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            Abstract
The geometry of the accretion flow around stellar-mass black holes can change on timescales of days to months1,2,3. When a black hole emerges from quiescence (that is, it â€˜turns onâ€™ after accreting material from its companion) it has a very hard (high-energy) X-ray spectrum produced by a hot corona4,5 positioned above its accretion disk, and then transitions to a soft (lower-energy) spectrum dominated by emission from the geometrically thin accretion disk, which extends to the innermost stable circular orbit6,7. Much debate persists over how this transition occurs and whether it is driven largely by a reduction in the truncation radius of the disk8,9 or by a reduction in the spatial extent of the corona10,11. Observations of X-ray reverberation lags in supermassive black-hole systems12,13 suggest that the corona is compact and that the disk extends nearly to the central black hole14,15. Observations of stellar-mass black holes, however, reveal equivalent (mass-scaled) reverberation lags that are much larger16, leading to the suggestion that the accretion disk in the hard-X-ray state of stellar-mass black holes is truncated at a few hundreds of gravitational radii from the black hole17,18. Here we report X-ray observations of the black-hole transient MAXI J1820+07019,20. We find that the reverberation time lags between the continuum-emitting corona and the irradiated accretion disk are 6 to 20 times shorter than previously seen. The timescale of the reverberation lags shortens by an order of magnitude over a period of weeks, whereas the shape of the broadened iron K emission line remains remarkably constant. This suggests a reduction in the spatial extent of the corona, rather than a change in the inner edge of the accretion disk.
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                    Fig. 1: Overview of MAXI J1820+070 in the hard state.[image: ]


Fig. 2: The evolution of the lagâ€“frequency spectra.[image: ]


Fig. 3: The high-frequency lagâ€“energy spectra.[image: ]


Fig. 4: Schematic of the proposed geometry.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The power spectral evolution.
The 0.3â€“10-keV Poisson noise-subtracted power spectra (in units of (root-mean-square/mean)2 with 1Ïƒ errors) for the six epochs of interest (same colour scheme throughout). The solid lines on the top-right portion of the figure indicate the frequencies used in the lagâ€“energy analysis (Fig.Â 3).


Extended Data Fig. 2 The low-frequency lagâ€“energy spectra.
The low-frequency (0.1â€“1-Hz) lagâ€“energy spectra for the six epochs. The lags have been shifted such that the lowest-energy lag starts at zero. No thermal lag is seen at low frequencies. Error bars indicate 1Ïƒ confidence intervals.


Extended Data Fig. 3 Modelling the lagâ€“energy spectra.
a, Case A; b, case B. The top panels show the best-fitting models fitted to epoch 1 (ObsID 1200120106), demonstrating how the significance and amplitude of the Fe K lag are determined. The middle panels show the ratio of the data to the null hypothesis (POWERLAW+DISKBB). The case A null hypothesis is assuming a continuum lag power-law index of zero, whereas case B allows for a non-zero continuum lag. The bottom panels show the ratio of the data to the best-fitting model (POWERLAW+DISKBB+LAOR+LAOR), again where case B allows for a non-zero power-law continuum lag. See text and Extended Data TableÂ 2 for details on the best-fit parameters and Ï‡2 fit statistics. Error bars indicate 1Ïƒ confidence intervals.


Extended Data Figure 4 Lags from other observations.
a, The frequency range of the high-frequency soft lags (lags between 0.5â€“1Â keV and between 1â€“10Â keV) for all observations between epoch 1 and 6. The general trend is that the soft lags increase to higher frequencies over time. The coloured dots show the frequency ranges for the six epochs studied. b, The hardnessâ€“intensity diagram, defined as the total 0.2â€“12-keV count rate versus the ratio of hard (4â€“12 keV) to soft (2â€“4 keV) count rates (as in Fig.Â 1c) for all available data up to MJD 58,344. This extended hardnessâ€“intensity diagram shows the recent transition to the soft state. In the right two panels, we show the lags from the earliest observations from the beginning of the outburst (dark-red hashed region) and from the latest times where we can measure high-frequency time lags, at the beginning of the transition to the soft state (purple hashed region). c, Comparison of the lagâ€“frequency spectrum of the first epoch (ObsID 06) and the five co-added ObsIDs that preceded it (MJD 58,189 to MJD 58,193). The inset shows a comparison of the ratio of the energy spectra in these epochs to a power-law fit in the range 3â€“10 keV. d, The corresponding lagâ€“energy spectra for the 3â€“30-Hz range, where Fe K lags were seen in epoch 1. The earlier observations (ObsIDs 01â€“05) show a dominating hard lag at high energies, and no evidence for Fe K lags. e, f, As in c and d, but comparing the lagâ€“frequency spectra and lagâ€“energy spectra of epoch 6 to later observations as the source begins to transition to the soft state. Error bars indicate 1Ïƒ confidence intervals.


Extended Data Table 1 Overview of the observations used in this analysisFull size table


Extended Data Table 2 Fit parameters of the case A modelFull size table


Extended Data Table 3 Fit parameters of the case B modelFull size table
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