of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 525, 1079-1096 (2023)
Advance Access publication 2023 July 6

https://doi.org/10.1093/mnras/stad 1980

Variable scintillation arcs of millisecond pulsars observed with the Large
European Array for Pulsars

R. A. Main “,'* J. Antoniadis *',">* S. Chen “,* I. Cognard,>® H. Hu ", J. Jang,! R. Karuppusamy,'
M. Kramer .7 K. Liu,! Y. Liu,3° G. Mall,"'%!! J. W. McKee,'>!* M. B. Mickaliger,” D. Perrodin,'*
S. A. Sanidas,” B. W. Stappers,’ T. Sprenger,! O. Wucknitz,' C. G. Bassa,'> M. Burgay,'* R. Concu,'*
M. Gaikwad,' G. H. Janssen,'>!'® K. J. Lee,* A. Melis,'* M. Pilia,'"* A. Possenti,'*!” L. Wang*

and W. W. Zhu'®

Affiliations are listed at the end of the paper

Accepted 2023 June 26. Received 2023 June 18; in original form 2023 February 16

ABSTRACT

We present the first large sample of scintillation arcs in millisecond pulsars (MSPs), analysing 12 sources observed with
the Large European Array for Pulsars (LEAP), and the Effelsberg 100-m telescope. We estimate the delays from multipath
propagation, measuring significant correlated changes in scattering time-scales over a 10 yr time span. Many sources show
compact concentrations of power in the secondary spectrum, which in PSRs J0613—0200 and J1600—3053 can be tracked
between observations, and are consistent with compact scattering at fixed angular positions. Other sources such as PSRs
J1643—1224 and J0621+1002 show diffuse, asymmetric arcs which are likely related to phase-gradients across the scattering
screen. PSR B19374-21 shows at least three distinct screens which dominate at different times and evidence of varying screen axes
or multiscreen interactions. We model annual and orbital arc curvature variations in PSR J0613—0200, providing a measurement
of the longitude of ascending node, resolving the sense of the orbital inclination, where our best-fit model is of a screen with
variable axis of anisotropy over time, corresponding to changes in the scattering of the source. Unmodelled variations of the
screen’s axis of anisotropy are likely to be a limiting factor in determining orbital parameters with scintillation, requiring careful
consideration of variable screen properties, or independent very long baseline interferometry (VLBI) measurements. Long-term
scintillation studies such as this serve as a complementary tool to pulsar timing, to measure a source of correlated noise for

pulsar timing arrays, solve pulsar orbits, and to understand the astrophysical origin of scattering screens.

Key words: pulsars: general -ISM: general.

1 INTRODUCTION

Pulsar timing arrays (PTAs) involve timing an ensemble of mil-
lisecond pulsars (MSPs) at different sky positions to detect nHz
gravitational waves (GWs) from coalescing supermassive black
holes. Recently, PTAs have detected a common red noise signal,
which is a time-correlated signal of similar amplitude and spectrum
shared among pulsars in the array (Arzoumanian et al. 2020; Chen
et al. 2021; Goncharov et al. 2021b; Antoniadis et al. 2022). While it
is possible that a gravitational wave signature is responsible for this
effect, there is yet no detection of a spatial correlation that would
be a smoking-gun of the gravitational wave background (Hellings &
Downs 1983).

The ionized interstellar medium (IISM) is one of the largest
contributors of correlated noise to PTAs (see Verbiest & Shaifullah
2018 for a review), and understanding all of its effects is crucial,
especially as a GW detection may be imminent. The total column
density of electrons induces a A? dispersive delay (where A is the
observing wavelength), where variations are seen prominently in

* E-mail: ramain @mpifr-bonn.mpg.de

© 2023 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

low-frequency observations (Donner et al. 2020; Tarafdar et al.
2022). Spatial variations in the electron column density results
in multipath propagation, resulting in delays scaling as A%, with
o ~ 4.0 £ 0.6 (Oswald et al. 2021). In the time domain, this
effect can be seen through the broadening of pulses by a char-
acteristic scattering tail [e.g. Bhat et al. 2004, although with the
additional complication that different scattered paths can encounter
a different electron column (Cordes, Shannon & Stinebring 2016;
Donner et al. 2019)]. In the Fourier domain, this is observed as
scintillation, where temporal and spectral variations of flux density
arise from interference between deflected, coherent images of the
pulsar.

Pulsar scintillation is now commonly studied through the sec-
ondary spectrum, which is the 2D power spectrum of the scintil-
lation pattern. In this space, many sources have been seen to have
‘scintillation arcs’ (Stinebring et al. 2001), parabolic distributions
of power which indicate scattering being dominated by highly
localized regions, or ‘thin screens’ (Walker et al. 2004; Cordes et al.
2006). Furthermore, the presence of sharp inverted parabolic ‘arclets’
stemming from the main parabola are seen in some cases, implying
strong anisotropy (seen in ~ 20 per cent of sources in Stinebring
et al. 2022).

€202 1SNBny |z uo Jasn [INH Jo Ausionun A +220222/6.L01/L/SZS/9IME/SEIUW/WOD dNO"dlWapede/:sdny Wolj papeojumoq


http://orcid.org/0000-0002-7164-9507
http://orcid.org/0000-0003-4453-3776
http://orcid.org/0000-0002-3118-5963
http://orcid.org/0000-0002-3407-8071
http://orcid.org/0000-0002-4175-2271
mailto:ramain@mpifr-bonn.mpg.de

1080 R. A. Main et al.

The majority of the brightest known radio pulsars are isolated
and slowly rotating (Manchester et al. 2005), which due to high
signal-to-noise (S/N) requirements have been the focus of the widest-
ranging studies of scintillation arcs to date (Stinebring et al. 2022;
Wu et al. 2022; Main et al. 2023). However, recent studies have
begun to show the power of studying scintillation arcs in MSPs. For
the precision timing of PTA pulsars, scattering variations may be
a source of uncorrected correlated noise (Goncharov et al. 2021a;
Chalumeau et al. 2022), which can be estimated through scintillation
arcs (Hemberger & Stinebring 2008), or through the frequency scale
of scintillation (for applications to PTA data, see e.g. Levin et al.
2016; Liu et al. 2022). Additionally, scintillation arcs encode the
relative velocity and distance of the pulsar, scattering screen, and
the Earth, so modelling of their annual and orbital variations can be
used to precisely measure pulsar orbital parameters as well as screen
distances (Reardon et al. 2020; McKee et al. 2022; Walker et al.
2022).

The Large European Pulsar Array (LEAP) is a 195-m tied-array
beam telescope comprised of many of the largest telescopes in
Europe, and has been observing >20 MSPs at monthly cadence
since 2012 as part of the European Pulsar Timing Array (EPTA;
Stappers & Kramer 2011; Kramer & Champion 2013; Bassa et al.
2016). Owing to its sensitivity and data products which can be re-
reduced to any time and frequency resolution, LEAP is well suited
to study MSP scintillation. In studies to date, secondary spectra have
been used to measure the total time delays from scattering in PSR
J0613—0200 (Main et al. 2020), and to associate the scattering screen
of PSR J1643—1224 with a known H 11 region (Mall et al. 2022).

In this paper, we present the first large sample of scintillation arcs
of MSPs, observed over the last 10 yr with LEAP, and the Effelsberg
100-m telescope. The paper is organized as follows: in Section 2,
we revisit the necessary theory of scintillation arcs for this work, in
Section 3, we describe our observations and data, and in Section 4,
we describe our analysis. We discuss the results of particular pulsars
in Section 5, and the whole sample in Section 6. Section 7 contains
the ramifications of our findings and prospects for the future.

2 BACKGROUND OF SCINTILLATION

2.1 Arc curvature and scintillation velocity

Here, we briefly review the relevant theory of scintillation arcs, which
we detailed in Main et al. (2020) (originally developed, and explained
in more detail in Walker et al. 2004; Cordes et al. 2006).

The dynamic spectrum I(¢, v) is the measured flux density as
a function of time and frequency (typically averaged over many
pulses), showing variations owing to interstellar scintillation. In the
2D power spectrum of the dynamic spectrum S(f, f,) = [I(fi, f)I%
referred to as the ‘secondary spectrum’, the conjugate variable of time
Jfi = —fp is related to the Doppler shift between deflected paths, and
depends on the angles 6 of two deflected paths (ij) as

(i —6)) - veir

fpij = — ey

and the conjugate variable of frequency f, = t is related to the delay
between image pairs, described as
deff(0i2 - sz)

2c ’

The effective distance ds and effective velocity vy depend on the
relative distances and velocities of the pulsar (dpgr, Vpgr), screen (dger,
Vyr), and Earth (vgy), as

(@)

Tl'j =
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dest = (l/s - l)dpsrv (3)

Veff = (I/S - 1)vpsr + Vp — vscr/sa (4)

where the fractional screen distance from the pulsar is defined as s
=1 — dy/dps-

When one of the two scattered angles is O (i.e. the theoretical
undeflected line-of-sight), the common dependence of fi and 7 on
the observed angle 6 results in a parabolic distribution of power

v =nf. ®)

The proportionality constant, or ‘arc-curvature’ n depends on the
relative distances and velocities of the pulsar, screen, and Earth, as

1 = degrA? /2cv%; cos(a)?, (6)

where « is the angle between v and .

Throughout this paper, we work with the distance weighted
effective velocity W, which rearranges n to separate the unknown
values, and is proportional to |veg, ||,

— |vcff.n| — A (7)
C Vder  V2en’

This is the same approach as in Main et al. (2023), and proportional
to the quantity used in Mall et al. (2022); the main benefits of W
is that it does not diverge as |vesr, || — O and is independent of the
observing frequency. In the absence of arcs, a characteristic curvature
n can be estimated from the time and frequency scale from the
2D autocorrelation function (ACF) of scintillation. The scintillation
bandwidth v is defined as the half-width at half-maximum of the
ACF in frequency, and the scintillation time-scale # is defined as the
1/e point of the ACF in time (Cordes 1986).

Using thin screen relations (with a phase structure function with
index of 2, details in Cordes & Rickett 1998), the corresponding
time delay and Doppler shifts can be inferred from the scintillation
bandwidth and time-scale as

fos & 1/3/27t,. (8)

T, ~ 12w,

These relations are approximate, as the prefactors are model depen-
dent. Then we can estimate W as

W"'A Vg ©)
t,\ 2em”

A measure of either the arc curvature 5, or the scintillation time-
scale and bandwidth, are then a direct measure of v,/ Jde. In
this paper, we measure W from the secondary spectrum wherever
possible; scintillation velocities derived from #; and v, are dependent
on the distribution of power across the screen, and will systematically
vary as different regions of the same scattering screen are seen
(Cordes & Rickett 1998; Rickett et al. 2014; Reardon et al. 2019).
Measurements of scintillation arc curvatures are more robust, demon-
strated to be stable to changes in screen’s anisotropy (Reardon et al.
2020), or in the presence of significant substructure (Sprenger et al.
2022).

2.2 Time-scale for feature movement

Secondary spectra often show compact features at fixed angular
positions, which over time are seen to travel through the secondary
spectrum due to their relative velocity (Hill et al. 2005; Sprenger
et al. 2022). An important quantity is the time-scale for features to
pass through the secondary spectrum, which sets a time-scale for
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scattering delays to correlate. This time-scale (effectively the same
as the traditional ‘refractive time-scale’ of scintillation) of the screen
is the time it takes to traverse to a new section of the screen. For an
observable portion of the screen with angle 6y with corresponding
size length [,

8
lr = 200dscr = %o

dger, (10)
defr

then the time-scale is related to the arc curvature and the maximum
delay 7 as

1~ l,— _ \/861’0. (11)
S Vett w

In Sprenger et al. (2022), all of the observables were expressed as
a function of the feature movement in /7, related to the distance
weighted effective velocity as

w 1
INT=—"x=—72,
! V2 2vym
which can also be used to obtain equation (10). The relevant t value
can either be the highest 7 that features are visible, which gives
the time-scale for features to completely pass through the secondary
spectrum, or the 1/e value of t.

12)

3 OBSERVATIONS AND SAMPLE

3.1 LEAP

LEAP is a tied-array telescope comprised of the Effelsberg 100-
m telescope, the Lovell telescope at Jodrell Bank Observatory, the
Westerbork Synthesis Radio Telescope, the Nancay Radio Telescope,
and the Sardinia Radio Telescope, simultaneously observing MSPs
with monthly cadence. Each observing run has some subset of these
telescopes; the voltage data are recorded at each site, then shipped
to Jodrell Bank to be correlated and coherently added using the
pipeline developed by the LEAP team (details of LEAP in Bassa et al.
2016, and details of the correlator in Smits et al. 2017). When all
telescopes are available, this results in an effective 195-m diameter
dish. The scans are typically 30—60 min. The data are recorded
in contiguous 16-MHz sub-bands covering 1332-1460 MHz, where
the total bandwidth per observation varies between 80-128 MHz
depending on the telescopes used; Jodrell Bank and Sardinia never
use the full 128-MHz bandwdith. While the standard folding pipeline
produces archives with 10 s integrations, 1 MHz channels, the
coherently added voltages are stored on tape, allowing us to later
reduce the data with much higher spectral resolution to study fine
scintillation features.

3.2 Effelsberg

3.2.1 Long targeted observations

Several of the sources have scintillation which is barely resolved
in a ~30—60 min observation, and with scintles comparable to
LEAP’s 128 MHz band. This motivated us to take tailored obser-
vations with a wider bandwidth and a longer duration. In addi-
tion to the LEAP observations, we obtained 2-3 hr observations
of several LEAP sources where the scintillation was not quite
resolved in frequency or time. The data were taken using the
PSRIX backend (Lazarus et al. 2016), using the central feed of
the seven beam receiver, recorded in 25 MHz sub-bands with a

Scintillation arcs of MSPs with LEAP 1081
usable bandwidth of 1250-1450 MHz and saved in PSRDADA!
format.

3.2.2 EPTA observations

Since 2021 March, Effelsberg observations for the EPTA record
a separate parallel data stream suitable for scintillation studies,
using the Effelsberg Direct Digitization system, folding with 64 000
channels across 1200-1600 MHz (sensitive to delays of 7 < 80 us).
These are now a regular data product in EPTA observations, and
along with LEAP will double the cadence of observations suitable
for studying scintillation arcs.

3.3 Sample

In our sample, there are six sources with resolvable,
variable arcs within the 30—60min LEAP observations:
PSRs J0613—0200, J0621+1002, J1600—3053, J1643—1224,
J1918—-0642, J1939+2134 (B1937+21). In these sources, we study
the time variability of the arc curvature, and time delays. A scintil-
lation arc is also faintly seen in the highest S/N observation of PSR
J1824—2452A (B1821—-24A).

In addition, we also investigate sources where scintillation is
marginally resolved by LEAP, supplementing this study with
longer 2—3 hr Effelsberg observations. These include single scans
on PSRs J0751+1807, J1713+0747, 11832—-0836, J18574-0943
(B1855+409), J2010—1323, as well as a high-cadence approximately
bi-weekly campaign on PSR J0613—0200 from 2020 March—June,
totalling 19 observations, which was previously included in Main
et al. (2020). The first year of EPTA fine-channel scintillation
products are included for PSRs J0613—0200 and J1643—1224, with
12 and 9 observations respectively, to demonstrate the value of these
data products to increase the cadence and time span of scintillation
data products. A summary of the samples is given in Table 1. Our
sample partially overlaps with the scintillation study of EPTA pulsars
in Liu et al. (2022), where the larger bandwidth, but lower frequency
resolution of the Nancay data set allowed for studies of slightly less
scattered sources.

4 SCINTILLATION DATA PRODUCTS AND
MEASUREMENTS

4.1 Dynamic and secondary spectra

The creation of dynamic and secondary spectra are almost identical
to the methods described in Main et al. (2020); Mall et al. (2022),
however we briefly review and describe differences here.

Data were folded using the dspsr software package (van
Straten & Bailes 2011), beginning from the base band data. The
time, phase, and frequency bins were different for each specific
pulsar, chosen to fully resolve the scintillation in time and frequency,
or equivalently, to extend sufficiently far in f and 7 to capture the
full extent of arcs in the secondary spectrum. The sub-bands were
combined in frequency using psradd in the psrchive software
package (Hotan, van Straten & Manchester 2004), and polarizations
were summed to form total intensity. Radio frequency interference
(RF]) flagging and treatment of masked pixels is identical to Main
etal. (2020). The outer 10 per cent of the dynamic spectra are tapered
with a Hanning window, before forming the secondary spectrum.

Thttp://psrdada.sourceforge.net/
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Table 1. Summary of the pulsars in our sample. The pulsar distances shown with 1o errorbars are VLBI measurements using timing constraints
as priors from table 6 of Ding et al. (2023) (marked with }), or, where not available, timing parallax measurements compiled by the IPTA in
Perera et al. (2019). Distances shown without errors are DM distance estimates from YMW 16 model (Yao, Manchester & Wang 2017). The DM
values are taken from PSRCAT (Manchester et al. 2005). While LEAP has heightened sensitivity, the targeted Effelsberg observations have a larger

bandwidth, and longer durations as described in Section 3.

Pulsar name DM Py dpst Mo s (S/N) (tobs) Vchan Nphase Res.
(pcem™) (d) (kpe) (masyr~ ') (masyr~1) (min) (kHz) Scint
J0613—-0200 38.78 1.20 1.11 £ 0.05 1.828(5) —10.35(1) 134 51 62.5 128 LEAP
J0621+1002 36.47 8.32 16795t 3.2(1) 0.6(5) 71 39 62.5 128 LEAP
J0751+1807 30.25 0.26 14704 —2726)  —134(3) 140 180 100 128 Eff
716003053 52.33 1435 2.0793 —097(1)  —7.045) 139 54 31.125 64  LEAP
J1643—1224 62.41 147.02 0.95*01%% 6.033) 4.101) 231 33 7.8125 16 LEAP
J1713+0747 15.92 67.83 1.20 £+ 0.03 4.924(1) —3.913(2) 408 180 100 128 Eff
B1821-24A 119.89 - 3.7 —-0.2(2) —6(4) 132 44 31.125 64 LEAP
J1832—-0836 28.19 - 0.8 —7.97(5) —-21.2(2) 55 120 100 128 Eff
B1855+09 13.31 12.33 1.1 £0.1 —2.652(4) —5.423(6) 138 180 100 128 Eff
J1918—0642 26.46 1091 1.48%01 —7.15Q2)  —5.94(5) 53 30 125 128 LEAP
B1937+21 71.02 - 2.9703+ 0.074(2)  —0.410(3) 485 45 31.125 32 LEAP
12010-1323 22.18 - 19798 256(6)  —5.9(2) 82 180 100 128 Eff

As the Effelsberg observations cover a larger bandwidth, we use
the ‘NuT transform’ instead of a direct Fast Fourier Transform in
time to form secondary spectra, as described in Sprenger et al. (2021).
This transformation is a direct Fourier Transform over a scaled time
axis of #' = 1v/ vy in every channel with frequency v. This prevents
smearing of scintillation arcs owing to the n oc A> dependence, and
ensures the contribution to scintillation from sources of fixed angular
position are at fixed position in the secondary spectrum of a single
observation. We apply this in all of our observations, referencing
to vef = 1400 MHz. We note that this transform can lead to some
artefacts in the secondary spectrum, as power on the T = 0 axis
(arising from e.g. RFI, pulse-to-pulse variations) is spread to diagonal
lines. We do not see these artefacts prominently in our observations,
as they are most prominent in observations with long-durations, large
fractional bandwidths, and large pulse-to-pulse flux variations.

Representative dynamic spectra of the sources in our sample are
shown in Fig. 1, and their associated secondary spectra are shown in
Fig. 2. The secondary spectra of every observation used in this work
are included in the Appendix.

4.2 Arc curvature measurement

‘We have measured the arc curvature using the ‘normalized secondary
spectrum’ as done in Reardon et al. (2020); Walker et al. (2022), in
which the fp axis of the secondary spectrum is mapped to fp norm =
Jp+/Teet/T (Where we set the arbitrary reference time delay 7. =
Tmax throughout). This transformation effectively stretches the fp
axis, mapping parabolas to vertical lines of constant fp norm- Then
W can be identified by finding peaks in S(fp, norm) after performing a
weighted sum over t.

Arcs blend together at low values of 7, becoming more clearly
demarcated at high values of 7. As the optimal range of 7 to sum
over and fp o to fit vary between pulsars and between epochs, we
applied the arc curvature fitting algorithm interactively. Alongside
the fitting, the dynamic and secondary spectrum of each observation
are verified for corruption by RFI or phasing artefacts. The range in ©
to sum to form S(fp, norm) is adjusted per source, and peaks in fp, norm
can be given as initial guesses for a least-squares fit of a parabola
to the local region of S(fp norm), and the arc curvature is given as
N = f3 norm/ Tref- An example is shown in Fig. 3.

MNRAS 525, 1079-1096 (2023)

4.3 Time delays from secondary spectra

Secondary spectra express the power of scintillation in terms of the
conjugate variables of time and frequency respectively, fp and .
In the strong scattering regime, the secondary spectrum contains
contributions from all pairs of interfering images. Hemberger &
Stinebring (2008) showed how one can estimate the averaged time
delay (r) from the secondary spectrum, and in Main et al. (2020)
it was argued that this technique is valid in the limit of a strong,
central image arising from a single thin screen, or when the response
function is close to an exponential. The total geometric time delay
() can then be estimated as

f) tl(@Pde

(r) = 71‘5 |1(-L—)|2d-,_- .

13)
For each source, a range in f, was chosen to fully encompass the
power of the visible scintillation arc, and the background noise was
estimated from a region of the same size offset by fp == 30 mHz. The
integrated profile of (r) against maximum t,x = 7 was examined
in all cases; the value and the error on (r) were estimated by the
mean and standard deviation of the profile once it plateaus, taken in
the range of 37/4 < t < T. Examples of secondary spectra and their
associated profiles of I(7) are shown in Fig. 4.

4.4 Scintillation parameters from the ACF

In some of the sources with diffuse arcs, it is difficult to determine
parameters from the secondary spectra. In these cases, we measure
the scintillation time-scale and bandwidth in a more traditional way,
through the 2D ACF of the dynamic spectrum R(Av) = (Ix[)(Av).
The ACF in frequency is fit with a Lorentzian, and with a Gaussian
in time (Cordes 1986). The scintillation bandwidth is inversely
proportional to the bulk scattering delay as (t) = C/2mv,, where
the model-dependent constant C, depending on the distribution of
scattered power, is assumed to be 1, which is the value for a thin
screen with a square-law phase structure function (Cordes & Rickett
1998). The 2D ACFs of sources without clear arcs is shown in
Fig. 5.

The precision on the measurements on the ACF is high, and the
true error is dominated by the fact that there are finite scintles within
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Figure 2. Panorama of scintillation arcs, from the corresponding dynamic spectra in Fig. 1. Scintillation arcs are seen in many sources, with highly varied
extents in T and fp, owing to differences in the scattering screens, and relative velocities. The arcs are qualitatively different between sources, showing compact
regions of power in some (e.g. PSRs J0613—0200, J1600—3053, J07514-1807), clear parabola in others (e.g. PSRs J06214-1002, J1643—1224), and multiple
parabolas in PSR B19374-21. The results are described in more detail in Section 5. The intensity maps are logarithmic, extending three orders of magnitude in

most cases, or one in B1821—24A.

the observation. For an observation of duration T, with bandwidth
BW, the fractional error is given by

T, BWY ~1/2
o, ~ (fd o ) : (14)
fs Vs

where the filling factor is assumed to be f; & 0.2 (Cordes 1986).

5 RESULTS FOR INDIVIDUAL SOURCES

The variable time delays and arc curvatures of all of our sources are
shown in Fig. 6, and a compilation of derived results are in Table 2.
In this section, we describe the results for specific sources.

5.1 Isolated pulsars

There are two isolated pulsars in the sample showing scintillation
arcs, PSR B19374-21, and PSR B1821—-24A. They are in principle
useful control sources, where for a fixed screen, variations in W
should arise only from Earth’s motion. Despite this, they show a
range of interesting behaviour owing to dynamic screens.

MNRAS 525, 1079-1096 (2023)

5.1.1 PSR B1937+21

In low-frequency observations of PSR B19374-21, there is previous
evidence of a broad scintillation arc (Walker, Demorest & van Straten
2013). In our observations, we detect between one and three screens
in a given observation. The secondary spectra are largely devoid
of structure in most observations, possibly due to convolution of
multiple interacting screens, although an exception is shown in Fig. 4,
with distinct structures along the primary arc at delays > 8us. During
certain ranges of time, there does appear to be a dominant screen
showing annual variation. However, the phase of the annual curve is
not consistent over time, suggesting that the screen orientation is not
fixed, or that different screens are varying at different times, shown
in Fig. 6. The curvature of the secondary and tertiary screens appear
roughly consistent whenever they do reappear, suggesting stability
over the eight years of observations. However, due to the difficulty of
unambiguously identifying scattering screens, annual fits were not
performed.

PSR B1937+421 often emits intrinsically narrow and bright
‘giant pulses’, used in previous LEAP data to directly measure
the time variable scattering time-scale (McKee et al. 2019).
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Measurements of giant pulse scattering are direct, and unaffected
by multiscreen effects. Reassuringly, the trends of (t) over time
is broadly in agreement between what was observed with giant
pulses and the values derived from scintillation arcs in this work,
with scattering rising from ~ 0.2 us to ~ 0.5 us in late 2014. This
serves as a useful cross-check of both methods. The scattering
seems to significantly vary from observation to observation im-
plying variations on less than a month; variations in the DM of
PSR B1937+21 have been observed on this time-scale through
high-cadence DM measurements (CHIME/Pulsar Collaboration
2021).

5.1.2 PSR B1821—24A

PSR B1821—24A is a MSP in the globular cluster M28. The source
emits giant pulses, and has been seen to have variable scattering times
at L band, with values as large as 25 £ 8 s (Bilous et al. 2015). While
this source has a low average S/N, we were able to detect a faint arc in
our highest S/N observation, with time delays extending to ~ 12 us.
Similarly to PSR B1937+21, this source could be a useful control for
measuring time delays through scintillation or directly using giant
pulse scattering.

The scattering appears to be consistent with the Milky Way
ISM, rather than the intracluster gas. Scattering in the intracluster
gas would result in very large values of W; approximating wvp
with the core radius of R. ~ 0.37 pc, and v, with the velocity
dispersion of A~ 11 kms~' (Baumgardt & Hilker 2018; Oliveira
et al. 2022), would result in W ~ 600km skpc~®>, much greater
than our measured W = 36 &+ 16kmskpc™®°. Comparably, our
measured value of W is easily compatible with typical Earth and
screen velocities, at a screen of ~ 1 kpc. Additionally, NE2001
predicts of T = 2.1 us (Cordes & Lazio 2002), comparable to our
measured (7) = 1.0 £ 0.5 us.

Scintillation arcs of MSPs with LEAP 1085

5.2 Binary MSPs
5.2.1 PSR J0613—0200

The scintillation of this pulsar was previously studied in Main et al.
(2020), using LEAP and Effelsberg data from 2013 to 2020. The
time delays in 2013 were much larger than in subsequent years,
corresponding also to a different screen orientation. In the last two
years of observations from 2020 to 2022, including EPTA scintil-
lation data in the past year, the source has experienced heightened
scattering fluctuations, with (t) decreasing to its lowest state in late
2020, and rising to its highest state in 2021 and beyond. This change
in scattering properties likely corresponds a change in the observed
scattering screen, where either a different screen becomes dominant,
or the screen’s properties are changing. The modelling of the variable
arc curvature of this source will be covered in Section 6.2. The
secondary spectra often show distinct, compact features of < 0.2us
in extent along the main parabola, which can be tracked between
observations during our high-cadence Effelsberg campaign in 2020
March—June, covered in Section 6.3.

5.2.2 PSR J0621+1002

This pulsar shows well-resolved, low curvature (i.e. large W) scin-
tillation arcs, with faint indications of inverted arclets suggesting an
anisotropic screen (Walker et al. 2004; Cordes et al. 2006). The
time delays are of order ~ 0.5 us, but with large measurement
uncertainties due to low S/N per pixel in the secondary spectra
arising from the diffuse arcs. The arcs are often featureless but highly
anisotropic, changing on the time-scale of months. This likely reflects
large, time-variable DM gradients across the screen, discussed in
Section 6.4.

This source is an ideal target for annual and orbital fitting of arc
curvature (e.g. Reardon et al. 2020; Mall et al. 2022, see Section
6.2). The advance of periastron o is significantly detected in timing
(Perera et al. 2019), which will allow for the component masses to be
disentangled when combined with an inclination measurement from
scintillation. Additionally, the well-resolved arcs also may enable
novel techniques such as the 6—6 transformation (Sprenger et al.
2021), which can be used for precise arc curvature measurements
(Baker et al. 2022; Sprenger et al. 2022). This will be left to future
work.

5.2.3 PSR J1600—3053

Similar to PSR J0613—0200, this source shows compact features,
with power extending at times to ~ 16 us in the t-axis of the
secondary spectrum. The qualitative behaviour of the arcs changes
over the course of our observations. In 2016, arcs appear rather
broad and diffuse compared to other years, suggesting the combined
contributions of multiple screens, or a larger degree of isotropy of the
primary screen. In 2019—2020, the secondary spectra are dominated
by a small number of discrete moving features, and in observations
from 2020 July 25 onwards, there is only a small, featureless
concentration of power at low 7 < 1 us. The total time delays were
variable around a mean value of ~400ns, decreasing to <200ns
between 2019 and 2021. Variable scattering of this source at L band
was also found in analyses of the PTA pulsar noise contributions
from timing (Goncharov et al. 2021a; Alam et al. 2021b; Chalumeau
et al. 2022) The nature of the secondary spectra meant that precise
arc curvature measurements were difficult for most observations;

MNRAS 525, 1079-1096 (2023)

€202 1SNBny |z uo Jasn [INH Jo Ausionun A +220222/6.L01/L/SZS/9IME/SEIUW/WOD dNO"dlWapede/:sdny Wolj papeojumoq



1086 R. A. Main et al.

= J0613-0200 J0621+1002 J0751+1807 /1600-3053
g 107" 2013-03-28 16-05-06 2019-09-22 2020-01-18
—
=] I LT
- 8 16 4 8

4 8 2 4

N

I ; v

£ ofpw v 08 o—k: ol

Q ‘

= 4 -8 -2 -4

-84 . -16 : -4 4 . -84 :
0 3 6 0 4 8 0 1 2 0 8 16
- J1643-1224 B1821-24A J1918-0642 B1937+21
g 107! 2014-02-16 2017-06-23 2017-02-18 2013-05-23
—
=] iy |
— 16 16 4
|
81 8 2 8
N |
] s
01 on(' o{j :

\E’ w .‘ Vo ze

Q
= - -84 -2 -84

-16 4 . -16 & ; -4 . -16 & ;
0 16 32 0 8 16 0 1 2 0 8 16
T (Ms) T (Ms) T (Ms) T (Ms)

Figure 4. Secondary spectra (images), and the associated estimates of the scattering tail /(7) by summing over fp along the arc (top panels). Several of the

sources show features at large time delays, beyond a simple exponential tail.

J1713+0747, 2019-09-22 J1832-0836, 2020-04-01

150

401
100 A

50 201

Av (MHz)

-501 20

—100 1
-40 4

—150

T

T T T T
-100 -50 0 50 100

N\

30)2010-1323, 2020-04-01

—-100 0 100

B1855+09, 2020-04-01

40

204
104
04 -

-104

Av (MHz)

-20
-201

-301

—40 y : .
—100 0 100
At (min)

—100 0 100
At (min)

Figure 5. Images: 2D ACFs R(Av, At) of the four pulsars without clear arcs.
Side panels: cuts of R(Av, 0), R(0, At) through the 2D ACF (solid black line),
and best-fitting models from which the scintillation bandwidth and time-scale
are derived (dotted red line).

MNRAS 525, 1079-1096 (2023)

along with complications from potential changes in the properties of
the screen, we leave modelling of the variable arc curvatures of this
source to future work.

5.2.4 PSR J1643—1224

The annual and orbital variations of this pulsar were previously
studied in Mall et al. (2022), placing the dominant screen distance
coincident with Sh 2-27, a large diameter foreground H 1I region.

PSR J1643—1224 was regularly observed with LEAP from
2012 to 2018, and is observed with Effelsberg as part of EPTA
observations, extending our data set from 2012 to 2022. The
properties of scintillation arcs in the last year of EPTA observations
(i.e. both n and their extent in t) are still consistent with the previous
trends, suggesting long-term stability of the screen(s). While the
annual variations of the arcs and thus the screen geometry have been
stable for ~10 yr, the time delays (t) are seen to be variable. The
scattering measured by scintillation decreases from ~ 5 — 2.5 us,
and roughly correlates with the decreasing DM of the source (Alam
et al. 2021a). The scintillation arcs show a persistent asymmetry
which is likely related to the DM gradient in this system, which we
discuss in Section 6.4.

‘We note that this source has the finest scintles of all of the LEAP
sources, with vy ~ 100kHz. At the highest time delays, the scale
of the scintillation pattern on Earth is ~2500 km, nearing the length
of LEAP’s longest baselines. Equivalently, the angle corresponding
to the largest delays is & ~ 18 mas, while the resolution of LEAP’s
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different colours denote when 1, 2, or 3 parabolas can be identified.

longest baselines is A/D =~ 21cm/1200 km ~35 mas. For a pulsar
scattered much beyond this, the angle 6 of the furthest images on
the sky will be outside of the LEAP beam and be resolved out
during coherent addition, complicating the use of LEAP as a single

effective telescope. By the same effect, pulsars with scattering com-
parable to PSR J1643—1224 can have their screens imaged through
VLBI, providing an independent way to determine scattering screen
parameters (Brisken et al. 2010). Indeed, Ding et al. (2023) measure
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Table 2. Summary of quantities derived from the arc curvatures, and from
ACF fits. The values of W = vegr,,,/+/defr and #; quoted here are an average,
representative value, and both will be time-variable owing to the annual
motion, pulsar binary motion, and changing screen properties. The values of
t, are computed as in Section 2, and represent the time for a fixed feature to
pass from —(7) to (t) given the average value of W.

Pulsar name (1) (W) (tr)
(1) (km s~ kpe05) @
J0613—-0200 0.13 +0.02 3443 33+3
J0621+1002 0.47 +£0.02 1116 19+1
J0751+4-1807 0.62 + 0.04 35+2 70+5
J1600—-3053 0.34 £ 0.02 20+ 1 93 +7
J1643—1224 2.8+0.1 33+3 157 £ 15
J1713+0747 0.010 £ 0.003 74 £ 21 42413
B1821—-24A 1.0+ 0.5 36 £ 16 88 + 45
J1832—-0836 0.031 £ 0.002 240 £ 16 23+£02
B1855+09 0.040 £ 0.004 45+£5 14+2
J1918—-0642 0.05 £ 0.01 16 £3 45£9
B1937+21 0.18 +0.01 57T+5 23+2
J2010—-1323 0.049 £ 0.006 28£3 25+3

PSR J1643—1224 to be angularly broadened to 8 = 3.65 £ 0.43 mas
using the Very Large Baseline Array, and confirm the association of
the dominant scattering screen with Sh 2-27.

5.2.5 PSR J1918—0642

The scintillation time-scale is ~10 min at its shortest, sufficiently
short to reveal a faint arc in LEAP observations. At its slowest,
the scintillation time-scale is greater than the observation length,
appearing in the secondary spectrum as power along the fp = 0
axis. Moreover, the source changed significantly around 2016, as
scintles beforehand were tens of MHz, and transitioned to <1 MHz
afterwards, indicating a large rise in scattering time (see Fig. AS).
Coincidentally, LEAP observations taken until 2016 January were
only 20 min long, insufficient to resolve scintillation in time. As
the arcs were difficult to resolve, we have too few curvatures
measurements to fit for annual and orbital variations but we do note
that the arc curvature is clearly variable with contribution from both,
as it is not always the same at a given time of year or orbital phase.

6 DISCUSSION

6.1 Time delays

The measured values of (r) are shown in Fig. 6, with a summary of
results in Table 2. The precision of pulse times of arrival is ~ 1us
in the most precisely-timed EPTA sources (Chen et al. 2021). While
the scattering time-scales are less than this for most of the sources in
our sample, uncorrected scattering variations could be a significant
source of red noise, as they are correlated in time (Goncharov et al.
2021b). Moreover, large-scale variations in (t) are correlated on the
time-scale of years in several sources, and variations on similar time-
scales could masquerade as a common signal shared between pulsars.
The subset of pulsars with resolvable scintillation with LEAP have
the longest scattering times by design, but this subset also includes
some of the pulsars with the highest timing precision in the EPTA.
In particular, PSRs J0613—0200, J1600—3053, and J1918—0642 are
among the top five most significant contributors to the common red
noise process detected by the IPTA (Antoniadis et al. 2022), and
all show variable scattering on 2 100 ns level in this work. As we
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approach a potential GW detection, and as PTA sensitivity increases,
the variable time delays from scattering will be important to consider
in GW searches.

6.2 Annual and orbital fitting of PSR J0613—0200

In Main et al. (2020), a strong annual trend in the arc curvatures of
PSR J0613—0200 was seen. Fitting the annual variations resulted in
a fractional screen distance of s = 0.58 =+ 0.10 during the period of
increased scattering in 2013, and s = 0.62 £ 0.06 afterwards, with
screen axis i changing by ~50°. It was argued that the scattering
could originate in the same screen, with orientation changing over
time. The orbital variations were ignored, and were an additional
source of scatter in individual measurements.

Here, we revisit the curvature variations of PSR J0613—0200,
including the most recent data, improved measurement of arc
curvatures, and including fitting orbital variations using the same
framework as in Mall et al. (2022). We use Gaussian priors on the
proper motion and distance from the most recent IPTA values, p, =
1.828(5) mas yr", us = —10.35(1) mas yr‘l » dper = 1.11 £ 0.05 kpe
(Perera et al. 2019). We fit the distance weighted effective velocities
W with a model of an anisotropic scattering screen,

1 1—s 1
W=——|| —Vpsta T VP — — VUscr,a sin
~/defr | ( s 7 ey ) W
1—=s 1
+ Tvpsn& + Vs — ;Uscr,é COS(¢) | (15)

We compare several different models, detailed in the following
sections.

6.2.1 Variations in screen properties

From Main et al. (2020), we know a single screen is a poor
fit to the full 2013-2019 dataspan. Here, we try two models to
account for the variable screen. For each model, we allow for N
jumps of the screen parameters, where the times of the jumps
are free parameters, bounded between the time of the first and
last observation. In the first model, we assume that the scattering
originates from a single screen, which only changes in orientation
over time [similar to the 1D scattering screens of PSR B08344-06,
and B1508 + 55 (Simard et al. 2019; Sprenger et al. 2022)]. In this
case, the fractional screen distance s, and 2D velocity v, o> User, s
are free parameters and constant over the full duration. In the second
model, we allow s, ¥, and vy to vary in each jump. This is highly
similar to the approach in Walker et al. (2022), who model the arc
curvatures of PSR J1603—7202. They allow all screen properties
to change between jumps, and find moderately strong support for
two jumps, one corresponding to a region of enhanced DM and

scattering.

In addition, we fit for the orbital inclination i and angle of nodes €2,
and we include white noise parameters F and Q as free parameters of
the fit, such that the scaled errors are s W = /(F x §W)2 + Q2.
These parameters can account for biases and underestimated errors,
but could also arise physically from variations in screen axis and
velocity, which could vary on the refractive time-scale 7, (e.g. Askew,
Reardon & Shannon 2023).

The first model, allowing for all screen parameters to vary in each
jump, results in BIC = 483.4, while the second model with a screen
at a fixed distance, changing only the orientation has BIC = 442.5.
Both models have almost identical white noise parameters F and Q,
suggesting that they fit the data comparably well, but the first model
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Table 3. Results of modelling arc curvature variations of PSR J0613—0200,
and comparison to Main et al. (2020). The model assumes an anisotropic
scattering screen at a fixed distance, but allowing for two jumps in the screen
orientation v, as described in Section 6.2. The top set of parameters are
the free parameters of the model, while the bottom set includes the pulsar
distance prior (distances from *: Perera et al. 2019, {: Desvignes et al. 2016),
and derived quantities.

Parameters Model 1 Model 2 Main et al. 2020
s 0.71* +0.02 - -
50 - 0.40* £0.19 0.587 +0.10
sl - 0.73* £ 0.03 0.627 +0.06
2 - 0.50* +0.12 -
Vser, o (kms™1) 172+ 0.9 - -
Uscr, § (km S_l) —44 408 — _
Yo(®) —30+3 —31+3 —36+9
V1(°) 16 +2 16+2 16 +2
¥2(%) 40+ 3 4243 _
i°) 58 +4 5545 -
Q) 124 + 4 126 £5 -
T} jump (mjd) 56670 =+ 30 56667 + 30 56 658 (fixed)
T jump (Mjd) 58820 =+ 30 58820 + 25 -
0 44409 44+1.0 -
F 3.1+09 33409 -
dpsr (kpe) 1.11* £ 0.05 1.12* + 0.05 0.78" +0.08
dger (kpe) 0.32 4 0.04 0.30 £ 0.03 0.30 £ 0.07
vy, (kms™!) 05408 21+19 -12425
vy, (kms™!) 124408 113+12 128 +28
vy, (kms~!) 77409 107+13 -
BIC 455.8 470.5 -

6504 @
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Figure 7. Bayesian information criteria (BIC) in fitting W variations of PSR
J0613—-0200, for models with N jumps in the screen orientation . Models
with fewer than two jumps result in a poor fit, while models with more than
two jumps result in no additional improvement and result in increased BIC
due to having more parameters.

is penalized for having more free parameters. We suggest that a single
screen can reproduce our observations, but we cannot rule out the
possibility that the variable screen properties correspond to different
screens dominating at different times. The best-fitting values of these
models are tabulated in Table 3, and the BIC of the first model as a
function of the number of jumps is shown in Fig. 7.

6.2.2 Orbital constraints

Scintillation arcs provide a way to measure resolve the ambiguity in
the sense of the inclination, i.e. i < 90°, or i > 90°. We obtain a fit
orbital inclination of i = 58 + 4° is consistent with one value from
timing of ijjyning = 68370 (Fonsecaet al. 2016), but mildly inconsistent
with the IPTA value of ijming = 70 &= 3° by <20. We obtain the first
measurement of 2 = 124 + 4°. Additionally, we compare to the fit
restricting i > 90. This results in values of i = 116.4 4+ 8.4, and Q2 =
274.0 £ 12.8, but is disfavoured, with BIC = 523
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Figure 8. Results of modelling annual and orbital scintillation arc variations
of PSR J0613—0200, shown during two periods of heightened scattering
where arcs could be measured precisely. The orbital amplitude, and the phase
of the annual curves are clearly different between the two, indicating a change
of screen geometry; while 2 and v are almost perpendicular in 2021—-2022,
the changing screen orientation ensures that the orbital modulation is
seen.

The best fit model is overlaid on the time series of W measurements
in Fig. 6, and the decomposition to annual and orbital velocity is
shown in Fig. 8. The variation of the properties of the observed
screen can be clearly seen as the phase of the annual maxima and
minima change over time, and the amplitude of the orbital curve
changes due to the changing alignment of v and 2. The times of the
jumps both correspond to regions of changing (t), suggesting that
both of these effects trace physical changes of the screen.

6.2.3 Comparison to previous work

Our results are largely consistent with, yet more precise than Main
et al. (2020). This is unsurprising, as both analysis contain much of
the same data, but the measurements of W are made differently, and
our present analysis includes data beyond 2020, orbital variations,
and times of screen jumps as free parameters rather than fixed.
However, our value of s = 0.71 & 0.02 is smaller than the value
of s = 0.62 £ 0.06. This is a result of the different pulsar distance
used, dpsr = 780 £ 80 pc from Desvignes et al. (2016), and both
measurements result in a consistent screen distance.

6.3 Movement of features

Several of the sources in our sample show discrete, compact regions
of power in their secondary spectra. as described in Section 2.2, the
movement of compact features through the secondary spectrum can
be predicted through the arc curvature. We investigate the feature
movement in PSR J0613—0200 and PSR J1600—3053.

Following the techniques of Sprenger et al. (2022), we remap
the secondary spectra in terms of /T o 6. Surrounding the best-fit
parabola n of each secondary spectrum, we take a slice of I(fp, ;)
for each bin in t, remapping every t bin to the closest value of
/7 to form a profile of I(fp, /7). The shift of features between
observations is predicted by the annual model of 7 (assuming the
orbital variations average out over time). The results of a subset of
the data in PSR J0613—0200 and PSR J1600—3053 is shown in
Figs 9 and 10, respectively. In both cases, features can be seen to
persist at a fixed location over the time they traverse the secondary
spectra, indicating scattering from compact regions of fixed 6. This
can only be seen if there is significant power near the undeflected
image of the pulsar; we see that there is persistently significant power
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Figure 9. Feature alignment in PSR J0613—0200, during the dense Effels-
berg observing campaign. Top: Secondary spectra, where several discrete
features can be seen to move throughout. Bottom: Profiles of /T versus fp
from the corresponding secondary spectra, made as described in Section 6.3,
and shifted by the predicted movement between observations. The value
/T 0 is a proxy for the image positions; features connected vertically
between observations suggest persistent scattering at regions of fixed 6.

surrounding 6 = 0 which is difficult to track between observations.
This contains the bulk of the power, dominating the changing values
of ().

6.4 DM gradients and asymmetric arcs

Scintillation arcs often show a clear asymmetry in power, related to
the phase structure across the scattering screen. A local linear DM
slope along the direction of vy creates a refractive shift (Cordes
et al. 20006; Rickett et al. 2014),

A2re

6, = ———0,DM (16)
znveff,u
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Figure 10. Same as 9, but for a series of LEAP PSR J1600—3053
observations showing moving features.

leading to a new zero point of a secondary spectrum offset by 7, as:

27 Veff, i 2c T

3,DM = )
)hzre deff

a7

Under these assumptions, the gradient in DM within the screen can
be estimated from the asymmetry in scintillation arcs, and vice
versa (shown in practice in Reardon & Coles 2023 using scintil-
lation ACFs). Additionally, the relation between the two depends
on the distance weighted effective velocity; connecting all related
observables will allow for the maximum amount of information to
be extracted about intervening scattering screens.

In our sample, PSRs J0621+1002 and J1643 —1224 are the clearest
examples showing diffuse, highly asymmetric scintillation arcs,
likely reflecting significant variations in DM (example secondary
spectra shown in Fig. 11). The DM curve of PSR J1643—1224 from
the NANOGrav 12.5 yr data release shows a persistent downwards
trend in DM of ADM ~ 1073 pcem™ yr~! from ~2013 to 2016
(Alam et al. 2021a), during which time the scintillation arcs showed
persistent asymmetric power to the right quadrant of the secondary
spectrum. The sign of asymmetry in PSR J0621+4-1002 changes
on the time-scale of months, which may suggest rapidly varying
DM. This explanation is plausible as observations with the Low
Frequency Array (LOFAR) at frequencies of about 140 MHz the
DM of J0621+1002 has been seen to vary by ~1072pccm™ on
several month time-scales (Donner et al. 2020). However, we note
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Figure 11. Top: PSR J1643—1224 secondary spectra at a similar time of year,
showing a very similar distribution of power, with an asymmetric arc with
power at positive fp. The persistent asymmetric power distribution suggests
decreasing DM along v, and thus decreasing DM with time. Bottom: PSR
J0621+1002 secondary spectra, showing diffuse, highly asymmetric power
of changing signs. This likely suggests variable DM in PSR J0621+1002, but
could also arise from the sign of vegr changing from orbital motion; the orbit
of PSR J0621+41002 will be investigated in future work.

that the scintillation arcs are sensitive to DM gradients within the
scattering screen, not necessarily the total changing electron column
which is measured by timing. A detailed analysis comparing high-
cadence DM and scintillation arc asymmetries will be valuable, but
is beyond the scope of this paper.

7 CONCLUSIONS AND FUTURE PROSPECTS

In this paper, we performed the first large sample study of scintillation
arcs in MSPs, where of 22 sources regularly observed at LEAP, we
observed scintillation arcs in 12. We are able to measure the time-
variable arc curvature and scattering in six of these sources, with
~monthly cadence over 5—10 yr.

The scintillation arcs reveal the structure along the dominant
scattering screens in these sources, revealing varying phenomena,
including compact sources of scattering in PSRs J0613—0200 and
J1600—3053, asymmetric distributions of power likely reflecting DM
gradients in PSRs J06214-1002 and PSR J1643—1224, and multiple
arcs indicating scattering by multiple thin screens along the line of
sight in PSR B19374-21. In fitting of the variable scintillation arc
curvatures of PSR J0613—0200, we were able to measure €2, and
resolve the sense of i, finding a value of i consistent with pulsar
timing. The screen axis of PSR J0613—0200 changes by tens of
degrees over 10 yr (~ 100 AU), corresponding to visible changes in
the extent of scattering.

The time delays measured through scintillation can be compared
and combined with other methods, including scattering measured
at lower frequencies, measured through sharp features such as
giant pulses (Bilous et al. 2015; Main et al. 2017; McKee et al.
2019) or microstructure (Liu et al. 2022). The effects of correlated,
variable scattering, as well as correction methods will be assessed
using simulations and applied to PTA data in future work. Orbital
studies using scintillation can be improved with better understand-
ing of scattering screens, and with more precise measurements
of the arc curvature. Studies to date have all been incoherent,
attempting to measure the primary scintillation arc without full
information of inverted arclets results from interfering pairs of
images which arise in highly anisotropic screens. Phase retrieval

Scintillation arcs of MSPs with LEAP 1091
techniques such as holography (Walker et al. 2008; Ostowski &
Walker 2023), cyclic spectroscopy (Demorest 2011; Walker et al.
2013), and the 6 —6 transformation (Sprenger et al. 2021; Baker et al.
2022) can greatly increase the precision. In sources with discrete
features, the movement of features between observations gives
another constraint on the average arc curvature in the time between
observations, and can be used as an additional precise constraint
(Sprenger et al. 2022). Even without these advanced techniques,
improved cadence of observations offer a great improvement, to
better fill the annual and orbital planes, to track features between
observations, and to track screen changes. Using all available data,
including measurements of scintillation velocities in conjunction
with arcs, will result in better constraints on pulsar orbits and
screens.

Much larger than the effect of scattering variations are the changes
in DM, for which there is significant effort to measure (e.g. Jones
et al. 2017; Donner et al. 2020; CHIME/Pulsar Collaboration 2021;
Tarafdar et al. 2022). Scintillation, scattering, and refractive flux
variations are all physically linked, and related to the changing
column density of electrons. Detailed mappings of these quantities,
as is now being attempted in eclipsing binaries (Lin et al. 2021, 2023),
will be valuable, and lead to a more complete physical understanding
of the effects of the IISM on pulsar signals.
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APPENDIX: SECONDARY SPECTRA

Here, we show the secondary spectra of all of the sources with resolv-
able scintillation with LEAP, as well as the Effelsberg observations
of PSRs J0613—0200 and J1643—1224.
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Figure A1. Secondary spectra of all observations of PSR J0613—0200, including targeted Effelsberg observations and recent scintillation-stream EPTA data.
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Figure A2. Secondary spectra of all observations of PSR J1643—1224, including recent scintillation-stream EPTA data.
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Figure A3. Secondary spectra of all observations of PSR J0621+1002.
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Figure A4. Secondary spectra of all observations of PSR J1600—3053.
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Figure A5. Secondary spectra of all observations of PSR J1918—0642.
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Figure A6. Secondary spectra of all observations of PSR B1937+-21.
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