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ABSTRACT

We present the detection of 107 pulsars with interstellar scintillation arcs at 8561712 MHz, observed with the MeerKAT
Thousand Pulsar Array Programme. Scintillation arcs appear to be ubiquitous in clean, high S/N observations, their detection
mainly limited by short observing durations and coarse frequency channel resolution. This led the survey to be sensitive to
nearby, lightly scattered pulsars with high effective velocity — from a large proper motion, a screen nearby the pulsar, or a screen
near the Earth. We measure the arc curvatures in all of our sources, which can be used to give an estimate of screen distances
in pulsars with known proper motion, or an estimate of the proper motion. The short scintillation time-scale in J1731—4744
implies a scattering screen within 12 pc of the source, strongly suggesting the association between this pulsar and the supernova
remnant RCW 114. We measure multiple parabolic arcs of five pulsars, all of which are weakly scintillating with high proper
motion. Additionally, several sources show hints of inverted arclets suggesting scattering from anisotropic screens. Building on
this work, further targeted MeerKAT observations of many of these pulsars will improve understanding of our local scattering
environment and the origins of scintillation; annual scintillation curves would lead to robust screen distance measurements, and
the evolution of arclets in time and frequency can constrain models of scintillation.
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highly anisotropic thin ‘screens’ (Walker et al. 2004; Cordes et al.

1 INTRODUCTION 2006). Some scattering screens have been seen to persist over many

Observations of the radio emission of pulsars exhibit scintillation,
an interference pattern owing to electron density fluctuations in the
ionized interstellar medium (IISM). Recent studies of several pulsars
have revealed ‘scintillation arcs’ — a parabolic distribution of power
in the 2D power spectrum of scintillation commonly referred to
as the secondary spectrum. Discovered by Stinebring et al. (2001),
scintillation arcs have proven a powerful probe of the distribution
and geometry of scattering structures in the IISM, as well as a probe
of pulsar emission regions (e.g. Pen et al. 2014), and binary orbits
(e.g. Reardon et al. 2020).

In addition to a main parabola, many sources show ‘arclets’,
inverted parabolae of the same curvature stemming from apices on
the main parabola, which persist over time-scales of months. This
is difficult to explain with a picture of turbulent, isotropic, volume
filling IISM, instead suggesting compact scattering structures along

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

years (Reardon et al. 2020; McKee et al. 2022; Mall et al. 2022),
suggesting the extent of these screens to be 21000 au. Moreover,
arclets are seen to track between observations and across frequency
(Hill et al. 2005; Sprenger et al. 2022), consistent with compact
scattering structures at fixed angular positions.

It is currently unknown precisely how and where these screens
originate, although screen associations have placed screens in super-
nova remnants (Cordes et al. 2004; Yao et al. 2021), H 11 regions (Mall
et al. 2022), potentially near the edge of the local bubble (Reardon
et al. 2020; Sprenger et al. 2022), or in ionized gas surrounding hot
stars (Walker et al. 2017). The electron densities required to scatter
radio light at such large angles are difficult to reconcile with pressure
balance in the IISM, leading to models of scattering in thin overdense
or underdense plasma sheets seen edge on (Pen & Levin 2014), or in
magnetic filaments (Gwinn 2019).

While most studies of scintillation arcs to date have focused on
specific sources of interest, wider surveys are useful in determining
the behaviour and occurrence of scintillation arcs, as well as the
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distribution of screens in the Milky Way. Recent surveys suggest
scintillation arcs are common, if not prevalent. Stinebring et al.
(2022) found scintillation arcs in 19 out of 22 detected pulsars in
a survey of bright, low Dispersion Measure (DM) pulsars using
the Green Bank Telescope and the Arecibo Observatory. Wu et al.
(2022) detect scintillation arcs in 9 out of 31 sources with LOFAR
at 110 — 190 MHz; scintillation becomes finer in both time and
frequency, requiring very fine channelization and time sampling,
resulting in harsh signal-to-noise limitations in detecting arcs.

The Thousand Pulsar Array (TPA) is part of the Large Survey
Project ‘MeerTime’ on the MeerKAT telescope (Bailes et al. 2020),
which has observed 1270 pulsars in the southern sky in a wide
band from 856 to 1712 MHz (details of the TPA in Johnston et al.
2020). With the wide band, and the massive upgrade in sensitivity
of MeerKAT compared to Parkes, the TPA can be used as a
representative survey of scintillation properties of pulsars in the
southern sky.

In this paper, we present the first results of scintillation using
the TPA, focusing on detection and measurements of scintillation
arcs of 107 pulsars. Section 2 revisits the necessary theory of
scintillation arcs, Section 3 describes the data, the reduction, the
sample and curvature measurements, Section 4 describes our results,
and Section 5 includes ramifications of our results and prospects for
future work.

2 BACKGROUND

In this section, we briefly review the relevant theory of scintillation
arcs, and refer the reader to Walker et al. (2004) and Cordes et al.
(2006) for more detailed treatment. Additionally, in Section 2.2, we
outline limiting cases, and the approximations necessary to estimate
the screen distance or pulsar proper motion from a single measure of
a scintillation arc curvature.

2.1 Scintillation arcs

The dynamic spectrum I(v, 1) = |E(v, 1)|? expresses the pulse intensity
as a function of time and frequency. The 2D power spectrum, or
secondary spectrum, |/(t, fp)|? expresses the intensity in terms of its
conjugate variables fp and T which are related to the Doppler shift and
phase delay. In the limit of strong scattering, the secondary resulting
interference pattern can be described through the stationary phase
approximation as a discrete set of deflected images. The secondary
spectrum then contains the interference of all pairs of images
(0; —0;) - veir
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where X is the observing wavelength, and the effective distance deg
and effective velocity v.s are defined as

, 2
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der = (1/s — 1)d,, (3)
Veip = (1/s — v, +vg — vy /s, )
s=1-4d/d,, 5)

where d,,, d, and v, v are the distances and velocities of the pulsar
and the scattering screen, respectively, and vg is the Earth’s velocity.
In weak scattering, the main pulsar image is much brighter than
subimages, resulting in a sharp forward parabola. With the main
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pulsar image at #; = 0, the common dependence of z and fp on 0
results in a relation of

)\zd ff
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(6)

In strong scattering from a highly anisotropic screen, subimages
are of comparable brightness, and the cross-terms result in inverted
parabolae (‘arclets’) of the same curvature with apices located on the
main arc.

Following Mall et al. (2022) and Sprenger et al. (2022), we choose
not to work directly with 7, but rather with

Vel A
Vet J2en’

separating the measurements and constants from physical quantities
of interest, where W has the added benefit of approaching O rather
than diverging when vegr || — 0.

W=

N

2.2 Approximations

For an isolated pulsar, W contains the degenerate combination of
six unknown parameters; the pulsar’s distance d, and 2D velocity
v,, the screen’s distance d;, and either the parallel velocity v, |, and
axis of anisotropy ¥ for a 1D screen, or the 2D velocity v, for an
isotropic 2D screen. Even in pulsars where the proper motion and
distance are independently well measured, a single measure of W is
insufficient to measure the screen properties, where this degeneracy is
typically either broken by using annual variations of W or  (Reardon
et al. 2020; McKee et al. 2022; Mall et al. 2022; Sprenger et al.
2022), or through VLBI or multitelescope dynamic spectra (Brisken
et al. 2010; Simard et al. 2019). However, one does not typically
have annual scintillation curves, or scintillation cross-spectra; under
certain limits reviewed here, one can obtain meaningful information
from W.

Screen is near to the pulsar or the Earth — A value W much
greater than v, is likely to imply local scattering, either near to
the pulsar or the Earth. When scattering is in the pulsar’s local
environment (e.g. supernova remnants Cordes et al. 2004; Yao et al.
2021, or eclipsing binaries, Main et al. 2018; Lin et al. 2021), then
d; — d,, and s — 0. The Earth’s velocity is negligible, and the only
relevant terms are the distance and velocity between the source and
the screen. Assuming the screen velocity is negligible, and the screen
is isotropic or aligned with vy,

v2
dpl ~ sz’ (8)
where d,; = d, — d.

Interstellar screens < 5 pc of the Earth have been observed from
scintillation arcs of B1133+16 (McKee et al. 2022), and scintillation
of active galactic nuclei (Wang et al. 2021). Under the same

assumptions as above, for a local screen,

%
dy ~ W 9)
We caution, however, that screen velocities or misalignment can
greatly influence the estimates of d; or dj,, as their contributions to
either are squared.

Screen is halfway to the pulsar — When the pulsar proper motion
is unknown, it can be estimated given an assumption of the screen
distance. If e.g. the screen is halfway to the pulsar, then degr = d,,
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s =1/2, and

w
wA (10)

\d,
While highly uncertain, this can result in a rough estimate of pulsar
proper motions. This argument is equivalent to determining proper
motions using scintillation velocities, e.g. Cordes & Rickett (1998).

3 DATA

The data and processing for this paper are identical to those used
in the census of Posselt et al. (2022); all of the data were taken
under the Thousand Pulsar Array project (Johnston et al. 2020) as
part of MeerTime (Bailes et al. 2020). In brief, the observations were
taken with the MeerKAT L-band receiver (centred at & 1283.6 MHz),
and are folded with 8s integrations and ~ 0.836 MHz channels,
corresponding to a total range of 62.5 mHz in fp and ~0.6 us in 7.
For one pulsar (see Section 4.3), we used the data available at a high
time resolution of 38.28 us to extend the range of fp. As observation
duration is one of the limiting factors to detecting scintillation arcs,
we limited this study to the single longest observation of every pulsar,
typically ~5-20 min, although in a few cases much longer.

3.1 Creating dynamic spectra

To create the raw dynamic spectra, radio frequency interference
(RF]) is flagged and masked by the standard deviation in the off-
pulse region, using methods identical to Main et al. (2020) and
Mall et al. (2022). After RFI masking, the off-pulse is subtracted in
every time and frequency subintegration. The background-subtracted
folded spectrum is then multiplied by the frequency-averaged pulse
profile, and summed over phase and polarization to form I(z, v).

Due to the high sensitivity and wide band of MeerKAT, the
dominant source of noise in the dynamic spectrum of many pulsars
is not receiver noise, but rather the pulse-to-pulse variations and the
window function caused by the RFI mask. The measured dynamic
spectrum is Iyeas(t, v) = L(f, V)Mgrpi(t, V)i (t, v). The intrinsic
variations are often removed by dividing the frequency-averaged
intensity from every subintegration, but this has the effect of up-
weighting noisy integrations (and vice versa), and diverges when
the pulsar nulls. We try to solve this problem using a Wiener Filter,
following the same steps as Lin et al. (2021). The one addition is that
we multiply our window function by the frequency-averaged flux in
each time bin, [i, (7, v), in an attempt to filter out the intrinsic pulse
variations. For computational reasons, the full band is split into 8 sub-
bands, and the time axis is split in longer observations (> 24 minutes
/ 180 time bins), and the Wiener Filter computed separately in
each.Characteristic examples of filtered dynamic spectra are shown
in Fig. 1.

3.2 Creating secondary spectra

Due to the A scaling of the arc curvature 7, a regular 2D FFT over a
wide band will result in a smearing of scintillation arcs. We account
for this by using the ‘NuT’ transform applied in Sprenger et al.
(2021), where the Fourier Transform in time is performed on a scaled
axis ¢ = ﬁt, which fixes arcs to constant curvature. In addition,
compact features of fixed angular positions on the sky will be seen at
constant positions across frequency in the secondary spectrum. We
choose v.; = 1400 MHz for all plots in this paper. Before taking the
Fourier transform, the mean of the dynamic spectrum was subtracted,
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and a 10 per cent border in both frequency and time were tapered with
a Hanning window.

3.3 Arc detections

For every pulsar, diagnostic plots were created which included the
dynamic and secondary spectra, and 2D autocorrelation functions
(ACFs) across the full band, as well as zoom ins to the two clean bands
of 920-1020 and 1300-1500 MHz. Any sources with observable
modulation were deemed sources with either fully or partially
resolved scintillation — for each of these pulsars, secondary spectra
were produced with a range of f limits in both clean bands. These
plots were inspected manually; scintillation arcs were identified as
sources with significant cross-power in the secondary spectrum; i.e.
power away from the fp = 0, T = 0 axes. Characteristic examples
showing arc detections, as well as sources with partially resolved
scintillation (in either time or frequency) but without an arc, are
shown in Fig. 1.

3.4 Arc curvature fitting

To fit for W, we used the ‘Normalized Secondary Spectra’, which
remaps the fp axis t0 fpnom = fp/Ter/T (Reardon et al. 2020).
This transformation maps parabolae to vertical lines of fp norm o< W,
and in this paper we take 7,f = 0.6 s, the maximum value of ©
allowed by the channel widths. Summing over the t axis results in
the power as a function of arc curvature S(W), where arcs can be
identified as peaks. We fit peaks in S(W) with an inverted parabola,
where the starting values and fitting range of W are chosen to vary
by source, using an interactive fitter. Arc asymmetries may originate
from local phase gradients across the scattering screen (Cordes et al.
2006; Rickett et al. 2014), so we fit W separately for positive and
negative values of fp; final values of W are the mean from both
sides, while we also record the difference AW,,. The error of W is
computed from the half width at half-maximum (HWHM) divided
by the S/N of the peak, where the N is the standard deviation of S(|W|
> 2W4,). For sources with screen distances discussed in the text (all
of which are cases of large W suggesting local scattering), the two
screen solutions are estimated from equations (8) and (9). The screen
solution near the pulsar uses previously measured proper motions,
while the solution near Earth uses SCINTOOLS (Reardon 2020) to
predict Earth’s velocity vector in the plane of the sky in the direction
of the pulsar.

4 RESULTS

Of the 1270 pulsars observed, we found 107 to have observable
scintillation arcs. The measured values of W, AW, and derived
estimates of Vigg are in Tables Al and A2, and secondary spectra
plots are shown in Fig. Al.

The detection of arcs is greatly limited by the short durations of
observations and the coarse channels; many sources showed a clear
scintillation pattern in frequency, but with too short a duration to
resolve the pattern in time, and many more sources have scintles
far smaller than the channel bandwidth, and are averaged out in
each channel. The channel resolution means we are biased towards
detecting arcs in mildly scattered, primarily nearby/low DM sources.
The short observing durations mean that only high W sources will
show an arc; i.e. sources with large velocities, or screen near to the
pulsar or Earth. This is seen in our results — the inferred proper
motion velocities are > 100 kms~' in most sources, in many cases
much larger.
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Figure 1. Characteristic examples of dynamic spectra at 1.4 GHz (bottom) and corresponding secondary spectra (top). Dynamic spectra are normalized such
that their average intensity is 1, and secondary spectra are plotted in log-scaling, spanning the full range in fp and 7. J1136+1551 and J0922+4-0638 both show
arcs; J1136-+1551 is weakly scintillating with the intensity slightly modulated around 1, while J0922+0638 strongly scintillates with intensity extending to many
times the mean. J2215+1538 shows strong scintillation resolved in frequency, but unresolved in time due to low vt /+/defr and short duration. J0835—4510
shows strong scintillation resolved in time but far unresolved in frequency; due to high S/N, scintillation is still apparent but with greatly reduced modulation.
J1818—1422 is scattered to ~12 ms at L band (Oswald et al. 2021), corresponding to vy & 10 Hz, entirely unresolved by our channels.

In addition to the constraints from channel bandwidth and duration,
the detection of arcs can be limited by S/N, or by unmasked RFI,
pulsar moding or nulling, which lead to convolved noise in the
secondary spectrum. While we tried to account for the pulsar’s
variable emission in the dynamic spectra using a Wiener Filter, this
is highly suboptimal when pulsars are nulling for = 50 per cent of
the time, and the RFI flagging and excision may not be perfect in all
observations. We plot the DM and S/N of our arc detections compared
to the full sample in Fig. 2. The sources with arcs are primarily with
DM < 100 pcem™, and with S/N 2> 100, where higher DM sources
are typically more scattered, with scintillation unresolved due to our
coarse channels.

4.1 Multiple screens, and evolution with frequency

We detect five sources with clear evidence of multiple arcs, shown
in Fig. 3. These sources all tend to be very low DM, nearby
sources, and exhibit weak scintillation (i.e. with o;/(I) < 1, see
J1136 + 1551 in Fig 1). The fact that the nearest pulsars show
multiple screens suggests that there are many screens along any
given line of sight. However, strongly scintillating sources tend to
show a single, dominant arc (e.g. J0922+0638 in Fig. 1). This can
arise either from physical reasons or from selection — it is possible
that there tends to be one dominant screen along the line of sight,
perhaps due to having the highest ADM, and being near to the
halfway point which maximizes the path-length difference (and thus

=

o
w
1

No Arc Detection
Arc Detection

N pulsars
5

105 .

104 4

= 103_

S/

102 5

101 .

Figure 2. Sample DM, S/N, and the detections of arcs. Top: Cumulative
distribution of sources versus DM. Bottom: Scatter plot of source S/N versus
DM in the longest TPA observation for each source, which was inspected
for arcs. Sources with detected arcs were found with DM < 100 pccm™,

S/N>100.

MNRAS 518, 1086-1097 (2023)

€20z 11dy 1.z uo 1sanb Aq $9/089/9801/1/81G/2I01E/SEIUW/WIO0Y"dNODILSPEDE//:SA)Y WO} PAPEOjUMOQ


art/stac3149_f1.eps
art/stac3149_f2.eps

1090

R. A. Main et al.

0.54J0536-7543 J0536-7543 J1057-5226 r J1057-5226
1.0GHz 11.4GHz l1oGHz | 1.4GHz
21.5min 87.8min ]
w
b}
_05 4
-20 0 20 —20 0 20 ~10 -5 10 -10 -5 0 5 10
0.54J1136+1551 J1136+1551 J1210-6550 i J1210-6550
1.0GHz 1 1.4GHz 11.0GHz 5 | 1.4GHz
20.3min 36.1min
- - n
R - - _‘ ' d
ojmelliilh || S -
- rery
—-0.51 -
-20 -10 0 10 20 -20 -10 O 10 20 -10 -5 O 5 10 -10 -5 0 5 10
0.54J1232-4742 J1232-4742 J1239+2453 J1239+2453
1.0GHz 1.4GHz 11.0GHz 1.4GHz
29.7min 23.6min ¥
’UT c - ; =
2 007 ] ‘-‘- R _— -_.+._. REne
[ = ) Fo
{
_05 4
10 -5 0o 5 10 -0 -5 0 5 10 -20 0 20 -20 0 20
0.5 {J1404+1159 - J1404+1159 1614+0737 4 J1614+0737
1.0GHz | 1.4GHz 11.0GHz F o 1 1.4GHz
45.5min 20.7min My -
1 S 1 ]
0.0 1 | ;&
] >
¥ - - t
Y | B g
1 z 4 -
—0.51 L
0.5 T T = E T T T T T T T T ‘:"l T J- T T T T
-10 -5 0 5 10 -10 -5 0 5 10 -20 0 20 -20 0 20
0.54J1740+1311 J1740+1311 i J2048-1616 J2048-1616
1.0GHz 1 1.4GHz - 1 1.0GHz 1 1.4GHz
13.8min > 33.7min
1 -4
0.0 8
T 7 1)
—0.51 2 ¥
20 0 20 20 0 20 20 0 20 ~20 0 20
fp (mHz)

Figure 3. Secondary spectra of multi-arc systems, and a selection of sources showing interesting evolution across frequency, discussed in Sections 4.1 and 4.2.

7) for a given deflection angle. In addition, two-screen effects could
quench the scintillation from additional screens once the source
appears extended, while in weakly scattered sources the pulsar line-
of-sight image dominates and two-screen effects are subdominant.
A possible selection effect is that sources of strong scattering result
in inverted arclets, which may drown out additional screens in the
secondary spectra. One additional selection effect to consider is that
all of the multiscreen sources have large proper motions of 140-
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660kms~!, where the slowest of these sources (J1057—5226) had
a comparatively long 87.8 min observation. This suggests that the
detection of multiple arcs is greatly influenced by the resolution
in fp, in addition to the effects described above. We discuss future
avenues to break these ambiguities in Section 5.

The outermost arcs in three of our multi-arc sources imply
scattering screens very near the source, with d;; ~ 35 pc, d;; =~ 27
pe, dis &= 65 pc in JO536—7543, J1239+4-2453, and J2048—1616-
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, respectively, or within a parsec of the Earth. If the scattering is
near Earth, there would be a strong annual modulation of the arcs,
similar to the outermost arc in B11334-16 (McKee et al. 2022), and
the corresponding screens would have a large angular extent. These
multiscreen sources imply a screen density along the line of sight
of <200 — 300 pc per screen, while the six screens in B1133+16
shown by McKee et al. (2022) imply < 60 pc per screen.

4.2 Secondary spectrum evolution with frequency

In Fig. 3, in addition to multiscreen sources, we included sources
which show interesting behaviour across frequency. This includes
sources with discrete features at the same location across frequency,
consistent with scattering from compact regions of fixed angular
position. PSR J16144-0737 shows an evolution from weak to strong
scattering across the band, showing evidence of inverted arclets at
1 GHz indicative of a highly anisotropic screen. PSR J1740—1311
looks like a diffuse arc at | GHz, but appears to show structured power
at 1.4 GHz. A quantitative comparison of the feature positions across
frequency (e.g. Brisken et al. 2010; Rickett et al. 2021), and with time
(e.g. Hill etal. 2005; Sprenger et al. 2022) will concretely determine if
scattering occurs from compact regions, and may distinguish between
scattering from overdense or underdense regions.

4.3 PSR J1731-4744

PSR J1731—4744 (B1727—47) was recently determined to be a high
proper-motion pulsar with & = 151 4= 19 mas yr~!, and tracing back
the pulsar motion suggests an association with supernova remnant
RCW 114 (Shternin et al. 2019). In our sample, J1731—4744 stood
out as having the highest value of W, or equivalently showing
an extremely fast ~several second scintillation time-scale with
resolvable scintles in frequency, shown in Fig. 4. For this source,
we re-reduced the filterbank data with single pulse time integrations
(~0.83s), to fully resolve the arc in fp. The measured value of W =
3830 + 440km s~' kpc®? indicates either a screen near to the
source, with estimates of s ~ 0.02, and d,; &~ 12pc, or a screen at
d; ~ 0.03 pc from the Earth. The SNR shell of RCW 114 has a
radius of ~2°, ~ 20 pc at d, ~ 600 pc, comparable to dp,;. Our result
strongly suggests the association of J1731—4744 with RCW 114, in
agreement with Shternin et al. (2019).

4.4 Comparison with literature

Several of the sources in our sample have had previously observed
scintillation arcs. We highlight and compare a few of these results.

J08374+0610/B0834+06 is one of the best-studied pulsars for
scintillation, showing dramatic inverted arclets, being used for phase
retrieval (Walker et al. 2008), and imaged through VLBI to be a
highly anisotropic screen (Brisken et al. 2010) at a distance of d; &~
420 pc. In our data, we detect only a forward arc without inverted
arclets. Our estimate of d; =~ 412 pc is quite close to the more robust
value from Brisken et al. (2010), suggesting we are still seeing the
same scattering screen, where this agreement is likely aided by the
fact that the screen is (seemingly coincidentally) closely aligned
with the pulsar proper motion. The transition from strong to weak
scattering is consistent with the findings of Smirnova et al. (2020),
who observed the same change in the source’s scintillation between
2012 and 2015.

J1057—-5226/B1055—52 was studied with Parkes data at
1400 MHz by Kerr et al. (2018), finding a prolonged period of
increased scattering (i.e. decreased scintillation bandwidth) from
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Figure 4. Dynamic and secondary spectrum of J1731—4744, rereduced with
single pulses as described in Section 4.3. The large effective velocity implies
a screen distance of dis ~ 12 pc, comparable to the radius of SNR RCW114
which the pulsar is coincident with.

MIJD 54725—55725, interpreted as an extreme scattering event
(ESE). During the ESE, the secondary spectra were dominated by
a single arc with inverted arclets at curvature of noyer ~ 0.02s%. In
observations at MJD 57506—57509, long past the ESE, a second,
interior arc is visible at iper &~ 0.06s>. These arcs correspond to
Wouter =~ 340km s™! kpe™%%, Wipper ~ 200 km s~! kpc=23, in close
agreement with the two arcs seen in our data at Woyer = 372 £ 79 km
57! kpc‘°'5, Winer = 166 £ 14km s~ kpc_o'5 on MJD 58655.
This suggests that the nature of scattering is similar to the state of
‘quiescent’ scattering observed in the later observations of Kerr et al.
(2018); the same arcs being visible over many years, combined with
the pulsar’s transverse velocity of 2140 km s~! implies the transverse
extent of the two screens is 2100 au, 2 300 au, respectively.

J1136+1551/B1133+16 was studied by McKee et al. (2022),
who measure the variations of 6 arcs across 40 yr. In our single
observation, we clearly detect three of these arcs, which correspond
to their arcs B, C, and E. In longer observations with finer frequency
resolution, we could likely further disentangle the multiple screens.

J1239+-2453/B1237425 shows clear evidence of three screens in
our data, across the full band. In previous LOFAR observations at
110-190 MHz, the secondary spectra show only a diffuse blend of
power (Wu et al. 2022). Additionally, only the inner arc was faintly
seen by Fadeev et al. (2018), who observed the source with GBT at
316-332 MHz.
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J1921+42153/B1919+21 showed a clear arc at LOFAR in Wu
et al. (2022). Their values of n ~ 4.4 s> at observing frequency of
150 MHz correspond to WA 216 km s~! kpc ™03, in agreement with
our measured value of W = 243 £ 25km s~! kpc™03, suggesting we
are observing the same screen.

J0452—-1759/B0450—18 was studied in detail by Rickett et al.
(2021) at 340 and 800 MHz with the GBT, showing clear inverted
arclets and being fit well with a 1D screen brightness distribution. In
our data, we miss this structure, seeing only the outline of an arc. This
shows the limitations of our short observing time (9 min, compared
to 60 min observations), and that rich structures can be revealed using
longer integrations. It is also possible that our observation is at a low
point of veg, || from annual motion.

5 RAMIFICATIONS

In summary, we have presented the discovery of 107 sources with
detectable scintillation arcs with the Meerkat TPA. In this section-
, we discuss ramifications and future avenues.

Our findings are consistent with recent suggestions that scintil-
lation arcs are prevalent (Stinebring et al. 2022), their detection
primarily limited by frequency resolution and observation duration,
provided the dynamic spectrum is high S/N and largely devoid of
RFI. The nature of this survey manifests in strong biases, where arcs
are easiest to detect in weakly scattered sources with high effective
velocity — either through a high proper motion, or local screens,
as in the case of J1731—-4744. The detection of multi-arc sources
include even more selection biases, with multi-arc sources primarily
being nearby, weakly scintillating sources with very high transverse
velocity. There are likely many screens on any given sightline which
cannot be seen in secondary spectra due to insufficient time duration,
two-screen interactions, or inverted arcs.

This survey leaves many avenues for further research. In the TPA
alone, there are hundreds more sources with resolvable scintillation,
but without the detection of arcs. Analysis of the full sample can
provide measures of scattering time T on many more sightlines, which
will help improve Galactic electron models (e.g. Cordes & Lazio
2002; Yao, Manchester & Wang 2017). The more distant, scattered
sources will be best studied at higher frequencies where arcs with be
sharper, more easily resolvable. Through wide-band/multifrequency
observations, or through phase-retrieval techniques such as cyclic
spectroscopy (Demorest 2011; Walker, Demorest & van Straten
2013), one could measure the correspondence between time-domain
scattering and scintillation arcs. This may help elucidate the mor-
phology of scattering tails, and investigate if seemingly isotropic
scattering could be reproduced through the ensemble of many
anisotropic screens (e.g. Oswald et al. 2021).

With only a single arc curvature measurement, only crude es-
timates of screen distances can be made. Additional observations
to obtain annual curves (Main et al. 2020; Reardon et al. 2020;
McKee et al. 2022; Mall et al. 2022), or VLBI (Brisken et al. 2010)
can fully solve for screen distances and geometry. In multiscreen
sources, VLBI combined with dynamic cross-spectra can be used
to simultaneously solve for multiple screens (Simard et al. 2019),
and characteristic two-screen effects may also provide additional
constraints on screen geometry, as seen in B15084-55 (Sprenger et al.
2022). With a growing number of scattering screen measurements,
it may be possible to map the distribution of screens in the Milky
Way, cross-matching with foreground stars, H1I regions, supernova
remnants, and with the local bubble and other local plasma. With
high S/N, one could probe magnetism in scattering screens, and
compare scintillation across pulse phase to resolve pulsar emission.

MNRAS 518, 1086-1097 (2023)

The results of this survey will then serve as a valuable stepping
stone to studying the distribution of free electrons in the Milky Way,
probing the dynamics and emission of pulsars, and elucidating the
astrophysical origin of interstellar scintillation.
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Source DM dp Vom w AW,
(pc cm™3) (kpc) (kms~1) (kms~!) (kms™h)
(kpe™"%) (kpe™"%)
J0151-0635 25.66 1.2 69 88 £29 -
302064028 12.9 0.6 76 98 +36 -
70304+1932 15.657 0.6 110 51+3 —4+3
104521759 39.903 2.4 145 134 £25 -35+13
105367543 18.58 0.8 255 1488 + 18 —25+17
907 =+ 83 1177
574 £28 -
- - . 191+ 119 -
J0630—2834! 34.425 0.333+0:03) 81 183 + 38 54+ 14
J0659+14147 13.94 0.28810:033 60 209 + 84 ~118+33
J0758—1528 63.327 3.0 219 127 £ 38 54+28
J0820—1350° 40.938 1.96170:187 418 322457 —27£57
J0837+0610* 12.864 0.61310-967 148 2676 ~7+6
109081739 15.879 0.9 208 345 + 47 63 +£47
3092240638 27.299 12057932 505 338 + 64 9149
J1057-5226 29.69 0.7 143 166 =+ 14 —20+6
- . . - 372+79 50 = 80
J1136+15516 4.841 0.37215:9% 660 1171 £226  —31£229
764 + 121 26+ 122
- . - : 419+ 20 -
J1141-6545 116.08 2.5 40 193 £ 36 47 £38
7123942453 9.252 086210 0% 472 2462 £152 318 £152
1288 + 59 66 =+ 59
- . . - 342+ 22 15+£6
11257-1027 29.634 1.6 103 306 + 35 50£13
J1430-6623 65.102 1.0 176 305 £ 40 —57+24
J1534-5334 24.82 11 160 119 £ 67 95+ 17
J1645-0317° 35.756 3.96870357 386 287 4+ 63 ~74 £ 63
11650—1654 4325 L5 114 146 + 28 39+15
J1703—1846° 49.551 2.85719476 229 267 £ 38 54+12
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Table A1 - continued

Source DM dp Vpm w AW,
(pc cm ™) (kpc) (kms™!) (kms™1) (kms™!)
(kpe ™) (kpe™0%)
J1731-4744 123.056 0.6 429 3826 £440 489 +443
J1740+1311 48.668 1.5 208 365 £ 15 13 £ 11
J1825-0935 19.383 0.9 66 82+£22 —31£16
J1844+1454 41.486 22 476 126 £ 59 -
J1900—2600 37.994 12 286 415 + 64 48 + 64
J1901-0906° 72.677 1.961701%7 183 189 + 36 ~50+26
7192142153 12.444 1.1 186 243 £ 25 32425
319412602 50.036 17 123 131 +34 —47 £34
19462913 44.309 L5 277 76 £ 8 11£8
120460421 35.799 1.7 96 50 + 44 —63£22
J2048—1616° 11.456 0.95210:918 511 466 + 43 —66 £ 21
1508 + 35 ~78 £ 17
. - . . 1927 £109  —225+ 109
J2144-3933! 3.35 0.16570017 130 319+ 36 —51£5
J2317+2149° 20.87 1.96170303 79 56 & 14 -
12330-2005 8.456 0.4 138 143 £38 —11£5
J2346—0609° 22.504 3.6367034 733 534 £23 +

Note. J1141—6545 is dominated by its binary motion, resulting in orbital variations of W (Reardon

et al. 2019).

Table A2. Arc measurements and estimates of Vigs in sources without known proper motions.
The errors on Vigg include only the measurement error on W, not the large unknown uncertainty
in the distance, and are subject to the assumptions and biases discussed in Section 2.2.

Source DM dp w VISS A er
(pc cm ™) (kpc) (kms™1) (kms™h) (kms™!)
(kpe0%) (kpe™0%)
JO211-8159 24.36 1.0 224 £ 35 224 + 35 9435
J0343—-3000 20.2 0.9 170 £8 164 £8 -
J0455—-6951 94.7 434 23+9 152 £59 +
J0459—-0210 21.02 0.9 144 £ 17 138 £ 16 -7+17
J0529—-6652 103.31 46.2 378 £91 2569 £+ 619 +
J05434-2329 77.703 2.1 402 £+ 129 577 £ 185 —182 +48
J0633-2015 90.7 6.6 27 +£8 69 + 21 —
J0636—4549 26.31 1.3 376 £ 78 431 + 89 —110£ 76
J0656—2228 32.39 1.9 117 £ 14 161 £19 9+ 14
J0909—-7212 54.3 1.9 96 £+ 74 132 £ 102 105 £ 12
J0919—-6040 82.5 2.5 34+ 12 54+£19 -
J0924-5814 57.4 1.8 140 £ 17 190 £ 23 14+17
J1001-5939 113.0 2.8 457 £+ 38 758 £ 63 —54 + 38
J1018—1642 48.82 32 89 £45 158 £+ 80 —63 £ 16
J1020—5921 80.0 2.1 154 £28 222 £40 21 + 28
J1032—-5206 139.0 3.5 161 £15 299 £ 28 -
J1055—-6905 142.8 3.9 118 £51 234 £ 101 31 +£51
J1112—6926 148.4 4.0 106 £ 29 212 £ 58 —41+ 19
J1119-7936 274 1.0 116 £ 17 117 £ 17 —-1+17
J1132—-4700 123.0 5.2 262 £ 81 596 + 184 —114 +48
J1141-3107 30.77 1.2 257 £ 47 283 £52 -
J1210—6550 37.0 1.1 125 £38 134 £ 41 —54+5
J1232—-4742 26.0 0.9 129 + 12 125 £ 12 4+15
J1239—-6832 94.3 2.1 128 £11 186 £ 16 2411
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Table A2 — continued

Source DM dp w VISS AW]r
(pc cm ™) (kpc) (kms™!) (kms™!) (kms™!)
(kpe0%) (kpe0%)
J1240—-4124 441 1.5 150 £ 59 185 £73 84 +22
J1312—6400 93.0 1.9 78 £8 109 £ 11 +
J1340—-6456 76.99 1.7 150 £+ 54 196 + 70 -
J1404+1159 18.499 1.4 97+4 115+5 12+3
J1418-3921 60.49 1.2 27+£8 29+9 11+£7
J1440—-6344 124.2 3.1 141 £ 28 247 £ 49 —40 £+ 20
114435122 87.0 1.9 94 +42 131 £59 60 £ 11
J1514—-4834 51.5 1.3 176 £+ 30 201 + 34 —38+30
J1527-3931 48.8 1.5 120 £ 29 147 £ 36 -
J1530—-5327 49.6 1.2 1064 £+ 218 1181 £+ 242 308 £ 59
J1535—-4114 66.28 2.0 160 £ 20 224 £28 3421
J1537—-4912 69.7 2.5 107 £ 20 168 £ 31 -
J1549+2113 24.055 2.0 480 £ 25 673 £ 35 —36+17
J1603—-2712 46.201 1.6 218 £45 272 £ 56 —64 £ 25
J1605—-5257 34.9 22 203 £ 57 301 + 84 —80 +£ 26
J16144-0737 21.395 1.0 524 £8 515+£8 1+8
J1646—6831 43.0 1.3 23+7 26 £ 8 0+7
J172042150 40.719 2.3 49+ 15 74 £23 —74+38
J1720—1633 44.83 1.3 337 £ 69 390 £ 80 —98 £ 11
J1728—-0007 41.09 1.6 298 £+ 99 374 £ 124 141 £ 67
J1740+1000 23.897 1.2 456 £+ 191 508 £213 271 £ 26
J1745-0129 89.3 3.1 137 £ 60 242 £ 106 85+ 30
J1755-0903 63.67 1.8 257 £23 344 + 31 —32 421
J1800—-0125 51.0 1.8 641 £ 37 850 + 49 40 £ 41
J1810—-5338 45.0 1.3 72+ 13 82+ 15 16 £ 13
J1811—-4930 44.0 1.2 118+ 6 132+7 +
J1813+1822 60.8 2.9 96 £ 17 164 +29 24+ 13
J1819+1305 64.808 2.8 107 £ 16 178 £27 22+ 12
J1825+0004 56.618 1.9 107 £ 32 148 £ 44 +
J1840—1419 19.4 0.8 26+5 24+5 7+3
J1849-+0409 63.97 2.6 150 £ 12 241 £19 +
J1900—-7951 39.0 1.4 179 £ 40 214 £48 57+ 13
J1917+0834 29.18 1.9 46 +24 64 £33 +
J1929+2121 66.0 34 42 +7 77 £ 13 -
J1943—-1237 28.918 1.2 180 £ 24 198 £ 26 —33+28
J1945—-0040 59.71 2.5 76 £8 119 £ 13 0+8
119492524 23.07 0.7 337+ 11 281 £9 -
J1951+1123 31.29 2.1 100 £5 145+7 1+5
J2005—-0020 35.93 1.8 587 £173 781 +230 -
J2038—-3816 33.96 1.4 163 £ 43 190 £ 50 -
1204342740 21.021 1.8 39+ 11 52+ 15 —15+3
J2108—-3429 30.22 1.2 180 £ 12 198 £ 13 -
1213942242 44.16 2.8 101 £ 14 168 + 23 -6+ 14
J2155-3118 14.85 0.6 55+12 43+9 —
J2253+1516 29.204 1.7 54+ 13 70 £ 17 -
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Figure A1. Panorama of Secondary Spectra. The colourbars are logarithmic, extending from the median to the maximum intensity. The t axes are all identical,
covering the full observable range, while the fp range is chosen separately for each source to best show the arc.
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Figure A2. Continued.
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