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            Abstract
Water is a fundamental molecule in the star and planet formation process, essential for catalysing the growth of solid material and the formation of planetesimals within disks1,2. However, the water snowline and the HDO:H2O ratio within proto-planetary disks have not been well characterized because water only sublimates at roughly 160 K (ref. 3), meaning that most water is frozen out onto dust grains and that the water snowline radii are less than 10 AU (astronomical units)4,5. The sun-like protostar V883 Ori (M* = 1.3 M⊙)6 is undergoing an accretion burst7, increasing its luminosity to roughly 200 L⊙ (ref. 8), and previous observations suggested that its water snowline is 40–120 AU in radius6,9,10. Here we report the direct detection of gas phase water (HDO and \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\)) from the disk of V883 Ori. We measure a midplane water snowline radius of approximately 80 AU, comparable to the scale of the Kuiper Belt, and detect water out to a radius of roughly 160 AU. We then measure the HDO:H2O ratio of the disk to be (2.26 ± 0.63) × 10−3. This ratio is comparable to those of protostellar envelopes and comets, and exceeds that of Earth’s oceans by 3.1σ. We conclude that disks directly inherit water from the star-forming cloud and this water becomes incorporated into large icy bodies, such as comets, without substantial chemical alteration.
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                    Fig. 1: Illustrations comparing a typical proto-planetary disk and the disk surrounding the outbursting protostar V883 Ori.[image: ]


Fig. 2: Integrated intensity images of water and other molecular lines in the disk of V883 Ori.[image: ]


Fig. 3: Radial column density measurements of water and the HDO:H2O ratio along with their disk-averaged measurements.[image: ]


Fig. 4: HDO:H2O ratio for Class 0 protostars, V883 Ori, Jupiter Family comets (JFC, with 67P labelled), Oort Cloud comets (OCC), Earth’s oceans, the Sun and the local ISM.[image: ]
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                Data availability

              
              The images used for analysis in the paper are available in the Harvard Dataverse repository (https://doi.org/10.7910/DVN/MDQJEU), along with the reduction scripts used to process the ALMA visibility data and create images. Owing to their size, the raw (and ALMA-pipeline-calibrated) visibility data are only available from the ALMA science archive (https://almascience.nrao.edu/aq/).

            

Code availability

              
              Codes used for analysis are available in the Harvard Dataverse repository (https://doi.org/10.7910/DVN/MDQJEU), along with the ALMA images used for analysis. Documentation and requirements for various parts of the code are documented.
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Extended data figures and tables

Extended Data Fig. 1 Channel maps of HDO 225 and 241 GHz emission.
The data are shown by the colour scale, the Keplerian mask is drawn as a heavy white line, and the mask corresponding to the blueshifted CH3OCHO line (Extended Data Fig. 4) is drawn as a heavy blue line for HDO 225 GHz and CH3CHO for HDO 241 GHz. The continuum peak/protostar position is marked by the white cross. The channels nearest the velocity of V883 Ori (4.25 km s−1) are marked with a star in the upper right corner. The synthesized beam is also drawn in the lower left corner of each panel.


Extended Data Fig. 2 Channel maps of \({{{\bf{H}}}_{{\bf{2}}}}^{{\bf{18}}}{\bf{O}}\) 203 GHz emission.
The data are shown by the colour scale, the Keplerian mask for \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) is drawn as a heavy white line, and the masks corresponding to the two blueshifted and one redshifted CH3OCH3 lines (Extended Data Fig. 4) are drawn as heavy blue and red lines, respectively. The continuum peak/protostar position is marked by the white cross and the channels nearest the velocity of V883 Ori (4.25 km s−1) are marked with a star in the upper right corner. Despite the faintness of the \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) line and its location between nearby COM lines, the detection of \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) is unambiguous given that its emission is detected in the expected channels for the given protostar mass. The channels with >3σ detections within the Keplerian masks are marked with asterisks in the lower right corner. The synthesized beam is drawn in the lower left corner of each panel.


Extended Data Fig. 3 Integrated intensity images of HDO and \({{{\bf{H}}}_{{\bf{2}}}}^{{\bf{18}}}{\bf{O}}\).
The HDO 241 GHz integrated intensity map created using a Keplerian mask identical to the HDO 225 GHz and \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) lines is shown in a, the HDO 241 GHz integrated intensity image between 5.05 and 7.05 km s−1 is shown in b, the HDO 225 GHz integrated intensity image using the same velocity range is shown in c, and the \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) integrated intensity image from the same velocity range is shown in d. The contours shown in b–d are from the \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) image and show the intensity levels 3 and 5 times the noise (s.d.), where 1 s.d. is 0.00158 Jy beam−1 km s−1, and the integrated intensity images in these panels were computed without the use of masks or any other clipping. The 5.05 to 7.05 km s−1 velocity range had minimal contamination from other lines for HDO and \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) and effectively demonstrates the significance of the \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) detection. The extent of the continuum emission from the disk is denoted by the white contour and the position of the protostar is marked with the white cross. The HDO 241 GHz line shows very similar structure to the HDO 225 GHz line that is shown in Fig. 2 in the main text, and the dotted line in a shows the region over which the integrated intensity image was computed using the Keplerian mask. The depression in the centre of the line emission in a is the result of optically thick continuum absorbing the line emission in the inner ~ 0.1″ (40 au). The extent of this optically thick region is denoted with the thick grey line in the centre of each image. The ellipses in the lower right corner denote the resolution of the line observation (orange, ~ 0.1″) and the continuum data (white, ~ 0.08″).


Extended Data Fig. 4 Integrated spectra of V883 Ori centered on the HDO 225 GHz, HDO 241 GHz, and \({{{\bf{H}}}_{{\bf{2}}}}^{{\bf{18}}}{\bf{O}}\) 203 GHz lines.
Panels a, c, e show the spectra as observed (disk rotation causes all spectral lines to have a double-peaked line profile), while panels b, d, f show the stacked spectra40,41 with the Keplerian rotation profile removed. The root mean squared (RMS) noise of the HDO 225 GHz, HDO 241 GHz, and \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) are 0.016, 0.017, and 0.011 Jy, respectively. The HDO lines are the brightest features around their centre frequencies, but both have contaminating emission from COM species nearby. The \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) line is faint relative to its surrounding features but is still clearly detected. We are able to model the spectral profiles for HDO, \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\), and the contaminating lines to measure their line fluxes using an optically-thin synthetic spectral model for a disk (Extended Data Fig. 5). In a, c, e, the observed spectrum is drawn as the black line, the model of the contaminating lines is drawn as an orange line, the model HDO and \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) lines are drawn as blue lines, and the total model of contaminating lines with HDO and \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) is drawn as a green line. The rise seen toward higher frequencies on the \({{{\rm{H}}}_{2}}^{18}{\rm{O}}\) spectrum (e) is another CH3OCH3 line that peaks outside the shown region. The spectra are plotted at their observed frequencies and are not corrected for the system local standard of rest (LSR) velocity of ~ 4.25 km s−1.


Extended Data Fig. 5 Plot of template spectra derived from the LIME radiative transfer model and from the observed isolated methanol lines.
The main difference between the templates is at the centre of the line profile where the methanol line has a much more shallow dip owing to line optical depth, while the optically thin LIME model has a much deeper dip at the centre and sharper peaks.


Extended Data Table 1 Spectral setupFull size table


Extended Data Table 2 Keplerian mask parametersFull size table


Extended Data Table 3 Spectral lines blended with HDO and \({{{\bf{H}}}_{{\bf{2}}}}^{{\bf{18}}}{\bf{O}}\)Full size table


Extended Data Table 4 Impact of different spectral models on line fluxFull size table


Extended Data Table 5 D/H measurementsFull size table
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