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            Abstract
Our current knowledge of cosmic star-formation history during the first two billion years (corresponding to redshift zÂ >Â 3) is mainly based on galaxies identified in rest-frame ultraviolet light1. However, this population of galaxies is known to under-represent the most massive galaxies, which have rich dust content and/or old stellar populations. This raises the questions of the true abundance of massive galaxies and the star-formation-rate density in the early Universe. Although several massive galaxies that are invisible in the ultraviolet have recently been confirmed at early epochs2,3,4, most of them are extreme starburst galaxies with star-formation rates exceeding 1,000 solar masses per year, suggesting that they are unlikely to represent the bulk population of massive galaxies. Here we report submillimetre (wavelength 870Â micrometres) detections of 39 massive star-forming galaxies at zÂ >Â 3, which are unseen in the spectral region from the deepest ultraviolet to the near-infrared. With a space density of about 2Â Ã—Â 10âˆ’5 per cubic megaparsec (two orders of magnitude higher than extreme starbursts5) and star-formation rates of 200 solar masses per year, these galaxies represent the bulk population of massive galaxies that has been missed from previous surveys. They contribute a total star-formation-rate density ten times larger than that of equivalently massive ultraviolet-bright galaxies at zÂ >Â 3. Residing in the most massive dark matter haloes at their redshifts, they are probably the progenitors of the largest present-day galaxies in massive groups and clusters. Such a high abundance of massive and dusty galaxies in the early Universe challenges our understanding of massive-galaxy formation.
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                    Fig. 1: Example images and UV-to-NIRÂ SEDs of H-dropouts.


Fig. 2: Stellar masses and SFRs of H-dropouts.


Fig. 3: Contribution of H-dropouts to the cosmic SFR density and the stellar mass function.


Fig. 4: Clustering properties and halo masses of H-dropouts.
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                Data availability

              
              Source data for the ALMA 870-Î¼m imaging are available through the ALMA archive. Optical-to-infrared imaging for all the galaxies in the sample are also publicly available through the HST and Spitzer data archives. The other data that support the plots within this Letter and other findings of this study are available from the corresponding author upon reasonable request.

            

Code availability

              
              The codes used to reduce ALMA and X-SHOOTER data are publicly available. The codes used to model the optical-to-infrared SEDs, and to stack the optical and infrared images, are accessible through github (https://github.com/cschreib).
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Extended data figures and tables

Extended Data Fig. 1 NIR and ALMA submillimetre-wavelength images of the ALMA-detected H-dropouts.
Images are 6â€³ Ã— 6â€³, centred at the centroid of the IRAC 4.5-Î¼m emission. The greyscale images are F160W-band (H-band) exposures from the Hubble Space Telescope Wide Field Camera 3 (HST/WFC3). The red solid contours are ALMA 870-Î¼m emission, with contour levels starting at 3Ïƒ and increasing as 4Ïƒ, 8Ïƒ, 16Ïƒ, 32Ïƒ and 64Ïƒ. Negative contours at the same significance values are shown with red dashed lines. The cyan contours are 4.5-Î¼m emission, starting at 2Ïƒ and increasing as 3Ïƒ, 4Ïƒ, 8Ïƒ and 16Ïƒ. The exposure times for HST/WFC3 and ALMA imaging are roughly 2 h and 2 min per object, respectively. Although these H-dropouts are not detected in the deep F160W imaging (H â‰³ 27 mag), they are detected with the indicated significance values by ALMA within a short integration time.


Extended Data Fig. 2 Physical properties of ALMA-detected and ALMA-undetected H-dropouts.
The ALMA-detected and ALMA-undetected H-dropouts are shown in blue and red, respectively. a, Main panel, the 870-Î¼m fluxes of ALMA-undetected H-dropouts are shown by their upper limits, S870Î¼m < 0.6 mJy (4Ïƒ). The ALMA-undetected H-dropouts tend to have slightly fainter 4.5-Î¼m magnitudes, with a median value of [4.5]median = 23.5 mag compared to [4.5]median = 23.2 mag for ALMA-detected ones. The error bars for ALMA-detected H-dropouts denote their 1Ïƒ measurement error, while for ALMA-undetected H-dropouts their 4Ïƒ upper limits are shown. Top panel, histogram showing the distribution of the 4.5-Î¼m magnitudes of H-dropouts. The filled and open circles and their error bars denote the median 4.5-Î¼m magnitude as well as the 16th and 84 percentiles of ALMA-detected and undetected H-dropouts, respectively. Right panel, histogram showing the distribution of the 870-Î¼m fluxes of ALMA-detected H-dropouts. b, Main panel, the redshift and stellar masses are derived by template-fitting of their optical-to-NIR photometry, as described in Methods. The ALMA-undetected H-dropouts tend to be at slightly lower redshifts and have lower stellar masses, with a median redshift of zmed = 3.8 and stellar mass of Mâˆ—,med = 1010.31MÊ˜, while the ALMA-detected ones have zmed = 4.0 and Mâˆ—,med = 1010.56 MÊ˜. The error bars represent 1Ïƒ uncertainties as determined from our SED-fitting procedure (Methods). Top and right panels, histogram of the redshift and the stellar mass distributions of H-dropouts, respectively. The filled and open circles and their error bars denote the median redshift as well as the 16th and 84 percentiles of ALMA-detected and undetected H-dropouts, respectively.


Extended Data Fig. 3 Stacked far-infrared SED of ALMA-detected H-dropouts.
The stacked IR SED is derived by median stacking of the Spitzer/24 Î¼m, Herschel/100 Î¼m, 160 Î¼m, 250 Î¼m, 350 Î¼m, 500 Î¼m, and ALMA 870 Î¼m images of the 39 H-dropouts detected with ALMA. The measured fluxes from the stacked images and the predicted fluxes from the best-fit model (solid line) are shown with the large and small open circles, respectively. Error bars (1Ïƒ) on the stacked SED are obtained from either bootstrapping or from the statistics of the residual map (whichever is largest, as described and validated elsewhere24). For the ALMA photometry, the error bar is the formal error on the mean ALMA flux, and is smaller than the data point on this figure. The stacked images are shown in the row of insets at the top, which are linked to their corresponding stacked photometric points by grey arrows. The inset histogram shows the photometric redshift distribution of the H-dropouts based on optical-to-NIR SED fitting, which shows a median redshift (dotted line) of z â‰ˆ 4. The infrared luminosity LIR and dust temperature Tdust are derived from the best-fit SED at z = 4, the average redshift of the sample, using an empirical IR SED library calibrated on galaxies at 0 < z < 4 (ref. 13). The uncertainty on the infrared luminosity (Î”LIR) accounts for uncertainty on the photometry and on the dust temperature, but not on the mean redshift of the sample.


Extended Data Fig. 4 Photometric redshifts of H-dropouts.
a, b, S870Î¼m/S450Î¼m (a) and S1.4GHz/S870Î¼m (b) colours versus redshift for ALMA-detected H-dropouts in CANDELS-COSMOS; c, comparison between redshifts derived from optical SEDs and from S870Î¼m/S450Î¼m colours. a, The redshifts are photometric redshifts derived from optical-to-NIR SED fitting except for the two sources denoted in cyan squares, which are spectroscopic redshifts derived from X-SHOOTER spectra. The S870Î¼m/S450Î¼m colour for galaxies undetected at 450 Î¼m (S/N < 2, open circles) are shown with their lower limits (using the 4Ïƒ upper limits at 450 Î¼m). One of the spectroscopically confirmed galaxies with zspec = 3.097 is only marginally detected with S870Î¼m = 0.4 Â± 0.1 mJy, below our conservative detection limit, but we also include it here for illustration. The lines (see key) denote expected colour evolution of different SED templates as a function of redshift, including the stacked IR SED of the H-dropouts. We note that the S870Î¼m/S450Î¼m colour for both spectroscopically confirmed sources are consistent with the average SED of ALESS z = 4 SMGs. A few previously spectroscopically confirmed bright SMGs at z > 5 are shown by purple squares3,72,73. b, A 3Ïƒ upper limit of 7 Î¼Jy is assigned to non-detections at 3 GHz, which are shown with open circles. The dotted and dashed lines denote the relation between S1.4GHz/S870Î¼m and redshift for IR SEDs with spectral index in the submillimetre region of 3 (M82-like) and 3.5 (Arp220-like), respectively, as shown in ref. 74. The same relation for the stacked IR SED of H-dropouts is also shown (orange line). c, Comparison between submillimetre redshifts (zFIR), derived on the basis of their S870Î¼m/S450Î¼m colour and their stacked IR SED (orange line in the left panel), and redshifts derived from optical-to-NIR SED fitting (zOPT) for sources detected at both 450 Î¼m and 870 Î¼m. The cyan square denotes the source that is spectroscopically confirmed. All error bars are 1Ïƒ. Despite their large dispersion, both methods suggest that most of the H-dropouts are indeed at z > 3.


Extended Data Fig. 5 Full best-fit model of the stacked SEDs of ALMA-detected and ALMA-undetected H-dropouts.
a, ALMA-detected; b, ALMA-undetected. Here we show the best-fit SED templates obtained with the SED-fitting tool Cigale75. We have adopted the BC0376 library of single stellar populations and delayed star-formation history model, with Draine and Li77 models for the dust emission. Nebular emission based on CLOUDY templates was also included78. ALMA-undetected H-dropouts have much lower specific SFR (sSFR) than ALMA-detected ones. Error bars show standard measurement error (1Ïƒ).


Extended Data Fig. 6 X-SHOOTER spectra of two spectroscopically confirmed H-dropouts.
The two galaxies (with IDs 25363 and 32932) are shown on separate rows. Left, main panel, the observed spectra are shown as black solid lines and blue shading, with uncertainties shown in the background as a grey shaded area. The best emission line model for LyÎ± is shown in red, and the centroid of the line is indicated with a vertical dotted line. The 2D spectrum is shown on the top, aligned with the 1D spectrum. Right, smoothed cutouts of the galaxies as observed in the Subaru medium band (IB738) where LyÎ± was detected. The X-SHOOTER slit is shown in blue, Spitzerâ€“IRAC contours are shown in yellow, and ALMA contours are shown in red. The second galaxy (with ID = 32932) is only marginally detected, with S870Î¼m = 0.4 Â± 0.1 mJy. The centroid of each dropout (determined from the IRAC image) is shown as a white cross.


Extended Data Fig. 7 H âˆ’ [4.5] colour versus stellar mass for massive galaxies at 3.5 < z < 6.5.
Galaxies selected from the ZFOURGE catalogue (left, 3.5 < z < 4.5; right, 4.5 < z < 6.5) with HST/F160W detections (H < 27 mag) are shown in green while the H-dropouts selected in the same fields are shown in red. The H âˆ’ [4.5] colour of the H-dropouts are shown by their lower limit assuming H > 26.5 mag (5Ïƒ). Quiescent and star-forming galaxies are shown by open and filled circles, respectively. Quiescent H-dropouts are defined as those undetected with ALMA while quiescent ZFOURGE galaxies are defined by their sSFR (based on SED fitting) with sSFR < 0.3 Gyrâˆ’1 and no MIPS 24-Î¼m detections8.


Extended Data Fig. 8 Angular cross-correlation function between H-dropouts and UV-selected galaxies at 3.5 < z < 5.5.
The two-point angular cross-correlation function shown here, Ï‰(Î¸), is computed for the 39 ALMA-detected H-dropouts and approximately 6,000 UV-detected (H-band) galaxies distributed in the same fields (CANDELS fields COSMOS, GOODS-S and UDS, see key). The solid black line is the best-fit line for the cross-correlation from the two-halo term (>10â€³ scale). The error bars are estimated from Poisson statistics. See Methods for details.


Extended Data Table 1 Survey depths for each fieldFull size table


Extended Data Table 2 Physical properties of H-dropoutsFull size table
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