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            Abstract
Starburst galaxies at the peak of cosmic star formation1 are among the most extreme star-forming engines in the Universe, producing stars over about 100 million years (ref. 2). The star-formation rates of these galaxies, which exceed 100 solar masses per year, require large reservoirs of cold molecular gas3 to be delivered to their cores, despite strong feedback from stars or active galactic nuclei4,5. Consequently, starburst galaxies are ideal for studying the interplay between this feedback and the growth of a galaxy6. The methylidyne cation, CH+, is a most useful molecule for such studies because it cannot form in cold gas without suprathermal energy input, so its presence indicates dissipation of mechanical energy7,8,9 or strong ultraviolet irradiation10,11. Here we report the detection of CH+ (Jâ€‰=â€‰1â€“0) emission and absorption lines in the spectra of six lensed starburst galaxies12,13,14,15 at redshifts near 2.5. This line has such a high critical density for excitation that it is emitted only in very dense gas, and is absorbed in low-density gas10. We find that the CH+ emission lines, which are broader than 1,000 kilometres per second, originate in dense shock waves powered by hot galactic winds. The CH+ absorption lines reveal highly turbulent reservoirs of cool (about 100 kelvin), low-density gas, extending far (more than 10 kiloparsecs) outside the starburst galaxies (which have radii of less than 1 kiloparsec). We show that the galactic winds sustain turbulence in the 10-kiloparsec-scale environments of the galaxies, processing these environments into multiphase, gravitationally bound reservoirs. However, the mass outflow rates are found to be insufficient to balance the star-formation rates. Another mass input is therefore required for these reservoirs, which could be provided by ongoing mergers16 or cold-stream accretion17,18. Our results suggest that galactic feedback, coupled jointly to turbulence and gravity, extends the starburst phase of a galaxy instead of quenching it.
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                    Figure 1: Rest-frame 360-Î¼m continuum images of our lensed targets.


Figure 2: CH+ Jâ€‰=â€‰1â€“0 spectra of our lensed targets.
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Extended data figures and tables

Extended Data Figure 1 Positionâ€“velocity diagrams of CH+emission and absorption along selected cuts across the sources.
The cuts are made along the eastâ€“west direction for G09v1.40, NAv1.56 and NAv1.144, along the long axis of the lensed images for the Eyelash, and along a northeastâ€“southwest direction for SDP17b. CH+ emission appears in white (blue contours) and absorption in black (green contours). The first contour level and steps are 2Ïƒ. A velocity gradient is seen in the absorption of the Eyelash that is two times smaller than that detected in CO (ref. 24).


Extended Data Figure 2 CH+ emission and absorption overlaid on dust continuum emission for the Eyelash, SDP17b and G09v1.40.
The integrated emission (blue contours) and absorption (red contours) of the CH+ lines, with contour levels in steps of 2Ïƒ, are overlaid on continuum emission (grey scale). All of the images are lensed and so the differences between the distribution of dust continuum and CH+ line emission are affected by differential lensing.


Extended Data Figure 3
As in Extended Data Fig. 2, but for NAv1.56, NAv1.144 and SDP130. Only emission is detected for SDP130.


Extended Data Table 1 Additional properties of the lensed SMGsFull size table
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        Editorial Summary
Far-away gas feeds star formation
Starburst galaxies in the early Universe form stars so rapidly that the gas reservoirs that feed star formation should quickly be depleted. However, star formation goes on for longer than can be explained by the amount of gas inside the galaxies. CH+ is a useful tracer of the physical conditions of these galaxies because it can form in cold gas only in the presence of strong ultraviolet radiation or mechanical shocks. Edith Falgarone et al. report spectra in which they see CH+ in both emission and absorption in a sample of starburst galaxies at redshifts of around 2.5. In emission, the CH+ lines are very wide and result from shocks. In absorption, the lines reveal the presence of very turbulent gas extending far outside the star-forming cores of the galaxies. These findings suggest that the feedback process that regulates star formation involves reservoirs of gas far outside the galaxies.
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