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More than 50 years after the discovery of pulsars! and confirmation of their associa-
tion with supernova explosions>, the origin of the initial spin and velocity of pulsars remains
largely a mystery. The typical space velocities of several hundred km s~ have been attributed
to “Kkicks” resulting from asymmetries either in the supernova ejecta or in the neutrino emis-
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sion>~’. Observations have shown a strong tendency for alignment of the pulsar space velocity

and spin axis in young pulsars but, up to now, these comparisons have been restricted to two
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dimensions. We report here the first evidence for three-dimensional alignment between the
spin and velocity vectors, largely based on observations made with the Five-hundred-meter
Aperture Spherical radio Telescope of the pulsar PSR J0538+2817 and its associated super-
nova remnant S147. Analysis of these and related observations has enabled us to determine
the location of the pulsar within the supernova remnant and hence its radial velocity. Cur-
rent simulations of supernova explosions have difficulty producing such three-dimensional

alignment "’

. Our results, which depend on the unprecedented sensitivity of the new obser-
vations, add another dimension to the intriguing correlation between pulsar spin-axis and

birth-kick directions, thus deepening the mysteries surrounding the birth of neutron stars.

PSR J0538+2817 was discovered at Arecibo, and its short period (143 ms) and sky location
within the boundary of SNR S147 immediately suggested that it was a young pulsar born in the
supernova explosion that created S147'°. Modelling its surrounding X-ray torus structure, with the
assumption of alignment between the torus’s symmetry axis and the pulsar’s spin axis, provided a
position angle (PA) (i.e., the angle on the sky plane, measured from north toward east) of ¥y =
154°.0 £ 5°.5 and an inclination angle from the line of sight of (x = 100° + 6° into the plane of
the sky'!. Early mean pulse polarization measurements of PSR J0538+2817 gave a value for (o1
of 97° with large uncertainties '*; no measurement of 1,,,; was reported. Analysis of Very Long
Baseline Array observations of PSR J0538+2817 gave an estimated distance of D = 13304190 pc
and proper motions, referred to the local standard of rest (LSR), of ji, = —24.4+0.10 mas yr—! and
ps = 57.240.10 mas yr— 1314, These correspond to a PA v, = 337°.0 £ 0°.1, only 3° £ 6° from
Ux (+180°), suggesting two-dimensional (2D) alignment. Radial velocities can in principle be
determined from pulsar timing observations '3, although no significant determination has yet been
achieved. Optical lines from the binary companion '®, can be used to determine the radial velocity,
but the pulsar velocity vector in such a system is essentially unrelated to any natal neutron-star

kick.



Through the ‘shared-risk’ early science program, we observed PSR J0538+2817 on four
epochs between 2019 June and 2019 October with the Five-hundred-meter Aperture Spherical
radio Telescope (FAST)!7, using the central beam of the 19-beam receiver covering the frequency
band 1050 MHz to 1450 MHz. Here we focus on the October 11 (MJD 58767) observations as
they had polarization calibration. For subsequent analyses, we extracted two bands, 1050-1150

MHz and 1350-1450 MHz, to avoid known radio frequency interference.

The extremely small angular size of the pulsar emission region, coupled with multi-path
propagation through an inhomogeneous interstellar electron distribution, produces a complex in-

18 Since the interference phases are frequency dependent and

terference pattern at the observer
there is relative motion between the pulsar, the scattering region and the Earth, we observe a “dy-
namic spectrum” with interference maxima or “scintles” as shown in the left panel of Fig. 1. The
frequency and time scales of these scintles are strongly frequency dependent. Analysis of auto-

correlation functions and structure functions show that the scintillation is strong and that the short

refractive timescale is consistent with daily variations of the turbulence spectrum (see Methods).

The right panels of Fig. 1 show the 2D power spectrum of each dynamic spectrum, known
as the “secondary spectrum”. Both secondary spectra show an arc with a relatively sharp outer
boundary and a central bright ridge along the f, axis at f; = 0. These scintillation arcs result from
interference between the core of the brightness distribution and more highly scattered rays and
require dominant scattering in a relatively thin screen along the path'. At both frequencies, the
arcs show a clear asymmetry about the f; = 0 axis, indicating a persistent phase gradient across the
scattering screen?’. Fitting the more clearly delineated arc at 1400 MHz with f, = nf2+~ f; results
in an arc curvature 7 = (6.0940.10) x 10~% s* and gradient parameter v = (4.8440.30) x 107 2,
corresponding to a ray deflection of 0, = 12.1 £ 0.8 pas across the scattering disk (see Methods

for a full description of the procedure). Given the estimated distance to the pulsar and SNR,
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Figure 1: Dynamic spectra and secondary spectra for a 60-min FAST observation of PSR
J0538+2817 for 100-MHz bands centred at 1100 MHz (lower panels) and 1400 MHz (upper pan-
els). For the dynamic spectra the color scale is linear in signal power with arbitrary units. The
secondary spectra are shown with a logarithmic (dB) color scale. The horizontal and vertical axes
are conjugate time ( f;) and conjugate frequency (f,). The red dashed lines represent the best-fit
parameters of the arc, with the derived 7 and  values scaled by (1400/1100)? and (1400/1100)3
respectively for the 1100 MHz plot.



the derived pulsar-screen distance is D,y = 32.1 = 7.1 pc, which is consistent with the radius
R, = 32.1 4.8 pc of SNR S147, strongly suggesting that the scattering screen is located on the
near side of the SNR shell (see Methods).

As Table 1 in Methods shows, 7 is stable within the uncertainties across the four observa-
tional epochs, but y varies considerably across intervals as short as one day. These results will be
discussed in a future paper. Based on simulations, we attribute the rare central ridges observed for

PSR J0538+2817 to scattering by asymmetric structures in the screen (see Methods for details).

In Fig. 2, we show the polarization profile of PSR J0538+2817 derived from the FAST ob-
servations in the band 1350-1450 MHz. We derived the best-fit pulsar rotation measure (RM) by
fitting the observed PAs across both observed FAST bands, 1050-1150 MHz and 1350-1450 MHz
to give RM = +39.56 & 0.14 rad m~2. The red line in the middle panel of Fig. 2 represents the
best-fit rotating-vector model (RVM) model?! to the observed PA variations (see Methods), and
the top panel shows the corresponding fit residuals as a function of pulse phase. To compare /0]
with other determinations of the PAs of the projected spin axis and pulsar velocity, we must correct
it to infinite frequency to give the so-called “intrinsic” PA of the spin axis. Using the RM given
above, we obtain 1,0 (intrinsic) = —18°.5 £+ 1°.7. The polarization fitting gives an inclination

angle of the pulsar spin axis to the line of sight of (,,; = 118°.5 £ 6°.3.

Fig. 3 illustrates the 3D relationship of the derived pulsar velocity and spin vectors. On the
plane of the sky, the position angle offset between the projected velocity and spin axis estimated
from polarization PA fitting, AV, ,oc = 4°.5 £ 1°.7, is consistent with that from modelling
of the X-ray torus, AV, x = 3°.0 £ 5°.8, further confirming approximate 2D alignment. The
inclination angles of the velocity and spin vectors are less well determined. With the assumption
that the scattering is dominated by the SNR shell and that the shell is spherical, we find that

the pulsar is located 2.972% pc behind the plane of the sky. This corresponds to a pulsar radial
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Figure 2: Polarization profile of J0538+2817 at 1400 MHz. The bottom panel shows the total
intensity (solid black line), the linear polarization (red dash-dot line), and circular polarization
(blue dash-dot line). The middle panel shows the observed position angles v at 1400 MHz as a
function of pulse phase and the red line gives the best-fit RVM solution. The top panel shows the
fit residuals. The vertical dotted line shows the central pulse phase of the RVM fit, ¢y, and the
horizontal dotted line gives the corresponding PA at 1400 MHz, v,. Best-fit parameters from the
RVM fit are given in the middle panel.



velocity of 817725 km s~! and an inclination angle of the pulsar velocity of ¢, = 110° *35.. This

inclination angle overlaps well within 68% confidence intervals with both (,, measured from
FAST polarization (A(, pot = 9° ti’?i) and (x measured from the X-ray torus modelling (A, x =
10° ti’?i). In the lower panel of Fig. 3, we show the 3D relationships of the vectors with 68% and
95% confidence limit in their orientation. As Fig. 3 illustrates, the inclination angles for the spin
vector derived from the pulse polarisation measurements and the X-ray torus measurements differ
at about the 2-0 level. We do not consider this difference to be significant given the possibility of

unrecognised systematic errors in either or both measurements.

Approximate 2D spin-velocity alignment has been demonstrated for more than 30 mostly
young pulsars?>?. However, this is the first time that 3D alignment of a pulsar’s spin and space-
velocity vectors has been demonstrated. The significance of this result is illustrated in Fig. 4,
which compares the constraints on the relative alignment of the spin and velocity vectors with and
without the knowledge of the measured pulsar radial velocity. For the latter, following Dincel et
al.'*, we assume a uniform prior between —1500 kms~! and +1500 kms~!. With this assumed
radial velocity distribution, the distribution of ©3p based on the FAST polarization results (shown
in red in Fig. 4) has a large 68% confidence interval of about 74°. For the X-ray torus results, the
distribution (shown in magenta in Fig. 4) is also broad with a 68% confidence interval of about
68°. Including the observed constraint on (, strongly constrains the 3D angle between the spin
axis measured from FAST polarization and the velocity vector with a clear peak around 6° and a
68% probability of being less than 28°. From the X-ray torus modeling there is a peak around 10°
and the angle is smaller than 23° with 68% probability. It is clear that the observational constraints
strongly limit the range of possible misalignment angles. For the polarization results, the low
probability of misalignment angles less than <4° results from the tight constraint on the position

angle of the transverse velocity from the VLBI proper-motion results (see Fig. 3, upper left panel).
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Figure 3: Position angles ¢ and inclination angles ( of the spin axis and velocity vector (upper
panels) and the corresponding 3D distribution on the surface of a unit sphere (lower panel). In the
upper panels, the spin-vector constraints estimated from polarization PA fitting and X-ray torus
fitting are shown in dark green and blue respectively, and the velocity-vector constraints obtained
from VLBI (position angle) and the ISS analysis (inclination angle) are shown in red. The lower
panel shows the 3D constraints with 68% and 95% confidence limit for the vector orientations,
in dark green and light green for the spin obtained from PA fitting and in blue and yellow for the
spin given by X-ray torus fitting, and in red and gray for the velocity, with the inclination angles
marked.
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Figure 4: The cumulative and relative distributions of the spin-velocity misalignment angle O3p
that satisfy the constraints on ¢) and ¢ shown in Fig. 3, based on a random selection of 3D orien-
tations for the spin, velocity and line-of-sight directions. Spin vector constraints estimated from
polarization PA fitting are shown in the left panel and from X-ray torus fitting in the right panel.
For the red and magenta distributions, we ignore the observational constraints on the radial ve-
locity and assume a uniform prior between —1500 kms~! and +1500 kms~!. The blue and cyan
distributions include all constraints shown in Fig. 3



Existing models struggle to explain the spin-velocity 3D alignment that we have observed
for PSR J0538+2817 and which, for other pulsars, is commonly assumed based on the 2D align-
ment. For example, the electromagnetic-rocket model?* invokes a post-natal acceleration along
the pulsar’s spin axis by an asymmetric radiation-reaction force from an offset magnetic dipole.
This model does result in spin-velocity alignment, but requires a very high initial neutron-star spin
rate (>1 kHz), which is unlikely for PSR J0538+2817, especially given its long inferred initial
spin period of 140 ms'2. Numerical modelling of supernova explosions in order to determine the
explosion energetics and the properties of any compact remnant has been carried out for decades.
Initially such modelling was in 1D, then 2D and more recently in 3D, with a wide variety of numer-
ical codes emphasizing different aspects of the explosion and making different approximations?.
In general, 3D models do not include rotation of the progenitor star, since rapidly spinning iron
cores are not expected for the majority of supernova progenitors2®. In these simulations, neutron-
star kicks could result from asymmetries in the ejecta (e.g., the “tug-boat” mechanism) or in the
neutrino emission, and spins result from fall-back of ejecta onto the neutron star®’. In these mod-
els, there is little or no relationship between the neutron-star kick direction and spin axis and hence
no tendency for an alignment. Possible mechanisms for spin-velocity alignment include ejecta di-

rected by the rotation of the progenitor star®’-

, neutrino emission preferentially channelled along
the rotation axis?’ and random torques averaged over several rotation periods of the proto-neutron
star producing a net “slow kick™ along the spin axis?”%, but there is no generally accepted expla-

nation.

It is also clear that the alignment is not perfect. Based on existing 2D spin-velocity alignment
detections, small but significant misalignments of 5° - 10° have been observed in many pulsars,
including PSR J0538+2817. These misalignments could result from break-up of a pre-supernova
7

binary system'# or from stochastic variations in the direction of the natal kick or spin-up torques®

and are an important diagnostic of the processes involved. Systematic measurements of the 3D

10



orientations of pulsar spin and velocity vectors, building on the present work, are thus highly

desirable. With its great sensitivity, FAST is poised to play an important role in these investigations.

11



Methods

Observations and data processing. The polarization response was calibrated using short obser-
vations of a pulsed noise source injected into the feed before and after the pulsar observation.
Since the observations were at low zenith angle, the system temperature 7, < 20 K which, com-
bined with the system gain of ~ 16 K/Jy?, enabled a single pulse detection threshold of 0.25 mJy
(50). A digital filterbank system was used to form and record the full polarization data sampled at
49.152 ps intervals with 3277 channels of bandwidth of 0.122 MHz across the analyzed 400-MHz
band from 1050 MHz to 1450 MHz. We used the analysis program DSPSR>® and the PSRCHIVE
software package®' to reduce our data. Data for each channel were folded according to the pulsar

period using a sub-integration time of 2.5 s and then polarization calibrated.

Interstellar scintillation data analysis. For the ISS analysis, we first formed total intensity (Stokes
I) profiles for each channel and sub-integration, did further RFI rejection using PAZI, and then used
PSRFLUX to form the dynamic spectrum. To remove the effects of short-term pulse intensity vari-
ations, we normalize the mean power of each sub-integration spectrum to the mean power across
the observation. To compute the secondary spectra, we applied a Hamming window function to the
outer 10% of each dynamic spectrum to reduce the effects of aliasing in the secondary spectrum.
Since the scintillation fluctuation spectrum is typically steep, we use first-differences to pre-whiten
the dynamic spectrum??. After this, we form the secondary spectrum using a 2D Fourier trans-
form, taking its squared magnitude, and finally applying the appropriate post-darkening filter to
recover our best estimate of the secondary spectrum. The Nyquist frequencies corresponding to
the 2.5 s sub-integration time and the 0.122 MHz channel bandwidth are f;(Nyquist) = 200 mHz

and f,(Nyquist) = 4.1 us, respectively.

Polarization data analysis. For the polarization analysis, we summed the 60-min observation in

time to form a single calibrated polarization profile for each channel. Using the PSRCHIVE program



RMFIT, we derived the best-fit pulsar RM by fitting the observed PAs across both observed FAST
bands, 1050-1150 MHz and 1350-1450 MHz and obtain RM = +39.56 + 0.14 rad m—2. This

233 We have no

is quite different to the previously published value: RM = —7 £ 12 rad m™
explanation for this difference, but we are confident that our measurement accurately gives the
RM at the time of the FAST observations. In the RVM convention, the PA as a function of pulse

longitude, ¢, can be expressed as

sin acsin(¢ — ¢o)

= 10 + arctan— -
¥ = Ypar + sin ¢ cos a — cos ¢ sin v cos(¢p — ¢p)

o))

where ¢ is the pulse phase for the closest approach of the line of sight to the magnetic axis, with
a corresponding PA 1),,. In the simple dipolar model, 1, is the position angle of the pulsar
spin axis, « is the angle between the spin axis and magnetic axis, and ( is the inclination angle
of the spin axis from the line of sight. Choosing data from the 1350-1450 MHz band, we then
fitted the RVM model to the PA variation across the profile using PSRMODEL; the resulting fit is
shown in Fig. 2. The fit residuals shown in the upper panel are very close to zero across the two
main pulse components (where the S/N is sufficient). However, there are significant deviations
in the region where the two components overlap, suggesting that the two components come from
(slightly) different source regions. Mixing of the radiation from the two regions could result in the

observed small deviations in the resultant PA in the overlap region.

In order to compare v, With other determinations of the PAs of the projected spin axis and
pulsar velocity, we must correct it to infinite frequency to give the so-called “intrinsic” PA of the
spin axis. Using the RM given above, we obtain 1, (intrinsic) = —18°.5 £ 1°.7. The inclination
angle of the pulsar spin axis to the line of sight needs no correction and is (o = 118°.5£6°.3. The
derived inclination angle of the magnetic axis relative to the spin axis, « = 136°.6 +4°.8, implying

a minimum angle between the magnetic axis and the line of sight § = o — ¢ = 18°.1 & 7°.9 with



an “outer” line of sight, that is, passing on the equatorial side of the magnetic axis**. Note that
our analysis uses the IAU convention of PA increasing in a counter-clockwise direction on the
sky. PSRMODEL uses the opposite sense for PA and we have used conversion equations to obtain a

consistent set of parameters™.

ACF and structure function analysis. We form two-dimensional auto-correlation functions (ACFs)
of the intensity fluctuations, p;,(7, v), and then estimate the diffractive time and frequency scales,
A7, and Ay, respectively. As piy (T, V) shows a skewness resulting from a phase gradient across
the scattering disk, the frequency widths are somewhat biased. Hence, we can only determine
approximate scintillation bandwidths Ay, from the 2D ACF p;,(7, v/), giving values of 0.40 MHz
and 0.86 MHz at 1100 MHz and 1400 MHz respectively. The scintillation strength wu, defined as
u = \/v/Avy'®, is 52 and 40 respectively, indicating that the scintillation is very strong in both

observational bands.

A cut through the temporal axis of the ACF, p;,(7,0), is independent of any phase gradient
and hence can be used to estimate the phase structure function D(7) and the the power spectrum of
the turbulence. The canonical problem in small-angle forward scattering from a thin phase screen
is appropriate for cases of interstellar scintillation in which the scattering plasma occupies a small
fraction of the line of sight. We consider a plane wave in free space propagating in the z direction
incident on a thin slab of material of thickness §z with a refractive index n(zx, y,0) # 1. On passing
through this slab the electric field is E(x,y,0) = exp(—jé(z,y)), where ¢(x,y) = kn(x,y,0)dz
and k = 27 /\. This field can be expressed as an angular spectrum of plane waves by taking the

2D Fourier transform of E(x,y).

Bt iy) = / / B, y) exp(—j(raz + ryy))dz dy @)

Here the plane waves are described by , = ksin(6,) and x, = ksin(6,). The ACF of the electric



field, which is called the “mutual coherence function” in statistical optics, is given by

/06(8967 Sy, 2 = 0) = (exp(—j(gb(x, y) - Cb(x + Sz, Y + Sy))» (3)

If ¢(z,y) is a Gaussian random process then

Pe(Sz, Sy, 2 =10) = exp(—0.5((¢(x,y) — d(x + Sz y + Sy))2>). %)

The argument of the exponential is called the phase structure function Dy(s,, s,). If the power
spectrum of ¢(z) is power-law ~ x_“ with < 4 then the the structure function is power-law
a—2

~ S

@=2. Thus a measurement of Dy(s,, s,) provides an estimate of the spectral exponent (for

which the “Kolmogorov” value = 11/3). The Fourier transform of p.(s,, s,) is the angular power
spectrum B(6,, §,). The plane wave changes phase as it propagates to the observer but it does not
change amplitude. So B(6,,6,) does not change as the angular spectrum propagates from the slab
to the Earth, and p. (s, s,) cannot change either. Thus p. (s, s,) could be measured at the Earth

and it would still be defined by D (s, sy).

In general one would need an interferometer to measure p.(s,, s,) at the Earth (where it
would be called the “visibility”). However as the wave propagate from the slab to the observer,
the fluctuations in E(x,y) develop amplitude fluctuations. When these are “strong” enough, E(X,y)
becomes a 2D Gaussian random variable. It is much easier to measure the intensity than the
complex electric field and in this case we have pin(Sz, ;) = |pe(Sz, 5y)|?. Normally we measure

intensity 7(t) = I(z = Vt) 80 pi(7) = |pe(V'7,0)|*. Hence, we obtain the expression

Dy(7) = —loge[pint (7)] )



*

to derive the phase structure function D(7) from the 1D temporal intensity ACF pi, (7).

To accurately determine p;,(7) for each band, we divide the dynamic spectra into 10 sub-
bands, each 10 MHz wide, form the time-domain ACF for each, and then average these to get the
mean ACF for each band. The zero-lag (or total power) point on these ACFs includes a white noise
contribution, mainly from receiver noise. This white noise contribution was estimated by removing
power from the zero-lag component until the peak of the ACF was approximately Gaussian and
then renormalising the ACF. After this correction, Dy(7) was approximately linear (on log-log

axes) at small 7.

In Extended Data Figure 1 the upper panels show 1D ACFs for the two bands for observa-
tions on two consecutive days, 2019 October 10 and 11. The white noise spikes in the ACFs before
correction were: for MJD 58766, 11.0% and 9.1% of the total power at 1100 and 1400 MHz, re-
spectively, and for MJD 58767, 4.8% and 6.1% of the total power. Using a Gaussian function to
fit the peak of the ACFs for MJD 58767, we find that the scintillation timescales A7, at 1100 and
1400 MHz are 19.1£0.3 and 29.1%1.1 s, respectively. Here the uncertainties include two parts,
the statistical uncertainty from the data fitting and the fractional uncertainty from the finite number

of observed scintles in the dynamic spectra36-37.

Phase structure functions corresponding to these ACFs are shown in the lower panels of
Extended Data Figure 1. Here we have scaled D4(7) by (1100/1400)? for the 1100 MHz band, to
make the comparison with Dy(7) at 1400 MHz exact. For MJD 58767, the fitted slopes for both
bands are broadly consistent with the expected Kolmogorov exponent of 5/3 for 7 < 20 s, but
there is a suggestion of flattening at longer time lags in the 1400 MHz data, which is more reliable

at longer time lags. This flattening is much more prominent in the observations on the previous

*The structure function is a useful statistic for other applications, particularly when the data series is short compared
with the time scale of the fluctuations in it. It is also very useful for power-law processes which do not have a finite
correlation function. So one must be careful to specify exactly what variable the structure function is describing. The
structure function of phase is sometimes called the “wave structure function” in optical propagation.



day MJD 58766, as shown in lower left panel of Extended Data Figure 1, and the fitted slopes
of ~1.2 are inconsistent with a Kolmogorov fluctuation spectrum. The time scale for the line of
sight to cross the scattering disc (the refractive timescale) is A7, = u>A7, and so about 14.3 h at
1100 MHz and 12.9 h at 1400 MHz. Consequently, daily variations of the turbulence spectrum are

consistent with the estimated refractive timescale.

Arc curvature fitting. Scintillation arcs may be described by the equation

fo=nft+7f (6)

where 7 is the arc curvature and ~y represents a phase slope across the scattering disk?’. To estimate
n and v we use the more clearly delineated asymmetric arc at 1400 MHz. We first randomly
generate 5000 pairs of (1, v) over the ranges 7 = 4.6 x 107 t0 7.6 x 107* s> and v = —5 x 107
to 15 x 1079 s2. Each (1, ) corresponds to an arc in the secondary spectrum. We then sample the
outer parts of each arc (f; € [—80 mHz, —40 mHz] and [40 mHz, 80 mHz]) with 350 points on
each side, taking the nearest point in the secondary spectrum to each point along the arc, weighting
it by its normalised power, and forming the summed weighted power for that arc. We then use a 2D
Gaussian function to fit the relatively symmetric peak of the arc power distribution over the ranges
n=>54x10"106.8x107*s>andy =1 x 107% t0 9 x 107 s? (see Extended Data Figure 2)

resulting the following best estimates for 7 and ~:

n=(6.0940.10) x 10°* ¢* @)

and

v = (4.84+£0.30) x 107% . ®)



The quoted uncertainties are calculated by dividing the 60 min observation into 4 X 15-min blocks,
separately fitting for n and y using the procedure described above for each block and taking one

half of the rms deviation about the mean as the uncertainty in each parameter.

For f, and f;, we have

_ DA —s)
fo = s (6% +266,) ©))
and
2wV,
f, = Tl Ly (10)
cs

where v is the band-centre frequency, 0 is the ray deflection angle, ¢, is the refractive angle of the
wave-front, and the scattering screen is located at a distance sD from the pulsar®. The effective

perpendicular (or transverse) velocity is given by

VZ}H,J_ = (1 - S)‘/psr,J_ + SVEarth,J_ - ‘/scr,J_ (11)

where Vi, | is the pulsar transverse velocity obtained from the measured proper motion, Viayh, 1
is the component of the Earth’s velocity perpendicular to the line of sight to the pulsar, and V., | is
the component of the velocity of the scattering screen perpendicular to the line of sight. After cor-
recting the pulsar proper motion to the LSR '# and taking the pulsar distance of 1330 pc, the pulsar
perpendicular velocity (Vi 1) 1s 391 4= 56 km s~!. Even with correction to the LSR, the Earth’s
space velocity is < 30 kms~!. We can therefore safely neglect the Earth velocity in Equation 11
(especially since, as we show below, s is small). Although we are not sure of the exact location or
identity of the scattering screen, there are an abundance of filaments located in the expanding gas

behind the outer shock which are good candidates for the scattering screen. These filaments have



1 1

an expansion velocity of about 80 km s~! with a scatter of order 20 km s~**°, and the perpendicular

component of this is 35 & 9 kms~!. Including this term, we have

‘/cff,J_ ~ (1 - 3)‘/;)sr,J_ - ‘/scr,J_; (12)

kaCS(l — S)

= 4625
! (1= 5)Vosrt — Vaer, 12

(13)

and

kaceg,mas(l - 3)
VGHZ[(l - S)‘/psr,J_ - ‘/scr,J_]’

~ = 0.1496 (14)

where velocities are in kmTaking v = 1.4 GHz and assuming Gaussian distributions for the mea-
sured values of Vi 1, Vier, 1., 7 and D in Equations 13 and 14, we obtain the distributions of 6,
and s using a Monte Carlo analysis. Then we fit the distributions with Gaussian functions having

different widths on the two sides and find that

0, = 12.1 £ 0.8 pas, (15)

and

s = 0.0241 £ 0.0041. (16)

The uncertainty of s is dominated by the uncertainty in the pulsar distance. This contributes 93%
of the total uncertainty, compared to 6% from the uncertainty in screen velocity and 1% from the

uncertainty in the measured scintillation arc curvature and pulsar proper motion.

This determination of s is based on observations made on MJD 58767. As mentioned in the



main paper, scintillation observations of J0538+2817 were also made at three earlier epochs. The
results from all observations are summarized in Table 1. This table shows that the arc curvature 7
is relatively stable over the 132 days covered by these observations, with an rms scatter of 0.08 X
10~ s3, consistent with the uncertainty of each measurement. This corresponds to a variation in ¢,
of less than 5°. On the other hand, the arc asymmetry v and hence refractive angle ¢, vary greatly
from epoch to epoch. These time variations and their implications will be discussed in a future

publication.

Substituting for the measured values, the pulsar—screen distance D,s = sD is 32.1 = 7.1 pc.

The uncertainty in D is given by

6Dy = VD2 652 + 52 6 D2, (17)

where ds and 0D are the uncertainties of s and D, respectively. Similar to s itself, the dominant

contribution to § D, is from the uncertainty in D (96%).

The association between PSR J0538+2817 and SNR S147. S147 is an almost circular SNR
of radius 0, = 83’ & 3’38, located in the Galactic anti-centre region with geometric centre at
Qnr =050 40m 018£2 8, 0g,r = +27° 48" 09”20”12, PSR J0538+2817 is located at cvs, = 05h 38m 25%.0572,

Opsr = +28° 17" 09”.161'3. The angular offset of the pulsar from the SNR centre, 6,,, is given by

eg = (asnr - apsr)z Cosz 6snr + (6snr - 5psr)2a (18)

ie., 0, = 35.9 = (.4. Based on extinction in associated dust clouds, the estimated distance to
S147 is 1220 4= 210 pc*, consistent with the VLBA pulsar distance of 1330 4= 190 pc'3, giving a
physical radius for the SNR of R, = D 6, = 32.1 + 4.8 pc.



Within the uncertainties, this is equal to the estimated pulsar—scattering screen distance de-
rived above, D,s = 32.1 & 7.1 pc, strongly suggesting that the scattering screen can be identified
with the near side of the SNR shell and that the pulsar is within the shell. However, it is possible
(although unlikely) that the pulsar could be behind the SNR and that the scattering screen causing
the observed arc is the far side of the SNR shell. In this case, we might also expect to see scatter-
ing from the near side of the shell, about 100 pc from the pulsar. There is no evidence for such a
second arc, supporting the idea that the pulsar is located within the shell and that the scintillation

arc results from scattering in the near side of the SNR shell.

Overall, there is a low probability (~ 3 x 10~%) of having a random young pulsar like PSR
J0538+2817 pass so close to the centre of S147 and not be associated at birth??. These arguments
together with the strong evidence presented above that the pulsar lies within the SNR shell and
is scattered by it make the case for the physical association of PSR J0538+2817 and SNR S147

overwhelming.

The calculation of the inclination angle. To compute (,, the inclination angle of pulsar velocity
vector from the observer, we adopt a coordinate system with the geometry showed in Extended
Data Figure 3 with assumptions that SNR S147 is a perfectly spherical SNR, and that the scattering
screen is located exactly at the outer edge of the SNR shell, i.e. »r = R,. From the right-triangle

OKS, we have

(Dps — 2,) + g;§ + yg = R (19)

Solving this for z, and neglecting the unphysical solution, we have

2= Dy~ \JR2 a2 —y2 =D (s = /02 - 62) = Do, (20)



where we define the dimensionless scale factor §,. Assuming Gaussian distributions for the in-
put parameters, we get the distribution of z, using a Monte Carlo analysis. Following the same

procedure used for estimating ¢, and s, we obtain

z, = 29728 pe. 1)

Since we can assume that PSR J0538+2817 was born at the centre of SNR S147, we have
V, = 2,/ where 7, is the kinematic age. Given the improved proper motion measurements '*, we

estimate a revised kinematic age of 7, = 34.8 &= 0.4 kyr, and obtain the pulsar radial velocity

V, =813 kms™* (22)

and a total space velocity

V =407t kms™. (23)

From triangle OPS, using the Law of Cosines and defining ©,, we obtain

— 180° Dop + Dy =B _ g0 O 5" 0 24
G = — arccos Do Doy = — arccos W , (24)

where

DI = a4y, + 2 = D* (02 +02) = D*©;. (25)



Again following the procedure for estimating the uncertainty in ¢, and s, we obtain

G = 110°T55 (26)
for the inclination angle of the pulsar velocity vector.

We note that the uncertainty in z,, and hence in V, and (,, is dominated by the uncertainty
in the distance D to the pulsar (and to the SNR). This contributes about 87% of the uncertainty
in z,. The derived value of z, also depends on the assumptions that the scattering is dominated
by a thin screen located at the boundary of a spherical SNR. As discussed in the previous section,
filamentary structure in the shocked gas immediately behind the outer shock is a very plausible
location for the scattering screen. The Ho images of S147%° suggest that most of the filaments
lie close to the outer boundary of the shell, say within about 10% of the boundary radius. The
estimated fractional uncertainty in the shell radius, 6,, is about 4%3®, although particular regions
could have departures from sphericity larger than that. Added in quadrature, the uncertainties in 6,
and screen location relative to the shell add about 1.0 pc to the uncertainty in z,, small compared to
its estimated uncertainty of 5.5 pc. V, and (,, have additional uncertainties related to the uncertainty
in the exact location of the pulsar birthplace, but their contributions are also small compared to
that from the estimated distance of 87%. While any improvement in the relevant parameters is
desirable, improved VLBI astrometry for the pulsar and/or an improved distance estimate for the

SNR would be the most valuable.

Regarding possible origins for the (small) misalignment of the spin and velocity vectors for
PSR J0538+2817, it is of interest that Dingel et al.'* have identified an OB runaway star within
SNR S147. The OB star has a proper motion consistent with an origin at the estimated birth
location of PSR J0538+2817 and a 3D velocity which is of opposite sign to the pulsar velocity, but

with a substantial misalignment. Break-up of a pre-supernova binary system containing this star



would have perturbed any pulsar velocity arising from a natal kick.

Modeling the central bright ridge The central bright ridge could be caused by instrumental
effects, such as fine scale variations in the system bandpass which also varied with time on a scale
of ~30 s. However, no ridge is observed in any of several other pulsars observed with the same
receiver on FAST and showing clear parabolic arcs. Alternatively, the ridge could represent a
collection of high-curvature arcs caused by low-velocity scattering in the SNR or scattering by a
screen nearer to midway along the line of sight. Neither of these is likely because the velocity is
dominated by the pulsar proper motion and scintillation due to a screen along the path would be
quenched by the apparent angular size of the pulsar caused by scattering in the SNR shell. Such
an arc-ridge structure can also arise if the scattering medium is anisotropic with the transverse

velocity aligned with the major axis of the scattering irregularities.

To explain this, we modeled the secondary spectra having arcs with sharp outer edges as a

mapping from the brightness distribution B(¢,, 8,)) to the secondary spectrum S(f;, f,), where

0,V, 02 +02)Z
fo==5" and [ 26y> @7)
9 2
b= 12 = [Pl (1) 29

Here we assume the velocity is in the x direction. The Jacobian of the transformation is J=1/6,
which has a half-order singularity where ¢, = 0. This singularity is the sharp arc. We have
simplified the equations without loss of generality by taking the case of the scattering medium a
distance Z from the observer and an infinitely distant source. We can demonstrate this mapping for
a Kolmogorov brightness distribution as shown in Extended Data Figure 4. Here we have plotted
three cases left to right: isotropic; anisotropic aligned with V; and anisotropic perpendicular to

V. In these simulations, the anisotropic cases have an axial ratio Az = 3. We have included a



phase gradient typical of that in seen in the observed secondary spectra in each simulation. In
anisotropic scattering cases, the shape of the primary arc is independent of the anisotropy, but the
power distribution inside the arc depends strongly on it. From Extended Data Figure 4, an axial
ratio for the scattering structures of just 3, with the major axis of scattering irregularities (i.e. the
minor axis of the brightness distribution) aligned with the velocity, results in a central ridge that
matches the observations well. Neither the isotropic case nor a perpendicular anisotropy result in
a central ridge. For deviations in alignment greater than about 10°, the ridge would be noticeably

displaced from the central axis.

Based on the observed value of scintillation timescale at 1400 MHz, we can derive the spatial

scale and the rms scattering angle in the direction parallel to the velocity:

C
Oar = =0.70 £0.10 . 29
P QWVCATd[V;)sr,J_(l — S) — ‘/scr,J_] s ( )

The rms scattering angle in the perpendicular direction will be 0,c;, = Apg 0par, Where Ap is the
axial ratio of an asymmetric scattering structure. Furthermore, we can use the measured bandwidth

to estimate Ap as follows

1 c
Ay, = = 30
Y e D (0§ ) ©0)
where T is the profile scatter-broadening timescale. Hence
A? ¢ 1 G1)

R = —_— @ @ @ -
TAVg Do HEM

Substituting for Ay, ~ 0.86 MHz and 6,,,, ~ 0.70 mas at 1400 MHz, we obtain Ap ~ 3 which

matches well with the simulations above.
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Extended Data Figure 1: One-dimensional time-domain ACFs for dynamic spectra centred at
1100 and 1400 MHz (upper panel) and the corresponding structure functions (lower panel) for
MJDs 58766 and 58767. To facilitate comparison of the linear parts of the structure functions for
the two bands, the D, axis for the 1100 MHz structure function has been scaled by (1100/ 1400)2.
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Extended Data Figure 2: Distribution of the summed arc power in the 7 direction (left panel)
and the v direction (right panel). The vertical dashed lines delineate the 7 and -y ranges used for
the two-dimensional fit to the power and the plotted points are from within these ranges. The red
lines are cuts through the 2D Gaussian fit at the best-fit value of the other coordinate.



Extended Data Figure 3: The adopted coordinate system for the SNR S147 — PSR J0538+2817
system. The coordinate system is centred at the geometric centre of SNR S147 (O) with the +x
axis in the direction of increasing right ascension (E), the +y axis toward north, and the +z axis
away from the observer. We mark the current pulsar position as P (x,, y,, 2,) and its projection
on the x-y plane as K (x,, y,, 0), and the scattering screen as S (z,, ys, zs). The inclination of the
pulsar velocity V to the line of sight is (,, r is the distance of the scattering screen from the origin
and the SNR shell radius is R.

Extended Data Table 1: The value of 7 and v and seven parameters derived from 1400 MHz
observations at four observational epochs.

MID  Time 7 5 s Dps Zp 3% vz Viot G
(min) %) ) @) (pc) (deg) kms™!)  ms™1) (pas)
58635 45 (624£014)x10~F  (—324£067)x10°0  0.02477 000 320770 36720 115715 1017150 408735 —s.0T] 7
58733 120 (6.08+£00)x107%  (346+028)x1076  0.024170 0040 321FT0 20735 110fly 81t 4067 87TOR
58766 60 (601£005x107*  (161£024)x1076  0.023810-0040  31.7F7-0 25735 1087 711l 40Tl 40708
58767 60 (6.09+010)x10”%  (484+030)x1076  0.024175 0001 32aFT7  2073%  110T35  s1tiES 407t 121703




5 0 5 10 E
Doppler Doppler Doppler

Extended Data Figure 4: Simulated secondary spectra: isotropic (left); anisotropic aligned with
V, as proposed for the observations (centre); anisotropic perpendicular to V (right), with a loga-
rithmic (dB) colour scale. The axial ratio of the anisotropic cases is 3. Each has the same phase
gradient, set equal to the value of ~y inferred from the observations.



