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            Abstract
A knowledge of stellar ages is crucial for our understanding of many astrophysical phenomena, and yet ages can be difficult to determine. As they become older, stars lose mass and angular momentum, resulting in an observed slowdown in surface rotation1. The technique of ‘gyrochronology’ uses the rotation period of a star to calculate its age2,3. However, stars of known age must be used for calibration, and, until recently, the approach was untested for old stars (older than 1 gigayear, Gyr). Rotation periods are now known for stars in an open cluster of intermediate age4 (NGC 6819; 2.5 Gyr old), and for old field stars whose ages have been determined with asteroseismology5,6. The data for the cluster agree with previous period–age relations4, but these relations fail to describe the asteroseismic sample7. Here we report stellar evolutionary modelling5,6,8,9,10, and confirm the presence of unexpectedly rapid rotation in stars that are more evolved than the Sun. We demonstrate that models that incorporate dramatically weakened magnetic braking for old stars can—unlike existing models—reproduce both the asteroseismic and the cluster data. Our findings might suggest a fundamental change in the nature of ageing stellar dynamos, with the Sun being close to the critical transition to much weaker magnetized winds. This weakened braking limits the diagnostic power of gyrochronology for those stars that are more than halfway through their main-sequence lifetimes.
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                    Figure 1: The period–age plane as predicted by gyrochronology, compared with observed periods.[image: ]


Figure 2: Ratios of the predicted rotation period14 to the observed period.[image: ]


Figure 3: The effects of a Rocrit threshold on rotational evolution.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The positions of all 21 Kepler stars on the Hertzsprung–Russell diagram.
We plot spectroscopic Teff (a proxy for mass) versus seismic log(g) (surface gravity), with 1σ observational error bars; the symbol size is proportional to the period ratio (AMP ages, fiducial models14). Colours and symbol conventions are as in Fig. 2. Evolutionary tracks are overplotted for [Z/H] = +0.3 (dotted lines) and [Z/H] = −0.1 (solid lines), for masses 0.8–1.3 M⊙ in increments of 0.1 M⊙. ([Z/H] = +0.3, M = 0.8 M⊙ is beyond the plotted area.)


Extended Data Figure 2 Period–age plot of sample stars.
The 21-star sample, with observed rotational periods plotted against AMP asteroseismic ages. Symbol conventions are as in Fig. 2. The solid line denotes the empirical relation2 for Teff = 5,800 K (approximately equal to the mean sample Teff). All error bars represent 1σ.


Extended Data Figure 3 Period ratios using empirical gyrochronology relations.
Ratios of predicted periods2 to observed periods are plotted as a function of the AMP asteroseismic age, and divided according to AMP ZAMS Teff (a, ZAMS Teff = 5,900–6,200 K; b, ZAMS Teff = 5,600–5,900 K; c, ZAMS Teff = 5,100–5,400 K.) Error bars represent 1σ. Symbol conventions are as in Fig. 2.

Source data



Extended Data Figure 4 Detectability of stars in spot modulation.
Detection fractions for the 750 stars with noise in the hound-and-hare exercise of ref. 17, as a function of activity level A (where the activity level of the Sun is defined as A⊙ = 1) and rotation period. The total number of light curves searched for periodicity in each cell is overplotted. The dashed black line at P = 35 days represents the expected period for stars like the Sun under traditional gyrochronology relations found in the literature.

Source data



Extended Data Figure 5 Predicted versus observed rotation periods using ages determined with BASTA.
a, c, e, Plotted are the ratios of the periods predicted using the fiducial models14 to the observed rotation periods, as a function of stellar age. The grey band represents the offset expected from models in which Rocrit = 2.16. All error bars represent 1σ. b, d, f, Ratios of the predicted periods obtained from the empirical relation2 to the observed periods, plotted against stellar age. Stars are divided according to ZAMS Teff, using BASTA ZAMS Teff values: a, b, 5,900–6,200 K; c, d, 5,500–5,900 K; e, f, 5,100–5,400 K. All symbol conventions are as in Fig. 2.


Extended Data Figure 6 The shift in the period ratios induced by changing the stellar model input physics.
Circles are colour-coded according to ZAMS Teff as in Fig. 2. Ratios of the periodicity expected from the fiducial model14 to the observed periodicity are plotted against age. Arrows denote the shift in the period ratio that occurs when YREC models14 are run to match the AMP–ASTEC physics.


Extended Data Table 1 Rotation periods, asteroseismic data and spectroscopic quantities for sample starsFull size table
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Stellar ages are notoriously difficult to infer but are central to many phenomena in astrophysics. One system that has been used to establish stellar age is 'gyrochronology', based on the fact that mass and angular momentum loss cause a slowdown in surface rotation as stars age. This empirical chronometer was recently calibrated, and its use has uncovered apparent anomalous slow rotation in older stars. Here Jennifer van Saders et al. report stellar evolutionary modelling which confirms the presence of unexpectedly rapid rotation in stars more evolved than the Sun. They demonstrate that dramatically weakened magnetic braking for older stars reproduces both the asteroseismic and cluster data where existing relations cannot. The authors conclude that gyrochronology may be a reliable guide for stellar ages of up to 2.5 billion years, but that older stars do not appear to spin down predictably.
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