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            Abstract
Einsteinâ€™s theory of gravityâ€”the general theory of relativity1â€”is based on the universality of free fall, which specifies that all objects accelerate identically in an external gravitational field. In contrast to almost all alternative theories of gravity2, the strong equivalence principle of general relativity requires universality of free fall to apply even to bodies with strong self-gravity. Direct tests of this principle using Solar System bodies3,4 are limited by the weak self-gravity of the bodies, and tests using pulsarâ€“white-dwarf binaries5,6 have been limited by the weak gravitational pull of the Milky Way. PSRÂ J0337+1715 is a hierarchical system of three stars (a stellar triple system) in which a binary consisting of a millisecond radio pulsar and a white dwarf in a 1.6-day orbit is itself in a 327-day orbit with another white dwarf. This system permits a test that compares how the gravitational pull of the outer white dwarf affects the pulsar, which has strong self-gravity, and the inner white dwarf. Here we report that the accelerations of the pulsar and its nearby white-dwarf companion differ fractionally by no more than 2.6Â Ã—Â 10âˆ’6. For a rough comparison, our limit on the strong-field Nordtvedt parameter, which measures violation of the universality of free fall, is a factor of ten smaller than that obtained from (weak-field) Solar System tests3,4 and a factor of almost a thousand smaller than that obtained from other strong-field tests5,6.
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                    Fig. 1: Difference between our pulsar time-of-arrival measurements and model (fit residuals).[image: ]


Fig. 2: Quasi-Fourier representation of fit residuals.[image: ]


Fig. 3: Constraints on quasi-Bransâ€“Dicke theories of gravity.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Template pulse profile used for timing.
This figure is based on the average 1,300â€“1,900-MHz profile from the GBT observation on MJD 56,412. The Stokes IQUV data have been smoothed by a wavelet-based algorithm (psrsmooth, PSRCHIVE). a, Total intensity (I) and linear (Q, U) and circular (V) polarization after correcting for Faraday rotation. An offset c has been subtracted; see below. b, Polarization angle (P.A.) at the centre frequency of the observation. The linear polarization (red) at some phases is responsible for almost half the flux density and its profile has complicated polarization structure. Offsets have been added to I and to \(\sqrt{{Q}^{2}+{U}^{2}}\) to ensure that I2Â â‰¥Â Q2 + U2 + V2.


Extended Data Fig. 2 Timing-model truncation error.
The root-mean-square (RMS) arrival-time error caused by the finite time steps of the orbital integrator is shown as a function of the tolerance parameter. The vertical dotted line is the value used for all orbits in this work; the RMS error from truncation is below 0.1 ns. Blue triangles are calculations done in hardware 80-bit floating point; black stars are calculations done in software 128-bit floating point, which are much slower to compute. To estimate the errors in this plot, we compute a fiducial solution with 128-bit precision and a tolerance parameter of 10âˆ’22 and compare all other solutions to this one.


Extended Data Fig. 3 Covariances between parameters that affect the orbit.
This plot does not include the parameters that are evaluated by linear least-squares fitting and marginalized out. Plots on the diagonal are single-parameter histograms; plots off the diagonal are pairwise two-dimensional histograms. See Extended Data TableÂ 2 for parameter definitions.


Extended Data Fig. 4 Distribution of residuals divided by uncertainty, for each telescope.
The standard deviation Ïƒ represents the factor by which the scatter of the post-fit residuals exceeds the claimed uncertainties on pulse arrival times; Î¼ is the mean of the distribution. Each colour represents a different telescope. Only observations in the 1,400-MHz frequency band are shown here. Here Î”Î½ and Î”t are the bandwidth and time, respectively, over which the data are averaged to produce each pulse arrival time.


Extended Data Table 1 Fixed values and characteristics of the datasetFull size table


Extended Data Table 2 Fitted valuesFull size table


Extended Data Table 3 Inferred valuesFull size table
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