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            Abstract
More than 50 years after the discovery of pulsars1 and confirmation of their association with supernova explosions2,3,4, the origin of the initial spin and velocity of pulsars remains largely a mystery. The typical space velocities of several hundred km s−1 have been attributed to ‘kicks’ resulting from asymmetries either in the supernova ejecta or in the neutrino emission5,6,7. Observations have shown a strong tendency for alignment between the pulsar space velocity and the spin axis in young pulsars, but until now these comparisons have been restricted to two dimensions. Here, we report 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 (FAST) of the pulsar PSR J0538+2817 and its associated supernova 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. Current simulations of supernova explosions have difficulty producing such three-dimensional alignment7,8,9. Our results, which depend on the unprecedented sensitivity of the observations, add another dimension to the intriguing correlation between pulsar spin-axis and birth-kick directions, thereby deepening the mysteries surrounding the birth of neutron stars.
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                    Fig. 1: Dynamic spectra and secondary spectra of PSR J0538+2817.[image: ]


Fig. 2: Polarization profile of J0538+2817 at 1,400 MHz.[image: ]


Fig. 3: Position angles and inclination angles of the spin axis and velocity vector and the corresponding 3D distribution on the surface of a unit sphere.[image: ]


Fig. 4: The cumulative and relative distributions of the spin–velocity misalignment angle Θ3D.[image: ]
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Extended data

Extended Data Fig. 1 One-dimensional time-domain ACFs for dynamic spectra and the corresponding structure functions.
Left panels show the ACF and the structure function for MJD 58766. Right panels show the ACF and the structure function for MJD 58767. The best-fit parameters with 1-σ uncertainties are showed in four panels. To facilitate comparison of the linear parts of the structure functions for the two bands, the Dϕ axis for the 1,100 MHz structure function has been scaled by (1,100/1,400)2.


Extended Data Fig. 2 Distribution of the summed arc power.
Left and right panel show the distribution of the summed arc power in the η direction and the γ direction, respectively. The vertical dashed lines delineate the η and γ 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. The Gaussian fit results of η and γ are showed as best-fit value with 1-σ uncertainties.


Extended Data Fig. 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 (xp, yp, zp) and its projection on the x-y plane as K (xp, yp, 0), and the scattering screen as S (xs, ys, zs). The inclination of the pulsar velocity \(\overrightarrow{V}\) to the line of sight is ζv, r is the distance of the scattering screen from the origin and the SNR shell radius is Rs.


Extended Data Fig. 4 The value of η and γ and seven parameters derived from 1400 MHz observations at four observational epochs.
All quantities are listed as the best-fit value with 1-σ uncertainties.


Extended Data Fig. 5 Simulated secondary spectra.
Isotropic (left); anisotropic aligned with V, as proposed for the observations (centre); anisotropic perpendicular to V (right), with a logarithmic (dB) colour scale. The axial ratio of the anisotropic cases is 3. Each has the same phase gradient, set equal to the value of γ inferred from the observations.
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