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The first stars that formed after the Big Bang were probably massiv el, and they provided the
Universe with the first elements heavier than helium (‘metals’), which were incorporated into
low-mass stars that have survived to the presentz’ 3 Eight stars in the oldest globular cluster in
the Galaxy, NGC 6522, were found to have surface abundances consistent with the gas from which
they formed being enriched by massive stars? (that is, with higher a-element/Fe and Eu/Fe ratios
than those of the Sun). However, the same stars have anomalously high abundances of Ba and La
with respect to Fe4, which usually arises through nucleosynthesis in low-mass stars® (via the
slow-neutron-capture process, or s-process). Recent theory suggests that metal-poor fast-rotating
massive stars are able to boost the s-process yields by up to four orders of magnitudes, which
might provide a solution to this contradiction. Here we report a reanalysis of the earlier spectra,
which reveals that Y and Sr are also overabundant with respect to Fe, showing a large scatter
similar to that observed in extremely metal-poor stars7, whereas C abundances are not enhanced.
This pattern is best explained as originating in metal-poor fast-rotating massive stars, which might
point to a common property of the first stellar generations and even of the ‘first stars’.

Subject terms: Astronomy

Main

NGC 6522 hasbeen confirmed to be older than any halo globular cluster, despite its metallicity being
a tenth that of the Sun4, and istherefore a witness of the early phases of the chemical enrichment of
the Universe. Consistent with the age of this cluster, its stars show a chemical pattern typical of an
interstellar medium enriched by core-collapse supernovae (in which thermonuclear supernovae of
type la and low- and intermediate-mass stars did not have time to contribute to the chemical
enrichment). However, the large [Ba/Eu] ratios found? in five of the eight stars of NGC 6522 studied
(Table 1) showsthat the excessin Ba cannot be attributed to the rapid-neutron-capture (r) process, and
so the s-process must be invoked®® (see Supplementary Information).

Table 1: Abundances of the eight stars in NGC 6522.
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There are only two waysto explain the high Ba and La found in NGC 6522, namely: (1) the original gas
from which the globular cluster formed had been pre-enriched in sprocess elements by previous
generations of massive stars, or (2) the original composition of the starsformed in the globular cluster
was lately modified by mass-transfer episodestaking place in binary systemsinvolving low-mass
asymptotic giant branch (AGB) stars within NGC 6522.

From re-inspection of the spectra of NGC 6522 (ref. 4), we were able to obtain the Y abundances for
eight giant stars, and estimate the Srabundancesfor six of them (Table 1 and the Supplementary
Information). We find large overabundances of Y (and Sr) with respect to Fe and Ba in the NGC 6522
stars, with a similar scatter to that observed in extremely metal-poor halo stars7, but now also observed
for bulge stars with [Fe/H] = -1, a result not seen previously (see Fig. 1). In addition, from the C,
band-head (see Supplementary Information), we were able to estimate upper limits for the [C/Fe] ratio.
We found that all studied stars have [C/Fe] <0.0, and hence are not enriched in C, asisthe case in a

significant fraction of very-metal-poor halo stars®.

Figure 1: The [Y/Ba] scatter observed in the early Universe.
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Observed [Y/Ba] scatter in the NGC 6522 stars, which have a metallicity of around [Fe/H] = -1 (ref. 4) (red
circles with s.d. error bars) compared to that observed in extremely metal-poor halo stars’ (with [Fe/H] <-3).
The two y ellow shaded areas mark the ‘early Universe phase’ sampled by halo and Bulge stars. We note the
similar scatter in [Y/Ba] between the most metal-poor halo stars and our Bulge stars (compare the scatter
inside the two y ellow zones). Also shown is the [Y/Ba] scatter predicted for the very earliest phases of the
chemical enrichment owing to ‘spinstars’ (indicated by the blue column). The dashed line indicates the [Y/Ba]
ratio predicted from pure r-processS. Finally, the curves show the predictions for the [Y/Ba] ratio by recent
AGB models'4, at different metallicities. The lowest 13C-pocket efficiency model considered here'* is ‘'ST/12’
(where ST is for standard, and ST/12 means the efficiency of the standard case reduced by a factor of 12; the
13C-pocket is a tiny radiative lay er of material in the He-rich region just below the H shell, responsible for most
of the s-process in AGB stars). We do not consider AGB models with lower efficiencies (showing higher [Y/Ba]
ratios) because the corresponding [Ba/Fe] and [Y/Fe] ratios would be too low™* (approximately solar) compared
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to the large enhancements observed in the NGC 6522 stars (Table 1). Finally, we note that whereas AGB
mass-transfer and ‘spinstar’ models can explain stars with slightly sub-solar [Y/Ba] ratios (-1 <[Y/Ba] <0),
both scenarios hav e difficulties in explaining stars with [Y/Ba] ratios below —1. Gy, billion year; M ¢, solar
mass.

Extremely metal-poor environments can produce noticeable effects on the properties of massive stars
(more details can be found in the Supplementary Information). At very low metallicities, stars rotate

faster’. Models of fast-rotating massive stars (hereafter ‘spinstars) at very low metallicities'® 112

have
shown that rotational mixing transports 12¢ from He-burning core into H-rich layers where it is
transformed to N and 3C. This primary 14\ isthen transported backto the He-burning core where itis
converted into 22Ne, the main neutron source in massive stars for the s-process beyond Fe. Hence, the
amount of ?Ne and of s-process productsin the He core isenhanced with respect to non-rotating

modelse.

We have calculated extremely metal-poor ‘spinstar models™ ([Fe/H] = -3.8) with a reaction network
including 613 isotopesup to Bi (U.F. et al., manuscript in preparation). Rotational mixing increasesthe
s-processyields by about four orders of magnitude (Fig. 2a and b; see also Supplementary Information).
The efficiency of thisprocess depends on the rotation rate. A lower rotation rate leadsto a more
efficient production of the Sr peak compared to heavier species (for instance, in our models the upper
limit of [Y/Ba] is about +2), whereas strong mixing driven by a high rotation rate boosts the peak of
s-process products towards heavier elements, decreasing the [Y/Ba] ratio (we obtain a lower limit for
[Y/Ba] of around —1), even producing non-negligible quantities of Pb. Hence, one of the main
predictions of our ‘spinstar scenario isthat the early Universe composition should exhibit not only a
large scatter in several [s-process element/Fe] ratios, but also a large scatter in the abundance ratios of
elements belonging to the different s-process peaks.

Figure 2: Impact of rotation on s-process element production in very-metal-poor massive stars.
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The models show the production of s-process elements (where X/X o is the mass fraction of atoms normalized
to solar) predicted in a 40M ¢ star with [Fe/H] = -3.8, which does not rotate (circles), and with an initial
rotational v elocity of 500 km st (triangles). These models are shown at two different phases of He-burning: a,
at the beginning of the s-process (about 127,000 y ears before He exhaustion); and b, at the end of the central
He-burning phase. Rotation boosts production of the s-process elements by four orders of magnitude. X g,
solar abundance of given element.

Figure 1 comparesthe scatter in the [Y/Ba] ratio predicted by models of ‘spinstars’ in the very earliest
phases of the chemical enrichment of the Universe with the scatter observed in extremely-metal poor
halo field stars’ (with [Fe/H] <=3) and in the stars of NGC 6522 (with [Fe/H] = -1; see Supplementary
Information for a discussion on other abundance ratios). Two important conclusions can be drawn.
First, the observed scatterin [Y/Ba] in the early Universe (both in the Bulge and in the very-metal-poor
halo stars) is compatible with the expected scatter from ‘spinstar models, apart from very few objects
with [Y/Ba] ratios below -1, in the case of the halo field stars. Second, whereas ‘spinstars' can produce
a large scatterin the [Y/Ba] ratios, covering a range of -1 <[Y/Ba]<+2, AGB models* at [Fe/H] = -1
(compatible with the observed high [Y/Fe] and [Y/Ba] ratiosin Table 1) cover a smaller [Y/Ba] range
(-1<[Y/Ba]<0.5), and cannot account for the large [Y/Ba] ratios of stars number 3, 7 and 8 in Fig. 1
(see Supplementary Information for more details). In addition, if we take into account the results shown
in Fig. 1 together with the other element ratios presented in the Supplementary Information, a
combination of the s-process component from ‘spinstars and the explosive r-processcomponent may
explain the heavy elementsin all the stars observed in NGC 6522. Predictions from AGB models may
explain the abundancesin five out of eight stars (not reproducing those with the highest [Y/Bal).
However, the AGB mass-transfer scenario might have difficulty in explaining low [C/Fe] ratios. Hence it
is of primary importance to obtain precise [C/Fe] ratios for the NGC 6522 stars, not just upper limits, in
order to distinguish between ‘spinstars and AGB mass-transfer scenarios.
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A possible observational test to confirm our scenario would be to look for the scatter in the [Pb/Fel
ratiosin the early Universe. Low-metallicity AGB mass-transfer models’* '° have quite a robust
prediction for the minimum expected [Pb/Eu] ratios, but ‘spinstar’ models predict a large scatter in the
[Pb/Eu] ratios. Therefore, if Pb could also be measured for stars with known abundances of Sr, Y, Zr,
Ba and La, it would be possible to distinguish between the two scenarios. Unfortunately, the useful Pb
lines are in the ultraviolet part of the spectrum and thus are highly extinct for bulge stars.

Other processes besides fast rotation have been invoked in the literature to explain the large
overabundances with respect to Fe of the light sprocess elements (Y, Srand Zr) in the very-metal-poor

Universe

16,17, 18, but itisunclear if they could also account for the abundances observed in NGC 6522.

Here we propose that ‘spinstars’ offer another plausible explanation for this signature, both in the Bulge
and in extremely metal-poor halo stars.

The impact of having had an early generation of ‘spinstars’ in the Universe is manifold. They may have

contributed to the primary nitrogen production in the early Universe

1920 The fast spins of the stars

could have led to more masslossthan expected at these very low metallicities and thus could have
prevented the first stars from dying as pair-instability supernovaell, which would explain why halo stars
do not bear the chemical signature of pair-instability supernovae. In addition, even if the more-massive
‘spinstars’ were to collapse into black holeswithout a supernova explosion, they would have been able
to contribute to the chemical enrichment of the interstellar medium in the very early Universe via
stellar mass-loss triggered by rotation. Thisalso hasimplications for the fate of the stars, leading
possibly to more gamma-ray bursts than previously thought, and more generally to magneto-
hydrodynamic explosionsll. Finally, ‘spinstars’ have longer lifetimes' and possibly higher surface
temperatures and luminosities than non-rotating stars. It will therefore be worthwhile to study the impact
of rotation on the ionizing power of the first stars. The fast rotation of the first starsis now also supported

21

by the latest hydrodynamic simulations of the formation of the first stars™.
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