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            Abstract
A fundamental quest of modern astronomy is to locate the earliest galaxies and study how they influenced the intergalactic medium a few hundred million years after the Big Bang1,2,3. The abundance of star-forming galaxies is known to decline4,5 from redshifts of about 6 to 10, but a key question is the extent of star formation at even earlier times, corresponding to the period when the first galaxies might have emerged. Here we report spectroscopic observations of MACS1149-JD16, a gravitationally lensed galaxy observed when the Universe was less than four per cent of its present age. We detect an emission line of doubly ionized oxygen at a redshift of 9.1096 ± 0.0006, with an uncertainty of one standard deviation. This precisely determined redshift indicates that the red rest-frame optical colour arises from a dominant stellar component that formed about 250 million years after the Big Bang, corresponding to a redshift of about 15. Our results indicate that it may be possible to detect such early episodes of star formation in similar galaxies with future telescopes.
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                    Fig. 1: ALMA [O iii] contours and spectrum of MACS1149-JD1.[image: ]


Fig. 2: The SED of MACS1149-JD1.[image: ]


Fig. 3: Demonstration of how a dominant phase of early star formation is necessary to reproduce the SED of MACS1149-JD1.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 ALMA dust contours of MACS1149-JD1 and a serendipitous continuum object.
a, ALMA dust contours of MACS1149-JD1 overlaid on the HST F160W image. Contours are drawn at ± 2σ, where σ = 17.7 μJy per beam. Negative contours are shown by the dashed line. The ellipse at the lower left corner indicates the synthesized beam size of ALMA. b, Dust continuum of a dusty galaxy at z = 0.99 in our ALMA field of view, overlaid on the HST F160W image. Contours are drawn at −2σ, 2σ, 4σ, 6σ, 8σ and 9.5σ, where σ = 16.0 μJy per beam.


Extended Data Fig. 2 X-shooter observations and Lyα spectra of MACS1149-JD1.
a, Orientation of the X-shooter slit (white dashed-line rectangle), demonstrating the successful acquisition of MACS1149-JD1 data by alignment of the slit to follow the lensed elongation, as well as the inclusion of a bright foreground galaxy. b, Two-dimensional X-shooter spectra of MACS1149-JD1, with the position of Lyα marked with a green arrow and the two negative counterparts shown by red arrows. Sky lines are highlighted by blue rectangles. c, Extracted one-dimensional spectra in a 0.8″ aperture. Lyα is shaded in yellow, 2σ is shown in grey, and the sky lines are marked by blue rectangles.


Extended Data Fig. 3 ALMA [O iii] 88-μm emission and X-shooter Lyα spectra in velocity space.
The flux densities Fν of [O iii] and Lyα emissions are shown with a resolution of ∼42 km s−1 and 15 km s−1, respectively. The values are normalized by the peak flux densities. The zero-velocity point corresponds to the [O iii] redshift, z = 9.1096 (red dashed line), and the Lyα offset is ∼450 km s−1 (blue dashed line). Grey rectangles show regions contaminated by night-sky emission. The data at around −100 km s−1 to 0 km s−1 were removed from the analysis because the night-sky emission was too strong. The black solid lines indicate the 1σ noise level for these velocity resolutions.


Extended Data Fig. 4 Best-fit SEDs of MACS1149-JD1 with various SFHs.
a, b, Best-fit SEDs obtained with a single stellar component, assuming an exponentially declining (a) and a constant (b) SFH. c, d, Best-fit SEDs obtained with two stellar components, assuming a constant SFH. The star formation duration of the old component is τ = 10 Myr (c) and 200 Myr (d). The reduced χ2 value, \({\chi }_{\nu }^{<mml:mpadded xmlns:xlink="http://www.w3.org/1999/xlink" lspace="-.15em">2</mml:mpadded>}\), and the best-fit stellar age for each model is shown in the upper left corner. The meanings of the symbols are the same as those in Fig. 2.


Extended Data Fig. 5 Schematic overview of the SFHs of our two-components models.
The red and blue rectangles show the old and young stellar components with constant SFRs, respectively. The old component stops its star formation activity after a fixed duration, τ. The black vertical dashed line indicates the observation at z = 9.1 (Universe age of ~550 Myr). Each component is described using age and SFR parameters. For simplicity, both components have a common dust attenuation, Av, and metallicity, Z.


Extended Data Fig. 6 Comparisons of constant SFH models and observational constraints.
a–c, \({\chi }_{\nu }^{<mml:mpadded xmlns:xlink="http://www.w3.org/1999/xlink" lspace="-.15em">2</mml:mpadded>}\) (a), IRAC colour (b) and dust emission (c), plotted against stellar age. All model grids are shown with grey dots, and the best-fit models at given stellar ages are indicated with red circles. In b, the black horizontal dashed line indicates the observed value and the yellow shaded region its 1σ uncertainty. In c, the black horizontal dashed line refers to the 2σ upper limit. d–f, Best-fit SEDs at ages of 1 Myr, 10 Myr and 100 Myr indicated by the blue squares in a. The insets show the flux density of the dust continuum (in μJy) and the [O iii] 88-μm flux (in 10−18 erg cm−2 s−1). In d we demonstrate that a strong nebular continuum plus [O ii] 3,727-Å emission counteracts intense Hβ plus [O iii] 4,959-Å emission, producing an ‘inverse Balmer break’ for very young metal-poor cases.


Extended Data Fig. 7 Evolution of the ultraviolet luminosity of MACS1149-JD1 as a function of redshift.
For each redshift bin (Δz = 1), we extrapolated the magnitude by assuming a constant SFR over the redshift interval (blue curve). We over-plotted the sensitivity of the NIRCam filters (pink and grey) covering the 1,500-Å rest frame (10σ in ~20 min) and the NIRSpec sensitivity (dashed black line) at the same wavelength (10σ in 3 h).


Extended Data Table 1 Upper limits on the infrared luminosity and dust massFull size table


Extended Data Table 2 Summary of our SED parametersFull size table


Extended Data Table 3 Summary of SED fit results of our fiducial modelFull size table
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