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ABSTRACT

We use cyclic spectroscopy to perform high frequency-resolution analyses of multi-hour baseband Arecibo
observations of the millisecond pulsar PSR B1937+21. This technique allows for the examination of scintilla-
tion features in far greater detail than is otherwise possible under most pulsar timing array observing setups. We
measure scintillation bandwidths and timescales in each of eight subbands across a 200 MHz observing band
in each observation. Through these measurements we obtain robust, intra-epoch estimates of the frequency
scalings for scintillation bandwidth and timescale. Thanks to our high frequency resolution and the narrow
scintles of this pulsar, we resolve scintillation arcs in the secondary spectra due to the increased Nyquist limit,
which would not have been resolved at the same observing frequency with a traditional filterbank spectrum
using NANOGrav’s current time and frequency resolutions, and the frequency-dependent evolution of scintil-
lation arc features within individual observations. We observe the dimming of prominent arc features at higher
frequencies, possibly due to a combination of decreasing flux density and undetermined effects due to the inter-
stellar medium. We also find agreement with arc curvature frequency dependence predicted by Stinebring et al.
(2001) in some epochs. Thanks to the frequency resolution improvement provided by cyclic spectroscopy, these
results show strong promise for future such analyses with millisecond pulsars, particularly for pulsar timing ar-
rays, where such techniques can allow for detailed studies of the interstellar medium in highly scattered pulsars

without sacrificing the timing resolution that is crucial to their gravitational wave detection efforts.

Keywords: methods: data analysis — stars: pulsars — ISM: general — ISM: structure

1. INTRODUCTION

Pulsar scintillation is a valuable tool for understanding
the small scale structure of the ionized interstellar medium
(ISM), while also acting as a significant source of noise in
pulsar timing efforts. In many cases, gaining a better under-
standing of the former can lead to better mitigation efforts of
the latter. It is also crucial to understand the frequency de-
pendence of propagation through the ISM, as the effects seen
in pulsar scintillation evolve with these frequencies.

As a consequence of interactions between pulsar emission
and free electrons along the signal’s propagation path, the
emission will experience multipath propagation and its image

will undergo angular broadening, resulting in interference
between multiple ray paths at the observer and a broaden-
ing of the observed pulsar signal (Lorimer & Kramer 2004).
The effects of this interference can be seen in pulsar dynamic
spectra, which track the intensity of the observed signal over
frequency and time. The widths of bright patches in these
spectra, known as scintles, provide a means to estimate the
level of scattering and the corresponding arrival time delay a
given pulse may experience. Additionally, if the broadened
pulse can be deconvolved into the intrinsic pulsar signal and
the pulse broadening function (PBF), which has also been
referred to in the literature as the impulse response function
(IRF), although the former is an ensemble average of the lat-
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ter, of the ISM — the signal imparted by the ISM onto the
pulse as a result of their interaction — fitting this PBF to an
exponential decay function provides another way to quan-
tify the level of scattering present in an observation. These
delays, 74, are expected to scale as v~=44 where v is the ob-
serving frequency, under the assumptions that the ISM can
be accurately characterized by Kolmogorov turbulence and
that the smaller length scales of the wavenumber spectrum
dominate (Cordes & Rickett 1998). Under the assumption of
single-screen scattering, these delays are also inversely pro-
portional to the characteristic scintle width in frequency of
a dynamic spectrum, also known as the scintillation band-
width, Avy (Cordes & Rickett 1998). Consequently, 74 can
be inferred from Avy, which is expected to scale with observ-
ing frequency as v under the same assumptions mentioned
above.

Additional information can be gained about the structure
of the ISM along a given line of sight (LoS) by examining
the the 2D Fourier transform of the dynamic spectrum, also
known as the secondary spectrum, of an observation, where
interference patterns in the dynamic spectrum can give rise to
parabolic structures known as scintillation arcs, whose curva-
ture, in conjunction with the pulsar’s LoS velocity across the
screen, Vg, | , and distance, can be used to determine the lo-
cation of the corresponding scattering screen along the LoS
(Stinebring et al. 2001; Walker et al. 2004; Cordes et al. 2006;
Stinebring et al. 2022). Structures within these arcs can also
be used to gain insight into the structure of the scattering re-
gion (Hill et al. 2005). Under the assumption that pulsar scat-
tering occurs at a thin screen, the arc curvatures are expected
to scale with frequency as v~2 (Hill et al. 2003).

Delays from the most highly scattered pulsars are the most
pertinent for mitigation in pulsar timing efforts. Addition-
ally, the LoSs through the ISM to these pulsars are often
the most interesting to study. However, observations that
use pulsar timing array (PTA)-style observing setups, as well
as those that use traditional polyphase filterbanks and inco-
herent dedispersion, typically lack the frequency resolution
necessary to see scintillation structures within their dynamic
spectra, particularly at lower observing frequencies. This of-
ten leaves observers unable to effectively quantify the level
of scattering present or resolve scintillation arcs. However,
cyclic spectroscopy is a technique that takes advantage of the
periodic and amplitude-modulated nature of the pulsar sig-
nal to drastically improve the resolution of baseband obser-
vations. Cyclic spectroscopy, used for years within various
engineering communities, was first introduced to pulsar tim-
ing in Demorest (2011), where the technique made use of the
phase information in the voltage data and exploited the fact
that the scintillation time spans many pulse periods, allowing
the PBF to be estimated. The cyclic spectrum is defined as

Se(,ar) =(E(v+ o /2)E* (v — i /2)), (1)

where E(v) is the electric field of the signal and oy, = k/P
is the cyclic frequency at the ™ harmonic for pulse period
P (Dolch et al. 2021). To account for changes in the pulsar
signal due to the ISM, over integration times similar to a pul-
sar’s scintillation timescale, we can write the cyclic spectrum
as

Sep(v,ar) = (Hv+ ap/2)H* (v — ar/2))S: (v, ak), (2)

where H(v) is the transfer function of the ISM, which is
the Fourier transform of the ISM PBF, and S, (v, ay) is the
Fourier transform of the intrinsic pulse profile (Dolch et al.
2021).

As a result of the additional information made available in
the pulsar signal through this technique, while maintaining
a given number of pulse phase bins, one can acquire signif-
icantly higher frequency resolution than accessible through
the use of traditional polyphase filterbank channels, allowing
for the emergence of previously unresolved features in peri-
odic and dynamic spectra while maintaining high pulse phase
resolution. This resolution improvement has already been
used to great effect in millisecond pulsar (MSP) observations
at low radio frequencies (Walker et al. 2013; Archibald et al.
2014) and could lead to pulsar timing procedures where scin-
tles and scintillation arcs (assuming observing times where
scintillation timescales are obtainable) are resolved in all
epochs. This would allow for scintillation arcs to be stud-
ied with preexisting monthly observations of many pulsars
without the need to alter the observing parameters crucial to
PTA feasibility, and providing many LoSs through the ISM
over which to examine arc evolution over frequency and time
(Main et al. 2023). In particular, these high cadence observa-
tions are crucial for tracking arc curvature over time, allow-
ing for tighter constraints on scattering screen distances.

Additionally, this scintle resolution would make it possi-
ble to estimate scattering delays at all epochs, provided flux
density is sufficient for visible scintles in dynamic spectra.
This would (perhaps dramatically) advance the feasibility of
correcting for scattering delays in the pulsar timing mod-
els used by PTAs. Arguably, the main benefit of CS is its
ability to resolve pulse broadening functions, providing a di-
rect approach to mitigating scattering delays across individ-
ual scintillation timescales. However, the capability of high-
resolution dynamic spectra also allows for the monitoring of
scattering delays in highly scattered pulsars, potentially in-
forming red noise modeling efforts to remove these effects
in instances when we cannot recover pulse broadening func-
tions. While PTAs monitor these delays over time (Shapiro-
Albert et al. 2020; Levin et al. 2016; Turner et al. 2021; Liu
et al. 2022), they do not account for them in timing models.
This results in a noise floor of tens to hundreds of nanosec-
onds at L-band, depending on the pulsar, and even higher at
lower observing frequencies (Turner et al. 2021).
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There are attempts within PTAs to indirectly account for
the effects of scattering. For example, some PTAs fit v
delays to TOAs (EPTA Collaboration et al. 2023), but this
approach ignores that scaling indices have been observed to
vary across both LoSs and epochs. Ignoring this variability
could result in improper correction of these scattering effects,
thus introducing unnecessary noise into PTA data (Turner
et al. 2021). For highly scattered pulsars, which can have
many scintles across an observing band of only a few hun-
dred MHz, the frequency resolution improvement provided
by CS could allow for more accurate, frequency-dependent
scaling law measurements on individual epochs. This im-
proved accuracy could potentially inform PTA noise model-
ing by providing priors to red noise analyses that attempt to
mitigate delays from interstellar scattering.

The ideal situation when performing frequency-dependent
scintillation analyses of pulsar emission propagation through
the ISM is to obtain all observations at the various frequen-
cies simultaneously so that the same LoS is being sam-
pled throughout (although, note the small discrepancies in
effective column density that can arise due to frequency-
dependent scattering volumes; see Cordes et al. 2016 for
details.). Typically when frequency-dependent analyses are
performed, they are limited by the frequency resolution and
bandwidth of the observations, as well as the observing ca-
dence between observations at different frequencies. Some
of these analyses used a large frequency range, but only
2—4 measurements (Bhat et al. 2004), with these measure-
ments sometimes taken on different days (Hill et al. 2003;
Liu et al. 2022). In general, this should not affect results pro-
vided they were taken within a pulsar’s refractive timescale
and the effective velocity remains similar over the course of
the observations, but nearly simultaneous measurements are
preferred. Other methods make simultaneous measurements
across many frequencies (Krishnakumar et al. 2019; Turner
et al. 2024), although all such studies have been performed at
lower frequency ranges (Archibald et al. 2014; Bansal et al.
2019). Studies at L-band have taken the approach of break-
ing up large bandwidth observations into smaller frequency
slices as well, although this appears to have been limited to
200 MHz slices across 800 MHz bands (Levin et al. 2016;
Turner et al. 2021).

In this paper we use cyclic spectroscopy to acquire fine
frequency resolution across a relatively small bandwidth, al-
lowing for eight simultaneous measurements per epoch for
frequency-dependent analyses. In Section 2 we present the
data used for this work. In Section 3 we discuss the data
processing and analyses performed on these data. Section 4
discusses the results of these analyses and their comparison
to theory and previous literature. Finally, in Section 5 we
discuss our conclusions and the potential for future work that

can take full advantage of the cyclic spectroscopy techniques
discussed in this work.

While this paper focuses on the benefits of cyclic spec-
troscopy (CS) in the context of analyses of the ISM in PTA
observing setups, as well as providing parameter estima-
tions and scaling law fits of these data, accompanying papers
(Dolch et al., in prep, Turner et al., in prep) will focus on a
more detailed interpretation of these measurements.

2. DATA

Our observations of PSR B1937+21 (P2627 PI Stinebring)
took place on MJDs (and fractional years) 56183 (2012.70),
56198 (2012.74), and 56206 (2013.01). They spanned ap-
proximately 2.5 hours each and were taken in baseband mode
with the FPGA-based PUPPI spectrometer at the Arecibo
Observatory using 200 MHz of bandwidth with 6.25 MHz
wide filterbank channels centered at 1373.125 MHz. Our
data were recorded on eight 25 MHz-wide banks, which we
maintained for our subband analyses. Our raw baseband data
were then processed via cyclic spectroscopy using dspsr!
(van Straten & Bailes 2011) with 1024 pulse phase bins and
1024 cyclic channels per filterbank channel, for a final chan-
nel resolution of around 6.1 kHz. We used blocks of data av-
eraged over approximately 28 second intervals for our anal-
yses. An example dynamic spectrum processed from these
baseband data using the typical NANOGrav frequency reso-
lution of 1.5 MHz (Agazie et al. 2023a) compared with the
same dynamic spectrum processed with cyclic spectroscopy
is shown in Figure 1.

3. ANALYSES
3.1. Dynamic Spectra

After processing our baseband data using CS to improve
frequency resolution, for each observation, we summed the
two orthogonal polarizations and created a dynamic spec-
trum, defined as

Py (v,t) — Pog (v, 1)

t) =
S(V7 ) Pbandpass(ya t)

; 3)

where S is the intensity of the pulsar signal at each observing
frequency, v, and time, ¢, Phandpass 18 the total power of the
observation, and P,, and P,g are the power in all on- and
off-pulse components, respectively, at each frequency and
time (see Figure 1). The on-pulse region was determined by
first creating a template from the average profile of the cor-
responding subband and then performing an overlap integral
of P(v,t) with that template.

To examine a given dynamic spectrum’s characteristic
scintle widths in frequency and time, we acquired its auto-

Uhttp://dspsr.sourceforge.net/
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Figure 1. A 100 MHz slice of the dynamic spectrum on MJD 56198 showing data processed using Fourier spectroscopy that yields 1.5 MHz
resolution with the standard frequency resolution available to NANOGrav (1.5 MHz channels, left) and using cyclic spectroscopy (6.1 kHz
channels, right), both using 1024 pulse phase bins. Cyclic spectroscopy greatly improves the frequency resolution of the dynamic spectrum
while maintaining high time resolution, allowing for high time and frequency resolution within the same data product. The darker bands in the

image on the right are the gaps between the filterbanks.

correlation functions (ACFs) in both frequency and time us-
ing PYPULSE (Lam 2017) to extract that spectrum’s 2D ACF.

We then took slices at zero time lag and zero frequency lag

to acquire time and frequency ACFs, respectively. As a con-

sequence of the high S/N in our data, noise spikes in both the
frequency and time ACFs were insignificant enough that no
modification to the ACFs was necessary prior to fitting. To

determine the scintillation bandwidth for a given subband,

we took its dynamic spectrum and retrieved its 1D frequency
ACF. We then fit its frequency ACF with a Lorentzian and
measured the scintillation bandwidth, Avg, by finding the
half width at half maximum of its fit. Similarly, to determine

the scintillation timescale for a given subband, we took its
dynamic spectrum and fit its time ACF with a decaying ex-

ponential and measured the scintillation timescale, Atq, by

finding the half width at 1/e of the fit (Cordes et al. 1985).
As with all pulsar scintillation studies, our precision in es-

timating scintillation bandwidths and timescales from ACFs

was limited by the number of scintles visible in a given ob-

servation. As such, our uncertainties were dominated by the

finite scintle effect, and are quantified by

AVd
o Bva
21n(2) N2

scint 4
Avg “)

~ O @) [(1 + 1T/ At (L + 7, B/ Avg)] /2’

with Ng.int being the number of scintles observed over the
course of the observation, 7" and B being the total inte-
gration time and total bandwidth, respectively, and 7y and
71, being filling factors that can range from 0.1 to 0.3 de-
pending on how one defines the characteristic timescale and
bandwidth, which for this paper are both set to 0.2 (Cordes
1986). Throughout all of our observations, this resulted
in 90—160 scintles in the lowest frequency subbands and
around 40—120 scintles in the highest frequency subbands.
The equivalent finite scintle error for scintillation timescale
is identical to the scintillation bandwidth error aside from
the factor of In(2). These uncertainties were then added in
quadrature with the uncertainties derived from the covariance
matrices of ACF fits to obtain the total uncertainty for a given
scintillation parameter estimation.

A complete list of all ACF-measured scintillation parame-
ters can be seen in Table 1. An example dynamic spectrum,
along with its 2D ACF and 1D ACEF fits, are shown in Figure
2, while an example set of all frequency ACFs from a single
epoch is shown in Figure 3. Also of note in our observations,
and visible in Figure 2, is the strong slant in the 2D ACF,
indicating a non-zero scintillation drift rate, dv/dt.

The scintillation bandwidth and scintillation timescale
scaling indices, xa,, and zay,, at each epoch were deter-
mined by performing a weighted linear least-squares fit of

— 15000

5000

—5000

Flux Density (Arbitrary Units)
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Table 1. Subband Scintillation Bandwidth and Timescale
Measurements

MID  Frequency Avy Aty Nicint
(MHz) (MHz) (min)
56183 1285 042+0.04 356+0.24 95
56183 1310 047+£0.05 3.28+£0.25 100
56183 1335 049+0.06 4.15+0.29 78
56183 1360 0.424+0.04 3.58+0.24 102
56183 1385 045+£0.05 3.77+£0.30 93
56183 1410 0.51+£0.06 4.34+£0.30 72
56183 1435 0.424+0.04 4.04+£0.30 92
56183 1460 0.66£0.09 540+£0.49 48
56198 1285 0.53+0.06 396024 91
56198 1310 0.69 = 0.07 2.95+0.22 93
56198 1335 0.52+0.05 2.88+0.16 122
56198 1360 0.72+0.09 4.07£0.29 67
56198 1385 0.62+0.06 3.34+£0.21 92
56198 1410 1.04£0.16 4.50+0.36 45
56198 1435 1.10£0.17 4.78 £0.47 41
56198 1460 0.81+0.10 3.89+0.31 63
56206 1285 0.324+0.03 2.88+0.19 154
56206 1310 0.28+£0.02 3.11£0.20 164
56206 1335 0.46 £0.04 2.73+0.21 117
56206 1360 0.414+0.04 2.98=+0.21 120
56206 1385 046+£0.05 3.36+£0.23 98
56206 1410 0.54+£0.06 3.62+£026 79
56206 1435 0.414+0.04 294+0.20 123
56206 1460 0.444+0.04 3.22+0.22 106

NOTE—Scintillation bandwidth and timescale measurements,
as well as the calculated number of scintles, across all sub-
bands and epochs. All errors shown are 1o.

the form
Avg = apy,v4ve, &)

and
Aty = apg v, (6)

with the weights being the squared inverses of the scintilla-
tion bandwidths and timescales, respectively, across all scin-
tillation bandwidth and timescale measurements from a given
MID.

We do not see any evidence of the filterbank gaps influ-
encing either our ACF analyses using 25 MHz subbands. as
well as the full-band time ACFs. However, their effects are
present in full-band frequency ACFs. Many peaks emerge
at non-zero lag in the full-band frequency ACFs that are a
significant fraction of the height of the zero-lag peak. How-
ever, efforts to remove the filterbank gaps from the dynamic
spectra by setting them equal to the spectra background noise
yielded no significant change in our scintillation bandwidth

(9}
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Figure 2. (a) A dynamic spectrum from MJD 56206 taken at 1360
MHz. (b) The corresponding 2D autocorrelation function. (c) The
1D frequency slice (blue) of the 2D autocorrelation function with
its corresponding Lorentzian fit (green). (d) The 1D time slice of
the 2D autocorrelation function (blue) with its corresponding one-
sided decaying exponential fit (green). Despite the strong slant in
the 2D ACEF, due to the low transverse velocity of PSR B1937+21,
contributions to scattering due to refraction are negligible in these
observations (Hewish 1980).

estimations, full-band or otherwise. As a result, we can con-
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Figure 3. Frequency ACFs for all observing frequencies on MJD
56206

clude that the filterbank gaps make no significant difference
in our scintillation bandwidth measurements.

Our observations are separated by 15 and eight days (see
Table 1.) By calculating refractive timescales for each epoch
at each frequency and then taking a weighted average, we
can check whether our scintillation measurements are inde-
pendent from each other. From Stinebring & Condon (1990),
the refractive timescale, t,, can be approximated by

4 (yAtd ) . 7

tr = —
"\ Ay

Using the above equation, we find weighted average refrac-
tive timescales of 10.2 £ 0.5, 6.3 £ 0.3, and 9.2 £ 0.4 days
for epochs 56183, 56198, and 56206 respectively. Based
on these values, we can conclude that MJDs 56183 and
56198 do not fall within the same refractive timescale and
are consequently independent from each other. MJDs 56198
and 56206 may marginally fall within the same refractive
timescale, although the refractive timescale of 6.3 days for
MIJD 56198 renders this claim inconclusive.

3.2. Secondary Spectra

To create the secondary spectrum for each observation, we
took the squared modulus of the two-dimensional Fourier
transform of the corresponding dynamic spectrum (see Fig-
ure 4.

At each frequency slice, to measure the curvature of each
arm in a given arc, we followed the approach described in
Stinebring et al. (2022) whereby we divided each secondary
spectrum along the center of its fringe frequency axis and fit

the maximum arc value at each delay using 7 = 7f3, where
T is the differential time delay (Fourier conjugate variable to
observing frequency), 7 is the arc curvature, and fp is the
fringe frequency (Fourier conjugate variable to time).

Following Hill et al. (2003), to measure scintillation arc
scaling indices, which we refer to as x,, we performed a
weighted linear least-squares fit of the form

n=a,"n, (®)

with the weights being the squared inverses of the uncertain-
ties on each arc curvature, using the measured curvatures of
a given arm at all frequencies within a given MJD. This fit
was performed separately for arc measurements on the left
and right sides of the fringe frequency axis to acquire scaling
indices x,, 1, and x, g, respectively.

4. RESULTS & DISCUSSION

4.1. Scintillation Bandwidth and Timescale Measurements
& Scaling

Although scattering delays are not currently accounted for
explicitly in PTA timing models, the ISM introduces time-
variable delays on the order of tens to hundreds of nanosec-
onds at at center frequencies around 1.4 GHz in MSPs timed
by various PTAs (Levin et al. 2016; Turner et al. 2021; Liu
et al. 2022). Observing with larger frequency bandwidths can
improve precision of timing model parameters, such as cor-
recting for the frequency-dependent effects of DM. However,
wider bandwidths also mean a wider range of frequencies
over which effects of the ISM can vary in influence. Addi-
tionally, pulse profiles evolve with frequency and scintilla-
tion introduces further frequency-dependent modulations in
pulse intensity, adding stochastic noise to this chromatic be-
havior. In the North American Nanohertz Observatory for
Gravitational Waves (NANOGrav) PTA collaboration, cur-
rent practice corrects for time-variable dispersion measure
(DM) using a piece-wise fitting procedure (Agazie et al.
2023b). If a similar approach were to be used to account
for scattering delays at a given epoch, we might assume the
medium exhibits Kolmogorov turbulence and use a v~4* de-
pendence for scattering delays across the band. However,
it has been shown that many LoSs frequently deviate from
this dependence and have scaling indices that fluctuate across
epochs (Turner et al. 2021). There is also a strong covariance
between DM and scattering delay determined this way as a
consequence of DM fits absorbing scattering delays (Turner
2017). As such, this approach could result in TOA misesti-
mations of tens to hundreds of nanoseconds depending on the
pulsar. For this reason, it becomes crucial to understand how
scintillation bandwidth, and, consequently, scattering delay,
vary across these wide observing bands when attempting to
correct for scattering effects.
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Figure 4. Secondary spectra computed from the two dynamic spectra shown Figure 1. The two order-of-magnitude difference in the y-axis
ranges is a consequence of the different delay Nyquist limits, which are caused by the different frequency resolutions of their corresponding

dynamic spectra.

Thanks to our ability to fit eight simultaneous measure-
ments across the observing band, our scintillation bandwidth
scaling analyses are robust in the context of a PTA-style, i.e.,
with an emphasis on time resolution, usually at the expense
of frequency resolution, observation at L-band, as similar ef-
forts on data with current NANOGrav frequency resolution
yield scintillation bandwidths estimations that are 2—3 times
larger than the true scintillation bandwidth and scaling in-
dices that are consistent with zero within error. The results
are shown in Table 2, with the corresponding fits shown in
Figure 5. Taking a weighted average of each subband across
all three epochs and then performing the fit results in a cross-
epoch scaling index of 2.58 + 1.09. This weighted average
fit is shown in Figure 6.

Our scaling indices all agree with each other within er-
ror and are consistent with those previously reported in the
literature for this pulsar, with sources generally quoting in-
dices between 3—3.6 within 1o uncertainty both on indices
averaged over many epochs as well as for individual epochs
(Cordes et al. 1990; Ramachandran et al. 2006; Levin et al.
2016; Turner et al. 2021; Liu et al. 2022), although Levin
et al. (2016) reported indices on individual days as shallow
as 1.3 = 0.3 and as steep as 4.9 £+ 0.8.

As a consequence of the longer observing times required to
measure scintillation timescales for most pulsars, few stud-
ies examine the corresponding scaling behavior. The stud-
ies that do exist use measurements taken on separate days

Table 2. Fitted Pulsar Scintillation Bandwidth Scal-
ing Indices

MID TAvg

56183 1.25£1.11
56198 4.26 £1.69
56206 3.09 £1.40

NoTE—Fitted scintillation bandwidth scaling indices
to the eight frequency ACFs across the observing
band. Errors are 1o fit uncertainties.

(Lewandowski et al. 2011), and simultaneously at multiple
frequencies (Bhat et al. 2018; Turner et al. 2024), although
the latter has primarily been done at observing frequencies
considerably below 1.4 GHz, where scintillation timescales
are much shorter. While a pulsar like PSR B1937+21 has a
relatively short scintillation timescale (around 7 minutes at
1.4 GHz per Cordes et al. (1990) and around 3-5 minutes
in this work), making it possible to track using PTA-length
observing campaigns, the large scattering delays make re-
solving scintles difficult under these setups. Our scintilla-
tion timescale scaling indices are shown in Table 3, with the
corresponding fits in Figure 7. Taking a weighted average of
each subband across all three epochs and then performing the
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Figure 5. Scintillation bandwidth scaling indices for all three epochs, with scaling index fits indicated by the blue lines. 1o error bars are

shown. Both axes are in log space on all plots.
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Figure 6. Scintillation bandwidth scaling index fit (blue line) using
the weighted average of all scintillation bandwidth measurements
in a given subband across all three epochs, with 1o weighted uncer-
tainties shown. Both axes are in log space.

fit results in a cross-epoch scaling index of 1.31 % 0.65. This
weighted average fit is shown in Figure 8.

4.2. Scintillation Arcs

With our high frequency resolution measurements, we can
obtain secondary spectra with conjugate frequencies 7 (also
called delay) that extend far beyond what is traditionally pos-
sible for PTA-style observations, i.e., time and frequency res-
olutions that are limited by the pulse width and sampling
rates. This is a consequence of the Nyquist limit for de-
lay, which is given by Tnyq = Nehan/2BW, where Nehan i8

Table 3. Fitted Pulsar Scintillation Timescale Scaling

Indices
MID TAty
56183 2.38 +£0.86
56198 1.75 + 1.58
56206 0.90 = 0.70

NoTE—TFitted scintillation timescale scaling indices
to the eight frequency ACFs across the observing
band. Errors are 1o fit uncertainties.

the number of frequency channels and BW is the observing
bandwidth. The difference in both the visible range and detail
within spectra can be seen quite clearly when comparing sec-
ondary spectra created using data processed with a frequency
resolution typical of NANOGrav observations and secondary
spectra processed using CS, as in Figure 4. Of particular sig-
nificance is that in standard NANOGrav observations we are
only sensitive to 7 values less than 0.3 us, whereas our CS-
processed data extends out to over 80 us. However, it is im-
portant to note that we have limited the range in our plots
to 20us, as the range over which arcs are visible in our data
only extend out to close to this delay. Comparing these two
arcs, we can see that the secondary spectrum processed at
current NANOGrav frequency resolution only contains fea-
tures associated with the power near the origin of the sec-
ondary spectrum in the CS-processed data, and so neither of
the arms of the arc, much less features within the arms, are
visible.

Additionally, we have the ability to analyze the intra-epoch
evolution of scintillation arcs across a wide range of frequen-
cies, as we were able to resolve a scintillation arc in each

1450

(c) Scintillation bandwidth scaling index fit on MJD 56206.
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Figure 7. Scintillation timescale scaling indices for all three epochs, with scaling index fits indicated by the blue lines. 1o error bars are shown.
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Figure 8. Scintillation timescale scaling index fit (blue line) using
the weighted average of all scintillation timescale measurements in
a given subband across all three epochs, with 1o weighted uncer-
tainties shown. Both axes are in log space.

of our 25 MHz slices across 200 MHz of bandwidth in all
epochs. This represents a substantial improvement in arc sen-
sitivity and indicates the use of cyclic spectroscopy in future
studies of MSPs could lead to important developments in our
understanding of both inter- and intra-epoch arc evolution,
particularly when observed over the large bandwidths used
in PTAs. Some example scintillation arcs with overlaid fits
can be seen in Figure 9.

4.2.1. Arc Features & Evolution Over Frequency

Scintillation arcs for this pulsar have been previously
shown once in the literature at 427 MHz also utilizing cyclic
spectroscopy (Walker et al. 2013) and once at L-band using
Fourier spectroscopy filterbank methods (Main et al. 2023).
While the arc power seen in Main et al. (2023) is roughly
symmetric, the arcs in both Walker et al. (2013) and this work
all display noticeable asymmetry. Additionally, at least two
arcs can be seen in both their data and ours. An important
distinction between the arcs in Walker et al. (2013) and those
in both our work and Main et al. (2023) is the significant dif-
ference in the scale of our fringe frequency axes. Using a by-
eye comparison and the relation between fringe frequency,
observing wavelength, and angle on the sky, 8 o fpr (Hill
et al. 2005), we have shown the arcs in our data probe an
angular scale 6—10 times smaller than the arcs in Walker
et al. (2013). Additionally, due to the significantly larger de-
lay axes in Walker et al. (2013), all structures in the arcs we
observe are fully contained within the central feature of their
arcs.

Arclets, resolved as patchy features in our scintillation
arcs, which have been attributed to a variety of astrophysi-
cal phenomena, including AU-scale inhomogeneities within
the scattering screen (Hill et al. 2005) or a double lensing
effect from material behind the scattering screen relative to
Earth (Zhu et al. 2023), can be seen in the secondary spec-
tra in our data, and indeed can be seen in all of the observed
scintillation arcs in both arms on MJDs 56183 and 56198 and
in the left arm on MJD 56206. These were also seen in the
arcs shown in Walker et al. (2013), although only visible in
the right arm, which is also the brighter arc in those observa-
tions, but not in Main et al. (2023). They mention their arcs
are largely featureless, although they do report some discrete
structures in a single epoch. This makes our observations the
first reported detections of arclets in this pulsar at L-band. As

1450
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(a) Secondary spectrum on MJD 56183 at 1310 MHz, with the fits to both arms in (b) Secondary spectrum on MJD 56198 at 1310 MHz, with the fits to both arms in the

the scintillation arc shown in orange.

scintillation arc shown in orange.

Figure 9. Example scintillation arcs with overlaid fits.

in Hill et al. (2003), we expect arcs at lower frequencies to
be wider and have more diffuse features. While difficult to
discern throughout the evolution in the arcs in our data, when
comparing with the secondary spectrum seen in the 427 MHz
observations in Walker et al. (2013) the arcs displayed in that
spectrum are clearly wider and more diffuse compared to the
arcs in our data when examined by eye (around 6-8 mHz in
width for their data compared to around 2-3 mHz in width in
ours), agreeing with this expectation.

At all three epochs, we find that the arcs dim with increas-
ing observing frequency. The positions of the arclets remain
constant with frequency and dim from the edges to the center
of the arcs with increasing frequency. Regardless of observ-
ing frequency, we expect the features closest to the centers of
arcs to remain the brightest, as they correspond to construc-
tive interference in the larger scintle structure in the dynamic
spectrum. The first structures that disappear are the dim por-
tions of the arc higher up the delay axis, while the only re-
maining structures at the highest frequencies are the apexes
of the arclets, which were in fact the brightest structures in
the arc aside from the concentrated power at the base of the
fringe frequency axis, which also remains visible. It is well
established that pulsar flux decreases with frequency over the
ranges we observe (Alam et al. 2020), and we can quantita-
tively see this in the dynamic spectra in our data, as the mean
and median flux density of the 25 MHz frequency slices of
these spectra clearly get progressively smaller at higher fre-
quencies. As a result, it may be that we simply are unable to

see some dimmer features in the higher frequency arcs as a
consequence. Additionally, this pulsar is known for having a
particularly steep spectral index (Backer et al. 1982), making
this effect much easier to see. That being said, these obser-
vations only span 200 MHz, and so changes in flux density
over frequency likely only partially explain what we are see-
ing in our data. An example of this evolution can be seen in
Figure 10. Note that, although all plots in this figure display
the same dynamic range for ease of visual comparison, these
features are still present when we allow their dynamic ranges
to vary.

4.2.2. Curvature Measurements & Scaling

The results of our scintillation arc scaling analysis are
shown in Table 4, with example fits from MJD 56198 shown
in Figure 11. We can see that only some of our scaling in-
dices agree with the n oc v~2 theory laid out in Hill et al.
(2003), indicating the curvature of these arcs scale may not
perfectly scale with frequency following the same power law
as the angular deflection of the scattered rays. Other arc cur-
vature analyses of MSPs have been performed (Bhat et al.
2016; Reardon et al. 2020; Main et al. 2020; Mall et al. 2022;
Main et al. 2023; Ocker et al. 2023), but only one (Bhat et al.
2016) has attempted to fit for frequency-dependent arc cur-
vature evolution in an MSP. Unlike our fits, for which all
eight measurements were taken simultaneously within the
same observation, their fits used two measurements which
were taken two weeks apart. They found a scaling index of
—2.35 + 0.07, steeper than predicted by Hill et al. (2003),
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Figure 10. Scintillation arc evolution on MJD 56183 in increasing 25 MHz intervals across and down beginning at 1285 MHz (top left) and
ending at 1460 MHz (bottom right). Features in the arcs dim as we go to higher frequencies, with only the power near to base of the parabolas
and centers of the arclets remaining visible at the highest frequency.
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which they attribute to a change in Vg, | between their two
epochs, an issue that we do not need to be concerned with
for our observations, as all of our measurements for a given
scaling fit are taken on the same day, and therefore have the
same Vg, | . As such, the results in some of our epochs mark
the first agreement with the predicted arc curvature scaling
relation for an MSP.

MJD 56198
+ —— 1nr; Scaling Index= —2.38 + 0.32
070 - — 1g; Scaling Index= —1.89 £+ 0.27
0.60
=
0.50

0.40 +

1300 1325 1350 1375 1400 1425 1450
Frequency (MHz)

Figure 11. Scintillation arc curvature scaling indices in both arms
on MJD 56198. The fits agree well with the frequency dependence
of angular deflections as detailed in Hill et al. (2003). The offset
between the two fits may partially be attributable to difficulties in
fitting curvatures to patchy arcs.

Table 4. Fitted Pulsar Scintillation Arc
Curvature Scaling Indices

MID Tn,L Tn,R

56183 -2.05+£0.17 -1.49+0.33
56198 -2.38£0.32 -1.89 £0.27
56206 -1.60=+0.38 -1.29 £0.28

NoOTE—TFitted arc curvature scaling indices
for both left and right arcs. Different
power laws and curvatures of the left and
right arms on a given day may partially be
a consequence of the difficulty fitting cur-
vatures to discontinuous arcs comprised
mostly of patchy features.

While our scaling indices are somewhat consistent with
—2, two epochs display a noticeable asymmetry in the mea-

sured index between the left and right arms. Despite the high
resolution of these observations, this patchiness may make it
difficult to properly measure curvature in all subbands, par-
ticularly if the apexes of some arclets are offset from the main
parabolic fit, as in Brisken et al. (2009). As a result, mea-
sured curvatures may slightly deviate from the true curvature
of the arcs, which may at least in part contribute to the power
law asymmetries we have measured. Consistent offsets in the
curvatures of the left and right arms are also visible across all
frequencies and all epochs, with curvatures in the right arms
always being smaller than those on the left, even when there
is more visible structure in the right arm than the left. Inter-
estingly, over the course of these observations, the arc curva-
tures in right arm transitions from consistently smaller than
the left arm to almost identical. An example of these offsets
can also be seen in Figure 11.

Once curvature measurements are obtained, they can be
used in conjunction with Vi | to estimate screen distances
and potentially associate scattering screens with known
structures along the LOS to a pulsar. In cases where the pul-
sar velocity dominates, we can ignore the velocities of Earth
and the ISM when estimating these distances. However, the
low velocity of PSR B1937+21 (9 km s~*, per Ramachan-
dran et al. (2006)) requires us to take these additional ve-
locities into account. Unfortunately, as a consequence, de-
generacies in our estimated screen distance solutions (either
around 0.3 or 2.1 kpc from Earth, assuming a screen orienta-
tion of zero degrees) necessitate high cadence, long-term arc
measurements to properly constrain these distances (Reardon
et al. 2020). These long term observations can properly ac-
count for the orbital motion of Earth, which causes periodic
variations in the observed curvature, and can help break the
degeneracy between screen distance and screen orientation
angle. However, it is unlikely that there would be any ob-
vious structures, such as an HII region or molecular cloud,
along the LOS to this pulsar which we could associate with a
screen in the first place. The LOS is mostly devoid of signifi-
cant structure and predominantly consists of the inter-arm re-
gion between the Orion-Cygnus and Carina-Sagittarius spiral
arms of the Milky Way, although a small fraction of the ma-
terial along the LOS can be attributed to the Orion-Cygnus
arm (Cordes & Lazio 2002). This likely makes interstellar
plasma filaments the most plausible candidate for this pul-
sar’s screen(s) (Stock et al., in prep). In general, as more
scintillation arc distances are constrained, there is an increas-
ing need to identify such diffuse structures along LoSs with
scattering (Ocker et al. 2023).

5. CONCLUSIONS & FUTURE WORK

We have used cyclic spectroscopy to improve the fre-
quency resolution of L-band baseband observations of PSR
B1937+21 compared to what is feasible in PTA observing
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setups that rely on limits of non-cyclostationary time and
frequency sampling, yielding highly detailed dynamic and
secondary spectra and allowing for scintillation parameter
estimations within 25 MHz subbands. These results have
yielded, in some epochs, the first arc curvature scaling fits
for an MSP that agree with theory, as well as scintillation
bandwidth scaling indices that match previous observations
and the first detection of arclets in this pulsar at L-band.
We found arc curvature scaling indices for different arms
within individual observations to exhibit noticeable asymme-
tries. An examination of arc feature evolution over frequency
shows a dimming of prominent features as we go to higher
frequencies, at least in part likely due to this pulsar’s steep
spectral index.

The thorough analysis in this work made possible through
cyclic spectroscopy demonstrates the potential for larger-
scale efforts using this technique and adds to a growing
case towards its eventual adoption by PTAs due to its abil-
ity to calculate high-resolution dynamic and secondary spec-
tra. Traditional polyphase filterbanks have limited the com-
bined time and frequency resolution of scintillation studies
with pulsars, particularly in studies of scintillation arcs be-
cause the secondary spectrum is Nyquist limited. This in turn
may make more pulsars accessible for scintillation studies at
lower observing frequencies. Additionally, the ability to use
cyclic spectroscopy to recover a pulsar’s PBF through decon-
volution (Walker et al. 2013) or other methods (Turner et al.
2023) adds another element to these studies, especially given
that the PBF may present a more accurate picture of the scat-

tering present in a given observation than the traditional ACF
fitting approach (Turner et al. 2023).

Efforts are currently underway at the Green Bank Observa-
tory to implement a real-time or near real-time cyclic spec-
troscopy backend, with development nearing completion and
testing on real data to begin shortly. This will provide excit-
ing opportunities for new science to all astronomers studying
periodic or pulsed emission using this facility, as well as aid
in the timing efforts of the NANOGrav PTA collaboration,
for whom the 100 meter telescope at the observatory plays a
significant role in the ongoing study of low-frequency gravi-
tational waves.
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