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            Abstract
According to the current understanding of cosmic structure formation, the precursors of the most massive structures in the Universe began to form shortly after the Big Bang, in regions corresponding to the largest fluctuations in the cosmic density field1,2,3. Observing these structures during their period of active growth and assembly—the first few hundred million years of the Universe—is challenging because it requires surveys that are sensitive enough to detect the distant galaxies that act as signposts for these structures and wide enough to capture the rarest objects. As a result, very few such objects have been detected so far4,5. Here we report observations of a far-infrared-luminous object at redshift 6.900 (less than 800 million years after the Big Bang) that was discovered in a wide-field survey6. High-resolution imaging shows it to be a pair of extremely massive star-forming galaxies. The larger is forming stars at a rate of 2,900 solar masses per year, contains 270 billion solar masses of gas and 2.5 billion solar masses of dust, and is more massive than any other known object at a redshift of more than 6. Its rapid star formation is probably triggered by its companion galaxy at a projected separation of 8 kiloparsecs. This merging companion hosts 35 billion solar masses of stars and has a star-formation rate of 540 solar masses per year, but has an order of magnitude less gas and dust than its neighbour and physical conditions akin to those observed in lower-metallicity galaxies in the nearby Universe7. These objects suggest the presence of a dark-matter halo with a mass of more than 100 billion solar masses, making it among the rarest dark-matter haloes that should exist in the Universe at this epoch.
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                    Figure 1: Continuum, [C II] and [O III] emission from SPT0311−58 and the inferred source-plane structure.[image: ]


Figure 2: Mass measurements for high-redshift galaxies.[image: ]


Figure 3: Halo masses for rare, high-redshift, massive galaxies.[image: ]
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Extended data figures and tables

Extended Data Figure 1 ALMA continuum images of SPT0311−58.
a–d, Continuum images in ALMA bands 3 (a), 6 (b), 7 (c) and 8 (d), corresponding to rest-frame wavelengths of 380 μm, 160 μm, 110 μm and 90 μm, respectively. Note that the resolution in a is a factor of roughly ten worse than in b–d, and the displayed field of view is also larger by a factor of four. Contours at 10%, 30% and 90% of the image peak in band 6 are shown in a for scale. The ALMA synthesized beam (full-width at half-maximum) is represented as a hatched ellipse in the corner of each image.


Extended Data Figure 2 Infrared and optical imaging of SPT0311−58.
8″ × 8″ thumbnails of SPT0311−58 in the observed optical and infrared filters are shown. ALMA band 6 continuum contours at 30% and 4% of the image peak are shown in blue; the ALMA synthesized beam is depicted as a blue ellipse in the corner of each image.


Extended Data Figure 3 Optical, infrared and millimetre-wavelength image of SPT0311−58.
The field around SPT0311−58 is shown, as seen with ALMA and HST at 1.3 mm (ALMA band 6; red), 1,300 nm (combined HST/WFC3 F125W and F160W filters; green) and 700 nm (combined HST/ACS F606W and F775W filters; blue). For emission from z = 6.9, no emission should be visible in the ACS filters owing to the opacity of the neutral intergalactic medium, whereas the other filters correspond to rest-frame 160 nm and 160 μm.


Extended Data Figure 4 De-blending of the optical and infrared images.
Left to right, sky image, model and residual images. Top to bottom, HST/WFC3 F125W, Spitzer/IRAC 3.6 μm and Spitzer/IRAC 4.5 μm data. The ALMA band 6 contours are shown in the left and right columns; the red circles in the right column show the photometric extraction regions for the Spitzer/IRAC images.


Extended Data Figure 5 Gravitational lensing model of the dust continuum emission in SPT0311−58.
For each continuum wavelength for which we have suitable data, we reconstruct the source-plane emission as described in Methods section ‘Gravitational lens modelling’. For each wavelength, from left to right, we show the ‘dirty’ (not de-convolved) image of the data, the dirty image of the model, the model residuals and the source-plane reconstruction. Because the images of the data are not de-convolved, the structure far from the object is due to side lobes in the synthesized beam, and should be reproduced by the models. The image-plane region modelled is evident in the residuals, and results in the ‘noise’ in the source-plane reconstructions. Contours in the residual panels are drawn in steps of ±2σ. The lensing caustics are shown in each source-plane panel (ellipse and diamond). The lens parameters are determined independently at 90 μm and 160 μm; at 110 μm we adopt the parameters of the 160-μm model.


Extended Data Figure 6 Gravitational lensing model of the [C II] line in SPT0311−58.
For each channel (40 km s−1 wide), we reconstruct the source-plane emission using the lens parameters determined from fitting to the rest-frame 160-μm (ALMA band 6) continuum data (Methods section ‘Gravitational lens modelling’). The four images for each channel are as in Extended Data Fig. 5.


Extended Data Figure 7 Optical to submillimetre-wavelength SED modelling for SPT0311−58 E, SPT0311−58 W and the lens galaxy.
The photometric data in Extended Data Tables 2 and 3 for the three components at the position of SPT0311−58 are compared to the models determined using the CIGALE SED modelling code. The lens is modelled assuming a redshift of zphot = 1.43, as estimated with the photometric redshift code EAZY. Upper limits are shown at the 1σ threshold and error bars represent 1σ uncertainties.


Extended Data Table 1 ALMA observationsFull size table


Extended Data Table 2 Optical and infrared photometryFull size table


Extended Data Table 3 Far-infrared photometryFull size table
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