 is the mean of the flux density time series, and Wτ
is the total number of data pairs with lag τ days. I j is the value
of the flux density on the jth day. These structure functions
displayed in Fig. 1 have been corrected for the presence of un-
correlated noise as discussed by S2000.

A typical structure function displays three distinct regimes:
a noise regime at small lags, a structure regime characterized by
a linear slope in a log-log plot, and a saturation regime where
the structure function flattens out (Stinebring & Condon 1990).
For time lags much shorter than the shortest timescale present
in random process, the structure function shows a noise regime.
For time lags much longer than the timescale present in a sta-
tionary random process, the structure function will reach a sat-
uration value D(∞).

We use the structure functions to calculate measured refrac-
tive parameters, refractive timescale Tr, modulation index mr
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Fig. 1. Flux density time series and structure functions for PSRs B0329+54 and B 1508+55 at 327 MHz. Left two diagrams show the flux
density modulation, the error bars span ±2 standard errors. The flux densities plotted have been divided by the mean value for each time series.
The two diagrams on the right present the structure functions on logarithmic scales. The solid line in the top-left diagram indicates the saturation
level of structure function of PSR B0329+54.

and logarithmic slope γ of the structure regime. Assuming the
saturation value of structure function to be D(∞), the time
scale of the flux density variation Tr is determined by the re-
lation D(Tr) = D(∞)/2 and the modulation index is defined as
mr = (D(∞)/2)1/2. We measured the logarithmic slope γ of the
structure regime by following the method described by Kaspi
& Stinebring (1992). The errors of the mean flux density 〈F〉,
the saturation value D(∞) and the modulation index can be es-
timated as

δF
F
≈ mr√

Tobs
Tr

(2)

δD(∞)
D(∞)

≈
√

2Tr

Tobs
(3)

δmr

mr
≈

√
Tr

Tobs

(
mr +

1√
2

)
(4)

and the estimated error on the refractive time scale is then
found from the lags at (D(∞) + δD(∞))/2 and (D(∞) −
δD(∞))/2 (Kaspi & Stinebring 1992). We present the mea-
sured flux densities, modulation indices, refractive timescales,
and the logarithmic slope of the structure functions at 327 MHz
in Table 1.

As shown in Fig. 1, the structure function of
PSR B0329+54 has clearly saturated, presenting three
distinct regimes. The structure function rises to a maximum
at a lag of 115 days and starts to oscillate indicating an

approach to saturation. The saturation level of the structure
function D(∞) is 0.15. The measured mr is 0.27 ± 0.07, Tr is
31 ± 14 days and the logarithmic slope is 0.7 ± 0.1.

The signal to noise ratio for the pulsar is less than that
for PSR B0329+54 and is responsible for the relatively noisy
appearance of its structure function. The structure function of
PSR B1508+55 appears to be in the noise regime (Fig. 1) and
does not show the structure and saturation regimes that are
present in fully developed structure function. There are two
possibilities. One is that the refractive time scale of the pulsar
is very small. In this case, the refractive time scale may be less
than the minimum observable time scales of our observations.
Another possibility is that the refractive time scale may be ex-
tremely long, much longer than the duration of our observation.

To show the frequency dependence of refractive parameters
of both pulsars, our observational results at 327 MHz are com-
pared with those of other observations at 74 MHz (GRC93)
and 610 MHz (S2000; Kaspi & Stinbring 1992) in Table 1.
GRC93 made daily observations of the flux densities of both
pulsars using a large phased-array at 74 MHz for 400 days, and
estimated refractive scintillation parameters for the variations.
The observational parameters for PSR B1508+55 at 610 MHz
in Table 1 are taken from Kaspi & Stingbring (1992), and those
for PSR B0329+54 at 610 MHz are from S2000.

4. Comparison between observations and theory

Theoretical values of RISS can be predicted by current pul-
sar scintillation theory using measured parameters of DISS.
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Table 1. Observational and predicted RISS parameters at three frequencies.

Observed parameters Predicted parameters

PSR B νobs S obs mr Tr γ Notes mr,p Tr,p

(MHz) (mJy) (days) (days)

0329+54 610 0.37 ± 0.03 15 ± 0.2 0.5 ± 0.1 a 0.37 1.4

327 1320 ± 74 0.27 ± 0.07 31 ± 14 0.7 ± 0.1 0.26 5.6

74 >0.15 ± 0.06 >100 0.4 b 0.11 147

1508+55 610 >0.11 >424 − c 0.43 0.4

327 74 ± 15 − − − 0.31 1.6

74 0.28 ± 0.09 47 ± 37 0.8 b 0.13 42

Notes − a: the measured values are from S2000; b: the measured values from GRC93; c: the measured values from Kaspi & Stinebring (1992).

Table 2. Known DISS parameters at 327 MHz (Baht et al. 1999a) and some other parameters.

DISS parameters at 327 MHz

PSR B DM Distance Vprop S 327 ∆νd τd Viss log C2
Ne

(pc cm−3) (kpc) (km s−1) (mJy) (MHz) (s) (km s−1)

0329+54 26.4 1.43a 145 1230 ± 38 0.131 274 186 −4.11

1508+55 19.6 0.99b 500c 60 ± 2 0.187 144 451 −4.41

Notes − a the distance estimate is based on the electron density distribution given by Taylor & Cordes (1993); b the distance estimate is based
on the electron density distribution given by Cordes & Lazio (2002); c the value is calculated by using the updated proper motion measurement
(Hobbs et al. 2004).

In Table 2, we provide the pulsars, their flux densities and
DISS parameters at 327 MHz along with their dispersion
measures, distances, proper-motion speeds. The flux densities
and the DISS parameters (i.e. de-correlation bandwidths ∆νd,
diffractive time scales τd, scintillation velocities Viss, and scat-
tering strength C2

Ne) at 327 MHz are taken from Bhat et al.
(1999a).

Bhat et al. (1999a) monitored the dynamic spectra of
the two pulsars at 327 MHz at about 10 epochs over 60 to
70 days. According to their observations, the de-correlation
bandwidths and diffractive time scales of PSR B0329+54 vary
from 0.04 MHz to 0.3 MHz and from 204 s to 400 s due to re-
fractive effects and the mean values of the two parameters are
0.131 MHz and 274 s respectively. For PSR B1508+55, they
range from 0.1 MHz to 0.29 MHz and from 100 s to 180 s,
on the average values of 0.187 MHz and 144 s, respectively.
Comparing with the ranges of the de-correlation bandwidths,
our observational bandwidth of 2 MHz at 327 MHz is large
enough to avoid the diffractive scintillation confusing the ob-
servational results.

We use the mean values of the diffractive parameters ob-
served at 327 MHz (in Table 2) to calculate the predicted re-
fractive scintillation parameters of these pulsars at 610, 327 and
74 MHz using the scintillation theory. Table 1 gives the pre-
dicted values of modulation indices and refractive time scales
at the three frequencies.

The predicted modulation indices mr,p are estimated using
the expression

mr,p ≈ 1.10

(
∆νd
νobs

)0.17

, (5)

valid to first order of a Kolmogorov spectrum for a statisti-
cally homogeneous medium with the inner scale less than the
field coherent scale (Romani et al. 1986), where ∆νd is the de-
correlation bandwidth of diffractive scintillation in MHz, νobs

is the central frequency of observation in MHz. To predict the
refractive parameters at 74 and 610 MHz, we use frequency-
scaling laws ∆νd ∝ ν4.4obs and τd ∝ ν1.2obs to derive ∆νd and τd at
these frequencies (Romani et al. 1986).

We predict the refractive time scales by using the equa-
tion (GRC93),

Tr,p ≈ 0.0011λ2.2
obsD

0.5ν2.2∆νd∆ν
−0.5
d V−1

iss (6)

valid for an extended medium model and a Kolmogorov spec-
trum with the inner scale less than the field coherence scale
(Rickett et al. 1984; Coles et al. 1987), where λobs is the ob-
servational wavelength in meters, D is the distance from pul-
sar to observer in kpc, ∆νd is the de-correlation bandwidth of
diffractive scintillation in MHz, Viss is the scintillation veloc-
ity in km s−1, then Tr,p is the predicted refractive timescales
in days. This equation includes the frequency-scaling law de-
scribed above to give the refractive time scale at observational
wavelength λobs in terms of ∆νd observed at frequency ν∆νd
(in MHz).

The logarithmic slope γ of structure regime contains valu-
able information about the density inhomogeneity spectrum of
the interstellar medium, and probes both the spectrum of the
ionized medium and its distribution along the line of sight. The
index γ is sensitive to the detailed distribution of the scatter-
ing material (Simrnova et al. 1998; Cordes & Rickett 1998).
The formalism developed in Goodman & Narayan (1985) and
Romani et al. (1986) indicates γ = β − 3 for an extended
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medium with a Kolmogorov spectrum (Coles 1988; Shishov
1993). Thus the expected value of γ for an extended distribu-
tion of scattering material with a Kolmogorov spectrum is 0.67.
By contrast, for scattering material confined to a thin screen and
obey a Kolmogorov spectrum, the slope value is γ = 2.0 (e.g.,
Romani et al. 1986; Coles 1988). We now discuss the results
for each pulsar.

4.1. PSR B0329+54

At all of the three frequencies, the measured modulation in-
dices of the pulsar are in fair agreement with the predicted
values calculated using refractive scintillation theory for a sta-
tistically homogeneous medium with a Kolmogorov spectrum.
This pulsar has a long diffractive time scale at 327 MHz and
a correspondingly short predicted refractive time scales at the
three frequencies. However, the measured time scales are much
longer than that predicted by refractive scintillation theory. The
predicted time scales at 327 and 610 MHz are shorter than
the minimum observable time scales of both observations. If
the predicted refractive time scale were true, both observations
at 327 and 610 MHz would not be expected to be able to ob-
serve them. As noted by S2000, the observed time scales may
be the real refractive time scales of the pulsar, and the current
refractive theory is poor in describing the refractive time scale
of the pulsar at least at the two higher frequencies. The logarith-
mic slopes γ of the structure functions at all three frequencies
rule out the possible screen geometry for scattering material
distribution, which predicts much steeper slopes than observed,
and they are consistent with a Kolmogorov spectrum and an ex-
tended distribution of scattering material.

4.2. PSR B1508+55

Based on the electron density distribution given by Taylor &
Cordes (1993), the DM value of the pulsar gives a distance
of 1.94 kpc. In our prediction, we adopted a new distance
of 0.99 kpc estimated by using the electron density distribu-
tion given by Cordes & Lazio (2002). The pulsar has a large
scintillation velocity measured at 327 MHz (Bhat et al. 1999a),
which is in good agreement with the proper motion velocity
calculated by using the new distance and the updated proper
motion measurement (Hobbs et al. 2004). Correspondingly, it
has quite short predicted refractive time scales. The predicted
time scales at 327 MHz and 610 MHz are less than the mini-
mum observable time scales of the observations at the two fre-
quencies. The observed refractive time scale at 74 MHz is con-
sistent with the predicted value for an extended medium model
with a Kolmogorov spectrum. From the result of one year of
observations at 610 MHz, Kaspi & Stinebring (1992) suggest
that the pulsar has a very long refractive time scale of more than
424 days at 610 MHz, which is much longer than the predic-
tion for this pulsar. However, our observations at 327 MHz did
not show the long time-scale modulation suggested by Kaspi
& Stinebring (1992). The logarithmic slope γ of the structure
function of the pulsar at 74 MHz is 0.8, much smaller than

γ = 2.0 suggested by the thin screen model of a scattering
medium with a Kolmogorov spectrum.

5. Discussion and conclusions

The comparison between structure-function observations and
theory is crucial to test the theory and to understand the prop-
erties and distribution of the interstellar scattering medium.
However, there are two major aspects that affect the theoretic
predictions. One is the validity of the theory itself which is
the major object to be tested, another is the observed diffrac-
tive scintillation parameters that are chosen to do the quantitive
predictions. Most of the published diffractive scintillation pa-
rameters have large uncertainties that make the predictions of
refractive scintillation parameters unreliable. Thus, the predic-
tions have always been regarded as order-of-magnitude esti-
mates. More attention should be paid to determining accurate
DISS parameters of pulsars for theoretical predictions of re-
fractive properties.

Recently, Bhat et al. (1999a) monitored dynamic spectra
of 18 pulsars at 10–90 epochs over 100 to 1000 days and
found large-amplitude fluctuations in quantities such as de-
correlation bandwidths, scintillation timescales, and flux den-
sities of the pulsars. They obtained more accurate and reli-
able estimates of diffractive scintillation parameters than those
from the earlier observations by averaging out the fluctuations
due to refractive scintillation effects. Our predicted refractive
scintillation parameters are made reliable by using these mea-
surements in the calculations. We should note that, compar-
ing with the de-correlation band widths observed by Bhat et al.
(1999) at 327 MHz, our observational bandwidth of 2 MHz at
327 MHz is large enough to avoid our observational results be-
ing contaminated by DISS effects.

As shown in Fig. 2, there is a clear frequency dependence
of Tr and mr of PSR B0329+54 according to the observa-
tional results at the three frequencies. The RISS theory predicts
mr ∝ ν0.578 for a Kolmogorov spectrum of scattering medium
and mr ∝ ν1.5 for steeper spectrum β = 4 (Romani et al. 1986).
The RISS theory gives Tr ∝ ν−2.2 for β = 11/3, Tr ∝ ν−2

for β = 4 and Tr ∝ ν−2.35 for β = 4.3 (Stinebring & Condon
1990). Fitting slopes for the Tr-frequency dependence (right
plot in Fig. 2) shows that all three predicted slopes of the fre-
quency dependence of Tr are steeper than that of the observa-
tions, indicating the discrepancy between the observational re-
sults and the RISS theoretical predictions. Fitting slopes to the
observed points on an mr-frequency plot (left log-log plot in
Fig. 2) yields a slope of 0.6 ± 0.3, suggesting Kolmogorov tur-
bulence of scattering material along line of sight of the pulsar.

The long-term flux density modulation of PSR B0329+54
at three frequencies is best described by a Kolmogorov power
spectrum (β = 11/3) for electron density inhomogeneities in
the interstellar medium, although the refractive time scales
observed cannot be well predicted by current RISS theory.
However, S2000 suggests that the observed modulation index
of PSR B0329+54 at 610 MHz can only be correctly predicted
by introducing an inner scale of 1010 cm for a Kolmogorov
spectrum electron density fluctuation. Their relatively small
modulation index predicted by a Kolmogorov spectrum for
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Fig. 2. Frequency dependence of modulation indices mr (left diagram) and refractive time scales Tr (right diagram) for PSR B0329+54. The
solid and dashed lines in the left diagram show the frequency dependent slopes of mr predicted for electron density inhomogeneity spectrum
indices β = 11/3, and β = 4 respectively. The solid, dashed and dot lines in right diagram present the theoretical predictions of frequency
dependence of Tr for β = 11/3, β = 4 and β = 4.3, respectively.

extended medium with a small inner scale may be due to
the small diffractive de-correlation bandwidth they used for
the prediction. The modest flux density modulation of PSR
B1508+55 at three frequencies suggests that the electron den-
sity fluctuations have a power spectrum exponent β < 4 along
line of sight of the pulsar. The structure functions of both pul-
sars indicate the extended distribution of scattering medium
along the lines of sight.

Although the observations at all three frequencies were sen-
sitive to enhanced refractive scintillation events that support a
steep spectrum model or the inner scale model, all the observa-
tions have not reported intensity spikes in pulsar flux densities
or dramatic intensity fluctuations noted by early observations
for other pulsars (Cole et al. 1970; Helfand et al. 1977; Fiedler
et al. 1987). Thus we do not need to introduce an enhanced
refractive scintillation mechanism to explain the observations
presented in this paper.
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