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The first stars that formed after the Big Bang w ere probably massiv e
1
, and they prov ided the

Univ erse w ith the first elements heav ier than helium (‘metals’), w hich w ere incorporated into

low -mass stars that hav e surv iv ed to the present
2, 3

. Eight stars in the oldest globular cluster in

the Galaxy, NGC 6522, w ere found to hav e surface abundances consistent w ith the gas from w hich

they formed being enriched by massiv e stars
4
 (that is, w ith higher α-element/Fe and Eu/Fe ratios

than those of the Sun). How ev er, the same stars hav e anomalously high abundances of Ba and La

w ith respect to Fe
4
, w hich usually arises through nucleosynthesis in low -mass stars

5
 (v ia the

slow -neutron-capture process, or s-process). Recent theory suggests that metal-poor fast-rotating

massiv e stars are able to boost the s-process yields by up to four orders of magnitude
6
, w hich

might prov ide a solution to this contradiction. Here w e report a reanalysis of the earlier spectra,

w hich rev eals that Y and Sr are also ov erabundant w ith respect to Fe, show ing a large scatter

similar to that observ ed in extremely metal-poor stars
7
, w hereas C abundances are not enhanced.

This pattern is best explained as originating in metal-poor fast-rotating massiv e stars, w hich might

point to a common property of the first stellar generations and ev en of the ‘first stars’.

Main

NGC 6522 has been confirmed to be older than any halo globular c luster, despite i ts metall ic ity being

a tenth that of the Sun
4
, and is therefore a witness of the early phases of the chemical enrichment of

the Universe. Consistent with the age of this c luster, i ts stars show a chemical pattern typical of an

interstel lar medium enriched by core-collapse supernovae (in which thermonuc lear supernovae of

type Ia and low- and intermediate-mass stars did not have time to contribute to the chemical

enrichment). However, the large [Ba/Eu] ratios found
4
 in five of the eight stars of NGC 6522 studied

(Table 1) shows that the excess in Ba cannot be attributed to the rapid-neutron-capture (r) process, and

so the s-process must be invoked
4, 5

 (see Supplementary Information).

Table 1: Abundances of the eight stars in NGC 6522.
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There are only two ways to explain the high Ba and La found in NGC 6522, namely: (1) the original gas

from which the globular c luster formed had been pre-enriched in s-process elements by previous

generations of massive stars, or (2) the original composition of the stars formed in the globular c luster

was lately modified by mass-transfer episodes taking place in binary systems involving 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 Sr abundances for 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 stars
7
, 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 l imits for the [C/Fe] ratio.

We found that al l  studied stars have [C/Fe] ≲ 0.0, and hence are not enriched in C, as is the case in a

significant frac tion of very-metal-poor halo stars
8
.

Figure 1: The [Y/Ba] scatter observ ed in the early Univ erse.

Observ ed [Y/Ba] scatter in the NGC 6522 stars, which hav e a metallicity  of  around [Fe/H] = −1 (ref . 4) (red

circles with s.d. error bars) compared to that observ ed in extremely  metal-poor halo stars7 (with [Fe/H] < −3).

The two y ellow shaded areas mark the ‘early  Univ erse 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 f or the v ery  earliest phases of  the

chemical enrichment owing to ‘spinstars’ (indicated by  the blue column). The dashed line indicates the [Y/Ba]

ratio predicted f rom pure r-process5. Finally , the curv es show the predictions f or the [Y/Ba] ratio by  recent

AGB models14, at dif f erent metallicities. The lowest 13C-pocket ef f iciency  model considered here14 is ‘ST/12’

(where ST is f or standard, and ST/12 means the ef f iciency  of  the standard case reduced by  a f actor of  12; the
13C-pocket is a tiny  radiativ e lay er of  material in the He-rich region just below the H shell, responsible f or most

of  the s-process in AGB stars). We do not consider AGB models with lower ef f iciencies (showing higher [Y/Ba]

ratios) because the corresponding [Ba/Fe] and [Y/Fe] ratios would be too low14 (approximately  solar) compared

2
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to the large enhancements observ ed in the NGC 6522 stars (Table 1). Finally, we note that whereas AGB

mass-transf er and ‘spinstar’ models can explain stars with slightly  sub-solar [Y/Ba] ratios (−1 < [Y/Ba] < 0),

both scenarios hav e dif f iculties in explaining stars with [Y/Ba] ratios below −1. Gy r, billion y ear; M , solar

mass.

Extremely metal-poor environments can produce noticeable effec ts on the properties of massive stars

(more detai ls can be found in the Supplementary Information). At very low metall ic ities, stars rotate

faster
9
. Models of fast-rotating massive stars (hereafter ‘spinstars’) at very low metall ic ities

10, 11, 12
 have

shown that rotational mixing transports 
12

C from He-burning core into H-rich layers where it is

transformed to 
14

N and 
13

C. This primary 
14

N is then transported back to the He-burning core where it is

converted into 
22

Ne, the main neutron source in massive stars for the s-process beyond Fe. Hence, the

amount of 
22

Ne and of s-process products in the He core is enhanced with respect to non-rotating

models
6
.

We have calculated extremely metal-poor ‘spinstar’ models
13

 ([Fe/H] = −3.8) with a reaction network

inc luding 613 isotopes up to Bi (U.F. et al., manuscript in preparation). Rotational mixing increases the

s-process yields by about four orders of magnitude (Fig. 2a and b; see also Supplementary Information).

The effic iency of this process depends on the rotation rate. A lower rotation rate leads to a more

effic ient production of the Sr peak compared to heavier spec ies (for instance, in our models the upper

l imit 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 l imit for

[Y/Ba] of around −1), even produc ing non-negligible quantities of Pb. Hence, one of the main

predic tions of our ‘spinstar’ scenario is that 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 v ery-metal-poor massiv e stars.

⊙
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The models show the production of  s-process elements (where X/X  is the mass f raction 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 s−1 (triangles). These models are shown at two dif f erent phases of  He-burning: a,

at the beginning of  the s-process (about 127,000 y ears bef ore He exhaustion); and b, at the end of  the central

He-burning phase. Rotation boosts production of  the s-process elements by  f our orders of  magnitude. X ,

solar abundance of  giv en element.

Figure 1 compares the scatter in the [Y/Ba] ratio predic ted by models of ‘spinstars’ in the very earl iest

phases of the chemical enrichment of the Universe with the scatter observed in extremely-metal poor

halo field stars
7
 (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 conc lusions can be drawn.

First, the observed scatter in [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 objec ts

with [Y/Ba] ratios below −1, in the case of the halo field stars. Second, whereas ‘spinstars’ can produce

a large scatter in the [Y/Ba] ratios, covering a range of −1 < [Y/Ba] < +2, AGB models
14

 at [Fe/H] = −1

(compatible with the observed high [Y/Fe] and [Y/Ba] ratios in 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 detai ls). In addition, i f 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-process component may

explain the heavy elements in al l  the stars observed in NGC 6522. Predic tions from AGB models may

explain the abundances in five out of eight stars (not reproduc ing those with the highest [Y/Ba]).

However, the AGB mass-transfer scenario might have difficulty in explaining low [C/Fe] ratios. Hence it

is of primary importance to obtain prec ise [C/Fe] ratios for the NGC 6522 stars, not just upper l imits, 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/Fe]

ratios in the early Universe. Low-metall ic ity AGB mass-transfer models
14, 15

 have quite a robust

predic tion for the minimum expected [Pb/Eu] ratios, but ‘spinstar’ models predic t a large scatter in the

[Pb/Eu] ratios. Therefore, i f Pb could also be measured for stars with known abundances of Sr, Y, Zr,

Ba and La, i t 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 extinc t for bulge stars.

Other processes besides fast rotation have been invoked in the l i terature to explain the large

overabundances with respect to Fe of the l ight s-process elements (Y, Sr and Zr) in the very-metal-poor

Universe
16, 17, 18

, but i t is unc lear i f 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
19, 20

. The fast spins of the stars

could have led to more mass loss than expected at these very low metall ic ities and thus could have

prevented the first stars from dying as pair-instabil i ty supernovae
11

, which would explain why halo stars

do not bear the chemical signature of pair-instabil i ty supernovae. In addition, even if the more-massive

‘spinstars’ were to collapse into black holes without a supernova explosion, they would have been able

to contribute to the chemical enrichment of the interstel lar medium in the very early Universe via

stel lar mass-loss triggered by rotation. This also has implications for the fate of the stars, leading

possibly to more gamma-ray bursts than previously thought, and more generally to magneto-

hydrodynamic  explosions
11

. Finally, ‘spinstars’ have longer l i fetimes
11

 and possibly higher surface

temperatures and luminosities than non-rotating stars. It wil l  therefore be worthwhile to study the impact

of rotation on the ionizing power of the first stars. The fast rotation of the first stars is now also supported

by the latest hydrodynamic  simulations of the formation of the first stars
21

.
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