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            Abstract
Most ultraluminous X-ray sources1 have a typical set of properties not seen in Galactic stellar-mass black holes. They have luminosities of more than 3 × 1039 ergs per second, unusually soft X-ray components (with a typical temperature of less than about 0.3 kiloelectronvolts) and a characteristic downturn2,3 in their spectra above about 5 kiloelectronvolts. Such puzzling properties have been interpreted either as evidence of intermediate-mass black holes4,5 or as emission from stellar-mass black holes accreting above their Eddington limit6,7, analogous to some Galactic black holes at peak luminosity8,9. Recently, a very soft X-ray spectrum was observed in a rare and transient stellar-mass black hole10. Here we report that the X-ray source P13 in the galaxy NGC 779311 is in a binary system with a period of about 64 days and exhibits all three canonical properties of ultraluminous sources. By modelling the strong optical and ultraviolet modulations arising from X-ray heating of the B9Ia donor star, we constrain the black hole mass to be less than 15 solar masses. Our results demonstrate that in P13, soft thermal emission and spectral curvature are indeed signatures of supercritical accretion. By analogy, ultraluminous X-ray sources with similar X-ray spectra and luminosities of up to a few times 1040 ergs per second can be explained by supercritical accretion onto massive stellar-mass black holes.
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                    Figure 1: The mass donor star of P13 has a B9Ia spectral type.[image: ]


Figure 2: Examples of V and u light-curve fits.[image: ]


Figure 3: Constraints on the mass of the compact star.[image: ]
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Extended data figures and tables

Extended Data Figure 1 XMM-Newton and Chandra bright-state spectra.
The E × f(E) unfolded energy distribution of the 2003 Chandra/ACIS-S (upper (red) data points) and of the 2013 XMM-Newton/EPIC combined spectra (lower (blue) data points) fitted with the diskir model. Best-fit model parameters are listed in Extended Data Table 1. Spectra shown here have been re-binned with a minimum signal-to-noise ratio of 8 in each bin for display purposes. Error bars show the 1σ statistical error.


Extended Data Figure 2 Optical data.
Optical light and radial velocity curves of P13. a, b, 2004 and 2005 Las Campanas photometry; c, d, ESO VLT light curves; e, f, equivalent width of the He ii λ4,686 emission line; g–j, radial velocity curves of Balmer absorption lines (g, h) and the He ii emission line (i, j). P13 was X-ray bright in 2010 (c, e, g, i) and X-ray faint in 2011 (d, f, h, j). Red arrows in d mark times of the Chandra (near optical maximum) and Swift observations which detected P13 in the faint-X-ray state. Error bars in all panels show statistical uncertainties at the 1σ level. MJD, modified Julian date.


Extended Data Figure 3 The 2010 observations.
a, Red squares, UVOT u band (λeff = 3,470 Å); black lozenges, ESO VLT V light curve. Note the successive maxima separated by ∼64 d, more pronounced in the u band (Δu ≈ 1.0 mag) than in V (ΔV ≈ 0.5 mag). b, Swift/XRT 0.3–10 keV light curve obtained from 2010 August 16 to 2010 October 27. The count-to-flux factor was computed by fitting the XMM-Newton diskir model to the average bright-state spectrum. This implies unabsorbed (0.3–10 keV) X-ray luminosities in the range of 4.8 × 1039 erg s−1 down to less than 1.6 × 1038 erg s−1 on MJD 55492.9 with a weighted average of (2.8 ± 0.2) × 1039 erg s−1. Error bars in all panels show statistical uncertainties at the 1σ level. Errors in V (not shown) are typically lower than 0.04 mag.


Extended Data Figure 4 Power spectra.
a, Lomb–Scargle power spectrum of the entire V light curve. b, Lomb–Scargle power spectrum of the He ii radial velocity curve. The dotted line shows the position of the highest peak of the V-band periodogram (P = 65.165 d).


Extended Data Figure 5 UVOT multiband photometric light curve.
Times of photometric maxima used to constrain the superorbital period in 2012 and 2013 are shown with arrows. Black squares, u (λcentral = 3,465 Å); green lozenges, uw1 (λcentral = 2,600 Å); red lozenges, um2 (λcentral = 2,246 Å); blue lozenges, uw2 (λcentral = 1,928 Å). Error bars show statistical uncertainties at the 1σ level.


Extended Data Figure 6 Orbital and superorbital periods.
Best-fit orbital (Porb = 63.52 d) and superorbital (Ps = 2,620 d ≈ 7.2 yr) solutions accounting for the periodic phase jitter of times of optical/ultraviolet photometric maxima. Error bars show 1σ statistical errors. Five times at which maximum light occurred were extracted from the V-band photometry at MJD 53314.8 ± 3, 53636.4 ± 3, 53699.4 ± 2 (Las Campanas) and MJD 55532.8 ± 3, 55788.0 ± 2 (ESO VLT) and four from the UVOT photometry at MJD 55468.0 ± 2 (u), 56175.0 ± 3 (u), 56243.0 ± 2 (u, um2, uw2), 56303.0 ± 2 (u, um2, uw2).


Extended Data Figure 7 Folded radial velocity curves.
He ii λ4,686 (a) and Balmer absorption (b) radial velocity curves folded with the best-fit combination of orbital and superorbital periods (Porb = 63.52 d and Ps = 2,620 d). Phase 0 corresponds to maximum light. Blue, ESO 2009; black, ESO 2010; red, ESO 2011. The He ii line displays a clear velocity change with orbital phase. Error bars in all panels show statistical uncertainties at the 1σ level.


Extended Data Figure 8 Folded light curves.
u, V and V−I light curves folded with the best-fit combination of orbital and superorbital periods (Porb = 63.52 d and Ps = 2,620 d). Phase 0 corresponds to the predicted time of maximum optical light. Note the different scales used to plot the u and V light curves. a, u: black, 2010 X-ray bright-state run; red, data acquired during the faint-X-ray state in the time interval 2012 September 2 to 2013 January 12. b, V: black, Las Campanas; red, ESO 2010 (X-ray bright); blue, ESO 2011 (X-ray faint). c, Binned V−I light curve. The V−I index is plotted on an arbitrary scale. Error bars in all panels show statistical uncertainties at the 1σ level.


Extended Data Figure 9 High-order Balmer lines.
Normalized mean P13 spectrum away from maximum light (V ≥ 20.3 mag, shifted up by 0.25 for clarity) compared to that of the B8Ia star β Orionis (shifted down by 0.2). The equivalent widths of the high-order Balmer lines H8 and H9 are almost identical in the two stars. The higher interstellar absorption towards P13 than towards Orion is responsible for the stronger Ca ii line in the ULX spectrum. Residual Balmer emission already adds to the photospheric Hδ absorption line and the Hε line is blended with the Ca ii interstellar line. The mean equivalent width of the H8 and H9 Balmer lines are 1.52 ± 0.09 and 1.56 ± 0.08 for β Ori and P13, respectively (1σ errors), consistent with no line veiling in P13.


Extended Data Table 1 X-ray spectral fitsFull size table
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        Editorial Summary
What drives ultraluminous X-ray sources?
Ultraluminous X-ray sources (ULXs) are non-nuclear point sources that are widely believed to contain either intermediate mass black holes or smaller, stellar mass black holes accreting from a binary companion. The study of ULXs provides information about black hole formation and/or modes of high Eddington rate accretion. Two papers in this issue of Nature describe pulsating ULXs with unusual properties. Christian Motch et al. find that source P13 in the galaxy NGC 7793 is in a ∼64 day period binary system. By modelling the strong optical and UV modulations arising from X-ray heating of the B9Ia donor star, they constrain the black hole mass to be less than 15 solar masses. Matteo Bachetti et al. observe a source in the galaxy M82 that, the pulsation data imply, harbours a neutron star rather than a black hole, raising doubts over the assumption that black holes power the most luminous X-ray binaries.
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