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Abstract

Changes in a pulsar’s scintillation characteristics over time can be a useful way to probe the properties of the
interstellar medium. Monitoring the scintillation bandwidth can be useful for correcting for scattering delay in
pulse arrival time, which could be a significant source of error for precision pulsar timing projects. To better
understand the magnitude and trend of scintillation bandwidth changes over long timescales (months—years), we
performed long-term monitoring of PSR J0332+5434 with the Allen Telescope Array at radio frequencies ran-
ging from 900 to 1956 MHz. In total, we collected more than 300 observations of PSR J0332+4-5434 over the
course of 10 months, with observations taken daily to weekly. We find a mean scintillation bandwidth of 2.6 MHz
(scattering delay of 0.06 us) with a standard deviation of 1.3 MHz (0.03 us) at 1140 MHz and a mean of
14.7MHz (0.011 ps) with a standard deviation of 9.1 MHz (0.006 us) at 1668 MHz. We see significant change
over time on a timescale of ~200 days, suggesting that, for pulsars that are timed with submicrosecond precision,
correcting for similar changes over time will be vital. We find no evidence for periodicity in the scattering delays.
We describe a novel method for measuring the scaling index and compare it to established methods. We find the
mean scintillation bandwidth frequency scaling goes as v~
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1. Introduction

Pulsars—rotating neutron stars that emit radiation from their
poles—have extremely regular spin periods due to their high
density and energy. Millisecond pulsars (MSPs), with periods
on the order of milliseconds, have periods P and period deri-
vatives P that have been measured with extreme precision;
M. F. Alam et al. (2021) and G. Agazie et al. (2023a) measure
changes in pulsar spin period with sub-us accuracy. Dis-
crepancies between the actual and predicted pulse arrival time
could indicate a change in the light’s path length, a technique
that pulsar timing array (PTA) experiments have used to detect
low-frequency gravitational waves (G. Agazie et al. 2023b).

Measuring these subtle changes in pulse arrival time to
detect gravitational waves requires accounting for noise with
sub-us precision. One source of noise is the delay of pulse
arrival and broadening of the pulse caused by interstellar
scattering (ISS). This scattering delay is caused by a turbulent
mix of free electrons whose density and velocity are changing
chaotically along the line of sight (e.g., R. Narayan 1992). As a
pulsar’s radio emission travels through the interstellar medium
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(ISM), this turbulence causes refractive index fluctuations that
lead to interference patterns, or spatial variations of intensity
across the observer plane called scintillation. These inter-
ference patterns change if there are relative transverse motions
between the source pulsar, the ISM, and the observer on Earth
—for example, as Earth orbits the Sun (e.g., Y. Liu et al.
2023). The projection of these interference patterns across the
observer plane cause variations in brightness across frequency
and time, with the interference maxima being referred to as
“scintles.” As scattering along the line of sight changes with
the motions of Earth, the ISM, and the pulsar, the size of these
scintles can vary significantly from static model predictions
(e.g., S. Sheikh et al. 2024).

Scintillation in the frequency domain can be characterized
by its scintillation bandwidth, Av, sometimes called the
decorrelation bandwidth, which is traditionally taken as the
half width at half maximum (HWHM) of the scintles on the
frequency axis. One can also measure the scintillation time-
scale (distinct from the abovementioned timing delay), which
is taken to be the half width at e~ of the maximum of the
scintles in the time domain. This paper will focus on the fre-
quency domain and the scintillation bandwidth Av, which

relates to the scattering delay by the uncertainty relation
C =21 Ay, (1)

where 7, is the scattering time delay, Ay, is the scintillation
bandwidth, and C, is a factor of ~1-2 that depends on the
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wavenumber and geometry of the electron density spectrum
(J. M. Cordes & B. J. Rickett 1998). For example, use of a thin-
screen model with Kolmogorov scaling (A. Kolmogorov 1941)
implies C; =0.957 (J. M. Cordes & B. J. Rickett 1998);
however, we will set C; =1 as in L. Levin et al. (2016) and
J. E. Tumner et al. (2021) to be compatible with current
literature.

There are two scattering regimes in the ISM: diffractive
interstellar scintillation (DISS) and refractive interstellar
scintillation (RISS). DISS causes the scintillation patterns that
can be discerned on the timescale of a single observation. The
interstellar turbulence that causes DISS can be described with
a power-law wavenumber spectrum with the form

Py, (q) = Clq ",

where C? is a constant that depends on where scattering occurs
and can be determined by observables if § (the power-law
index, J. M. Cordes et al. 1985) is assumed, where gy and ¢
are the wavenumber cutoffs. One common way to model and
predict the effects of DISS is to use a thin-screen approx-
imation—where the scattering occurs at a single location
between the observer and the pulsar (P. A. G. Scheuer 1968)—
paired with a model for the turbulence in the ISM, such as
Kolmogorov turbulence (x=135/ 3)'" or a “square-law” struc-
ture function (x = 2). (3 relates to x via the relation

x=p—2forg <4, x=2for3 >4, 3)
(J. M. Cordes & B. J. Rickett 1998) where x is the slope of the

frequency-dependent scaling. The scintillation bandwidth Ay,
scales with frequency by

90 < 9 < qp» )

__ 28
B-2)

where v is the observing frequency and « is the scaling index
(J. M. Cordes et al. 1985). For a Kolmogorov spectrum,
a=4.4. However, some studies have found values of o
smaller than 4.4 (e.g., N. D. R. Bhat et al. 2004; L. Levin et al.
2016; J. E. Turner et al. 2021). This may be caused by a non-
Kolmogorov scattering screen or modulation by RISS
(J. M. Cordes & B. J. Rickett 1998).

In this paper, we will focus on the effects of DISS on pulse
arrival time. DISS leads to a distribution of path lengths from
what was originally a plane wave, delaying the arrival of the
emission and imparting a scattering tail upon the pulse profile
(e.g., N. D. R. Bhat et al. 2004). Though J. E. Turner et al.
(2021) found that PTA observatories at the time were not
measuring time of arrival (TOA) variations with enough pre-
cision for DISS to cause significant delays, they stated that it
will become a problem as instruments and timing analysis
methods improve. Scattering also broadens the shape of the
pulse, mostly affecting the trailing edge. The time variability
of said pulse broadening throws off TOA measurements due to
time-averaged pulse profile templates with fixed tail lengths
(P. B. Demorest et al. 2013; G. Agazie et al. 2023a).

Collaborations such as NANOGrav that observe PTAs
monitor changes in pulse arrival times over long periods of
time—years or longer. Since scattering delays also vary over

Ayy x v, «
d 9’

“)

' The literature often uses « to represent this variable. Here, we will use x to
disambiguate from the scaling index a.
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that timescale due to relative motions of the pulsar, Earth, and
the ISM, (e.g., D. A. Hemberger & D. R. Stinebring 2008;
L. Levin et al. 2016; J. E. Turner et al. 2021), it is important to
monitor and correct for them as pulsar timing gets precise
enough for scattering to be a significant source of noise.

PSR J0332+5434 (also known as PSR B0329+-54) is the
brightest pulsar visible to the Allen Telescope Array (ATA)
and it has been the subject of pulsar scintillation research for
decades (D. R. Stinebring et al. 1996). N. Wang et al. (2005)
found that PSR J03324-5434 has a typical scintillation band-
width of 5-15MHz at 1540 MHz with a spectral index o of
3.3. The R.A. and decl. of this object are 03:32:59 and
+54:34:43, respectively (A. T. Deller et al. 2019). It is rela-
tively bright at ~200 mJy (D. R. Lorimer et al. 1995), so it is
visible even at higher frequencies.

This paper mainly focuses on the scintillation bandwidth and
scaling index, but the literature for this pulsar is expansive and
covers many other properties related to scintillation. B. J. Rickett
(1970) began the search into PSR J0332+5434’s scintillation
bandwidth at 408 and 610 MHz. Many other studies followed,
investigating the scintillation bandwidth, scintillation timescale,
refractive timescale, and scaling index (e.g., A. Wolszczan et al.
1974, 1981; B. J. Rickett 1977; J. W. Armstrong & B. J. Rickett
1981; A. G. Lyne & F. G. Smith 1982; A. Wolszczan 1983;
F. G. Smith & N. C. Wright 1985; J. M. Cordes 1986; Y. Gupta
et al. 1994; V. M. Malofeev et al. 1996; D. R. Stinebring et al.
1996; N. D. R. Bhat et al. 1998, 1999; V. I. Kondratiev et al.
2001; N. Wang et al. 2005, 2008; W. Lewandowski et al. 2011;
E. R. Safutdinov et al. 2017; P. F. Wang et al. 2018; Z. Wu et al.
2022; J. E. Turner et al. 2024b). The average scintillation
bandwidth measured, scaled to 1426 MHz with Kolmogorov
scaling (o« =4.4), is ~30 MHz, though there is a very wide
spread. Even within individual studies, significant variation in
bandwidth measurements were found (e.g., A. Wolszczan et al.
1974). The average scintillation timescale is ~780 s, again scaled
to 1426 MHz with Kolmogorov scaling (o = 1.2), ranging from
6.8 s (V. I. Kondratiev et al. 2001) to 1797 s (N. D. R. Bhat et al.
1998). Measurements for the refractive timescale vary sig-
nificantly as well, from 5 hr at 4.8 GHz (W. Lewandowski et al.
2011) to 206 days at 150 MHz (Z. Wu et al. 2022). Refractive
timescales are discussed further in Section 4.3. The scaling index
is discussed in Section 5.1.

In this paper, we present an in-depth study of PSR J0332
45434 and the variations in scintillation bandwidth over a
300 day period, aiming to characterize the scintillation beha-
vior to explore how pulsar timing efforts might correct and
remove similar delays in MSP data. Section 2 details the
observations and data processing. Section 3 describes the
method of making scintillation measurements, including gen-
eration and stretching of dynamic spectra and the use of two-
dimensional autocorrelation functions (2DACFs). Section 4
provides an analysis of the time variability of scintillation
bandwidths and compares the behavior of two subbands.
Section 5 provides an investigation into the scaling index «
and includes a novel method for its calculation. We conclude
and discuss our results in Section 6.

2. Observations
2.1. The Allen Telescope Array

The ATA is a 42-dish radio interferometer located at the Hat
Creek Radio Observatory (HCRO), California, and is owned
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Table 1
Observations of J0332+5434
Observing Campaign Number of Observations Total Time Observed Start Date End Date
(ks)
Pilot 1 1.796 2022 Nov 8 2022 Dec 21
V1 232 131.6 2023 Feb 23 2023 Sep 1
V2 164 98.06 2023 Sep 7 2023 Dec 25

Note. Number and total observation time for each observing campaign. Each scan in the pilot campaign was around 30 minutes in length, while all subsequent scan
lengths were around 10 minutes. There were 397 observations total, with total observing time 231.4 ks. The pilot observation was excluded from analysis due to the

length of time between it and the first V1 observation.

and operated by the SETI Institute. Each element is an offset
Gregorian 6.1 m in diameter containing a dual-polarization
log-periodic “Antonio” feed that is instantaneously sensitive
from 1 to 11 GHz. The feeds are cryogenically cooled to 70 K
to maintain optimal sensitivity. Analog signals from the feeds
are amplified and sent to the signal processing room over
optical fiber; these signals are then split into four indepen-
dently tunable signal chains (“a,” “b,” “c,” and “d”), controlled
by four independent local oscillators (LOs). Each tuning is
capable of sampling 672 MHz of bandwidth anywhere in the
radio frequency range of the ATA feed. Details of the ongoing
upgrade program of the ATA will be described in forthcoming
papers (W. Farah et al. 2025, in preparation; A. W. Pollak et al.
2025, in preparation).

Data from all tunings are then digitized and transmitted to
the network on a 100 Gb ethernet link. In its current config-
uration, the digitization system can support 28 of the 42
antennas at two dual-polarization tunings, but at the time of
this work, only 20 of the 42 antennas were available. With the
ongoing refurbishment, the full array will be upgraded with
new feeds and full four-tuning support by the end of 2026.

The ATA hosts a variety of digital signal processing (DSP)
backends available for observers conducting different types of
science investigations. For this project, we utilized the in-
house built beamformer backend BLADE (L. F. Cruz et al.
2025, in preparation). BLADE has been fully tested and
deployed on the ATA and allows the user to set science case
dependent variables including the time and frequency resolu-
tion, the number of synthesized beams and their locations, and
the desired polarization output product. The beamformer out-
put can be set to SIGPROC filterbank'? or filterbank HDFS5,
with each tuning outputting seven frequency-consecutive
subband files, each covering 96 MHz bandwidth. Prior to each
observing block, a GPU-based cross-correlation backend is
used to target a flux calibrator, and instrumental delay, phase,
and bandpass solutions are extracted and applied throughout
the subsequent beamformer observations.

2.2. Observations

Observations of PSR J0332+4-5434 were done as part of an
ATA observing campaign where ~20 pulsars were monitored
over the course of a year. This campaign went through three
versions, as shown in Table 1. For all three versions, we chose a
frequency resolution of 0.5 MHz, leading to 1344 frequency
channels across each of the two 672 MHz tunings. The two
tunings were centered at 1236 MHz (the lower tuning, “LOb”)
and 1908 MHz (the higher tuning, “LOc”), giving 1.344 GHz of
total contiguous bandwidth from 900 to 2244 MHz; which is

12 https://sigproc.sourceforge.net/sigproc.pdf

ideal for pulsar observing because it utilizes the ATA’s wide
bandwidth at the bottom of its sensitivity range, where the
pulsars are brightest. We did not change the frequency tunings
over the course of the project, however, we did see a significant
impact from radio frequency interference (RFI) in this band. At
first, we selected a sampling time of 64 us, and chose a sub-
integration length of 10 s to accumulate sufficient pulsar signal.
Soon after the start of V1 of the campaign, on 2023 March 7, the
sampling time was changed from 64 us to 16 us to better
resolve MSPs in the target set. While 64 us is more than suf-
ficient to resolve MSPs for scintillation purposes, we wanted to
resolve multiple bins across the pulse for even the shortest-
period pulsars in the set so that more resolution-dependent
science may be done in future studies. Only Stokes-/ intensities
were saved, as polarization was not a focus of this work.

To track long-term variations in the scintillation bandwidth,
observations of each pulsar are needed frequently (at least
once a week) and over a long time-span (months to years).
Observations of PSR J0332+5434 were done semiregularly
three to four times a week at varying times of day in V1 of the
survey, from 2023 February 23 to 2023 September 1, with
each scan lasting approximately 10 minutes. During this time
period, PSR J0332+45434 was sometimes observed several
times in quick succession, including 32 10 minute scans over
the entire 16 hr the source was above the horizon on 2023
August 19. Starting 2023 September 7 (for V2) the campaign
was focused, with scans of PSR J0332+4-5434 and eight other
pulsars done nearly every day, at approximately the same
sidereal time. See Figure 1 for our observation timeline.

2.3. File Handling

Beamformed observations from each of the 96 MHz sub-
bands are saved to disk in filterbank SIGPROC format
(D. R. Lorimer 2011) and are processed with the standard
DSPSR toolkit (W. van Straten & M. Bailes 2011) for ded-
ispersion and pulsar folding at the DM (26.76 cm > pc;
T. E. Hassall et al. 2012) and period (0.71 s; G. Hobbs et al.
2004, ephemeris generated at time of observation) of the
pulsar, before writing the output in pulsar archive format
(A. W. Hotan et al. 2004) with 1024 phase bins saved across
the pulse. Data from all subbands are then moved to a per-
manent location, concatenated into a single pulsar archive per
tuning, and later inspected for radio frequency interference.

In our observations, PSR J0332+4-5434 was very faint at the
higher frequencies (above ~2 GHz), which were also severely
contaminated with RFI. It is for both these reasons that we
used all seven LOb subbands, but only the four LOc subbands
that were lowest in frequency, in the following analysis. For
Sections 3 and 4, the first five LOD files (900-1380 MHz) were
spliced together to make a file we refer to as “Band 1” in those
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Figure 1. Cumulative observing time of PSR J0332+5434. Excluding the
pilot observation, there were 396 observations resulting in 63.79 hr of total
observation. The blue dashed line marks where Version 2 of the observing
campaign began. Most observations were around 10 minutes in length. On
average, we observed PSR J0332+5434 every 1.25 days, over 306 days.

sections, while the remaining two LOb and the four LOc files
(1380-1956 MHz) were spliced together to make a file we
refer to as “Band 2” in those sections. In Section 5, the
bandpass was spliced into four files: 900-1092 MHz,
1092-1284 MHz, 1284-1572MHz, and 1572-1956 MHz,
respectively, labeled “Sub-Band 1,” “Sub-Band 2,” “Sub-Band
3,” and “Sub-Band 4” in that section.

2.4. RFI Removal

Analysis began with RFI removal on the .ar files. Since
observations were performed at L-band frequencies, the data
showed significant RFI from GPS, as well as 3G and 4G mobile
transmissions (CFR 2023). Manual RFI “zapping” was not
possible for a data set of this size, so we used c1fd, an auto-
matic RFI zapper that uses a simple outlier detection method
(V. Morello et al. 2018). Specifically, we used the standard
deviation feature at the default threshold (two inter-quartile
ranges used to determine the outliers to exclude from the dis-
tribution) to identify features that needed to be removed. This
threshold was chosen to generally remove most of the RFI
without affecting the brightest parts of the pulse. There were 23
Band 1 and 54 Band 2 measurements that were removed from
the data sets due to RFI left over after zapping. There were also
some dynamic spectra for which this method removed some of
the frequency pixels at the brightest part of a scintle or scintles.
This only noticeably occurred to ~15% of the analyzed
observations, and there was little to no effect on the final
measurement made. On rare occasions, the algorithm zapped a
large amount of frequency pixels right on the brightest part of a
scintle, effectively cutting it in half and causing the measured
scintillation bandwidth to be smaller than it should be. This was
judged by eye, and only 11 Band 1 and 20 Band 2 measure-
ments were removed from the data set due to this issue. A real-
time RFI-mitigation algorithm is under development at the time
of writing of this manuscript, an upgrade that will improve the
quality of future data sets collected with the ATA beamformer.

3. Measuring the Scintillation Bandwidth

3.1. Dynamic Spectra

Dynamic spectra are plots of intensity over frequency and
time; in this paper, each pixel in the dynamic spectrum

Brown et al.

represents the intensity of the pulse peak at that particular
frequency and time. The majority of the observations were
short (~600 s) compared to the approximate 1 ks scintillation
timescale of PSR J0332+4-5434 (D. R. Stinebring et al. 1996;
V. 1. Kondratiev et al. 2001; N. Wang et al. 2005, 2008;
E. R. Safutdinov et al. 2017; P. F. Wang et al. 2018). There-
fore, the scintles in our data appear as horizontal stripes in our
dynamic spectra, leaving us unable to resolve the scintillation
timescale.

Because the scintillation bandwidth is frequency-dependent
according to Equation (4), we must correct for this effect by
stretching the dynamic spectrum to normalize the scintle size
for large bandpasses like those of the ATA. This allows for the
whole bandpass to be analyzed simultaneously, which greatly
improves the signal-to-noise ratio (S/N) of the 2DACF. The
dynamic spectra for Band 1 and Band 2 were generated with
PyPulse (M. T.Lam 2017) and stretched with reference to
1140 MHz and 1668 MHz (the center frequencies of the two
bands), respectively; i.e., the size of the scintles across the
spectrum are stretched or scrunched to be the same size as they
would be at those reference frequencies. The right panel of
Figure 2 shows an example of these ‘“stretched” dynamic
spectra. Note that stretching to an incorrect scaling index «
could introduce some bias in the scintillation measurement.
This is discussed in Section 5.

3.2. 2DACF

To extract the scintillation bandwidth from dynamic spectra,
we employ a 2DACF. The autocorrelation function (ACF)
correlates the dynamic spectrum to itself at different time and
frequency lags, revealing the bandwidth and timescale at
which the data stays self-similar. In Figure 3, we provide an
example of some 2DACFs of PSR J0332+5434, again gen-
erated with PyPulse. Here, we are only interested in the
variation along the frequency lag axis because we cannot
resolve scintillation in time due to our short observations.
Therefore, we then summed the 2DACEF along the time axis to
get a one-dimensional profile of the ACF along the frequency
axis, as shown in Figure 4.

3.3. Fitting for the Scintillation Bandwidth

It has been shown that the appropriate analytical form for
fitting a scintillation bandwidth from data such as that in
Figure 4 is a Lorentzian (J. M. Cordes et al. 1985). Tradi-
tionally, Gaussian fits have been used to characterize ACFs in
the literature, but the ISM impulse response function is
assumed to be characterized by a one-sided exponential
function, which is a Fourier pair with the Lorentzian function
(J. E. Turner et al. 2024a). Thus, we use a Lorentzian here. The
scintillation bandwidth is equivalent to the the HWHM of the
Lorentzian.

Each ACF profile was first automatically fit with a single
Lorentzian using the software package SciPy and function
optimize.curve fit (P. Virtanen et al. 2020) to correct
for any large-bandwidth behavior that would cause errors in the
returned properties of the central peak. This first fit was sub-
tracted from the original profile and the resulting new profile was
automatically fit with a narrower, single Lorentzian, as in
K. R. Sand et al. (2022). This second Lorentzian fits to the central
feature of the profile, and the HWHM is taken to be the scin-
tillation bandwidth. This automatic stacked double-Lorentzian
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Figure 2. Example dynamic spectra for PSR J0332+5434 taken on MJD 60164, with time (in seconds) on the x-axis and frequency (in MHz) on the y-axis. The top
plots show the lower frequencies (Band 1) while the bottom plots show the higher frequencies (Band 2). The plots on the left show the unmodified dynamic spectra,
while the plots on the right show the same spectra “stretched” vertically to a Kolmogorov scaling index (o = 4.4) to normalize scintle size over the wide bandwidth
with reference frequencies 1139.75 MHz and 1667.75 MHz for Band 1 and Band 2, respectively.
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Figure 3. An example 2DACEF from an observation of PSR J0332+5434 taken
on MJD 60164, cropped to emphasize the central peak. The 2DACFs look
horizontally banded due to our ability to resolve scintles in frequency, but not
in time. The scintillation bandwidth Ay, is extracted from the width of the
bright stripe at a frequency lag of 0.

fitting approach is robust to unusual profile shapes; this is
necessary due to the size of the data set and reduces the chance of
subjective human bias in the fitting process. Figure 4 shows an
example of this double-Lorentzian fit.

Due to the frequency dependence of scintillation, it is pos-
sible for the scintillation bandwidth at low frequencies to be
smaller than our receiver’s resolution. Therefore, each Band 1
ACF was manually reviewed to ensure there were at least five
points across the central structure of the ACF profile to fit a
Lorentzian to, as in S. Sheikh et al. (2024).

3.4. Calculating Errors

The scintillation bandwidth measurement extracted in
Section 3.3 is subject to three major sources of error: finite
scintle error (FSE), the error on the Lorentzian fit from
scipy.optimize.curve fit, and the error due to the
finite frequency resolution of the instrument.

FSE takes into account the fact that our bandwidth is not
infinite, and that some scintles, especially larger ones, will be
truncated at the edges of the bandpass. FSE can be described
as:

AI/d
Ofge = ———— (5)
5 D log2 YN,
where
'r}AVreceiver
Ny = 1 + Il recelver 6
A Avs (6)

(J. M. Cordes 1986) and 7 is the filling factor, set to 0.2 (as in
J. M. Cordes & R. M. Shannon 2010; L. Levin et al. 2016;
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Figure 4. Example 2DACEF profiles from an observation of PSR J0332+5434
taken on MJD 60164, summed across the time axis from Figure 3 (shown in
orange), and cropped to emphasize the central peak. The 2DACF profiles have
a clear peak with definite width around a frequency lag of zero and are well-
described by the best-fit Lorentzian curves. The stacked double-Lorentzian
fits, as described in Section 3.3, and their associated errors, are shown overlaid
in green. The purple dotted line depicts the first Lorentzian (IL1) that was
subtracted from the profile to ensure a correct fit to the central peak with the
second Lorentzian (L2). Band 1 and Band 2 are centered at 1139.75 MHz and
1667.75 MHz, respectively.

J. E. Turner et al. 2021). We then added in quadrature this FSE
error, the error on the Lorentzian fit (the square root of the
variance on the width), and the error due to the receiver’s
frequency resolution (0.25 MHz; this value is significant for
smaller scintles, i.e., where FSE is small). The resulting 1o
error is shown on the output fit plots in Section 4.1.

3.5. Scattering Delay

Finally, for high-precision timing analysis, it is more useful
to discuss the scattering delay 7, rather than the scintillation
bandwidth Av,; so we also list scattering delays for con-
venience. Using the measurement of the scintillation band-
width from Section 3.3 and a propagation of errors from
Section 3.4, we can find the scattering delay by rearranging
Equation (1) for 7, and setting C; = 1.

4. Time Series Analysis
4.1. Long-term Trends

PSR J0332+4-5434 was observed 397 times over 306 days.
Some scans were removed at different steps of the analysis
process due to, e.g., excessive RFI, corrupted or missing
observational data, or low S/N. Pulsars are fainter at higher
frequencies due to their steep spectral index; therefore, data
from Band 2 consistently had lower S/N, resulting in the auto-
fitter failing to return a successful fit more often on Band 2
than Band 1. Of the 397 observations, 342 measurements on
Band 1 and 294 measurements on Band 2 were deemed reli-
able by manual review and were used in the following time
series analysis.
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Figure 5. Measurements of scintillation bandwidth Av, (y-axis) over a year of
observation (x-axis) of J0332+5434. Band 1 (1140 MHz) is shown in purple
(top panel), and Band 2 (1668 MHz) is shown in green (bottom panel). We
show 1o errors on the measurements via vertical error bars.

For the initial time series analysis, we stretched the dynamic
spectra with Kolmogorov scaling, o = 4.4, as is common in the
literature. For Band 1, the minimum and maximum measurements
were 0.71 + 0.22 MHz and 7.70 £+ 1.63 MHz, respectively, and
the mean and standard deviation of the set of daily averages
were 2.64 £ 1.26 MHz. The measurements from Band 2 ranged
from a minimum of 2.27 £+ 039 MHz to a maximum of
49.3 + 19.6 MHz, with the mean and standard deviation of daily
averages 14.7 = 9.1 MHz. We also calculated the scattering
delays using Equation (1). For Band 1, the minimum and max-
imum scattering delay measurements were 0.021 £+ 0.004 us and
0.23 4 0.07 us, respectively, and the mean and standard devia-
tion of the set of daily averages were 0.06 £ 0.03 us. The delays
from Band 2 ranged from a minimum of 0.003 £ 0.001 us to a
maximum of 0.07 £+ 0.01 us with a mean and standard deviation
of daily averages of 0.011 £ 0.006 ps. Daily averages were used
to calculate the mean to account for irregularly spaced observa-
tions. Figures 5 and 6 show the time series in terms of scintillation
bandwidth and scattering delay, respectively.

On average, our measurements were consistent with the
predicted NE2001 scintillation bandwidths of 4.17]9 and
22.173%°MHz for reference frequencies 1140 MHz and
1668 MHz, respectively. The errors on these NE2001 predic-
tions assume a 20% distance error, but it should be noted that
there are several other assumptions and errors to consider
when predicting a value based on NE2001 (J. M. Cordes &
T. J. W. Lazio 2002). Although our measurements of the mean
for each band were consistent with the NE2001 predictions,
there were 147 Band 1 measurements (43%) and 139 Band 2
measurements (47%) that were significantly less than the
NE2001 predictions. No measurements were significantly
larger than the NE2001 predictions. Since our measurements
were consistently under the NE2001 predictions, this indicates
that the model with the default assumptions is unreliable if
used as a constant term for correcting scattering effects.

The long-term trends in Band 1—for example, being con-
sistently overestimated by NE2001 from MJD 60050 to MJD
60200—seemed to be mirrored, as expected, by Band 2,
though the trends in Band 2 were obscured due to its lower S/
N. The Spearman correlation coefficient between Band 1 and
Band 2 was 0.51 with a p-value of ~10~°, suggesting a high
probability of moderate positive correlation. Correlation
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Figure 6. The daily average scattering delay A7, (y-axis) over a year of
observation (x-axis) of PSR J0332+5434. Band 1 is shown in purple (top
panel), and Band 2 is shown in green (bottom panel). rms errors are shown via
shading. The black line indicates the 10 day average, to emphasize longer
timescale behavior. The long-term trends in Band 1—for example, having
consistently higher delays from 60,050 to 60,200—seem to be mirrored, as
expected, by Band 2, though the trends in Band 2 are obscured due to its lower
S/N. The Spearman product-moment correlation coefficient is 0.51.

between bands is consistent with findings in D. A. Hemberger
& D. R. Stinebring (2008).

4.2. Changes Over Time and Lomb—Scargle Periodicity

Figure 5 appears to show significant change in the scintil-
lation bandwidth on the timescale of weeks to months. Split-
ting the data set into quarters (i.e., periods of ~77 days)
reveals significant change in the median over that time period.
For Band 1, the median changed from 3.1 in the first 77 days to
1.4 MHz in the second. For Band 2, the medians of these same
time periods changed from 16.4 to 8.2. This is a change of a
factor of ~2 in both bands during this time period.

While periodicity was not necessarily expected, there
appeared to be some possible periodicity in the time series.
Given a full time series of scintillation bandwidth, we inves-
tigated whether we saw any periodicity, which would make it
possible to predict at least some aspects of scattering delay
variability. To evaluate the presence of periodicity in unevenly
sampled data, we used a Lomb-Scargle periodogram
(J. D. Scargle 1982). Figure 7 shows the results of a Lomb-
Scargle periodogram generated with astropy.time-
series.LombScargle (Astropy Collaboration et al.
2013) and subsequent sinusoidal models fit to the time series
data. Initially, we did not include the bandwidth errors in the
calculation of the period; larger measurements had larger
errors, so we did this to avoid weighting the smaller mea-
surements more than the larger measurements. The residuals
from the sinusoid model had an rms of 1.00 and 7.50 MHz for
Band 1 and Band 2, respectively. These were lower than the
residual rms of a straight line with the same offset as the
sinusoid midlines: 1.13 and 8.03 MHz, respectively.

The periodicity with the highest power was ~204 days for
both Band 1 and Band 2. However, the resolution for detecting
this periodicity was very low given the ~300 days observation
period; it should be noted that 1,/180 and 1/204 were adjacent
points in the period-axis of the periodograms, for example.
Given the low resolution in the period-axis, we could not prove
definitively whether there was periodicity or what that period
would be—y? analysis returned a reduced x> of 4.6 and 17.4,
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respectively, which indicated that the data did not match the
model. However, our comparison of the median values at the
beginning of this section corroborates the periodicity found by
the Lomb-Scargle periodogram; the time periods with the
greatest difference in median were adjacent periods of
~77 days, which is roughly half the period found above. We
tested that the results were robust to error through both a
Monte Carlo (MC) analysis and by inputting the errors on each
measurement directly into the LombScargle periodogram
function. We found no notable change in results when incor-
porating the errors in this way.

4.3. Interpretations of Long-timescale Behavior

The results of Section 4.2 suggest some kind of long-term,
potentially periodic, behavior in the time series of scintillation
bandwidth measurements. Here we consider two explanations
for this behavior: annual variations in line of sight from
Earth’s orbit and variations due to RISS.

To investigate potential annual variations in scintillation
bandwidth, we fit an additional sinusoid to the data at a year-
long period and compared it to the results of the Lomb—Scargle
analysis. The 200 day period has smaller residual rms than a
year-long period—it should be noted, however, that our
observation period was less than a year, so this test is incon-
clusive as to whether a year-long period is consistent.

Y. Liu et al. (2022) finds annual variation in scintillation
timescale in other pulsars, but not scintillation bandwidth. This
is due to the timescale’s dependency on the scintillation
velocity Viss, which includes the velocity due to Earth’s orbit
around the Sun. The scintillation bandwidth, on the other hand,
only depends on the spatial scale of the diffractive scintillation
pattern /; and the observing frequency. Annual variations in
Av, can only be seen if the scattering screen is close to Earth
or if I, is small, due to how the line of sight moves through the
screen in these scenarios. M. L. Putney & D. R. Stinebring
(2006) and N. Wang et al. (2008) conclude that the scattering
occurs closer to PSR J0332+5434 than to Earth, which casts
additional doubt on the theory that the observed variation is
caused by Earth’s orbit around the Sun.

Another potential explanation for the variability we see is
RISS. RISS occurs on longer timescales (typically weeks to
years) and modulates the DISS measurements as potentially
seen in Figure 5. The refractive timescale can be estimated by

T ws i(I/A[d} )

s Al/d

which for v~ 1500 MHz, Avrg~10MHz, and NE2001-
derived scintillation timescale Azy=~ 675 s is of order one day
(D. R. Stinebring & J. J. Condon 1990). This is far less than
the ~200 day timescale we see in Figures 5 and 6.

However, in the calculation of Equation (7), we make implicit
assumptions via the use of NE2001, e.g., about the velocity of
the system (assuming a uniform Vigg = 100 km s~ 1). This value
should thus be taken as a rough estimate.

We can also compare to empirical measurements. J. E. Turner
et al. (2024b) and N. Wang et al. (2005) found RISS timescales
of ~3 days. However, N. Wang et al. (2008) found a timescale
of ~8hr, which is relatively consistent with the T, estimate
above. The ~once a day observing cadence of our survey would
not resolve variations on hour to day timescales. This indicates
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Figure 7. Lomb-Scargle model for the scintillation bandwidth, showing a periodicity of ~204 days for both Band 1 (left panels) and Band 2 (right panels). Top
panels show the Lomb—Scargle periodogram, middle panels show the sinusoid model fit to the data, and the bottom panels show the residuals of the sinusoid model
fit. Due to this period approaching the length of our observing period, these fits are inconclusive.

that the long-timescale variations seen in our data may not be
attributed to RISS.

In conclusion, neither RISS nor annual variations are par-
ticularly compelling explanations for the long-timescale
behavior that we observe in Figure 5. A simultaneous com-
bination of these effects could be responsible, but it is difficult
to attribute a cause without a longer observing campaign that
could better constrain periodicity.

4.4. Bandwidth Distribution

The data in Figure 5 seems to follow a slightly skewed
distribution. To better characterize the distribution of scintil-
lation bandwidths, we fit a log-normal distribution to the
probability distribution function (PDF) and cumulative dis-
tribution function (CDF) of each set of data. To evaluate
whether our results are consistent with a log-normal distribu-

tion with the form
2
1 exp(_log (x))’

T = 257

®)

SX

we estimated the distribution of measurements with an
unweighted kernel-density estimate. We assumed a Gaussian
kernel and then used the SciPy function stats.gaus-
sian kde using a bandwidth 0.38 computed by the default
method “Scott’s Rule” (D. W. Scott 2015). Figure 8 shows the
PDF and CDF of the unscaled daily average bandwidth
measurements compared with a log-normal distribution, the
parameters of which were determined using the SciPy function
optimize.curve fit tobes=0.48and u=2.5for Band I
and s=0.65 and =134 for Band 2. We then ran an
Anderson-Darling test on the CDFs of the data and the log-
normal distribution, which returned p-values of 0.23 for Band 1
and 0.18 for Band 2, which are both higher than the significance

threshold of 0.05. The peak of the best-fit log-normal distribution
occurred at 2.00 MHz for Band 1 and 8.79 MHz for Band 2.

5. Scaling Index
5.1. Literature

As described in Section 3.1, the scintillation bandwidth is
expected to increase as frequency increases according to
Equation (4), where o =4.4 in a Kolmogorov medium.
However, this scaling index is often found to be much shal-
lower (e.g., D. A. Hemberger & D. R. Stinebring 2008;
L. Levin et al. 2016; J. E. Turner et al. 2021).

L. Levin et al. (2016) used four 200 MHz unstretched sub-
bands at a center frequency of 1500 MHz, found Av, and 7,4
using the ACF method described in Section 3.2, and performed
a weighted linear fit in semilog space of 7, to measure the
scaling index. They found that o was shallower than 4.4 for
most of the 10 pulsars observed and varied over a wide range
(2 < a < 6) for just one pulsar (PSR J1614-2230).

J. E. Turner et al. (2021) used this same subband method
and found similar results, with additional evidence for time
dependence of the scaling index. They also examined the
scaling index across a wider frequency range, using both the
820 MHz band and 1500 MHz band and using the weighted
average of scattering delays for those bands. Time-dependence
could not be investigated with this method.

PSR J0332+4-5434 specifically has a few measurements of the
scaling index in the literature. Z. Wu et al. (2022) measured the
scaling index to be o =4.46 £+ 0.06, which agrees with Kol-
mogorov scaling (o =4.4). A. Wolszczan (1983) measured an
index of 3.8 & 0.1, which is significantly lower. However, fitting
unscaled scintillation bandwidth measurements from the litera-
ture to an equation with the form of Equation (4) returns a scaling
index of 3.8 £ 0.7, which agrees with A. Wolszczan (1983). See
Figure 9.
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Figure 9. A comparison of measured scintillation bandwidth values from the
literature for PSR J03324-5434. Measurements from Section 4.1 are included
in red. The scaling index measured from these data points is shown as the
orange line.

5.2. Two-band Methods

For our analysis of the scaling index, we performed
three investigations. The first used the data already acquired
in Section 4, where the bandwidth was divided into two
bands. We scaled the Band 2 daily average time series to
Band 1 using the relation in Equation (4), as seen in
Figure 10. Using x? analysis where Band 1 is the expected
“model” scaled to fit the Band 2 data, we found the best-fit
scaling index of the two bands to be 4.25, with a reduced Xz
of 0.98.

We also used optimize.curve fit tofita curve of the
form Av,;ocv® to every measurement, as seen in Figure 11.
We found a scaling index of ~3.6.

Figure 10. Daily averages of Band 1 (purple) and Band 2 (green) measure-
ments of scintillation bandwidth Av,. Band 2 has been scaled to Band 1’s
reference frequency with a scaling index of o« = 4.25.

5.3. Traditional Subband Method

We also examined the scaling index using similar methods to
L. Levin et al. (2016) and J. E. Turner et al. (2021). The
900-1956 MHz bandpass was split into four subbands as
described in Section 2.3. Scintillation bandwidth measurements
were made using the method in Section 3 but leaving the dynamic
spectra unstretched, which is possible due to the smaller size of
the subbands. Each epoch was fit to a one-parameter function of
the form Ay, o v“. An example is shown in Figure 12.

Only observations that resulted in three or more bands with
reliable measurements were used. Those with two or fewer
measurements were excluded from analysis. Ultimately, 273
observations were included in analysis. We found « to range
from 1.0 &= 0.5 to 7.2 £ 1.3, with a mean of 3.5 £ 1.1. The
time series can be seen in Figure 13.
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Figure 13. Time series of scaling index measurements over time using the
established subband method (top panel) and the novel cross-subband method
(bottom panel). The black line indicates the 10 day average with the rms error
represented in the gray shaded area.

5.4. Cross-subband Method

The use of a constant spectral index when stretching the
dynamic spectra potentially introduced some small error in the
analysis in Sections 5.2 and 5.3. J. E. Turner et al. (2021) noted
that stretching a dynamic spectrum by the wrong index
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Brown et al.

251 ¢ Sub-Band1
Sub-Band 2
o ¢ Sub-Band 3
5 20 § Sub-Band 4
<
S 15/ I
=
2 101
@©
BN LEREEREEE
0 [ ¢ & ¢ 5 8 8 & 8 8 1 s
0 2 4 6 8
Scaling Index a
¢ Sub-Band 1
Sub-Band 2
30+ ¢ Sub-Band 3
$ Sub-Band 4
201

101 i

Scaled Bandwidth Avy 1428mHz

: s ¥ (]
0 ‘ ‘
0 2 4 6 8
Scaling Index a

0.004

—— Evidences

Normal Distribution
0.0031
ﬁ\

0.002 / \
0.001 / \
0.000

0 2 4 6 8
Scaling Index a
Figure 14. An example scaling index measurement of one observation taken

on MJD 60010 made with the novel cross-subband method described in
Section 5.4.

(between 1 and 5) can result in 10% fractional error. To
remedy this, we present a third, newly developed method, here
called the “cross-subband” method. We again split the band-
width into four subbands. However, each dynamic spectrum
was generated 12 times, each with a different scaling factor
ranging from O to 8. Then, Ar,; was measured for each
dynamic spectrum using the method described in Section 3.
The measurements were then scaled to reference frequency
1428 MHz using each spectrum’s respective scaling index.
These scaled measurements were then compared with each
other using an evidence expression and conditional prob-
abilities (see the Appendix) which was then fit with a normal
distribution where the peak is at the measurement of the
estimated scaling index and the width of the distribution is the
error on the measurement. This process is shown in Figure 14.

As in Section 5.3, we only used observations that had mea-
surements for three or more bands. We used the same 273
observations for this analysis. We found « to vary from 1.0 4+ 0.8
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to 6.1 = 0.9 with a mean of 3.1 £ 1.0. The time series can be
seen in Figure 13.

Our measurements are largely consistent with the established
method (Section 5.3). Of the 273 observations, only 10 resulted
in inconsistent measurements of the scaling index. The Pearson
correlation coefficient between the two data sets was 0.80. While
the established method returns measurements with lower errors,
with an average error of 0.8 MHz as opposed to the novel
method’s average error of 1.0 MHz, those estimates rely on the
fixed initial assumption of o when initially stretching the spectra.
This is incongruent with the final measurements for o from this
method, which span nearly an order of magnitude from 1 to 7
(see Section 5.3). In our new method, we relax this assumption,
jointly inferring the initial o rather than imposing a prior, often
incorrect, initial value. Our error is therefore larger, but more
robust, as it incorporates the measurement noise and the pre-
viously unaccounted for uncertainty in the initial alpha stretching.

6. Discussion and Conclusions

Over about 300 days, we have monitored PSR J0332+5434
and made nearly daily measurements of its scintillation bandwidth
over a large bandpass (900-1956 MHz). While long-term studies
of pulsar scintillation over this time period or with this frequency
of observation have been done before (e.g., D. A. Hemberger &
D. R. Stinebring 2008; L. Levin et al. 2016; J. E. Turner et al.
2021), this study has done both with a larger bandpass.

First, we broke the bandpass into two bands and
corrected for ISM scaling by assuming a Kolmogorov medium
with a=4.4. We found the mean scintillation bandwidth
Av, to be 2.64 £ 1.26 MHz for Band 1 (1140 MHz) and
14.7 + 9.1 MHz for Band 2 (1668 MHz). The scintillation
bandwidth also varied significantly over time, with the median
changing by a factor of 2.2 in Band 1 and 2.0 in Band 2
between two ~77day periods. Lomb—Scargle analysis indi-
cates potential periodicity at ~200 days, though our observing
period was not long enough to confirm this claim.

Almost half of our scintillation measurements were sig-
nificantly lower than the NE2001 predictions, indicating that
NE2001 consistently overestimates the bandwidth when using the
default assumptions. At most, NE2001 overestimated our mea-
sured values by a factor of 5 in Band 1 and a factor of 9 in Band 2.

Our bandwidth measurements were also shown to have a
log-normal distribution, which shows the space of expected
scintillation bandwidth measurements. The shape of the dis-
tribution of scintillation bandwidth measurements has not been
commented on significantly in the literature.

In addition to assuming a Kolmogorov medium and scaling the
dynamic spectra as such (o = 4.4), we also investigated the scaling
index with multiple methods. The best-fit scaling index for the two
bands described above was found to be ~3.6. We also divided the
bandpass into four bands as described in Section 2.3. Using
established multiband methods (such as those used by L. Levin
et al. 2016 and J. E. Turner et al. 2021), we found an average
spectral index of 3.5 £ 1.1. However, in order to make these
measurements, the dynamic spectra were not stretched, potentially
introducing some error. To correct for this, we developed a novel
“cross-subband” method where dynamic spectra were generated
multiple times per subband, each time stretched by a different
index. Using this method (described in Section 5.4), we found an
average scaling index of a=3.1 £+ 1.0. Comparing each mea-
surement made with the new method to its corresponding mea-
surement made with the established multiband method revealed
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that the two methods are quite consistent with each other. Though
the new method generally resulted in larger error bars on the
measurements, we believe these errors to be more robust than
previous methods (see Section 5.4).

Due to having only one observable variable, there is little we
can say on the structure of the ISM aside from a rough estimate
of the scaling index. We are unable to make conclusions about
the value of C; in Equation (1) or where along the line of sight
potential scattering might occur. However, past studies of PSR
J0332+-5434 have proposed an extended scattering medium that
is concentrated toward the pulsar (e.g., M. L. Putney &
D. R. Stinebring 2006; N. Wang et al. 2008).

The data we have collected during this campaign appears to
be a snapshot of the long-term scattering variability seen in
pulsars. D. A. Hemberger & D. R. Stinebring (2008) observed
PSR B1737+13 over a similar timescale to ours where they
observed small variations on the timescale of about a week,
similar to the peaks and valleys we see in Figure 6. They also
saw a large change in the time series structure after ~175 days
of observation. W. A. Coles et al. (2015) observed two extreme
scattering events (R. L. Fiedler et al. 1987) over their years-long
observing campaign with the Parkes Pulsar Timing Array. These
events are characterized by a large and sudden change in DM
and flux, corresponding to a decrease in scintillation bandwidth.
We have not observed any of these extreme events over our
~300 day observing period—one that is relatively short com-
pared to those of PTA projects (G. Agazie et al. 2023b).

Overall we have determined that the scintillation bandwidth,
and therefore the scattering delay, varies too much to be pre-
dicted by a static value. We found the delay to vary by up to
70 ns. We were not able to confirm periodicity, but future work
may be able to improve predictions of delay with time by
executing campaigns with observing periods greater than a year.
Future studies should continue to explore the effects observed
here, and we encourage NANOGrav and other collaborations
that observe PTAs to take this scintillation variation into account
when making their measurements, as this work illustrates effects
that might be seen for MSPs. PSR J0332+-5434 is only one of
nine pulsars observed during this campaign; while the other
pulsars are fainter and therefore require better or more manual
RFI and noise mitigation, the methods described here can be
expanded to that data as well as MSPs in other data sets. Bright,
slow pulsars like PSR J0332+5434 are not useful for high-
precision timing themselves, but can help determine scattering
contributions to the error budget for MSPs at different distances
and in different directions of the sky.
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are used to create a hypothetical normal distribution, with the
bandwidth measurement acting as the mean p and the error
acting as the width o. The evidence for a given scaling index is
calculated by integrating the product of the likelihoods of each
individual measured scintillation bandwidth

11 Maln, o a, (AD)
T%i=1

where N represents the probability density function for each
measured scintillation bandwidth. For observations with three
bands, the simplified evidence expression is

22 2 2 272
2.2 2 2.2 2 2 2 2 (o703 +03( 05+ 1y01))°
— T 0505 — 50703 — 3010 '
3 ) ,L"l 293 Mz 193 ,LL3 1 2+ 0120%+J]2(7%+J%J%
o] + 03 exp 75 3
2010203
(A2)
4 2 4 2 2 4 2 2 2 4 2
27'(\/0'1 o5+ 0i03 + 0105 + 20705035 + 0503
and for four bands
2 2 2 2 (020202 + 2,22 2,202 252 52)2
V2 exp I T o R T o 1020304 + 010304 + 43010504 + (14010303
2 2 2 2 4 4 4 2 4 4 2 4 4 2 4 4 2 4 4 4
207 205 2053 20% 2(0] 050504 + 010,050, + 01050304 + 0705030) (A3)

3
47T2\/O'%CT%O'% + J%O’%Ji + O’%J%O’i + O’%J%Ji

Appendix
Evidences Expression

The following describes in detail the analysis method used
in Section 5.4 to estimate the scaling index «. The measured
scintillation bandwidths for a particular scintillation bandwidth

12

The expression is computed for each scaling index and the
results are plotted. These results are then fit with a normal
distribution using scipy.optimize.curve fit. The
mean  of this fit is taken to be the estimated scaling index and
o is taken as the error on the estimation.
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