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            Abstract
The rest-frame ultraviolet properties of galaxies during the first three billion years of cosmic time (redshift z > 4) indicate a rapid evolution in the dust obscuration of such galaxies1,2,3. This evolution implies a change in the average properties of the interstellar medium, but the measurements are systematically uncertain owing to untested assumptions4,5 and the inability to detect heavily obscured regions of the galaxies. Previous attempts to measure the interstellar medium directly in normal galaxies at these redshifts have failed for a number of reasons6,7,8,9, with two notable exceptions10,11. Here we report measurements of the forbidden C ii emission (that is, [C ii]) from gas, and the far-infrared emission from dust, in nine typical star-forming galaxies about one billion years after the Big Bang (z â‰ˆ 5â€“6). We find that these galaxies have thermal emission that is less than 1/12 that of similar systems about two billion years later, and enhanced [C ii] emission relative to the far-infrared continuum, confirming a strong evolution in the properties of the interstellar medium in the early Universe. The gas is distributed over scales of one to eight kiloparsecs, and shows diverse dynamics within the sample. These results are consistent with early galaxies having significantly less dust than typical galaxies seen at z < 3 and being comparable in dust content to local low-metallicity systems12.
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                    Figure 1: Optical, [C ii] and continuum maps of the sources HZ1â€“HZ10.[image: ]


Figure 2: IRXâ€“Î² measurements of z > 5 objects.[image: ]


Figure 3: [C ii] line profiles for the sources.[image: ]


Figure 4: L[C ii] over LIR ratio as a function of LIR.[image: ]
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Extended data figures and tables

Extended Data Figure 1 [C ii] flux as a function of total star-formation rate, SFR.
Our sample is consistent with the low-z SFRâ€“L[C ii] relation from the literature at z = 0â€“6 (ref. 6). The best fit to the literature points from ref. 44 is indicated with a solid line. The SFRs are derived using the UV + FIR method and a Chabrier IMF18. The dust-corrected ultraviolet estimates with a Meurer relation typically used at these redshifts would increase the estimated SFR by a factor of âˆ¼2â€“10 (0.5â€“1 dex), leading to over-estimates of the expected [C ii] flux. The L[C ii] error bars are 1Ïƒ standard measurement error, while the SFR errors are 1Ïƒ from a combination of measurement error in LIR and LUV converted to star formation added in quadrature.


Extended Data Figure 2 Star-formation rate as a function of stellar mass.
Our objects are generally consistent with the stellar mass-SFR or â€˜main sequenceâ€™ of star forming galaxies at z â‰ˆ 5â€“6 (ref. 18). Three objects fall below the relation, namely HZ1, HZ2 and HZ3, but the stellar mass of HZ1 may be over-estimated (â€˜Derivation of physical parametersâ€™ in Methods). Mass errors reflect the 1Ïƒ range of masses allowed by the SED model fits including emission line strength as a free parameter. SFR errors are 1Ïƒ from a combination of measurement error in LIR, systematics in LIR, and measurement error in LUV converted to star formation added in quadrature.


Extended Data Figure 3 Dynamical mass compared with stellar mass.
A comparison of the dynamical masses estimated from the [C ii] line and stellar masses estimated from SED fitting is shown. The dotted line indicates equal stellar and dynamical masses. The average dynamic to stellar mass ratio is âˆ¼3, which is higher than, but consistent with, similar measurements at z â‰ˆ 1â€“3 (ref. 28). Errors on the dynamical masses reflect the 1Ïƒ measurement uncertainty in the size, and velocity dispersion of the sources, but the geometry is limited to sin(i) = 0.45â€“1 (â€˜Derivation of physical parametersâ€™ in Methods). The errors on the stellar masses reflect the 1Ïƒ range of masses allowed by the SED model fits including emission line strength as a free parameter.


Extended Data Figure 4 The star-formation rate history of the Universe.
The global SFR history at z > 4 derived from UV measurements2 is shown for three different assumptions about the dust obscuration in the general galaxy population. Blue, no correction for dust (â€˜direct UV measurementsâ€™ in key); red, a dust correction assuming the Meurer relation29 (â€˜UV corrected with Meurer et al.â€™); green, a correction which linearly evolves in redshift between a Meurer relation at z â‰ˆ 4, the SMC-like relation at z â‰ˆ 5, and our measured value at z â‰ˆ 6 (â€˜UV corrected with evolving dustâ€™). Note the evolving dust correction leads to a downward revision by 30â€“40% at z â‰ˆ 6. Redshift error bars reflect the binning of the data, errors in the SFR density reflect the 1Ïƒ measurement error in the ultraviolet luminosity density.


Extended Data Table 1 Measured source propertiesFull size table


Extended Data Table 2 Gaussian fits to ALMA [C ii] moment zero imagesFull size table


Extended Data Table 3 De-convolved sizes of [C ii] moment zero images.Full size table


Extended Data Table 4 Gaussian fits to ALMA continuum images*Full size table


Extended Data Table 5 Derived physical propertiesFull size table
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        Editorial Summary
High-redshift galaxies observed
Peter Capak et al. present sub-millimetre measurements of the 158 Î¼m [C II] emission line that is a dominant cooling line for neutral gas â€” and of dust emission from nine typical star-forming galaxies at redshifts of 5 to 6, about one billion years after the Big Bang. They find that the dust levels in galaxies of this age are significantly lower than those found in typical star-forming galaxies about two billion years later, and comparable with those of local low-metallicity galaxies.
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