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Abstract

We extract interstellar scintillation parameters for pulsars observed by the NANOGrav radio pulsar timing
program. Dynamic spectra for the observing epochs of each pulsar were used to obtain estimates of scintillation
timescales, scintillation bandwidths, and the corresponding scattering delays using a stretching algorithm to
account for frequency-dependent scaling. We were able to measure scintillation bandwidths for 28 pulsars at
1500 MHz and 15 pulsars at 820 MHz. We examine scaling behavior for 17 pulsars and find power-law indices
ranging from —0.7 to —3.6, though these may be biased shallow due to insufficient frequency resolution at lower
frequencies. We were also able to measure scintillation timescales for six pulsars at 1500 MHz and seven pulsars at
820 MHz. There is fair agreement between our scattering delay measurements and electron-density model
predictions for most pulsars. We derive interstellar scattering-based transverse velocities assuming isotropic
scattering and a scattering screen halfway between the pulsar and Earth. We also estimate the location of the
scattering screens assuming proper motion and interstellar scattering-derived transverse velocities are equal. We
find no correlations between variations in scattering delay and either variations in dispersion measure or flux
density. For most pulsars for which scattering delays are measurable, we find that time-of-arrival uncertainties for a
given epoch are larger than our scattering delay measurements, indicating that variable scattering delays are
currently subdominant in our overall noise budget but are important for achieving precisions of tens of
nanoseconds or less.

Unified Astronomy Thesaurus concepts: Astronomy data analysis (1858); Millisecond pulsars (1062); Interstellar
medium (847); Gravitational waves (678); Interstellar scattering (854)
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1. Introduction

The North American Nanohertz Observatory for Gravitational
26 NANOGrav Physics Frontiers Center Postdoctoral Fellow. Wav es (NANS,S:]'V; l\chaugh]m h2013% aims o use a ptllsall‘
27 AAAS, STPF, ORISE Fellow hosted by the U.S. Department of timing array (PTA) to detect nanohertz frequency gravitationa
Energy, USA. waves. The 12.5 year data set (Alam et al. 2021a) presents
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observations of 47 millisecond pulsars (MSPs) with up to sub-
microsecond precision and finds a strong, common red-noise
process consistent with a gravitational-wave background but
lacks the quadrupolar correlations necessary to claim a detection
(Arzoumanian et al. 2020). Pulsar timing precision is largely a
result of robust timing models for each MSP, accounting for
many phenomena that might affect a pulsar time of arrival
(TOA) and potentially mask a gravitational wave signal in
our data.

One of the most significant sources of TOA residual
uncertainty for PTAs comes from the interaction between a
pulsar’s radio emission and free electrons in the interstellar
medium (ISM). The most significant of these ISM effects is
dispersion, in which a frequency-dependent time delay arises
from the radio emission propagating through free electrons in
the ISM. The delay at a given observing epoch can be related to
the product of the integrated column density of free electrons
along the line of sight (LOS), known as the dispersion measure
(DM), and the inverse square of the observation frequency, v.
Since the Earth, the solar system, the ISM, and the pulsars all
have motions that vary the LOS from epoch to epoch, DM is
time-dependent. The delay can be corrected by observing a
pulsar at multiple frequencies at each observing epoch (Lorimer
& Kramer 2012; Demorest et al. 2012; Arzoumanian et al.
2015; Jones et al. 2017; Keith et al. 2013).

Interstellar scattering also contributes epoch-dependent
delays. The phenomenon is the result of a pulsar’s radio
emission propagating through a non-uniform distribution of
free electrons. These delays also vary with time. However, the
nature of the propagation for dispersion and scattering results in
different frequency dependences for each phenomenon. As
mentioned above, the dispersion delay scales as Afpy ox v >
and, if we assume fluctuations in the ISM can be modeled by a
Kolmogorov-like spectrum, it can be shown that time delays
from scattering go as 7qocr 4 if inner-scale effects are
ignored and if the scattering properties of the medium are the
same everywhere (or, for a screen, identical across the screen),
and if refraction does not modify the scattering (Cordes &
Rickett 1998).

We see the effects of interstellar scattering in the broadening
of pulse profiles and the delaying of pulse arrival times.
Scattering also results in interstellar scintillation, which arises
from two interrelated phenomena: diffractive interstellar
scintillation (DISS) and refractive interstellar scintillation
(RISS) (Rickett 1990). With NANOGrav’s observing cadence,
DISS is the most observable over a single epoch, primarily
because the resulting variability is resolvable over typical
observation lengths and bandwidths (Arzoumanian et al. 2018).
More specifically, for gigahertz frequencies and pulsars at
DMs ~ 50 pccm ° the characteristic timescale from DISS is
typically on the order of minutes and the characteristic
bandwidth from the accompanying pulse broadening is on
the order of MHz (Cordes & Rickett 1998), although we
observe large variations in scintillation parameters for a
given DM.

Levin et al. (2016) examined effects from DISS on pulsars in
the NANOGrav nine year data set (Arzoumanian et al. 2015) and
found that, generally, NANOGrav pulsars exhibit scattering delays
on the order of 1-100 ns at 1500 MHz. However, even if delays
are small compared to TOA errors, if they are correlated over time
they could contribute to noise in the data set. Quite a few works,
including Hemberger & Stinebring (2008), Coles et al. (2015),
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Lentati et al. (2017), McKee et al. (2018), and Main et al. (2020)
have found at least modest evidence that delays are correlated over
time. Additionally, as NANOGrav’s timing precision reaches the
sub-100 ns regime for more pulsars, delays from scattering become
significant enough to warrant further investigation and possibly
mitigation in many pulsars. Since our current timing pipeline does
not account for scattering variability, scattering delays may be
partially absorbed in DM fits (Arzoumanian et al. 2015). Because
the frequency scaling of these two noise sources is different, this is
an additional source of noise in our timing residuals. Levin et al.
(2016) also showed that many pulsars do not follow »~**
frequency scaling, instead exhibiting shallower power-law beha-
viors, further motivating the need to separate the effects of
dispersion and scattering.

In this paper we aim to expand upon the work done in Levin
et al. (2016) by examining the effects of scattering on TOAs for
pulsars in the NANOGrav 12.5 year data set and looking for
deviations from the v~ ** frequency scaling. We also explore
how scattering can give us insight into other information on
MSPs and the ISM, including pulsar transverse velocities and
the large-scale structure of the ISM in the Milky Way.

2. Data

We used observations from the NANOGrav 12.5 year data
set (Alam et al. 2021a).?® The data were taken and coherently
dedispersed with the field-programmable gate array (FPGA)-
based spectrometers GUPPI (Green Bank Ultimate Pulsar
Processing Instrument) and PUPPI (Puerto Rico Ultimate
Pulsar Processing Instrument) at the Green Bank Telescope and
the Arecibo Observatory, respectively (DuPlain et al. 2008;
Ford et al. 2010). This process was done on 47 pulsars, 11 of
which are new to the 12.5 year data set and consequently were
not included in the analysis done by Levin et al. (2016).

We reused the results from the Levin et al. (2016) analysis
and augmented them by analyzing ~3.6 years of new data not
included in the nine year data set from both telescopes, with the
MJD range for most pulsars spanning approximately
56603-57933 (2013 November—2017 June). Observations at
Arecibo were centered near 1380 MHz using bandwidths of
800 MHz with 1 s subintegrations, while observations at Green
Bank were centered near 820 and 1500 MHz using 200 and
800 MHz bandwidths, respectively, with 10 s subintegrations.
Observations at both telescopes were divided into 1.56 MHz
frequency channels, and were ~30 minutes in length. While the
NANOGrav 12.5 year data set also includes 327 MHz,
430 MHz, and 2.1 GHz data from Arecibo, the scintles are
generally either too narrow to be frequency resolved at our
current resolution in the case of 327 and 430 MHz or either too
wide or with an insufficient number of scintles to be properly
analyzed given our current observation bandwidth in the case
of 2.1 GHz.

All observations began with a polarization calibration scan
with a 25 Hz noise diode injection for both polarizations. A flux
calibrator, QSO J14454-099, is also observed once per epoch
per frequency. All of the analyses done in this paper used total
intensity profiles, which were made by summing the polariza-
tions of the calibrated data.

As mentioned in Alam et al. (2021a), small timing
mismatches in both of these backends led to frequency-
reversed “ghost images” of pulses appearing in the data. These

3 http: / /data.nanograv.org
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can result in large offsets in residuals if uncorrected. This has
been accounted for in the 12.5 year data set, and anything left
from the subtraction will negligibly affect the information
contained in our dynamic spectra.

3. Analysis
3.1. Scintillation Parameters

Following a method similar to Cordes (1986) and identical to
that of Levin et al. (2016), we created 2D dynamic spectra from
each 820 and 1500 MHz observation of all pulsars in our
analysis. To create a dynamic spectrum, we calculate the
intensity, S, of the pulsar’s signal at any given observing
frequency, v, and time, ¢, in that observation by the relation

_ Pon(l/, t) — R)ff(l/5 t)

S, t)
Pbandpass(l/’ 1)

ey

where Ppangpass 1S the total power of the observation as a
function of observing frequency and time, and P, and P are
the power in all on- and off-pulse components of the pulse
profile, respectively. After smoothing from 2048 pulse profile
bins to 64 bins, we define the on-pulse component as the bins
in the summed profile that have an intensity >5% of the
maximum within a continuous window.

These observations were calibrated and excised of radio-
frequency interference (RFI) via the median-smoothed differ-
ence channel-zapping algorithm in PSRCHIVE’s paz function
(Hotan et al. 2004) and converted into 2D dynamic spectra,
such as those seen at the top of Figures 1 and 2. As shown in
Figure 1, to determine the scintle sizes at each epoch, we first
computed a 2D autocorrelation function (ACF) and summed
separately over time and frequency to create a 1D time ACF
and a 1D frequency ACF taken at zero time lag and zero
frequency lag, respectively. We then fit Gaussian functions to
the frequency and time axes at lag 0 of the ACF to obtain
estimates for the scintillation bandwidth and timescale,
respectively (see Figure 2).

Scattering effects can be estimated based on the size of
scintles (maxima) in both time and frequency in a pulsar’s
dynamic spectra. Here we focus on the scintillation timescale,
Atg, defined as the half-width at e~ ' of the values along the
time axis at ACF lag 0 of the dynamic spectrum’s 2D ACF, and
the scintillation bandwidth, Ay, defined as the half-width at
half-maximum of the values along the frequency ACF at lag 0
of the 2D ACF. The scattering delay, 74, can subsequently be
obtained from the scintillation bandwidth via the relation

2Ty = G, 2)

where C; is a dimensionless quantity in the range 0.6-1.5
conditional on the geometry and spectrum of the electron
density fluctuations of the medium (Cordes & Rickett 1998). In
this analysis we assume C; =1, as in Levin et al. (2016). We
found the results of the 1D and 2D Gaussian fits to the 1D and
2D ACEFs, respectively, to be in agreement, and opted to use the
1D ACFs for our analysis since most of the pulsars have
scintillation timescales longer than our observation times. If our
observations were long enough to resolve the scintles in both
time and frequency, as in Shapiro-Albert et al. (2020), we
would have used the 2D ACFs since there would have been a
sufficient number of scintles within the observing time.

Turner et al.
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Figure 1. Example of stretched dynamic spectra (top), the corresponding 2D
ACF (middle), and the resulting values along the time axis of the ACF at lag O
(bottom, with the 1D ACF in blue and Gaussian fit in red) from a PSR B1855
—+09 observation taken with the Arecibo telescope. The 1o error shown above
includes the finite scintle error. Note in this case that the scintles are not fully
resolved in time, as is typical in our data because most of our observations are
shorter than the scintillation timescales of the pulsars under observation.

Uncertainties in our scattering delay measurements are an
addition in quadrature of the finite scintle error, which can be
approximated as

—1

2
€~ TdN scint

~ml(l + 5,7/ A+ 1,B/Avg)] 2 3)
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Figure 2. As in Figure 1, but for an observation of PSR J0636+5128 with the
Green Bank telescope. For this pulsar, we are able to measure a scintillation
timescale, though it is likely an underestimate due to the short durations of our
observations.

where Ng.n, 1S the number of scintles, 7 and B are total
integration time and total bandwidth, respectively, and 7, and
7, are filling factors ranging from 0.1 to 0.3 depending on the
definitions of characteristic timescale and scintillation band-
width, and in our case both set to 0.2 (Cordes & Shannon
2010).

Since all of our observations are at most 30 minutes in
length, generally 7 < Atg, and as a result 1 + 77/Azy ~ 1. This
allows us to rely exclusively on the observing and scintillation
bandwidths when calculating e. It should be noted that this is a
conservative approach that can only overestimate our reported
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uncertainties: if T 2> At,, then Equation (3) shows that we will
underestimate Ny, and overestimate € (Levin et al. 2016).

The limited frequency resolution also introduces selection
effects into our data. We are unable to reliably measure
scintillation bandwidths smaller than our 1.5 MHz wide
channel widths. As a result, some of the average scattering
delays quoted for the most highly scattered pulsars are lower
limits. Due to this bias, we treat an individual scattering
measurement =30 ns (about three channel widths) as a lower
limit for a given epoch.

To account for the wide bandwidth of our observations, we
assumed a Kolmogorov medium to stretch each observation’s
dynamic spectrum by 1**, with the frequency axis being re-
scaled to reference frequencies of 820 and 1500 MHz for the
respective observing bands as in Levin et al. (2016). If the
scaling index used for the stretching is correct, then all scintles
in a given dynamic spectrum should be roughly equal in size.
Understretching a spectrum (i.e., the epoch has a true index
steeper than 4.4) would result in an overestimation of the true
scattering delay at a given epoch, and vice versa for
overstretching. In some cases, this stretching can result in
scintles at the lower end of the band appearing wider than the
width of an individual channel despite physically being
narrower, and vice versa. This means we can then derive
scintillation bandwidths smaller than our channel widths.
However, we still interpret our measurements as averages over
entire observing bands. As a result, our upper limits will still be
determined based on the unstretched channel width at the
center of each band. We have carried out simulations to
determine the errors due to the assumption that —4.4 is the
proper index to use for stretching by placing discrete scintles
with some characteristic frequency scaling, stretching using the
—4.4 scaling, and then measuring the resultant frequency
scaling. For index values between —1 and —5, the average
fractional error due to stretching by an incorrect index is
roughly 10%. Furthermore, the index values measured will
always be biased biased high, i.e., a flatter scaling than —4.4.

3.2. Scaling Behavior

With a large enough observation bandwidth, it is possible to
place constraints on the scaling behavior of scattering delays as
a function of frequency. Levin et al. (2016) were able to break
up a few unstretched wideband observations at 1500 MHz into
four equal subbands of 200 MHz each, determine Avy and 74 in
each unstretched subband using the ACF method described in
Section 3, and perform a weighted linear fit for 74 in semi-log
space of the form v/* to estimate the scaling index & for a given
epoch. Some examples of these fits can be seen in Figure 3.

We applied this method to four of the pulsars and, as
discussed in more detail in Section 5.2, found similar results to
Levin et al. (2016). We also used this method to look at the
time dependence of this scaling index. We found it feasible to
perform this method only in the 1500 MHz band, as the
800 MHz band has only 200 MHz of bandwidth and we would
have an insufficient number of scintles per subband to
effectively utilize this approach.

For many of the other pulsars in our data set, we took
advantage of our dual frequency measurements to examine
scaling indices across a wider frequency range. In this
multiband method, we took the weighted averages of scattering
delays at 820 and 1500 MHz for pulsars with measurements at
both frequencies and performed the same fit described above.
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Figure 3. Top: subband fit for PSR 1230244442 at MJD 57921. Bottom:
subband fit for PSR B1855+09 at MID 57608.

An example of one of these fits is shown in Figure 4. While this
multiband method examines scaling indices differently than
Levin et al. (2016), our ability to utilize multiple frequency
bands augments Levin et al., who only used 1500 MHz band
data. Examining time variability was not possible using the
multiband method, since we rarely, if ever, had epochs
(observations within a span of about a week) in which we
had detectable measurements for two frequencies.

In addition to our multiband method, we were able to utilize
the original scaling analysis from Levin et al. (2016) on four
pulsars to determine the variation in scaling index over time, as
well as PSRs B1855+09 and J2302+4-4442 to compare the
results of the two analyses.

It is important to note that these weighted averages from the
multiband analysis are determined using measurements from
dynamic spectra that have already been stretched by v** to
account for the wide bandwidth. This will result in some errors
on the calculated scaling index. Note that, however, a true yhA
scaling would still yield £ = —4.4.

In the future, new developments such as wideband receivers
should allow us to achieve the signal-to-noise ratio (S/N) and
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Figure 4. Example fit in semi-log space of the scaling index & over the 820 and

1500 MHz bands for PSR J1125+7819. Each point indicates a measured epoch
of scattering delay in a given frequency band with its corresponding 1o error.

frequency range necessary to determine the scaling index of an
epoch by looking at unstretched spectra and maximizing the
S/N of that epoch’s frequency ACF (Lam et al. 2017).

3.3. Transverse Velocities

After recovering interstellar scattering parameters, we
estimated transverse velocities for pulsars with measured
scintillation timescales. Transverse velocities for many NANO-
Grav pulsars have already been inferred from proper motions,
defined as

Vom = 474D pe, 4)

where V,, is in units of km s™', 41 is proper motion in units of
mas yr , and Dy, is the distance to the pulsar in kiloparsecs,
but they can also be estimated from scintillation behavior,
assuming the surrounding ISM can be interpreted as stationary
relative to the pulsar in question.

Merging the expressions for transverse velocity from Gupta
et al. (1994) and Cordes & Rickett (1998) for greater

generality, we have
 Avg maDipex

VGHz Al‘d,s

; &)

Viss = Arss

where Avymu, is the scintillation bandwidth in MHz, Az, is
the scintillation timescale in seconds, Dy, is the distance to the
pulsar in kpc, vgy, is the observation frequency in GHz, and
Arss i1s a factor dependent on assumptions regarding the
geometry and uniformity of the medium.

In this analysis, we have assumed a thin screen and a
Kolmogorov medium as in Cordes & Rickett (1998), and so
Ags = 2.53 X 10*kms~'. As used in Gupta et al. (1994), we
define x = D,/D,,, where D, is the distance from the observer
to the screen and D, is the distance from the screen to the
pulsar. For the calculation of Vigg, we assume the screen is
halfway between us and the observed pulsars, and so D, = D,,
meaning x = 1. Additionally, we ignore orbital velocities (for
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binary pulsars) and the Earth’s velocity, and assume the screen
is isotropic. We encourage readers to look at Rickett et al.
(2014), Reardon et al. (2019, 2020), and Main et al. (2020)
for examples of significant orbital and annual variations of
scintillation timescales, non-zero screen velocities, and non-
isotropic scattering. For the calculation of Vi, we used distances
determined by parallax measurements if op,/D < 0.25, otherwise
we used the DM distance determined by the NE2001 electron
density model.

The ability to independently determine transverse velocities
from different sets of physical quantities also helps us
determine whether the ISM behaves as Kolmogorov with a
scattering screen at the halfway point. We expect transverse
velocities derived from proper motions to be more accurate, as
proper motions are generally measured with much greater
precision and with fewer selection effects than scintillation
parameters. Consequently, comparisons of those results serve
as a strong indicator of the accuracy of ISS-derived transverse
velocities. In addition, there are a number of pulsars, in
particular, non-recycled, for which we are unable to measure
high-quality timing-derived proper motions, so it is useful to
have alternative ways of measuring transverse velocities.

4. Results
4.1. Scintillation Parameters and Variations

Our measurements of interstellar scattering delays, scintilla-
tion bandwidths, and scintillation timescales are given in
Table 1, with barred parameters (73, Ay, etc.) representing the
ensemble weighted averages of the individual observations. We
determined values for 7y by calculating 74 values for individual
epochs and then averaging them, rather than directly converting
Avy. For comparison, in Tables 2 and 3, we also list the
predicted scintillation parameters from the NE2001 Galactic
electron density model (Cordes & Lazio 2002) and the results
from previous studies of these pulsars, respectively. Due to our
short observation lengths, our Azy values should probably be
taken as lower limits in most cases since there were many
epochs where scintles were not resolvable in time. An clear
exception to this rule is PSR B1937+-21, for which all scintles
were smaller than our observation length. Other exceptions to
this rule likely include but are not necessarily limited to PSR
J1125+7819 at 820 MHz and PSR J0636+5128. There are a
few pulsars where we quote scintillation bandwidths but neither
scintillation timescales nor timescale upper limits; since many
epochs from these pulsars contain the beginnings and ends of
many scintles but never complete scintles, these pulsars all
likely have scintillation timescales within 5—10 minutes of our
observation length of 30 minutes.

For Table 2, the predicted Aty values were calculated using
transverse velocities derived from proper motions. Addition-
ally, DM distances were used for calculating transverse
velocities if opx/PX > 0.25. The values are weighted averages
over all measured epochs. Scattering delays over time from this
paper and Levin et al. (2016) can be found in Figure 5. A more
detailed discussion of these plots can be found in Section 5.1.

In our new observations we were unable to measure
scintillation parameters for five pulsars (PSRs J0023+4-4130,
J1741+1451, B1953+29, J20174-0603, and J22144-3000) that
had measureable parameters in Levin et al. (2016). All of these
pulsars had 10 or fewer usable observations in that paper and
three of them had five or fewer usable measurements. For some
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of these pulsars, the scintles were too faint, or RFI corrupted
too large a portion of each spectrum to obtain scintillation
parameters. For example, in quite a few 1.5 GHz observations,
the bottom 100200 MHz of the band was completely
corrupted by RFI, and so we either were unable to use many
of those epochs or were forced to work with reduced-
bandwidth data. In general, the number of measurements
obtained on a pulsar-by-pulsar basis in this paper is still largely
consistent with Levin et al. (2016) over a similar period of time.

Some of the pulsars in Figure 5 show more variability in
their scattering delays in our data than in Levin et al. (2016)
(see PSR J1614-2230 for a good example of this). One reason
for this is our ACF calculation method: Levin et al. limited
their scintillation bandwidth estimates to integer multiples of
the channel bandwidths, whereas our fit interpolated between
bins, which means we had more possibilities for quoted
scintillation bandwidths and therefore a higher likelihood of
variation in our values. The errors in some pulsars are also
noticeably larger in our data; this can be attributed largely to
RFI, which resulted in larger finite scintle errors due to the
smaller effective observing bands.

We treat the weighted average scintillation bandwidth
measurements for five pulsars at 820 MHz and two pulsars at
1500 MHz as upper limits, as their estimates are less than three
times the channel width. For these pulsars, in particular PSRs
B1937+21 and J19104-1256, there are typically many epochs
on which the bandwidth was unresolved. We can also
demonstrate insufficient frequency resolution for some pulsars
through the calculation of secondary spectra, which are the 2D
Fourier power spectra of the dynamic spectra. The delay axis in
a given secondary spectrum is directly proportional to the
relative time delay incurred from scattering (Stinebring et al.
2001; Hemberger & Stinebring 2008). The Fourier relation
between the two spectra is also especially useful, as small
features such as unresolved scintles in a dynamic spectrum will
manifest as large, clearly visible features in a secondary
spectrum. As an example, in Figure 6, we show dynamic and
secondary spectra of PSRs B1855+4-09 and B19374-21.

In Figure 7, we show the average power in the secondary
spectrum as a function of delay over the fringe frequency
channels in the secondary spectra where power was visible.
This corresponds approximately to the middle four channels for
PSR B1855+4-09 and the middle seven channels for PSR B1937
+21. We find little dependence on the exact number of
channels used for this analysis. PSR B1937421 displays no
decrease in intensity with delay in its secondary spectrum,
indicating its scintles are not fully resolved. For this pulsar, we
see this effect in all of its secondary spectra, meaning we
should interpret all measured delays as lower limits. The flux
density in PSR B1855+09’s secondary spectra drops off at
higher delays, indicating we are resolving more of its scintles,
even if narrower ones may not be completely resolved. Some of
the remaining power at higher delays could also be due in part
to unmitigated RFI.

Overall, we find that power does not dissipate for epochs on
which the scintillation bandwidth is less than three channel
bandwidths, supporting our decision to treat these measure-
ments as upper limits.

4.2. Scaling over Multiple Frequency Bands

Since we were unable to resolve scintles at 820 MHz, power-
law indices for PSRs B1937+21 and J2010-1323 as shown in



Table 1
Measured Scintillation Parameters
This Work Levin et al. (2016)
Pulsar Bdl 500 7 5 500 Mr;fﬁ; 1500 Nl} 500 At dlSOO Ml 500 5520 7_5&20 Ngﬂﬁ;xzo Nfzo EEZO lezo Edl 500 7 5 500
(MHz) (ns) (minutes) (MHz) (ns) (minutes) (MHz) (ns)
J0340+4130 <33+13 >33+ 17 32 10 9+3 15+6
J0613-0200 4+3 16 £11 21 40 10t4 4 <1.6 £0.2 >78 £ 17 25 19 6+3 7 11+4 12+4
J0636+5128 T7+4 12+9 17 24 9+3 13 <l5+1.0 >31 4+ 37 23 26 8+3 17
J0740+6620 81+ 30 1.5+ 0.5 2 4 18+9 5+3 3 16
J0931-1902 20+ 4 7T+2 9 4 >30 50 3
J1012+5307 40 + 18 442 6 1 66 £ 6 2.5+0.1
J1024-0719 36 +3 44403 5 3 >30 10+3 11+4 4 6 17+4 1 47 + 18 3+1
J1125+7819 50 £ 20 1.9+09 3 25 7+3 17+8 6 37 12+4 23
J1455-3330 43 + 12 324+09 5 5 5+1 27+7 8 12 70 + 18 4+1
J1614-2230 6+3 16 £6 25 16 9+3 1 <24+0.6 >33+ 14 17 3 5+1 1 9+3 16 £5
J1640+2224 50 + 26 1.84+0.9 4 17 >30 . 56+ 15 3+1
J1713+0747 23+ 15 342 6 72 >30 21+9 T7+2
J1738+0333 19+8 6+3 9 18 >30 17+ 38 9+2
J1744-1134 33+13 33+1.6 5 18 >30 10£3 12+4 5 21 4249 4+1
J1853+1303 11+6 8+4 14 6 >30 13+5 12+5
B1855+09 10£5 8+ 4 11 25 >30 9+3 18+ 6 5 1 5+2 21 +£10
J1909-3744 28+ 13 442 6 89 <4+1 >21 £ 12 10 18 6+2 5 39+ 15 5+2
J1910+1256 2.3+0.8 47 £ 23 71 17 >30 <34+26 >90 + 44 26 3 >30 23+09 58 £17
J1918-0642 9+3 13£5 16 28 >30 15+5 10+3
J1923+2515 18 +4 24+1.6 5 8 22+ 10 6+1
B1937+21 <1.5+0.8 >76 + 43 30 43 9+3 23 28+ 1.3 44 + 21
J1944+0907 8+6 7+6 17 28 3+3 5+7 14 3 11£5 10£6
J2010-1323 8+3 13+6 18 29 7+6 2 742 19+6
J2043+1711 56 + 27 1.8+£0.9 4 2 >30 86 2
J2145-0750 43+ 11 3+1 4 7 >30 7+4 945 5 19 >30 48 + 13 2.8 +0.7
J2229+2643 46 + 15 29+0.8 4 6
1230244442 8+7 16+ 38 20 15 <1.5+02 >37+ 15 26 20 10+£2 14+3
J2317+1439 46 + 14 2.8+0.8 5 13 >30 12+6 13£5 5 1 42+ 12 3+1

Note. All parameters with bars (7, Ary, etc.) represent ensemble weighted averages of the individual measurements, with 1o errors shown. I\JS‘;‘;‘: represents the median number of scintles and N, and N, indicate the
number of estimates made for that quantity. 74 values represent the scattering delays, while Avy values represent scintillation bandwidths. All measurements and errors have been rounded to the last significant digit
shown. Values with only one measurement use their measured uncertainties as opposed to weighted errors. Due to our short observation lengths, it is likely that all of our Aty values are biased lower than their true
averages.
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Table 2
NE2001 Electron Density Model Predicted Scintillation Parameters
Pulsa Period DM R a4y Aumw MR som
(ms) (pc cm ™) (ns) (MHz) (minutes) (ns) (MHz) (minutes)

J0023+0923 3.05 14.3 2.5 425 17.4 40 9.1 13.2
J0030+4-0451 4.87 43 0.06 1900 710 0.8 405 540
J0340+4130 3.29 49.6 50 2.1 17.1 700 0.5 12.9
J0613-0200 3.06 38.8 20 6.4 16.4 230 1.4 125
J0636+5128 2.87 11.1 1.9 55.1 95 30 11.8 72
J0645+5158 8.85 18.2 6.1 17.2 20.3 90 3.7 154
J0740+6620 2.89 15.0 32 33.0 12.6 50 7.1 9.5
J0931-1902 4.64 415 20 43 30.5 350 0.9 232
J1012+5307 5.26 9.0 12 88 16.6 20 18.8 12.6
J1024-0719 5.16 6.5 0.2 610 16.8 2.4 130 12.7
J1125+7819 4.2 12.0 1.5 70.1 21.9 20 15 16.7
J1453+1902 5.79 14.1 3.1 34.1 26.4 40 7.3 20.1
J1455-3330 7.99 13.6 1.0 110 103 10 233 78
J1600-3053 3.60 523 90 1.1 5.1 1,300 0.24 39
J1614-2230 3.15 345 30 3.6 5.4 420 0.8 4.1
J1640-+2224 3.16 18.4 5.8 18.1 15.3 80 39 11.7
J1643-1224 4.62 62.3 90 1.2 59 1,300 0.25 44
J171340747 4.57 16.0 4.1 25.6 37.7 60 55 28.6
J1738+0333 5.85 33.8 20 5.00 5.5 300 1.1 4.1
J1741+1351 3.75 24.2 0.7 160 48.8 9.3 35 37.1
J1744-1134 4.08 3.1 0.02 5,700 335 0.3 1,200 253
J1747-4036 1.65 153.0 2,400 0.04 2.4 30,000 0.01 1.8
J1832-0836 2.72 28.2 20 59 29 250 1.3 22
J1853+1303 4.09 30.6 6.2 522 16.3 90 3.6 39.7
B1855+09 5.36 133 2.2 4.9 539 30 10.4 41.1
1190340327 2.15 297.5 240,000 0.0004 0.5 3,400,000 0.00009 0.5
J1909-3744 2.95 104 1.5 68 7.9 20 14.6 6.0
J1910+1256 4.98 38.1 8.4 12.5 19.0 120 2.7 14.5
J1911+1347 4.63 31.0 5.0 20.8 21.7 70 4.5 16.6
J1918-0642 7.65 26.6 10 10.0 21.3 150 2.1 16.1
J1923+2515 3.88 18.9 1.7 61 227 20 13 17.2
B1937+21 1.56 71.0 130 0.8 62.0 190 0.2 46.1
J1944-+0907 5.19 24.3 29 36 9.8 40 7.7 7.5
J1946-+3417 3.17 110.2 210 0.5 2.0 3,100 0.1 1.5
B1953+29 6.13 104.5 240 0.43 43 3,500 0.09 33
J2010-1323 522 222 6.7 15.7 16.7 100 34 12.8
J2017+0603 2.90 239 3.8 279 52.7 50 6.0 40.1
J2033+1734 5.95 25.1 3.0 35.4 53.7 40 7.6 40.9
J2043+1711 2.38 20.7 2.0 51 30.8 30 11 23.8
J2145-0750 16.05 9.0 0.5 200 60.5 7.5 423 459
J2214+3000 3.12 22.5 3.1 33.8 412 40 7.2 31.2
1222942643 2.98 22.7 42 252 18.8 60 5.4 14.3
J2234+0611 3.58 10.8 0.8 136 14.9 10 29.1 11.3
1223440944 3.63 17.8 33 31.5 9.9 0.5 6.7 7.5
123024442 5.19 13.8 0.9 120 103 10 26.4 79
J2317+1439 3.45 219 1.9 54 574 30 11.6 435
1232242057 4.81 134 1.0 104 253 10 223 19.2

Note. Predictions of scattering delays, scintillation bandwidths, and scintillation timescales made by the NE2001 electron density model (Cordes & Lazio 2002). We
calculated Ary values using transverse velocities derived from proper motions rather than the 100 km s~ transverse velocity that NE2001 assumes. DM distances were
used for calculating transverse velocities if current parallax measurements were negative or if errors on parallax measurements were larger than around 25%.

Table 4 were found exclusively by splitting the 1500 MHz
passband into 200 MHz subbands, measuring the scattering in
each, and fitting via a power law (as in Levin et al. 2016).
Indices for PSRs B1855+09 and J2302+4442 were found
using both this method and extended fits that included the
820 MHz passband. The measured indices for all four of these
pulsars were shallower than the —4.4 expected for a
Kolmogorov medium, with only PSR B1937+421 yielding an
index steeper than —3 while the other three pulsars clustered
around —2.5.

We were also able to obtain first-order estimates of the
scaling index for 15 pulsars using the method described in
Section 3.2. These results, along with the results described
above, are shown in Table 4. As in Levin et al. (2016), all of
our measured scaling indices are shallower than the value of
—4.4 that is expected for a Kolmogorov medium under the
simplest assumptions, with only two of these indices being
steeper than —3. There was also considerable range in the
indices measured, with values spanning from —0.7 to —3.5. We
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Table 3
Comparison with Previously Published Scintillation Parameters

This Work Previously Published Values

Pulsar T Ay Aty v Td, scaled Avy, scated Aty scaled Voriginal Reference

(ns) (MHz) (minutes) (MHz) (ns) (MHz) (minutes) (MHz)
J0340+4130 >33 £ 17 <33+£13 1500 43+2 37+£02 16 £1 1500 Shapiro-Albert et al. (2020)
J0613-0200 16 £11 4+3 10+4 1500 61 3 26 1369 Coles et al. (2010)
(| I I Il Il 97° 2¢ 75* 1500" Keith et al. (2013)
[ I I Il Il 21 1 7.7+05 11+1 1500 Shapiro-Albert et al. (2020)
I I I I I 50-200° 0.8-3.2° 1350° Main et al. (2020) °
J1024-0717 10+£3 11+4 17+4 820 5 33 56 685 Coles et al. (2010)
I 44+03 36+3 >30 1500 0.59* 268* 70* 15007 Keith et al. (2013)
J1614-2230 16 £6 6+3 9+3 1500 29+2 55+04 12+1 1500 Shapiro-Albert et al. (2020)
J1713+0747 3+2 23 £15 >30 1500 7 24° 48* 1500* Keith et al. (2013)
J1744-1144 12+4 10+3 820 27 6.0 26 660 Johnston et al. (1998)
I I I Il Il [§ 28 58 685 Coles et al. (2010)
[ 33+£1.6 33+13 >30 1500 3? 59° 35° 1500° Keith et al. (2013)
B18554-09 18+6 9+3 820 16 10 21 685 Coles et al. (2010)
I 8+4 10£5 >30 1500 13 12 37 1369 Coles et al. (2010)
I I I Il Il 29* 6" 24 15007 Keith et al. (2013)
J1909-3744 >21+12 <4+2 6+2 820 10 17 41 685 Coles et al. (2010)
I 4+2 28 £13 1500 2+0.8 81 +31 >82 1500 Shapiro-Albert et al. (2020)
I I I Il Il 4* 37° 38" 1500* Keith et al. (2013)
B1937+21 >76 £ 43 <15+£038 9+3 1500 48 3 7 1369 Coles et al. (2010)
I I I Il Il 127 1 8 1400 Cordes et al. (1990)
I I I Il Il 130° 1* 6" 1500 Keith et al. (2013)
J2145-0750 9+5 7+4 >30 820 6 25 58 685 Coles et al. (2010)
I 33+£0.38 43+ 11 >30 1500 0.82* 194* 57¢ 1500* Keith et al. (2013)

Notes. Published values were reported at observing frequency voriginai and converted to the values at the frequency closest to that used in our paper using a scaling
index of £ = —4.4. For consistency, we only examined scintillation measurements taken at comparable frequencies. Additionally, as is discussed below, we do not find
consistent scaling behavior along the LOSs to different pulsars, and as a result of this variability we felt that attempting to scale scintillation measurements taken at
largely disjointed frequencies would not make for a sound comparison. Our scintillation timescale averages are lower than many of the previously measured values at
similar frequencies, further providing evidence for the possibility of our timescale averages being biased low as a result of our short observation lengths.

? Only values that were already scaled were reported in the original publication.

® No average value was quoted, but scattering delays were found within this range.

quote upper limits on indices where the majority of 820 MHz
scattering delays are lower limits.

Levin et al. (2016) found noticeably different scaling indices
from multiple measurements of various pulsars, indicting that a
pulsar’s scaling index may vary with time as it moves through
the ISM. As mentioned earlier, examining time variability was
not possible using the multiband method, since we rarely, if
ever, had detectable measurements for two frequencies within
about a week of each other. A large part of this was because
RFI contamination was much more prominent at the 1500 MHz
band than in the 820 MHz band, so it was generally easier to
get consistent measurements only at lower frequencies. This
RFI contamination also made it difficult to get many epochs
that were usable for the subband analysis. Overall, since our
multiband method can tell whether a scaling index is shallower
or steeper than —4.4, even if it is not as precise due to the
frequency scaling, and both methods found shallower indices,
we can conclude that these two methods agree with each other.

4.3. Transverse Velocity Measurements

A comparison between transverse velocities derived from
scintillation parameters and those derived from proper motions
is shown in Table 5 and Figure 8. Because we expect that Vigg
and V., should be equal under the assumptions made in
Section 3.3 and based on surveys such as Nicastro et al. (2001),

we use the Pearson correlation coefficient,

2
. or,
P 2 2

00y

(6)

where ai’y is the covariance between some parameters x and y
and o, and o, are the variances of x and y, respectively.
Relative screen distances calculated by assuming that Vigg is
equal to Vp, are also shown. All V,,, values were calculated
using proper motions found in Alam et al. (2021a). We are not
sensitive to epoch-to-epoch variations in Vigg because our
scintles are not always resolved in time for every epoch that
they are resolved in frequency. Because of this, all Vigg values
were calculated by using the weighted averages of scintillation
bandwidth and timescale from Table 1 in Equation (5) for
pulsars with at least two epochs for which Ay, was measured.

For pulsars where we could not resolve scintles in time, we
have assigned Aty lower limits of 30 minutes, resulting in
upper limits on transverse velocity. We used parallax distances
for calculating Vigs and Vpy, if the distance error was <25%;
otherwise we used distances determined by DM from NE2001
and assumed a 20% uncertainty. If a pulsar had a parallax
measurement with an error >25%, we instead used its DM
distance from NE2001 and assumed a 20% uncertainty (Cordes
& Lazio 2002).
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Figure 5. Variation of 74 with time from this paper and Levin et al. (2016) at
820 and 1500 MHz along with flux density measurements and ADM values
(DM: dispersion measure) that have been mean subtracted and do not account
for solar wind effects. Histograms showing the distributions of 74 and S are
shown on the right side of each plot. Errors shown on ADM represent the
variance. Only pulsars with at least 10 74 measurements are shown. Vertical red
lines indicate dates separating measurements from Levin et al. (2016) and this
paper. Horizontal dashed green lines indicate the maximum scattering delay
below which we consider measurements lower limits, taken as the scattering
delay corresponding to three channel widths (approximately 30 ns). Fluxes and
DMX values were obtained from NANOGrav’s wideband timing analysis
(Alam et al. 2021b).

(The complete figure set (31 images) is available.)

5. Discussion

5.1. Scattering Variability and Correlations with Dispersion
Measure and Flux Density Variations

We have searched for correlations between scattering delays
and DM variations and scattering delay and flux density for
pulsars with at least 10 scattering measurements. These
coefficients were determined using only epochs where both
scattering delay and ADM or flux data were available. The data
and their corresponding correlations with ADM and flux
density are shown in Figure 5 and Table 6, respectively. Here,
we only examine the linear Pearson correlation (Equation (6))
since theoretical predictions in the literature show support for
this type of correlation. DMs and flux densities were obtained
from NANOGrav’s wideband timing analysis (Alam et al.
2021b). DMX determines DM variations by treating DM(?) as a
piecewise constant and fitting for a new DM at up to six day
intervals along with the rest of the parameters in our timing
model.

In order to examine the variability of the flux density in each
pulsar as a function of time, we performed a reduced x>
analysis using a model consisting of the weighted average of
the combined flux densities. For a given time series with
measurements of a parameter, x, we define our reduced X2 as

1
2 _
X N -1

=2
z(x(t) X) @

o?(1)

where N is the number of measurements, ¥ is the weighted
average of the measurements, x(¢) is the measurement at time ¢,
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Figure 6. Dynamic (top) and secondary (second from top) spectra of PSR
B1855+09 on MID 56640 and dynamic (second from bottom) and secondary
(bottom) spectra of PSR B1937+4-21 on MJD 56892. For PSR B1855+09, the
intensity in the secondary spectrum drops off at higher delays, indicating we
are fully resolving most of its power and properly measuring its scattering
delays. For PSR B1937+21, the intensity in the secondary spectrum does not
drop off at higher delays, indicating we are not fully resolving its power and are
therefore underestimating its scattering delays.

and o”(¢) is the measurement variance at time 7. In the case of
the fluxes, x(f) and x in Equation (7) represent the flux density
as a function of time and the weighted average of the flux
density, respectively. We list these values in Table 6.

While there may visually be correlations between scattering
delay and DM or flux, these correlations do not appear linear.
For this reason, in addition to examining linear correlations
using the Pearson correlation coefficient (Equation (6)), we
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Figure 7. Power in the secondary spectra of PSRs B1855+09 and B1937+-21
as a function of delay, calculated by summing over only the fringe frequencies
with visible power. The power of PSR B1937+21 does not decrease at higher
delays, indicating that we are underestimating scattering delays. Conversely,
the power of PSR B1855+09 falls off with delay, indicating we are more
accurately estimating its scattering delays and resolving a greater fraction of its
scintles.

Table 4
Estimated Scattering Delay Scaling Indices.

Pulsar 13
J0613-0200 <—1.8+£0.8
J0636+5128 <-25+£0.1
J0740+6620 24406
J1024-0719 —-1.5£0.6
J1125+7819 -35+02
J1455-3330 -35+04
J1614-2230 <—13+£09
J1744-1134 —-1.8+£0.3
B1855+09 —0.7+0.5
B1855+09 -24+03°
J1909-3744 <-29+£03
J1910+1256 <-1.0£0.3
B1937+21 -3.6+0.1°
J19444-0907 -1.0£0.3
J2010-1323 2.5+ 047
J2145-0750 -2.1+£04
12302+4442 <-13+04
12302-+4442 26+ 1.1
1231741439 —23+038
Note. Measurements with a dagger were calculated using non-stretched

subbands, and others used measurements at two frequencies based on stretched
spectra. Uncertainties on values with daggers represent the weighted error of all
measured indices, while uncertainties on values without daggers represent the
1o errors on ¢ in the model fits. We quote upper limits on indices where the
majority of 820 MHz scattering delays are lower limits.

examine general correlations using the Spearman correlation
coefficient,

63 \[rg(y) — rg(x)P
N (N2 -1

rn=1-—

®)
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Table 5
Pulsar Transverse Velocities Inferred from Interstellar Scattering and Proper
Motions
Pulsar Frequency Viss Vom D,/D,
(MHz) (kms™") (kms™")

J0613-0200 820 110 £ 45 5548 03+£02
J0613-0200 1500 63 £35 55+8 0.8+0.8
J0636+5128 820 <75+ 43 I5+5 0.04 £ 0.05
J0636+5128 1500 70 £ 32 I5+5 0.05 + 0.04
J0931-1902 1500 <44+ 16 26 + 18 >0.4£0.3
J1024-0719 820 86+ 12 220 £ 90 6.7+4.4
J112547819 820 84 £+ 21 86 £ 12 1.1+0.8
J1614-2230 820 140 £20 110 £ 10 0.5+0.1
J1614-2230 1500 65 £ 16 110 £ 10 26+ 1.3
J1640+2224 1500 <94 + 35 110 = 60 >14+£1.0
J1713+0747 1500 <44+ 12 36 £ 1 >0.7 £ 0.3
J1738+0333 1500 <72 £31 130 £ 100 >33+£29
J1744-1134 1500 <34 +7 41 £ 1 1.4+0.6
J1853+1303 1500 <45+ 14 32£10 >0.5£0.3
B1855+09 1500 <35+9 39+7 >12+£0.6
J1909-3744 820 <160 = 60 190 + 4 >14+£1.1
J1910+1256 820 <48 +19 79+ 11 >27+£21
J1910+1256 1500 <22+4 79 £ 11 >12.9 449
J1918-0642 1500 <29+5 48 +7 >2.7+£09
B1937+21 1500 <70 £29 6+1 >0.01 £+ 0.01
J2010-1323 1500 190 £+ 170 85+£29 02+03
J2145-0750 820 <41 +12 52+11 >1.6 £09
J2145-0750 1500 <57+9 52+ 11 >0.8 £0.3
J2317+1439 1500 <86 + 14 32+5 >0.1 £0.1

Note. Viss values were calculated using the weighted averages of Avy and Azy
found in Table 1 and the assumption that the scattering screen is equidistant
from the pulsar and Earth. Uncertainties are calculated by propagating the
weighted errors on the scintillation measurements with the uncertainties on
pulsar distance and proper motion. Many of the Vigs estimations are upper
limits, since scintillation timescale lower limits were used. We calculated
D, /D, by assuming that Vj,, is correct, setting it equal to Vss, and solving for
D,/D,. Some measurements are also upper limits due to resolution limits on
scintillation bandwidths. Due to the large uncertainty in both PSRs J1125
+7819 and J1910+1256’s parallax measurements, their distance was
determined by DM via NE2001. All measurements and errors have been
rounded to the last significant digit shown.

where rg(y;) and rg(x;) are the ranks of the ith values of y and x,
respectively, and N is the number of data points being used.
The rank of a value is defined by its size relative to other
quantities in a shared data set, with the smallest value having a
rank of one, the second smallest value having a rank of two,
and so on.

We also examined the variability of scattenng delays as a
function of time by performing a reduced * analysis using the
combined scattering delays from this paper and Levin et al.
(2016), with x(f) and X in Equation (7) representing the scattering
delays as a function of time and the weighted average of the
scattering delays, respectively. The results are shown in Table 6.

Finally, we explored the variability of scattering delays by
examining the scintillation bandwidth modulation index,
defined as

1 obs
my = (Avgi —
<AVd> ( Nobs — ;

where (Avy) is the average scintillation bandwidth, Ny is
the number of observations, and Avg; is the scintillation

1/2
AVd>)2) > (9)
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Table 6
Scattering Delay Trends and Correlations

Pulsar Freq X2 (7a) PO (74, S) S (mly) (74, DM) My corrected Mb:Kolmogorov
J0340+4130 1500 10.1 0.1 —02+0.2 0.5 £0.00 0.7 £0.1 0.13 £ 0.01
J0613-0200 820 21 0.1 -0.5+02 6.7 £+ 0.00 —0.1+£0.2 0.12 +0.00
J0613-0200 1500 9.2 0.1 0.2+0.1 1.9 +0.00 —04 +0.1 0.13 £0.01
J0636+5128 820 13.1 0.9 —-02+0.2 1.9 £+ 0.00 0.1£02 0.12 £ 0.01
J0636+5128 1500 7.7 0.2 —-04+0.2 0.7 + 0.00 03+0.2 0.15 £0.01
JO740+6620 820 0.7 10.5 —0.1+£0.2 2.7+ 0.00 02+02 0.20 +0.02
J1024-0719 1500 0.7 3.8 —0.1+04 1.7 £ 0.00 —0.5+0.3 0.30 0.19 +0.00
J1125+7819 820 1.0 3.1 —04+£02 4.1 £0.00 02+02 0.20 +0.02
J1125+7819 1500 0.7 1.1 —-03+0.2 0.9 +0.00 02+0.2 0.16 +0.01
J1455-3330 820 0.5 3.2 —0.1£0.3 2.9 + 0.00 0.1£0.3 0.15+£0.01
J1614-2230 1500 3.0 0.2 03+0.1 1.1 +£0.00 —-0.5+0.2 0.14 £ 0.01
J1640+2224 1500 1.0 1.1 —-04+£02 0.1 £0.00 —-0.03£0.2 0.20 +0.02
J17134+0747 1500 3.0 2.2 —0.4+0.1 4.7 + 0.00 0.5+0.1 0.18 +0.02
J1738+0333 1500 2.8 2.2 —03+02 0.70 4+ 0.00 0.1£0.2 0.44 0.16 +0.01
J1744-1134 820 0.3 1.7 0.1+0.2 7.2 +0.00 0.1 +0.2 0.13 0.17 £0.01
J1744-1134 1500 0.8 4.4 —-04+02 2.6 + 0.00 —0.04 £0.19 0.19 +£0.01
J1853+1303 1500 8.5 0.5 —04+£03 0.3 £0.00 —-03+03 0.24 0.15 £0.01
B1855+09 1500 13 0.4 —0.3+£0.1 4.6 £0.00 —0.06 £0.15 0.15 +£0.01
J1909-3744 820 0.4 1.1 —-0.2+0.2 4.5+ 0.00 —-0.7+0.2 0.18 0.14 £ 0.01
J1909-3744 1500 1.0 3.0 —0.1£0.1 1.60 £ 0.00 —04+£02 0.18 £ 0.01
J1910+1256 1500 18 0.3 03+£02 0.6 £ 0.00 —0.1 £0.2 0.12 £ 0.01
J1918-0642 1500 1.7 0.8 0.02 +0.13 1.5+ 0.00 —0.2+0.1 0.15+£0.01
J1923+2515 1500 2.4 1.4 —-04+0.3 0.4 + 0.00 03+£03 0.17 £ 0.02
B1937+421 1500 22 0.4 0.1 £0.1 12.3 £0.0 —02+0.2 0.11 +£0.01
1194440907 1500 11 1.2 —-0.2+0.2 2.6 +0.00 —-0.1+0.2 0.14 +£0.02
J2010-1323 1500 4.3 0.3 —0.2+0.1 0.7 £0.00 0.3£0.1 0.14 +£0.01
J2145-0750 820 0.5 13.0 0.03 +0.24 23.2 +0.00 —-024+03 0.16 0.16 +0.01
J2145-0750 1500 0.2 5.0 03+£02 6.4 + 0.00 0.2+0.3 0.20 +0.01
J2302+4442 820 0.1 0.2 —-0.2+0.2 3.30 + 0.00 03+02 0.12 +0.00
J2302+4442 1500 2.3 0.7 —-03+0.2 1.3+£0.0 —02+0.2 0.14 +0.01
J2317+1439 1500 0.4 5.0 —0.1£0.3 0.04 £+ 0.00 —-0.9 +0.1 0.23 0.20 £ 0.01

Note. Reduced x? measurements, flux density and ADM correlations, and measured and predicted modulation indices for all pulsars with at least 10 scattering delay
measurements. We find no strong correlations between scattering delays and flux density and scattering delays and ADM. The unusually strong correlation coefficient
seen in PSR J2317+1439 is likely not physical, as the scattering delay data is very sparsely sampled relative to ADM estimates. A similar argument can be made for
PSR J1614—2230 for correlations between flux and scattering delay. For most, if not all, of the pulsars shown above, the difference in sample rates between scattering
delay and flux density and ADM are too different to draw any meaningful conclusions on correlations. All correlations in this table use the Pearson correlation

coefficient. We have not reported modulation indices in cases of negative mbz;commd.

1000 Weighted Correlation Coefficient = 0.40 .
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Figure 8. Transverse velocities derived from proper motion vs those
determined through scintillation. Downward-facing arrows indicate upper
limits. The modest correlation suggests that our assumption of a screen at the
midpoint between us and the pulsar is roughly correct.
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bandwidth at the ith epoch (Bhat et al. 1999a). We correct these
indices for the estimation error following Bhat et al.,

2 _ 2 2
mb;cm‘rected - mb;measured - mb;error’ (10)

where My, measured AN Mp.error are the modulation indices found
from using the scintillation bandwidth measurements and
errors, respectively, in Equation (9). The estimation error-
corrected modulation indices for pulsars with more than 10
measurements can be found in Table 6. Some low-DM pulsars
had negative mp.comectea Values due to the finite scintle effect;
we do not list modulation indices in these cases. There are also
likely some instances where the scintles are not fully resolved,
such as PSR B1937+21. In cases like this, the mbz;mor may be
overestimated.

We can also compare these results with the theoretic
prediction, assuming a Kolmogorov medium with a thin screen
halfway between us and the pulsar, as in Romani et al. (1986):

Mi;Kolmogorov & 0.202(C) /303 (3D=2/3, (11)

where 1/, 1S the observing frequency in GHz, D is the distance
to the pulsar in kpc, and C? describes the strength of scattering



THE ASTROPHYSICAL JOURNAL, 917:10 (19pp), 2021 August 10

effects in units of 10+ m—2°/3

by

(Bhat et al. 1999a), and is given

C2 = 0.002Av07%/0p~11/6y11/3 2073 (12)
for a Kolmogorov medium, with Ary in MHz (Cordes 1986).
We calculated my,.goimogoroy fOr €ach pulsar with at least 10
measurements. The results are shown in Table 6.

As mentioned in Section 1, dispersion is the largest source of
delay from the ISM and is usually the only ISM effect that is
corrected for by PTAs. Since both dispersion and scattering are
ISM effects originating from the same structures along the
LOS, it would be reasonable to expect a correlation between
the two quantities on an epoch-to-epoch basis. Rankin &
Counselman (1973) examined correlations between dispersion
and scattering for the Crab pulsar during a period of activity
from late 1969 to late 1970. It appears that there may be an
approximately one-month lag between changes in dispersion
and scattering, although it is difficult to say these events are
actually correlated. McKee et al. (2018) looked at around six
years of observations of the Crab pulsar and claimed evidence
of correlations between 74 and DM. However, the strength of
these correlations is mild, with a correlation coefficient of only
0.56 £ 0.01. Kuzmin et al. (2008) also made observations of
the Crab pulsar over a 200 day period coinciding with a large
ISM event due to an ionized cloud or filament crossing the
LOS, over which time both 74 and DM followed very similar
time signatures. Correlations between these two parameters
have also been explored in MSPs in many contexts. Coles et al.
(2015) examined case of extreme scattering events and found
sharp increases in DM are seen to clearly mirror sharp increases
in scattering delay in by-eye examinations of the data. In
simulated data, Lentati et al. (2017) found scattering delays to
be correlated in a non-linear way with both the pulse TOA and
DM. McKee et al. (2019) looked at giant pulses from PSR
B1937+21 and found no correlation between scattering and
DM despite earlier studies finding such correlations using giant
pulses in the Crab pulsar (McKee et al. 2018). Main et al.
(2020) examined the scintillation arcs of PSR J0613-0200 and
found that the arc curvature followed the annual variation seen
in DM. It is possible that in our data the scattering delays are
partially absorbed into DMX fits, decreasing any measured
correlation, as suggested by Shapiro-Albert et al. (2021).

It is well known that RISS affects flux densities. Stinebring
et al. (2000) found that pulsars with larger DMs had more
stable flux densities, suggesting that flux density variations in
nearby pulsars were due to propagation effects such as RISS.
Romani et al. (1986) found that scintillation bandwidth and
flux should be strongly anticorrelated, given a thin-screen ISM
model. In addition, both Stinebring et al. (1996) and Bhat et al.
(1999b) observed these same correlations, though weaker than
those predicted by Romani et al. (1986), in different samples of
pulsars. RISS and DISS are related through flux density, and
therefore we might also expect DISS properties to be correlated
with flux.

Despite these predictions and earlier work, we do not find
any meaningful correlations between 74 and flux or 74 and DM
in our data. Some also show anti-correlations, although this is
likely just due to the small sample of delay measurements
relative to ADM measurements (e.g., PSRs J231741439 and
J1614—-2230).
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While the evidence for linear correlations between the flux
density variability and both 74 and DM is rather weak, with
Pearson coefficients of —0.18 and —0.35, respectively, there
was moderate evidence for general correlations, with Spearman
coefficients of —0.64 and —0.54, respectively. These results are
shown in the top and middle panels of Figure 9. This indicates
that flux density variability decreases as 74 and DM increase,
likely due to the higher number of scintles at larger DMs.

We expect that the flux density distributions in Figure 5
should be exponential at low DMs and small scattering delays
and Gaussian at higher DMs and scattering delays
(Scheuer 1968; Hesse & Wielebinski 1974) as we transition
from small to large numbers of scintles. Indeed, most of the
pulsars analyzed have low DMs and show exponential flux
distributions. Pulsars with high DMs and high scattering, such
as PSRs J0340+4-4130, J0613-0200, and B19374-21, all exhibit
Gaussian flux density distributions.

Of the 24 pulsars we analyzed for scattering delay variability
at 1500 MHz, seven showed no variation (Xf < 1), 11 had

moderate variations (1 < Xf < 10), and six had significant

variations (xf > 10), indicating that scattering delays can be
variable among MSPs and are highly dependent on the LOS to
each pulsar. We also performed the same analysis on the nine
pulsars with more than 10 74 measurements at 820 MHz. Seven
of the nine pulsars showed no variation, while the other two
showed significant variations. Pulsars with at least 10
measurements at both frequencies generally had a similar
degrees of variation at both frequencies, although it is unclear if
this independence would hold if the observing frequencies were
much farther apart. The exception to this was PSR J0613-0200,
although the level of variability was still high at both
frequencies.

Both the Pearson and Spearman coefficients also indicate
greater scattering delay variability for pulsars with higher DMs
(see the bottom of Figure 9). Note that all of the X% (79) values
are slightly underestimated due to the finite scintle approx-
imation we made in Equation (3) in Section 3.

Predicted modulation indices range from around 0.1 <
My:Kolmogorov 5 0.2, which is in agreement with most of our
Mpcorrected  Values. As expected, those that disagree with
theoretical predictions tend to be biased high, likely either
due to excess refraction or an overly simplistic thin-screen
model.

5.2. Measuring Scaling Indices

We have determined the scaling of scattering delays with
frequency by splitting each frequency band into subbands for
four pulsars and by using an average delay measurement at
each frequency for 15 pulsars.

Every scaling index we found using our multiband method
was significantly shallower than —4.4, with a weighted average
of —2.6+0.1. We find that our results agree with those of
Levin et al. (2016), who found an index weighted average of
—3.1£0.1 for 10 pulsars over 26 epochs, with the vast
majority of measured scaling indices being shallower than
—4.4. This also agrees with the —3.4 0.1 weighted average
we found for scaling indices determined using the subband
method. In the two pulsars for which we were able to use both
scaling analyses, the index measured using the multiband
analysis was at least twice as shallow (—2.4 +0.3 compared
with —0.7 0.5 for PSR B1855+4-09 and —2.6 + 1.1 compared
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Figure 9. Top: semi-log comparison of a pulsar’s average scattering delay and
the Xf variability in its flux density. The Spearman correlation coefficient
shows moderate evidence of an inverse correlation, indicating flux densities are
less variable for more distant pulsars. Middle: semi—log comparison of a
pulsar’s DM and the Xf variability in its flux density. The Spearman correlation
coefficient shows moderate evidence an inverse correlation, indicating flux
densities are less variable for more highlzl scattered pulsars. We are able to
examine DM variations at scales of 10™* pc cm™> using DMX, and so the
errors on DM in this plot are too small to see. Bottom: DM vs the xf variability
in the scattering delay. The Pearson correlation coefficient shows moderate
evidence for linear correlations, indicating that pulsars at higher DM (220
pcem ™) experience greater variability in their scattering delays, and the
Spearman correlation coefficient also shows moderate evidence of general
increasing correlations. We are able to examine DM variations at scales of 10~
pc cm 3 using DMX, and so the errors on DM in this plot are too small to see.

with —1.3 0.4 for PSR J2302+4442). This could indicate
that the index of —4.4 used for stretching may not be properly
scaling the scintles in each band, with the stretching index
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being too shallow in these two cases. However, this could
partially be the result of the large discrepancy in the number of
measurements used at 820 and 1500 MHz for the multiband
analysis, as is discussed below.

There are several reasons why these indices may not agree
with the —4.4 expected for a Kolmogorov medium. The thin-
screen approximation which is commonly used assumes an
infinite scattering screen. However, many of the pulsars have
lower DM, which means they could be subject to finite or
truncated scattering screens (Cordes & Lazio 2001). Scaling
indices shallower than —4.4 (as low as —4.0) have been found
to be better fits to the data for assuming the existence of these
finite screens for a given inner-scale cutoff (Rickett et al. 2009).

While using a wider frequency range for this analysis is an
improvement over Levin et al. (2016), they were able to
measure scaling indices for individual days whereas, as
mentioned earlier, we rarely, if ever, had days in which we
had detectable measurements for two frequencies in a given
epoch.

We may also be biased by the ratio of our measurable
observations from both frequencies. For five of the 15 pulsars
we analyzed, only one to three measurements at 820 MHz were
obtained, and so these fits are much more constrained at higher
frequencies. We were able to make at least six measurements
for the other pulsars at both frequencies, although for two of
them there are more than twice as many 820 MHz measure-
ments. As mentioned earlier, for PSR B1855-+09, for which we
have many more measurements at 1500 MHz, the subband
method returns a much steeper scaling index at each frequency
than the multiband method. This implies that similar effects
may impact the measurements for other pulsars, for which we
were unable to apply the subband measurements.

Finally, as we discussed in Section 3.1 and the beginning of
Section 5, our limited bandwidths and frequency resolution
may cause underestimations on high scintillation bandwidths
and overestimations on low ones. Because scintillation
bandwidths are smaller at lower frequencies, there will be
more underestimations of scattering delay at lower frequencies
and more overestimations at higher frequencies. With wider
bandwidths and better resolution, our scaling indices would
likely be closer to —4.4.

The trend of shallow scaling indices has been found in
multiple studies in addition to this paper and Levin et al.
(2016). Bansal et al. (2019) performed observations on seven
pulsars and found five of them to have shallower indices than
—4.4. While the other two were close to —4.4 when
considering their weighted averages, there were deviations on
an epoch-to-epoch basis. Bhat et al. (2004) observed several
pulsars at at least two frequencies and determined scaling
indices with a pulse-broadening function that assumed a thin
screen between the Earth and the pulsars. While a few of their
pulsars were consistent with a —4.4 scaling index, the average
index for their sample was —3.12+0.13. Using a pulse-
broadening function that assumed scattering material uniformly
distributed along the LOS, they found an average index of
3.83 +0.19. The latter was in better agreement with the global
fit to their data, which resulted in an index of —3.86 +0.16,
which they found via a parabolic fit of 74 vs DM using a
variation of the model from Cordes & Lazio (2003). They
determined that such trends could still be expected for a
Kolmogorov medium if the spectrum of turbulence had an
inner cutoff between around 300-800 km. Other studies show
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Figure 10. Measured scaling indices from individual epochs of PSR
J2010-1323. The level of variation from epoch to epoch is low and the
weighted average scaling index is much shallower than —4.4.

higher DM pulsars seem to exhibit indices that are shallower
than expected for a Kolmogorov medium (Lohmer et al. 2002)
(although this can be explained by a truncation of the scattering
region), while lower DM pulsars tend to have indices much
more in line with a Kolmogorov medium (Cordes et al. 1985).
New techniques such as cyclic spectroscopy will allow for
more accurate single-epoch scaling index measurements than
are currently obtainable by ACF analyses (Demorest et al.
2012).

A benefit of the subband method is that we can look for
variability in the scaling index of a given pulsar over time,
which was not possible with our multiband method due to
limited epochs having frequency-resolvable, same-day mea-
surements. As briefly mentioned in Section 4.2, and clearly
visible by eye in both Figures 10 and 11, for pulsars with fully
resolved scintles there appears to be a low degree of variation
in the scaling index from epoch to epoch, which is further
evidenced by both pulsars having Xf < 1.0. This consistency
implies that scaling indices are intrinsically stable, as expected.
Conversely, for a pulsar like PSR B1937+21, which likely has
many epochs with unresolved scintles, we found a much larger
degree of variation, with Xf = 7.7. However, it is likely this
variation would decrease significantly once sufficient resolu-
tion was achieved.

We have also computed Pearson correlation coefficients
between average scaling index and Ayy and average scaling
index and DM for both the subband and multiband methods.
We find no current evidence of correlations for any of these
quantities for either approach.

5.3. Transverse Velocity Measurements

Transverse velocity measurements listed in Table 5 are
shown in Figure 8. We find, under the assumption of an
equidistant scattering screen between us and a given pulsar,
poor agreement between velocities derived from both methods,
as indicated by the low correlation coefficient. As mentioned
earlier, we are likely biased low on most of our average
scintillation timescales due to our short observation lengths,
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Figure 11. Measured scaling indices from individual epochs of PSR B1855
—+09. The level of variation from epoch to epoch is low and the weighted
average scaling index is much shallower than —4.4.

and as a result more of our Vigg values may be upper limits than
our averages would indicate. The exception to this is PSR
B1937+21, for which we are confident in our measurement of
its scintillation timescale, as all of its epochs had scintles that
were clearly resolved in time. However, as mentioned before,
we are likely overestimating its scintillation bandwidth, which
will also lead to an overestimation of its Vigs. Additionally, the
discrepancy between Vigs and V., also demonstrates that
knowledge of the scattering screen distance is crucial to
accurately determine transverse velocities in this manner,
provided other assumptions about the geometry and electron
density of the ISM are correct. Many of the Vigg upper limits
are consistent with their corresponding V,,, values.

We used weighted averages of the scintillation parameters to
estimate Vigs. However, even though scintillation variability
seen on shorter timescales in many pulsars is comparatively
small (see Figure 5 for many examples of this), these changes
can have drastic effects on the calculated transverse velocity.
For example, McLaughlin et al. (2002) measured scintillation
parameters for the pulsar PSR J17404-1000 at seven epochs
that spanned over 700 days and found the changes in
scintillation behavior led in the most extreme cases to factor-
of-two variations in transverse velocity estimations. While
some of this fluctuation was due to measurement uncertainties,
they also partially attributed it to ISM effects, particularly
modulations in RISS. There are also quite a few pulsars in
Figure 5 where we can see at least factor-of-two variations in
the scattering delay, which would either imply significant
changes in Vigg or significant changes in the screen location
from epoch to epoch. As a result, the average of Vigg is a better
measure of velocity than the measurement at a single epoch.
We do not expect Viss and V,, to fully agree without
accounting for the screen distance. However, Reardon et al.
(2020) were able to use 16 years of scintillation measurements
for PSR J0437-4715 to determine orbital parameters with
higher precision than through timing, indicating that similar
levels of precision and accuracy may be obtainable for
scintillation-derived transverse velocities. Among pulsars for
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which both V,,;,, and Viss measurements were possible, proper
motion provided higher precision for the majority of the
pulsars. However, there are still benefits to using Vigs, as
discrepancies between Vigg and V,,, could imply a significant
motion of the ISM along a LOS or whether a uniform medium
or thin-screen structure is more accurate for a LOS (Reardon
et al. 2019).

Calculated scattering screen fractional distances are also
shown in Table 5, with values greater than one indicating a
screen closer to the Earth, and less than one indicating a screen
closer to the pulsar. Of the pulsars with measurements that are
not upper limits, two pulsars at 820 MHz and four at 1500 MHz
require screens that are closer to Earth, two pulsars at 820 MHz
require screens that are equidistant, and one pulsar at
1500 MHz and one at 820 MHz had a screen closer to the
pulsar. If we look at pulsars with upper limits, two pulsars at
820 MHz and three pulsars at 1500 MHz require a screen closer
to the pulsar, while it could be argued that four of the pulsars at
1500 MHz and one pulsar at 820 MHz likely have screens that
are equidistant.

We assume that velocities from the ISM provide negligible
contributions to a given pulsar’s transverse velocity. Addition-
ally, contributions to the ISM velocity from the transverse
component of differential Galactic rotation, even if the latter’s
velocity is large, can be ignored for nearby pulsars for which
the ISM will co-rotate with the LOS. As most of the pulsars we
analyzed are no more than 1.5 kpc away, and only one is more
than two kpc away, we are unable to probe the regime where
contributions from Galactic rotation become significant and
whether our assumptions about a uniform Kolmogorov
medium break down at these distances.

5.4. Scaling of Scattering Delay with DM

The most commonly used model for mapping electron
densities in the Milky Way is NE2001 (Cordes & Lazio 2002).
This model uses a pulsar’s DM and position in the Galaxy to
estimate its distance, as well as parameters such as scintillation
bandwidth and timescale. We have plotted the predicted
scattering delay versus the measured weighted means for all
pulsars in Figure 12. As indicated by the high correlation
coefficient, we find reasonably strong agreement between our
measured delays and those predicted by NE2001. Improved
frequency resolution and/or wider observing bandwidths are
necessary in order to probe the relationship between NE2001
predictions and our measurements at high and low delays.
Other models, such as those of Bhat et al. (2004), Yao et al.
(2017), and Krishnakumar et al. (2015) use an empirical fit to
scattering delays versus DM for prediction.

In Figure 13, we plot average scattering delay as a function
of DM. Bhat et al. (2004) surveyed over 100 pulsars and fit a
parabolic relation of the form

log 74, ;s = a + b(logDM) + c(logDM)* — a'logvgn,, (13)

where a, b, and ¢ are dimensionless scaling coefficients and «
is the scaling index of the medium. In their fit, they assumed
a=4.4 and found a, b, and ¢ to be 6.46, 0.154, and 1.07,
respectively, with a resulting scaling index of o =3.86 £0.16.
While this index is slightly shallower than the fiducial
Kolmogorov index of 4.4, they provide a number of detailed
explanations for this discrepancy, including a finite
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Figure 12. Average scattering delay measured at 1500 MHz from this paper
compared with the predicted delays by the NE2001 model. The dotted red line
indicates a trend with a Pearson correlation coefficient of one, the gray dotted
lines indicate the largest and smallest scattering delays we can resolve,
corresponding with three channel widths and our effective bandwidth at
1500 MHz, respectively, and the points with arrows indicate delay averages
that are lower limits. Generally, values above 0.7—0.8 indicate a fairly strong
correlation, depending on how precisely it is expected a given model will agree
with data.
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Figure 13. Comparison between measured scattering delays at 1500 MHz and
fits made by Bhat et al. (2004), Cordes et al. (2016), and Krishnakumar et al.
(2015), along with the 1o errors from Cordes et al., shaded in green. The scales
shown in the plot were chosen based on the spread of data over which the fits
were initially determined.

wavenumber cutoff based on the inner scale for a Kolmogorov
medium and abrupt changes in the medium transverse to
the LOS.

Krishnakumar et al. (2015) used the relation from
Ramachandran et al. (1997), fitting an exponential equation
of the form

Tas = aDM(1 + bDMS) v, (14)
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where a, b, v, and ( are dimensionless coefficients and « is
again the scaling index of the medium. They set v=2.2, as
expected for a Kolmogorov medium.

Krishnakumar et al. (2015) then set o« = 4.4 and fit for a, b,
and ( using scattering data from 358 pulsars, finding values of
4.11 % 107”, 1.94 x 1073, and 2.0, respectively. However,
unlike our approach, in which we set C; = 1, scattering delays
used in this fit were calculated with C; = 1.16. It should be
noted that since these three fits are not direction dependent,
they can only serve as first-order approximations for how DM
correlates with 74 within our galaxy.

Cordes et al. (2016) set =4 and fit for all remaining
parameters using 531 lines of sight from pulsars, magnetars,
and fast radio bursts (FRBs) and found a=2.98 x 1077,
b=3.55%x10">, y=14, and (=3.1.

We compared these three fits with our measured scattering
delays in Figure 13, with the lo errors from Cordes et al.
(2016). The scales shown were chosen based on the scales over
which the initial models were fit. The delays we measure are
comparable to those predicted by all of these models, but we do
not have data over a wide enough DM range to discriminate
among them. Also note that the delays we measure for the
lowest DM pulsars are much higher than model predictions,
indicating the LOS dependence of scattering at these low DMs.

6. Conclusions

We used dynamic spectra made from observations with the
GUPPI and PUPPI spectrometers to obtain scintillation
parameters of pulsars in the NANOGrav 12.5 year data set.

We looked for correlations between scattering delays and
both DM and flux density as a function of time. We did not find
any significant correlations, and any instances of high
correlation could be attributed to the scale of our scattering
delays and their limited sample size. Additional contributions
to flux density may also be masking existing correlations with
DISS, and a lack of change in the electron density structure of
the ISM along our LOSs may be further limiting correlations
with DMX.

We then examined the variability of our scattering delay
measurements via a reduced x> analysis on 24 of the pulsars.
We also found that, for most pulsars where at least 10
measurements of 74 were available at both 820 and 1500 MHz,
the degree of variation was virtually the same at both
frequencies, meaning that scattering variation might be
independent of observing frequency.

We measured scaling indices for 17 pulsars and found that
all of the pulsars exhibited a shallower than v~** scaling. We
concluded that, although the ISM along these LOSs might
follow shallower scaling laws than expected, biases introduced
by uneven sampling of our two frequencies and resolution
issues provide plausible explanations for this.

We were able to use scintillation parameters to estimate
transverse velocities. We also calculated the location of the
scattering screen, assuming that Vigg and Vj,p,, are equal. Much
of the disagreement is likely the result of our scintillation
timescale averages being biased low as the result of our short
observation length.

We were also able to determine scattering screen fractional
distances using our measured scintillation parameters and Vp,
values.

Finally, we examined how scattering delays compare with
electron density models as well as scale with DM and plotted
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our results against empirical fits of scattering delay vs DM
(Bhat et al. 2004; Krishnakumar et al. 2015; Cordes et al.
2016). We find that, on the DM scales these fits consider, both
the spread of and trends in our data agree with all three fits
above a DM of around 10 pc cm *3, below which the models
begin to follow a steeper trend than our measurements. We also
found our results largely agree with predictions made by
NE2001 for pulsars where scintles were resolvable.

As we continue to observe PTAs with higher precision and
get closer to gravitational wave detection, additional sources of
TOA residual uncertainty will become significant enough that
they cannot be ignored by our timing models. We have already
reached that stage with scattering delays in some pulsars, as we
have shown that they exhibit average delays comparable in
magnitude to the 10 ns precision believed to be necessary for
gravitational wave detection. Additionally, pulsars such as PSR
B1937+21 already have scattering delays comparable to or
greater than their median TOA uncertainty at certain frequen-
cies (Arzoumanian et al. 2018). Many more pulsars are on track
to reach these levels of precision in TOA uncertainty within the
next few years, at which point it will be increasingly
detrimental to ignore effects from scattering. It is crucial to
incorporate methods to mitigate these delays in our timing
pipelines as soon as possible.

Our analysis illustrates the need for finer frequency
resolution in our standard timing observations. New techniques
like cyclic spectroscopy allow for the determination of ISM-
related delays and unscattered pulse profiles from single
observations, making it much more efficient to mitigate these
delays than the current method of ACEF fitting (Demorest 2011;
Palliyaguru et al. 2015). This technique, which will allow us to
obtain much better scattering estimations for highly scattered
and high-S/N pulsars (Dolch et al. 2020), has already been
used with fine frequency resolutions (Archibald et al. 2014).
Efforts are ongoing to implement real-time cyclic spectroscopy
pipelines into NANOGrav’s existing observing pipelines, with
the goal of removing scattering effects before any further
timing analysis has taken place.

The NANOGrav project receives support from National
Science Foundation (NSF) Physics Frontier Center award
number 1430284. T.D. and M.T.L. acknowledge NSF AAG
award number 2009468. NANOGrav research at UBC is
supported by an NSERC Discovery Grant and Discovery
Accelerator Supplement and by the Canadian Institute for
Advanced Research. Data for this project were collected using
the facilities of the Green Bank Observatory and the Arecibo
Observatory. The Green Bank Observatory is a facility of the
National Science Foundation operated under cooperative
agreement by Associated Universities, Inc. The Arecibo
Observatory is a facility of the National Science Foundation
operated under cooperative agreement by the University of
Central Florida in alliance with Yang Enterprises, Inc. and
Universidad Metropolitana. The National Radio Astronomy
Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Univer-
sities, Inc.

Part of this research was carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under a
contract with the National Aeronautics and Space
Administration.



THE ASTROPHYSICAL JOURNAL, 917:10 (19pp), 2021 August 10

The majority of data processing for this work took place on
the Bowser computing cluster at West Virginia University.

We would like to thank Dick Manchester for a useful
discussion on the relations between scattering delay and DM.
We would also like to thank Lina Levin for providing most of
the initial groundwork for this paper and for the scripts we used
to process and analyze dynamic spectra.

Author contributions: J.E.T. undertook all of the data
analysis, wrote most of the pipelines and supplementary
scripts, and wrote the paper. M.A.M. provided mentorship
and suggestions regarding the analysis and writing of the paper.
JM.C. provided valuable suggestions on data interpretation
and analyses to run, as well as discussions on ISM structure
and behavior. B.J.S.. provided useful discussion on transverse
velocities, scintillation behavior and analysis techniques, and
software development. M.T.L. provided useful discussion on
software development and suggesting the inclusion of certain
analyses. D.R.S. provided important discussion regarding
underestimations of scattering delays in our data. S.C. and T.
J.W.L. provided useful discussion on the structure of the ISM
and the nature of scattering delays. Z.A., H.B., P.R.B., H.T.C.,
P.B.D.,, MLED., T.D, J.LAE., RDF., ECF, EF., NGD., P.
A.G, D.CG., M.LJ, MTL, DR.L, RSL., M\ AM,, C.N,,
D.UJ.N., T.T.P.,, SM.R., R.S,, LH.S., K.S., J.K.S., and W.W.Z.
developed the 12.5 year data set.

Software: PSRCHIVE (Hotan et al. 2004), TEMPO (Hobbs
et al. 2006), SCIPY (Virtanen et al. 2020), NUMPY (van der
Walt et al. 2011), and MATPLOTLIB (Hunter 2007).

ORCID iDs

Jacob E. Turner @ https: //orcid.org/0000-0002-2451-7288
Maura A. McLaughlin ® https: //orcid.org /0000-0001-
7697-7422

James M. Cordes ® https: //orcid.org/0000-0002-4049-1882
Michael T. Lam ® https: //orcid.org /0000-0003-0721-651X
Brent J. Shapiro-Albert ® https: //orcid.org,/0000-0002-
7283-1124

Daniel R. Stinebring @ https: //orcid.org/0000-0002-
1797-3277

Harsha Blumer @ https: //orcid.org/0000-0003-4046-884X
Paul R. Brook @ https: //orcid.org/0000-0003-3053-6538
Shami Chatterjee © https: //orcid.org/0000-0002-2878-1502
H. Thankful Cromartie ® https: //orcid.org/0000-0002-
6039-692X

Megan E. DeCesar © https: //orcid.org/0000-0002-2185-1790
Paul B. Demorest @ https: //orcid.org/0000-0002-6664-965X
Timothy Dolch ® https: //orcid.org/0000-0001-8885-6388
Robert D. Ferdman ® https: //orcid.org/0000-0002-2223-1235
Elizabeth C. Ferrara © https: //orcid.org/0000-0001-7828-7708
Emmanuel Fonseca @ https: //orcid.org/0000-0001-8384-5049
Peter A. Gentile ® https: //orcid.org/0000-0001-8158-683X
Deborah C. Good @ https: //orcid.org/0000-0003-1884-348X
Megan L. Jones ® https: //orcid.org/0000-0001-6607-3710
Duncan R. Lorimer @ https: //orcid.org/0000-0003-1301-966X
Jing Luo @ https: //orcid.org/0000-0001-5373-5914

Ryan S. Lynch ® https: //orcid.org/0000-0001-5229-7430
Cherry Ng @ hittps: //orcid.org /0000-0002-3616-5160

David J. Nice @ https: //orcid.org/0000-0002-6709-2566
Timothy T. Pennucci © https: //orcid.org/0000-0001-
5465-2889

Nihan S. Pol @ https: //orcid.org/0000-0002-8826-1285

Scott M. Ransom @ https: //orcid.org/0000-0001-5799-9714

Turner et al.

Renée Spiewak @ https: //orcid.org/0000-0002-6730-3298
Ingrid H. Stairs ® https: //orcid.org/0000-0001-9784-8670
Kevin Stovall @ https: //orcid.org/0000-0002-7261-594X
Joseph K. Swiggum @ https: //orcid.org/0000-0002-
1075-3837

Sarah J. Vigeland @ https: //orcid.org/0000-0003-4700-9072

References

Alam, M. F., Arzoumanian, Z., Baker, P. T., et al. 2021a, ApJS, 252, 4

Alam, M. F., Arzoumanian, Z., Baker, P. T., et al. 2021b, ApJS, 252, 5

Archibald, A. M., Kondratiev, V. L., Hessels, J. W. T., & Stinebring, D. R.
2014, AplJ, 790, L22

Arzoumanian, Z., Baker, P. T., Blumer, H., et al. 2020, ApJL, 905, L34

Arzoumanian, Z., Brazier, A., Burke-Spolaor, S., et al. 2015, ApJ, 813, 65

Arzoumanian, Z., Brazier, A., Burke-Spolaor, S., et al. 2018, AplJS, 235, 37

Bansal, K., Taylor, G. B., Stovall, K., & Dowell, J. 2019, ApJ, 875, 146

Bhat, N. D. R., Cordes, J. M., Camilo, F., Nice, D. J., & Lorimer, D. R. 2004,
ApJ, 605, 759

Bhat, N. D. R., Gupta, Y., & Rao, A. P. 1999a, ApJ, 514, 249

Bhat, N. D. R., Rao, A. P., & Gupta, Y. 1999b, ApJ, 514, 272

Coles, W. A., Kerr, M., Shannon, R. M., et al. 2015, ApJ, 808, 113

Coles, W. A., Rickett, B. J., Gao, J. J., Hobbs, G., & Verbiest, J. P. W. 2010,
Apl, 717, 1206

Cordes, J., Wharton, R., Spitler, L., Chatterjee, S., & Wasserman, 1. 2016,
arXiv:1605.05890

Cordes, J. M. 1986, ApJ, 311, 183

Cordes, J. M., & Lazio, T. J. W. 2001, ApJ, 549, 997

Cordes, J. M., & Lazio, T. J. W. 2002, arXiv:astro-ph/0207156

Cordes, J. M., & Lazio, T. J. W. 2003, arXiv:astro-ph/0301598

Cordes, J. M., & Rickett, B. J. 1998, ApJ, 507, 846

Cordes, J. M., & Shannon, R. M. 2010, arXiv:1010.3785

Cordes, J. M., Weisberg, J. M., & Boriakoff, V. 1985, Apl, 288, 221

Cordes, J. M., Wolszczan, A., Dewey, R. J., Blaskiewicz, M., &
Stinebring, D. R. 1990, ApJ, 349, 245

Demorest, P. 2011, MNRAS, 416, 2821

Demorest, P. B., Ferdman, R. D., Gonzalez, M. E., et al. 2012, ApJ, 762, 94

Dolch, T., Stinebring, D. R., Jones, G., et al. 2020, arXiv:2008.10562

DuPlain, R., Benson, J., & Sessoms, E. 2008, Proc. SPIE, 7019, 70191A

Ford, J. M., Demorest, P., & Ransom, S. 2010, Proc. SPIE, 7740, 77400A

Gupta, Y., Rickett, B. J., & Lyne, A. G. 1994, MNRAS, 269, 1035

Hemberger, D. A., & Stinebring, D. R. 2008, ApJ, 674, L37

Hesse, K. H., & Wielebinski, R. 1974, A&A, 31, 409

Hobbs, G. B., Edwards, R. T., & Manchester, R. N. 2006, MNRAS, 369, 655

Hotan, A. W., van Straten, W., & Manchester, R. N. 2004, PASA, 21, 302

Hunter, J. D. 2007, CSE, 9, 90

Johnston, S., Nicastro, L., & Koribalski, B. 1998, MNRAS, 297, 108

Jones, M. L., McLaughlin, M. A., Lam, M. T., et al. 2017, ApJ, 841, 125

Keith, M. J., Coles, W., Shannon, R. M., et al. 2013, MNRAS, 429, 2161

Krishnakumar, M. A., Mitra, D., Naidu, A., Joshi, B. C., & Manoharan, P. K.
2015, ApJ, 804, 23

Kuzmin, A., Losovsky, B. Y., Jordan, C. A., & Smith, F. G. 2008, A&A,
483, 13

Lam, M., McLaughlin, M., Cordes, J., Chatterjee, S., & Lazio, T. 2017, ApJ,
861, 12

Lentati, L., Kerr, M., Dai, S., et al. 2017, MNRAS, 468, 1474

Levin, L., McLaughlin, M. A., Jones, G., et al. 2016, ApJ, 818, 166

Lohmer, O., Kramer, M., Mitra, D., Lorimer, D. R., & Lyne, A. G. 2002, ApJ,
562, L157

Lorimer, D. R., & Kramer, M. 2012, Handbook of Pulsar Astronomy
(Cambridge: Cambridge Univ. Press)

Main, R. A., Sanidas, S. A., Antoniadis, J., et al. 2020, MNRAS, 499, 1468

McKee, J. W., Lyne, A. G., Stappers, B. W., Bassa, C. G., & Jordan, C. A.
2018, MNRAS, 479, 4216

McKee, J. W., Stappers, B. W., Bassa, C. G., et al. 2019, MNRAS, 483, 4784

McLaughlin, M. A. 2013, CQGra, 30, 224008

McLaughlin, M. A., Arzoumanian, Z., Cordes, J. M., et al. 2002, ApJ, 564, 333

Nicastro, N. F., D’Amico, N., Lumiella, V., & Johnston, v 2001, A&A,
368, 1055

Palliyaguru, N., Stinebring, D., McLaughlin, M., Demorest, P., & Jones, G.
2015, ApJ, 815, 89

Ramachandran, R., Mitra, D., Deshpande, A. A., McConnell, D. M., &
Abies, J. G. 1997, MNRAS, 290, 260

Rankin, J. M., & Counselman, C. C. L. 1973, ApJ, 181, 875


https://orcid.org/0000-0002-2451-7288
https://orcid.org/0000-0002-2451-7288
https://orcid.org/0000-0002-2451-7288
https://orcid.org/0000-0002-2451-7288
https://orcid.org/0000-0002-2451-7288
https://orcid.org/0000-0002-2451-7288
https://orcid.org/0000-0002-2451-7288
https://orcid.org/0000-0002-2451-7288
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0001-7697-7422
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0002-4049-1882
https://orcid.org/0000-0003-0721-651X
https://orcid.org/0000-0003-0721-651X
https://orcid.org/0000-0003-0721-651X
https://orcid.org/0000-0003-0721-651X
https://orcid.org/0000-0003-0721-651X
https://orcid.org/0000-0003-0721-651X
https://orcid.org/0000-0003-0721-651X
https://orcid.org/0000-0003-0721-651X
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-7283-1124
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0002-1797-3277
https://orcid.org/0000-0003-4046-884X
https://orcid.org/0000-0003-4046-884X
https://orcid.org/0000-0003-4046-884X
https://orcid.org/0000-0003-4046-884X
https://orcid.org/0000-0003-4046-884X
https://orcid.org/0000-0003-4046-884X
https://orcid.org/0000-0003-4046-884X
https://orcid.org/0000-0003-4046-884X
https://orcid.org/0000-0003-3053-6538
https://orcid.org/0000-0003-3053-6538
https://orcid.org/0000-0003-3053-6538
https://orcid.org/0000-0003-3053-6538
https://orcid.org/0000-0003-3053-6538
https://orcid.org/0000-0003-3053-6538
https://orcid.org/0000-0003-3053-6538
https://orcid.org/0000-0003-3053-6538
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-2878-1502
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-6039-692X
https://orcid.org/0000-0002-2185-1790
https://orcid.org/0000-0002-2185-1790
https://orcid.org/0000-0002-2185-1790
https://orcid.org/0000-0002-2185-1790
https://orcid.org/0000-0002-2185-1790
https://orcid.org/0000-0002-2185-1790
https://orcid.org/0000-0002-2185-1790
https://orcid.org/0000-0002-2185-1790
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0001-8885-6388
https://orcid.org/0000-0001-8885-6388
https://orcid.org/0000-0001-8885-6388
https://orcid.org/0000-0001-8885-6388
https://orcid.org/0000-0001-8885-6388
https://orcid.org/0000-0001-8885-6388
https://orcid.org/0000-0001-8885-6388
https://orcid.org/0000-0001-8885-6388
https://orcid.org/0000-0002-2223-1235
https://orcid.org/0000-0002-2223-1235
https://orcid.org/0000-0002-2223-1235
https://orcid.org/0000-0002-2223-1235
https://orcid.org/0000-0002-2223-1235
https://orcid.org/0000-0002-2223-1235
https://orcid.org/0000-0002-2223-1235
https://orcid.org/0000-0002-2223-1235
https://orcid.org/0000-0001-7828-7708
https://orcid.org/0000-0001-7828-7708
https://orcid.org/0000-0001-7828-7708
https://orcid.org/0000-0001-7828-7708
https://orcid.org/0000-0001-7828-7708
https://orcid.org/0000-0001-7828-7708
https://orcid.org/0000-0001-7828-7708
https://orcid.org/0000-0001-7828-7708
https://orcid.org/0000-0001-8384-5049
https://orcid.org/0000-0001-8384-5049
https://orcid.org/0000-0001-8384-5049
https://orcid.org/0000-0001-8384-5049
https://orcid.org/0000-0001-8384-5049
https://orcid.org/0000-0001-8384-5049
https://orcid.org/0000-0001-8384-5049
https://orcid.org/0000-0001-8384-5049
https://orcid.org/0000-0001-8158-683X
https://orcid.org/0000-0001-8158-683X
https://orcid.org/0000-0001-8158-683X
https://orcid.org/0000-0001-8158-683X
https://orcid.org/0000-0001-8158-683X
https://orcid.org/0000-0001-8158-683X
https://orcid.org/0000-0001-8158-683X
https://orcid.org/0000-0001-8158-683X
https://orcid.org/0000-0003-1884-348X
https://orcid.org/0000-0003-1884-348X
https://orcid.org/0000-0003-1884-348X
https://orcid.org/0000-0003-1884-348X
https://orcid.org/0000-0003-1884-348X
https://orcid.org/0000-0003-1884-348X
https://orcid.org/0000-0003-1884-348X
https://orcid.org/0000-0003-1884-348X
https://orcid.org/0000-0001-6607-3710
https://orcid.org/0000-0001-6607-3710
https://orcid.org/0000-0001-6607-3710
https://orcid.org/0000-0001-6607-3710
https://orcid.org/0000-0001-6607-3710
https://orcid.org/0000-0001-6607-3710
https://orcid.org/0000-0001-6607-3710
https://orcid.org/0000-0001-6607-3710
https://orcid.org/0000-0003-1301-966X
https://orcid.org/0000-0003-1301-966X
https://orcid.org/0000-0003-1301-966X
https://orcid.org/0000-0003-1301-966X
https://orcid.org/0000-0003-1301-966X
https://orcid.org/0000-0003-1301-966X
https://orcid.org/0000-0003-1301-966X
https://orcid.org/0000-0003-1301-966X
https://orcid.org/0000-0001-5373-5914
https://orcid.org/0000-0001-5373-5914
https://orcid.org/0000-0001-5373-5914
https://orcid.org/0000-0001-5373-5914
https://orcid.org/0000-0001-5373-5914
https://orcid.org/0000-0001-5373-5914
https://orcid.org/0000-0001-5373-5914
https://orcid.org/0000-0001-5373-5914
https://orcid.org/0000-0001-5229-7430
https://orcid.org/0000-0001-5229-7430
https://orcid.org/0000-0001-5229-7430
https://orcid.org/0000-0001-5229-7430
https://orcid.org/0000-0001-5229-7430
https://orcid.org/0000-0001-5229-7430
https://orcid.org/0000-0001-5229-7430
https://orcid.org/0000-0001-5229-7430
https://orcid.org/0000-0002-3616-5160
https://orcid.org/0000-0002-3616-5160
https://orcid.org/0000-0002-3616-5160
https://orcid.org/0000-0002-3616-5160
https://orcid.org/0000-0002-3616-5160
https://orcid.org/0000-0002-3616-5160
https://orcid.org/0000-0002-3616-5160
https://orcid.org/0000-0002-3616-5160
https://orcid.org/0000-0002-6709-2566
https://orcid.org/0000-0002-6709-2566
https://orcid.org/0000-0002-6709-2566
https://orcid.org/0000-0002-6709-2566
https://orcid.org/0000-0002-6709-2566
https://orcid.org/0000-0002-6709-2566
https://orcid.org/0000-0002-6709-2566
https://orcid.org/0000-0002-6709-2566
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0001-5465-2889
https://orcid.org/0000-0002-8826-1285
https://orcid.org/0000-0002-8826-1285
https://orcid.org/0000-0002-8826-1285
https://orcid.org/0000-0002-8826-1285
https://orcid.org/0000-0002-8826-1285
https://orcid.org/0000-0002-8826-1285
https://orcid.org/0000-0002-8826-1285
https://orcid.org/0000-0002-8826-1285
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0001-5799-9714
https://orcid.org/0000-0002-6730-3298
https://orcid.org/0000-0002-6730-3298
https://orcid.org/0000-0002-6730-3298
https://orcid.org/0000-0002-6730-3298
https://orcid.org/0000-0002-6730-3298
https://orcid.org/0000-0002-6730-3298
https://orcid.org/0000-0002-6730-3298
https://orcid.org/0000-0002-6730-3298
https://orcid.org/0000-0001-9784-8670
https://orcid.org/0000-0001-9784-8670
https://orcid.org/0000-0001-9784-8670
https://orcid.org/0000-0001-9784-8670
https://orcid.org/0000-0001-9784-8670
https://orcid.org/0000-0001-9784-8670
https://orcid.org/0000-0001-9784-8670
https://orcid.org/0000-0001-9784-8670
https://orcid.org/0000-0002-7261-594X
https://orcid.org/0000-0002-7261-594X
https://orcid.org/0000-0002-7261-594X
https://orcid.org/0000-0002-7261-594X
https://orcid.org/0000-0002-7261-594X
https://orcid.org/0000-0002-7261-594X
https://orcid.org/0000-0002-7261-594X
https://orcid.org/0000-0002-7261-594X
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0002-1075-3837
https://orcid.org/0000-0003-4700-9072
https://orcid.org/0000-0003-4700-9072
https://orcid.org/0000-0003-4700-9072
https://orcid.org/0000-0003-4700-9072
https://orcid.org/0000-0003-4700-9072
https://orcid.org/0000-0003-4700-9072
https://orcid.org/0000-0003-4700-9072
https://orcid.org/0000-0003-4700-9072
https://doi.org/10.3847/1538-4365/abc6a0
https://ui.adsabs.harvard.edu/abs/2021ApJS..252....4A/abstract
https://doi.org/10.3847/1538-4365/abc6a1
https://ui.adsabs.harvard.edu/abs/2021ApJS..252....5A/abstract
https://doi.org/10.1088/2041-8205/790/2/L22
https://ui.adsabs.harvard.edu/abs/2014ApJ...790L..22A/abstract
https://doi.org/10.3847/2041-8213/abd401
https://ui.adsabs.harvard.edu/abs/2020ApJ...905L..34A/abstract
https://doi.org/10.1088/0004-637X/813/1/65
https://ui.adsabs.harvard.edu/abs/2015ApJ...813...65N/abstract
https://doi.org/10.3847/1538-4365/aab5b0
https://ui.adsabs.harvard.edu/abs/2018ApJS..235...37A/abstract
https://doi.org/10.3847/1538-4357/ab0d8f
https://ui.adsabs.harvard.edu/abs/2019ApJ...875..146B/abstract
https://doi.org/10.1086/382680
https://ui.adsabs.harvard.edu/abs/2004ApJ...605..759B/abstract
https://doi.org/10.1086/306919
https://ui.adsabs.harvard.edu/abs/1999ApJ...514..249B/abstract
https://doi.org/10.1086/306920
https://ui.adsabs.harvard.edu/abs/1999ApJ...514..272B/abstract
https://doi.org/10.1088/0004-637X/808/2/113
https://ui.adsabs.harvard.edu/abs/2015ApJ...808..113C/abstract
https://doi.org/10.1088/0004-637X/717/2/1206
https://ui.adsabs.harvard.edu/abs/2010ApJ...717.1206C/abstract
http://arxiv.org/abs/1605.05890
https://doi.org/10.1086/164764
https://ui.adsabs.harvard.edu/abs/1986ApJ...311..183C/abstract
https://doi.org/10.1086/319442
https://ui.adsabs.harvard.edu/abs/2001ApJ...549..997C/abstract
https://arxiv.org/abs/astro-ph/0207156
https://arxiv.org/abs/astro-ph/0301598
https://doi.org/10.1086/306358
https://ui.adsabs.harvard.edu/abs/1998ApJ...507..846C/abstract
https://arxiv.org/abs/1010.3785
https://doi.org/10.1086/162784
https://ui.adsabs.harvard.edu/abs/1985ApJ...288..221C/abstract
https://doi.org/10.1086/168310
https://ui.adsabs.harvard.edu/abs/1990ApJ...349..245C/abstract
https://doi.org/10.1111/j.1365-2966.2011.19230.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.416.2821D/abstract
https://doi.org/10.1088/0004-637X/762/2/94
https://ui.adsabs.harvard.edu/abs/2013ApJ...762...94D/abstract
http://arxiv.org/abs/2008.10562
https://doi.org/10.1117/12.789402
https://ui.adsabs.harvard.edu/abs/2008SPIE.7019E..1AD/abstract
https://doi.org/10.1117/12.857666
https://ui.adsabs.harvard.edu/abs/2010SPIE.7740E..0AF/abstract
https://doi.org/10.1093/mnras/269.4.1035
https://ui.adsabs.harvard.edu/abs/1994MNRAS.269.1035G/abstract
https://doi.org/10.1086/528985
https://ui.adsabs.harvard.edu/abs/2008ApJ...674L..37H/abstract
https://ui.adsabs.harvard.edu/abs/1974A&A....31..409H/abstract
https://doi.org/10.1111/j.1365-2966.2006.10302.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.369..655H/abstract
https://doi.org/10.1071/AS04022
https://ui.adsabs.harvard.edu/abs/2004PASA...21..302H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1046/j.1365-8711.1998.01461.x
https://ui.adsabs.harvard.edu/abs/1998MNRAS.297..108J/abstract
https://doi.org/10.3847/1538-4357/aa73df
https://ui.adsabs.harvard.edu/abs/2017ApJ...841..125J/abstract
https://doi.org/10.1093/mnras/sts486
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.2161K/abstract
https://doi.org/10.1088/0004-637X/804/1/23
https://ui.adsabs.harvard.edu/abs/2015ApJ...804...23K/abstract
https://doi.org/10.1051/0004-6361:20079211
https://ui.adsabs.harvard.edu/abs/2008A&A...483...13K/abstract
https://ui.adsabs.harvard.edu/abs/2008A&A...483...13K/abstract
https://doi.org/10.3847/1538-4357/aac48d
https://ui.adsabs.harvard.edu/abs/2018ApJ...861...12L/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...861...12L/abstract
https://doi.org/10.1093/mnras/stx580
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.1474L/abstract
https://doi.org/10.3847/0004-637X/818/2/166
https://ui.adsabs.harvard.edu/abs/2016ApJ...818..166L/abstract
https://doi.org/10.1086/338324
https://ui.adsabs.harvard.edu/abs/2001ApJ...562L.157L/abstract
https://ui.adsabs.harvard.edu/abs/2001ApJ...562L.157L/abstract
https://doi.org/10.1093/mnras/staa2955
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.1468M/abstract
https://doi.org/10.1093/mnras/sty1727
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.4216M/abstract
https://doi.org/10.1093/mnras/sty3058
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483.4784M/abstract
https://doi.org/10.1088/0264-9381/30/22/224008
https://ui.adsabs.harvard.edu/abs/2013CQGra..30v4008M/abstract
https://doi.org/10.1086/324151
https://ui.adsabs.harvard.edu/abs/2002ApJ...564..333M/abstract
https://doi.org/10.1051/0004-6361:20010074
https://ui.adsabs.harvard.edu/abs/2001A&A...368.1055N/abstract
https://ui.adsabs.harvard.edu/abs/2001A&A...368.1055N/abstract
https://doi.org/10.1088/0004-637X/815/2/89
https://ui.adsabs.harvard.edu/abs/2015ApJ...815...89P/abstract
https://doi.org/10.1093/mnras/290.2.260
https://ui.adsabs.harvard.edu/abs/1997MNRAS.290..260R/abstract
https://doi.org/10.1086/152099
https://ui.adsabs.harvard.edu/abs/1973ApJ...181..875R/abstract

THE ASTROPHYSICAL JOURNAL, 917:10 (19pp), 2021 August 10

Reardon, D. J., Coles, W. A., Bailes, M., et al. 2020, ApJ, 904, 104

Reardon, D. J., Coles, W. A., Hobbs, G., et al. 2019, MNRAS, 485, 4389

Rickett, B., Johnston, S., Tomlinson, T., & Reynolds, J. 2009, MNRAS,
395, 1391

Rickett, B. J. 1990, ARA&A, 28, 561

Rickett, B. J., Coles, W. A., Nava, C. F., et al. 2014, ApJ, 787, 161

Romani, R. W., Narayan, R., & Blandford, R. 1986, MNRAS, 220, 19

Scheuer, P. A. G. 1968, Natur, 218, 920

Shapiro-Albert, B. J., Hazboun, J. S., McLaughlin, M. A., & Lam, M. T. 2021,
Apl, 909, 219

19

Turner et al.

Shapiro-Albert, B. J., McLaughlin, M. A., Lam, M. T., Cordes, J. M., &
Swiggum, J. K. 2020, ApJ, 890, 123

Stinebring, D. R., Faison, M. D., & McKinnon, M. M. 1996, AplJ, 460, 460

Stinebring, D. R., McLaughlin, M. A., Cordes, J. M., et al. 2001, ApJL,
549, L97

Stinebring, D. R., Smirnova, T. V., Hankins, T. H., et al. 2000, ApJ, 539,
300

van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, CSE, 13, 22

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe, 17, 261

Yao, J. M., Manchester, R. N., & Wang, N. 2017, ApJ, 835, 29


https://doi.org/10.3847/1538-4357/abbd40
https://ui.adsabs.harvard.edu/abs/2020ApJ...904..104R/abstract
https://doi.org/10.1093/mnras/stz643
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.4389R/abstract
https://doi.org/10.1111/j.1365-2966.2009.14471.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395.1391R/abstract
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395.1391R/abstract
https://doi.org/10.1146/annurev.aa.28.090190.003021
https://ui.adsabs.harvard.edu/abs/1990ARA&A..28..561R/abstract
https://doi.org/10.1088/0004-637X/787/2/161
https://ui.adsabs.harvard.edu/abs/2014ApJ...787..161R/abstract
https://doi.org/10.1093/mnras/220.1.19
https://ui.adsabs.harvard.edu/abs/1986MNRAS.220...19R/abstract
https://doi.org/10.1038/218920a0
https://ui.adsabs.harvard.edu/abs/1968Natur.218..920S/abstract
https://doi.org/10.3847/1538-4357/abdc29
https://ui.adsabs.harvard.edu/abs/2021ApJ...909..219S/abstract
https://doi.org/10.3847/1538-4357/ab65f8
https://ui.adsabs.harvard.edu/abs/2020ApJ...890..123S/abstract
https://doi.org/10.1086/176984
https://ui.adsabs.harvard.edu/abs/1996ApJ...460..460S/abstract
https://doi.org/10.1086/319133
https://ui.adsabs.harvard.edu/abs/2001ApJ...549L..97S/abstract
https://ui.adsabs.harvard.edu/abs/2001ApJ...549L..97S/abstract
https://doi.org/10.1086/309201
https://ui.adsabs.harvard.edu/abs/2000ApJ...539..300S/abstract
https://ui.adsabs.harvard.edu/abs/2000ApJ...539..300S/abstract
https://doi.org/2011CSE....13b..22V
https://ui.adsabs.harvard.edu/abs/10.1109/MCSE.2011.37/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://doi.org/10.3847/1538-4357/835/1/29
https://ui.adsabs.harvard.edu/abs/2017ApJ...835...29Y/abstract

	1. Introduction
	2. Data
	3. Analysis
	3.1. Scintillation Parameters
	3.2. Scaling Behavior
	3.3. Transverse Velocities

	4. Results
	4.1. Scintillation Parameters and Variations
	4.2. Scaling over Multiple Frequency Bands
	4.3. Transverse Velocity Measurements

	5. Discussion
	5.1. Scattering Variability and Correlations with Dispersion Measure and Flux Density Variations
	5.2. Measuring Scaling Indices
	5.3. Transverse Velocity Measurements
	5.4. Scaling of Scattering Delay with DM

	6. Conclusions
	References



