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            Abstract
Supermassive black holes, with masses more than a million times that of the Sun, seem to inhabit the centres of all massive galaxies1,2. Cosmologically motivated theories of galaxy formation require feedback from these supermassive black holes to regulate star formation3. In the absence of such feedback, state-of-the-art numerical simulations fail to reproduce the number density and properties of massive galaxies in the local Universe4,5,6. There is, however, no observational evidence of this strongly coupled coevolution between supermassive black holes and star formation, impeding our understanding of baryonic processes within galaxies. Here we report that the star formation histories of nearby massive galaxies, as measured from their integrated optical spectra, depend on the mass of the central supermassive black hole. Our results indicate that the black-hole mass scales with the gas cooling rate in the early Universe. The subsequent quenching of star formation takes place earlier and more efficiently in galaxies that host higher-mass central black holes. The observed relation between black-hole mass and star formation efficiency applies to all generations of stars formed throughout the life of a galaxy, revealing a continuous interplay between black-hole activity and baryon cooling.
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                    Figure 1: Dispersion relation between black-hole mass and stellar velocity.[image: ]


Figure 2: Evolution of star formation over cosmic time.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Data and best-fitting stellar populations model.
a, The spectrum of the low-σ galaxy NGC 3627; b, the spectrum of the higher-σ galaxy NGC 315. Along with the HETMGS spectra (black line), we also show the best-fitting STECKMAP model (red line). In the bottom panel, we show the residuals (blue dots), which are in both cases below 2%. The standard deviation is shown as dashed horizontal lines.


Extended Data Figure 2 Cumulative mass distributions without fixing the kinematics.
To assess the degeneracy between stellar population properties and stellar velocity dispersion, we repeated the analysis while allowing STECKMAP to fit the kinematics simultaneously with the SFHs. In red and blue, the cumulative mass fractions of under-massive (blue) and over-massive (red) black-hole galaxies are shown as a function of look-back time. Although leaving the kinematics as free parameters leads to less accurate SFHs16, the differences in the star formation of under-massive and over-massive black-hole galaxies remain clear.


Extended Data Figure 3 Robustness of the recovered star formation rates.
Different panels correspond to the different tests performed in order to explore the reliability of our results. As in Fig. 2, red and blue lines indicate the star formation rate (SFR) as a function of look-back time for over-massive and under-massive black-hole galaxies, and the shaded areas mark the 1σ uncertainties. a, Our preferred model, as a reference. A two-sided Kolmogorov–Smirnov comparison between over-massive and under-massive galaxies indicates that the two distributions are significantly different (P = 0.026). b, Here, we left the regularization of the SFH almost free, by setting μx = 0.1. c, We varied the regularization of the age–metallicity relation in the same way, changing μZ from 10 to 0.1. d, Finally, we adopted a different (but inconsistent) M•–σ relation12 to separate our sample. All these tests demonstrate that our conclusions are insensitive to systematics in the analysis.


Extended Data Figure 4 Distributions of concentration parameters.
The distribution of the C28 concentration parameter is shown in red and blue for over-massive and under-massive black-hole galaxies, respectively. Higher (lower) concentration indices are associated with earlier (later) morphological types. Vertical dashed lines mark the median of the distributions. No significant differences are found between the samples, indicating that the over-massive and under-massive black-hole galaxies are morphologically indistinguishable. This suggests that both types of galaxy share the same formation processes but differ in the present-day mass of their central black holes.


Extended Data Figure 5 Star formation rate for high-mass galaxies.
Differences in the star formation rate as a function of look-back time for over-massive (red) and under-massive (blue) black-hole galaxies, but only including objects with velocity dispersions σ > 200 km s−1 (logσ = 2.32). The massive end of the M•–σ relation is dominated by elliptical, pressure-supported systems12,19 but shows the same distinction between over-massive and under-massive black-hole galaxies.


Extended Data Figure 6 Nebular emission and star formation rate.
If we include galaxies with strong emission lines in the analysis, the quality of the fits worsens but over-massive (red) and under-massive (blue) black-hole galaxies still show decoupled SFHs.


Extended Data Figure 7 Dependence on the stellar population models.
As in Fig. 2, each panel shows the cumulative mass fraction for over-massive (red) and under-massive (blue) black-hole galaxies. In each panel, the SFHs were calculated using a different set of stellar population synthesis models. a, Result based on the PÉGASE-HR39 models; b, result based BC03 model40; c, result using the GRANADA/MILES models41,42; d, finally, result using the MILES models with BaSTi isochrones43. Despite the quantitative differences, the different behaviour of under-massive and over-massive black-hole galaxies is clear in all panels, and thus it is not an artefact of a particular set of models. Note that different models are fed with different stellar libraries, interpolated in different ways to populate different isochrones. The separation between over-massive and under-massive black-hole galaxies is thus independent of the different ingredients in stellar population modelling.


Extended Data Figure 8 Stellar density as a confounding variable.
a, M• as a function of the best-fitting combination of σ and stellar density, following equation (1). Projecting over this plane allows us to separate galaxies depending on the mass of their black holes, but at fixed stellar velocity dispersion and stellar density ([image: ]). b, The cumulative mass distributions of over-massive and under-massive black-hole galaxies according to this new definition. This test demonstrates that the observed differences in the SFHs are not due to a possible variation of the stellar density across the M•–σ relation, further supporting the role of the black hole in regulating star formation within massive galaxies.


Extended Data Figure 9 Selection function.
Filled grey squares show the size–σ relation for the HETMGS sample, and filled circles correspond to those galaxies with measured black-hole masses (blue and red indicate under-massive and over-massive, respectively), which are, on average, more compact than the overall population. However, we found no differences in the mean sizes of our final sample of galaxies (both over-massive and under-massive), compared with the total population of galaxies with known black-hole masses (filled circles). Thus, our results are not driven by our rejection criteria in terms of signal-to-noise ratio or emission-line contamination.
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        Editorial Summary
Stirring the star-formation pot
Numerical simulations suggest that the supermassive black holes at the centres of all massive galaxies are necessary for regulating star formation. However, there has not yet been observational evidence of this regulation. Ignacio Martín Navarro and colleagues find that the star-formation histories, as encapsulated in the integrated optical spectra, depend on the mass of the black hole. They find that the black-hole growth scales with the gas cooling rate in the early Universe and that the quenching of star formation takes place earlier in galaxies in which the black holes have grown rapidly.
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