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Fast rotating blue stragglers prefer loose
clusters

Francesco R. Ferraro 1,2 , Alessio Mucciarelli 1,2, Barbara Lanzoni 1,2,
Cristina Pallanca 1,2, Mario Cadelano 1,2, Alex Billi 1,2, Alison Sills 3,
Enrico Vesperini 4, Emanuele Dalessandro 2, Giacomo Beccari 5,
Lorenzo Monaco 6 & Mario Mateo7

Blue stragglers are anomalously luminous core hydrogen-burning stars
formed through mass-transfer in binary/triple systems and stellar collisions.
Their physical and evolutionary properties are largely unknown and uncon-
strained. Here we analyze 320 high-resolution spectra of blue stragglers col-
lected in eight galactic globular clusters with different structural
characteristics and show evidence that the fraction of fast rotating blue
stragglers (with rotational velocities larger than 40 km/s) increases for
decreasing central density of the host system. This trend suggests that fast
spinning blue stragglers prefer low-density environments and promises to
open an unexplored route towards understanding the evolutionary processes
of these stars. Since large rotation rates are expected in the early stages of both
formation channels, our results provide direct evidence for recent blue
straggler formation activity in low-density environments and put strong con-
straints on the timescale of the collisional blue straggler slow-down processes.

Blue straggler stars (BSSs) are puzzling objects well distinguishable in
the colour-magnitude diagram (CMD) of stellar systems, where they
define a sequence extending brighter and bluer than the Main
sequence (MS) Turn-Off (TO) point, mimicking a sub-population of
young (or more massive) stars1–3. Since no recent star formation has
occurred in old globular clusters (GCs), mass-enhancement processes
must be at the origin of BSSs and two main scenarios are currently
favoured: stellar mergers induced by direct collisions4–6 and mass-
transfer activity in binaries7–9, possibly triggeredby stellar interactions.
Because of this, BSSs are among the most massive objects populating
star clusters: in old stellar systems as the Galactic GCs, they are sig-
nificantly heavier (MBSS = 1.2–1.5M⊙

10,11) than the average population
(<m ≥0.3M⊙). This implies that they are subject to dynamical friction,
which makes them sink to the bottom of the potential well. Hence,

these stars are powerful probes12–18 of the internal dynamical evolution
of collisional stellar systems. Indeed, GCs with different levels of
dynamical evolution can be ranked on the basis of the central con-
centration of their BSSpopulationwith respect to lower-mass (normal)
stars (see section “BSSs and cluster dynamical age” in Methods).

Despite such huge potential as dynamical probes,many questions
concerning the formation and evolution of BSSs are still unanswered,
and the theoretical models aimed at describing these objects and their
link with cluster dynamics remain largely unconstrained by observa-
tions. In fact, although BSSs have been routinely observed for 70 years
now, only a little information about their physical properties (like
chemical abundances and rotational velocities) has been collected so
far. To address this issue, in 2006, we started a spectroscopic survey of
the BSS populations in a sample of Galactic GCs with different
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structural properties19–24. That large set of high-resolution spectra
(see Supplementary Information) has led to the discovery of a sub-
sample of BSSs with depletion of carbon and oxygen in 47 Tucanae19

and in M3020, a feature that is considered a chemical signature of the
mass-transfer formation channel.

Herewe analyse the BSS rotational properties in 8GalacticGCs: 47
Tucanae19,M3020, NGC639721,M422, NGC675223,ωCentauri24, M55 and
NGC 3201 (Supplementary Tables 1, 2 and Supplementary Fig. 1). We
find that BSSs with rotational velocities larger than 40 km/s prefer low-
density environments, suggesting the recent formation of BSSs likely
originated from mass-transfer activity in binary systems. Our results
also provide constrains to the timescale of the collisional BSS slow-
down processes.

Results
Defining fast-spinning blue stragglers
Considering the entire dataset, the rotational velocities of a total of
320 BSSs have beenmeasured in 8 GCs. Their distribution is plotted in
the top panel of Fig. 1a. To demonstrate the reliability of the rotational
velocity measures, the spectra of 30–35 normal stars in each cluster
have been secured with the same observational setups and analysed
with the same procedures. The control sample is made of a fewMSTO
stars (about 10% of the total) and, mainly, red giant branch (RGB) and
sub-giant branch (SGB) stars that are known to show negligible rota-
tion. The distribution of their rotational velocities is plotted in the
bottom panel of Fig. 1a: as expected, all the measured values are
smaller than 20 km/s. The difference between the distributions shown
in the two panels is evident: 100% of the reference stars show negli-
gible rotation, while only 54% of the surveyed BSSs have rotation
velocities smaller than this value and the remaining 46% of the sample
is distributed over a long tail extending toward much larger values,
reaching (and, in a few cases even exceeding) 200 km/s. The BSS dis-
tribution decreases rather smoothly from 20 to 40–50km/s, and a
substantial portion of the population, ~28%, has rotation velocities
larger than 40km/s. This result confirms, once more, that BSSs are a

peculiar sub-population, with properties that deviate from those
observed in normal cluster stars.

To investigate whether this is the typical distribution of BSS
rotation velocities, in Fig. 1b, we plot the results obtained in each
surveyed cluster, separately. Although the relatively small number of
BSSs observed in each system prevents statistically significant com-
parisons on a cluster-to-cluster basis, the figure shows clear differ-
ences in the fraction of fast-rotating BSSs, and it reveals an
unexpected, intriguing feature: two separated groups of GCs can be
distinguished, one that harbours a modest fraction of fast-rotating
BSSs (namely, 47 Tucanae, M30, NGC 6397 and NGC 6752), and
another group with a rotation velocity distribution more extended
toward large values (including, M55, M4, ω Centauri and NGC 3201),
with a few objects20–24 spinning even faster than 200 km/s (see also
Supplementary Fig. 2). Surprisingly, this cluster classification, basedon
the distribution of BSS rotational velocities, mirrors the grouping in
terms of structural parameters: only low-density (log ρ0 < 4 in units of
L⊙/pc

3) and low concentration (c < 1.8) systems show a relevant frac-
tion of fast-rotating BSSs. The effect is even more evident when the
rotational velocity distributions of the two groups are directly com-
pared (see top and bottom panels of Fig. 2a). Undoubtedly, the long
tail of the BSS rotational velocity distribution shown in Fig. 1a is due to
loose clusters, while almost the entire (96%) BSS population of high-
density systems show rotation velocities smaller than 40 km/s. The
comparison between the normalised cumulative distributions of
rotation velocities shown in Fig. 2b even more highlights the differ-
ence: while in high-density clusters, only 4% (4 out of 92) of BSSs spin
faster than 40 km/s,more thanone-thirdof the population (38%, i.e. 87
out of 228) rotates faster than this value in low-density environments.
A Kolmogorov–Smirnov test quantifies the statistical significance of
the difference: the probability that the two distributions are extracted
from the same parent family is essentially zero (~10−8), which corre-
sponds to a significance level well above 5σ. Thus, the main evidence
emerging from this analysis is that the fraction of fast-rotating BSSs
appears to be larger in low-density, than in high-density GCs.

Fig. 1 | Comparing the distributions of BSS rotational velocities. a Kernel-
density distributions of the rotational velocities measured for 320 BSSs in the eight
surveyed GCs (top panel), compared with that obtained for a sample of 216 RGB,
SGB andMSTO stars (bottom panel). Both distributions are normalised to the total

number of stars observed in each sample. b Kernel-density distributions of the BSS
rotational velocities observed in each of the eight clusters, normalised to the total
number of BSSs observed in every system.
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Correlations with cluster parameters
Theobserved sample covers nearly the entire range of values expected
for GCs in terms of structural parameters (for instance, the King con-
centration parameter c goes from0.8 to 2.5, and the central luminosity
density spans ~4 orders of magnitude, from log ρ0 = 2 to 6 in units of
L⊙/pc

3; see Supplementary Table 1), thus providing an ideal dataset for
exploring possible links between the chemical and rotational proper-
ties of BSSs, and the characteristics of their host clusters. Toprobe this
connection, we computed the fraction of fast rotators (FRs) in each
observed cluster and searched for correlations with other parameters.
Although the exact definition of FR is somehow arbitrary, the dis-
tributions shown in Figs. 1, 2 suggest that a threshold value ranging
from30 to 50km/s is appropriate. Thus,we define FRs as the BSSswith
rotation velocity larger than (or equal to) 40 km/s. Figure 3a, b show
the specific fraction of FRs (i.e. the number of FRs divided by the total
number of surveyed BSSs: fFR =NFR/NTOT) as a function of the King
concentration parameter (c) and the central luminosity density
(log ρ0) of the parent cluster. As can be seen, a strong correlation with
the environment emerges from this study: the fraction of FRs steadily
decreases from about 50%, to zero for increasing values of both c and
log ρ0. The assumption of slightly different thresholds (30 or 50 km/s)
has no impact on the results (see Supplementary Fig. 3). Similar trends
are detected with both the collisional parameter Γcoll (see Fig. 3c), and
the A+ parameter (Fig. 3d). The former provides a measure of the
overall level of collisionality of the system (see Section “The collisional
parameter” in Methods) and, by definition, increases with ρ0 and the
cluster core radius. The empirical parameter A+ quantifies the level of
BSS central segregation due to the dynamical ageing of the host stellar
system (see Section “BSSs and the cluster dynamical age” in Methods),
with larger values of A+ corresponding to dynamically older clusters,
where dynamical friction has been effective in concentrating heavier
objects toward the centre of the system. Hence, the latter relation
suggests that the fraction of fast-spinning BSSs also depends on the
internal dynamical evolution of the host cluster.

Particularly intriguing is the behaviour of fFR versus the A+ para-
meter. Indeed, for low values of A+ (corresponding to dynamically
younger clusters), the overall trend of fFR closely resembles that
observed as a function of the other cluster parameters (namely, fFR
decreases for increasing A+; dashed line in the right-bottom panel).
Then, the trend seems to change at A+ =0.30, above which fFR slightly
increaseswith A+ (dotted line in the samepanel). According to the total
sample investigated so far, all the clusters classified as post-core col-
lapse systems have A+ above this value (see section “BSSs and cluster
dynamical age” in the Methods). We can therefore speculate that this
(admittedly modest) increase of fFR could be due to an enhancement
of recently-generated collisional BSSs (which are mainly expected
to form in the cluster centre) at the time of core collapse and
during the core oscillations that may characterise the post-core col-
lapse phase.

Thus, low-density environments, which are characteristic of
dynamically-young clusters and where stellar collisions are less prob-
able, are the ideal habitat for fast-spinning BSSs. In turn, the low col-
lision rate suggests that in these environments, the dominant BSS
formation channel ismass-transfer in binary systems, and a correlation
between the fraction of FRs and the cluster binary content should
therefore be expected. Indeed, Fig. 4a confirms that the percentage of
FRs correlates with the overall binary fraction25,26 of the parent cluster
(note that ω Centauri is excluded because no reliable binary fraction
estimate has been found in the literature). Moreover, it is worth noti-
cing that, out of the four FRs detected in high-density clusters, the two
observed in 47 Tucanae and in M30 are classified as contact eclipsing
binaries27,28, thus indicating their mass-transfer origin. These results
point toward interesting scenarios never explored before.

Discussion
The observational findings discussed above show that fast-spinning
BSSs preferentially reside in low-density clusters, where they are likely
originated from mass-transfer activity in binary systems, while in

Fig. 2 | Comparing the distributions of BSS rotational velocities in loose and
high-density clusters. a BSS rotational velocity distribution for loose clusters
(namely, ω Centauri, M55, NGC 3201 and M4), compared to that of high-density
clusters (namely, 47 Tucanae, M30, NGC 6752 and NGC 6397), in the top panel (red
histogram) and in the bottom panel (blue histogram), respectively. In both cases,

the fraction is referred to the total number of BSSs observed in each sample.
b Comparison between the normalised cumulative distributions of BSS rotational
velocities in low-density (red line) and high-density (blue line) clusters. A
Kolmogorov–Smirnov test applied to the two distributions confirms that they are
different at more than a 5 σ significance level.
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conditions of high-density, high collision rate and advanced stages of
dynamical evolution, essentially only slowly rotating BSSs are found.

From the theoretical point of view, high rotational velocities are
expected at birth for BSSs formed through both the proposed chan-
nels, because angular momentum transfer concurs with mass-transfer
in binary systems, and because collisional proto-BSSs rapidly contract
conserving their angular momentum5,6. In later stages of evolution,
brakingmechanisms (such asmagnetic braking, disk locking, andmass
loss) are expected to intervene and slow down the stars, with time-
scales and efficiencies that are still poorly understood6,29. Standard
magnetic braking seems to be at work and slows down mass-transfer
BSSs in timescales shorter than 1 Gyr. This is suggested by the fact that
the relation between rotation periods and ages observed for these
objects in open clusters and the Galactic field30 is well reproduced by
themodels used to describe the spin-down rate of single, low-massMS
stars31 (see Section “Rotation in single stars” in Methods), which share
the same structure in terms of convective envelopes and magnetic
fields. In turn, this result indicates that the rotation rate can be used as
a gyro-chronometer to estimate the stellar age (measuring, in the case
of BSSs, the time since the end of the mass-transfer). The situation is
less clear in the case of collisional formation, since this braking
mechanism is expected to not operate in collisional products, which
develop no convective envelope. Smoothed particle hydrodynamics
simulations6 of stellar collisions showed that efficient angular
momentum lossmust occur in the early phases of evolution in order to
keep these objects in the BSS region of the CMD, and the magnetic

locking of the star to a disc was pointed out as a possible braking
mechanism for collisional BSSs. However, no physically motivated
constraints to the characteristic timescale of the process was derived,
leaving room for other alternative mechanisms able to cause an effi-
cient decrease of angular momentum in the forming BSS. Hence, the
fast rotation should be the signature of recently formed BSSs (either
from mass-transfer in binary systems or through collisions), with the
timescales of the subsequent braking mechanism(s) remaining essen-
tially unconstrained in the case of collisions.

These predictions can be used to interpret the observational
evidence collected so far. The study presented here has revealed a
dramatic discrepancy in the abundance of FRs in different environ-
ments: FRs are one order of magnitude less abundant (about 4%) in
high-density environments, than in low-density clusters (about 38%).
The fact that most of the observed FRs are found in low-density clus-
ters, where binaries are more abundant (Fig. 4a), probably is the
manifestation of a generation of BSSs originated via mass-transfer
activity during the secular evolution of primordial binary systems and
formed less than 1 Gyr ago (according to the currently accepted
braking mechanism timescale). The paucity of FRs in high-density
clusters, instead, indicates that no relevant recent BSS formation
occurred (neither from the mass-transfer, nor from the collisional
channel), and/or very effective brakingmechanisms are atwork. This is
a very important point, worth further comments.

The evidence that the fraction of FRs originated by the mass-
transfer channel is very different from that found in low-density
environments is somehow surprising, since the mass-transfer channel
is expected to be continuously active in all environments, including
high-density clusters32. Figure 4b, c suggests that the explanation
resides in the different fractions of binary systems characterising the
two environments. In fact, both the FR fraction and the binary fre-
quency nicely correlate with the cluster central density, and the
combination of the two best-fit relations shown in Fig. 4b, c corre-
sponds to the solid line reported in Fig. 4a. This relation properly
reproduces the observed trend between the fractions of FRs and bin-
ary systems, suggesting that low-density environments are naturally
effective in preserving primordial binaries and then use them for
forming BSSs. Conversely, in high-density systems, the mass-transfer
channel for BSS formation is limited by the less abundant populations
of binaries, which is likely explainable by a destructive action of stellar
interactions occurring in highly collisional environments. It is worth
noticing that high-luminosity clusters have been observed33–35 to har-
bour a fraction of BSSs smaller than that measured in low-luminosity
systems, and this has been interpreted as anothermanifestation of the
fact that binaries have been effectively disrupted in the former, where
stellar encounters are more frequent. However, as shown in Supple-
mentary Fig. 4, the fraction of BSSs with high rotational speed appears
to be independent of the global cluster luminosity, thus making even
more relevant the strong correlation between fFR and density
detected here.

While a paucity of recently formed mass-transfer BSSs in high-
density clusters can be ascribed to a low binary fraction, a relevant
number of collisional BSSs is expected to form in these systems by
recurrent dynamical interactions: indeed, about 10–100 collisional
BSSs are expected36 to have formed during the last Gyr in the clusters
with the highest collision rates. This naturally raises the question of
why this collisional component is not observed as FRs.

The paucity of FRs in high-density clusters indicates that efficient
brakingmechanisms are also atwork for collisional BSSs, in agreement
with previous expectations6. Such an unknown spin-downmechanism
might be linked to the intrinsic nature and structure of these objects
(formed through collisions instead of mass-transfer) or depend on the
local density. For instance, by considering that the main source of
angularmomentum loss in collisional BSSs is stellar winds, a possibility
is that the frequent stellar interactions occurring in high-density GCs

Fig. 3 | Relations between the observed fraction of fast rotators and the parent
cluster characteristics. Fraction of FRs, fFR (i.e. BSSs with v sin i ≥ 40km/s; grey
symbols) plotted as a function of the King concentration parameter (c = log(rt/rc),
where rt is the tidal radius and rc is the core radius of the cluster, a the central
luminosity density (log ρ0 in units of L⊙/pc

3; panel b the collisional parameter (Γcoll
in arbitrary units; and c the cluster dynamical age as measured by the A+ parameter
(arbitrary units) from the central segregation of BSSs (panel d). The three clusters
classified as core-collapse systems (namely, M30, NGC 6397 and NGC 6752) are
plotted as triangles. The errors computed following the Poisson statistics are also
reported. Thedashed lines are thebest linearfits to thedata (for A+ < 0.3 in paneld).
The values of the fit parameters and uncertainties are provided in Supplementary
Table 3. The dotted line drawn in the bottom-right panel illustrates the possible
change of the fFR − A+ trend in the post-core collapse state.
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contribute to increasemass loss. In any case, the data presented in this
study can be used to set some constraints on the timescale of this
braking mechanism, suggesting that it should be shorter than 1-2 Gyr.
In fact, in the case of M30, the bluest BSS sequence (tracing a sort of
straight line in the CMD) is thought to be populated by BSSs simulta-
neously generated through collisions during the core-collapse event,
approximately 1-2 Gyr ago13,32. Seven BSSs lying along this (blue, colli-
sional) sequencehave been spectroscopically investigated and, among
them, only one star is an FR (with rotation velocity v sin i = 90 km/s).
This star is classified as a contact binary, thus pointing out that it is
not a collisional, but a mass-transfer BSS contaminating the blue
sequence (in agreement with recent models37). The average value of
v sin i of the other six collisional BSSs measured along the blue
sequence (20 km/s) is, however, larger than the average rotation
velocity (<v sin i > = 7 km/s) of the further 7 BSSs investigated in M30,
which populate the red sequence and are thought to be formed by
mass-transfer activity in binary systems. According to the quoted
scenario, these findings would suggest that the slow-down process of
the collisional BSSs formed during core collapse is still ongoing, and it
has been able to decrease the initial rotational velocity to the current
value of approximately 20 km/s in a timescale of 1-2 Gyr. The example
of M30 suggests that the line of investigation proposed in this paper
could provide a new set of empirical constrains to the timescale of the
collisional BSS slow-down processes. This methodology needs to be
applied to other post-core collapse stellar systems, where a (blue)
sequence of collisional BSSs has been detected (see the cases of NGC
36218 and M1538).

This work has revealed a clear-cut connection between the frac-
tion of fast-rotating BSSs and the environment (see Fig. 3). Hence, this
effect should be visible even within an individual cluster. Indeed, in
GCs, the local density dramatically changes (by orders of magnitude)
from the centre to the periphery. Thus, at least in principle, this effect
should be detectable. However, GCs are not the ideal objects where
this test can be carried out because they are dynamically-alive stellar
systems, where dynamical processes like dynamical friction and mass

segregation favour the progressive migration of heavy objects toward
the centre, therefore preventing to trace the native radial distribution
of BSSs from observations. Moreover, such a study would require
spectroscopic screening and the measure of BSS rotation velocities
along the entire radial extension of the cluster. Luckily, among theGCs
investigated in this study, we included ω Centauri, which turns out to
be the perfect stellar system where the test can be carried out. In fact,
there is evidence that this stellar system is poorly dynamically
evolved12,15,39,40, thus indicating that dynamical processes have not had
enough time to significantly alter the native radial distribution of
massive stars (as BSSs). In addition, we collected 109 spectra of BSSs
sampling a relevant portion of the cluster (up to ~13 arcmin, 5 rc, with
rc = 153”). By splitting the observed dataset into two sub-samples (with
r < 2.5 rc and r > 2.5rc, respectively), we found that the FR fraction
increases from 32% in the innermost region, to more than 50% in the
periphery. A more fine-tuned investigation shows that the fraction
of FRs reaches more than 60% at r > 3rc, where the stellar density is
1.5 orders of magnitude lower than in the centre. Figure 5 shows the
normalised radial distributions of fast-spinning BSSs (with v sin
i ≥ 40 km/s) and slowly rotating BSSs (with v sin i < 40 km/s) in the
cluster. The Kolmogorov–Smirnov test confirms that the two dis-
tributions are different at 2.3 σ level of significance. Thus, evidence
that fast-rotating BSSs prefer low-density environments is found also
within an individual stellar system.

The results presented in this paper identify low-density
environments as the natural habitat for fast-spinning BSSs. By
taking into account that high rotational velocity is expected in
the earliest phases of BSS evolution, the discovered relationships
provide information about the current BSS formation activity in
different clusters, suggesting that the formation of mass-transfer
BSSs is fully ongoing in loose GCs (due to the secular evolution of
primordial binaries), while it is significantly reduced in high-
density environments, due to the lower fraction of survived bin-
aries in these environments. Appropriate models of mass-transfer
evolution are now required to obtain reliable age estimates for

Fig. 4 | The natural correlation between the fraction of FRs and the binary
fraction. a Fraction of fast-spinning BSSs, fFR (with v sin i ≥ 40km/s; grey circles)
plotted as a function of the global binary fraction25, fBIN (ω Centauri is lacking
because no reliable estimates of its binary fraction are available in the literature).
Errors computed following the Poisson statistics are also reported. The dashed line
is the best fit to the data, while the solid line traces the equation obtained by

combining the two best-fit relations shown in panel b. b The relations linking the
fraction of binaries fBIN (grey circles in the top panel) and the fraction of fast-
rotating BSSs fFR (grey circles in the bottom panel) to the cluster central density
(logρ0 in units of L⊙/pc

3). The small empty circles in the top panel are the data for a
sample of 59 Galactic GCs25. The solid lines are the best linear fits to the data (see
Supplementary Table 3 for the values of the fit parameters and uncertainties).
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each of these stars from their position in the CMD. The combi-
nation of formation age and rotation velocity would provide the
basic empirical quantities to identify the braking mechanism(s)
needed to reproduce the observations and evaluate its/their
efficiency (as shown in the case of open clusters30). For collisional
BSSs, the observational evidence presented here calls for an
efficient braking mechanism acting on a timescale of 1-2 Gyr, thus
soliciting renewed observational and theoretical efforts to
understand the physics of these stars. On the other side, addi-
tional observations are needed to better characterise the relation
discovered here. In particular, only the two extreme ends of the
distribution of GC central densities (i.e. log ρ0 < 3.5 and log
ρ0 > 4.8 in units of L⊙/pc

3) have been explored so far, and the
question of what happens in between remains open. There could
be either a sharp environmental density threshold below which
BSSs can be FRs and above which they spin as normal cluster
stars, or a smooth transition between the two regimes (like that
drawn by the dashed line in Fig. 3b). Determining which kind of
dependence exists between the local density and the BSS rota-
tional velocities is the first mandatory step for the construction of
models and interpretative scenarios able to provide a physical
explanation of the puzzling evidence presented here. In turn, this
would not only provide crucial information on the BSS physics
(and possibly on the formation mechanisms of these exotic
objects), but it would also shed new light on the effects of stellar
interactions in collisional systems (like GCs), once more reinfor-
cing the deep link between BSSs and the dynamical evolution of
the host cluster12–18.

Methods
BSSs and cluster dynamical age
The level of BSS central segregation with respect to normal (lighter)
stars has been quantified via the A+ parameter17,41, defined as the area
between the cumulative radial distribution of BSSs and that of a lighter
(reference) population, such as, e.g., red giant or horizontal branch

stars. The strong correlation between this parameter and the number
of central relaxation times experienced by the host cluster15 demon-
strates that A+ provides a high-sensitivity empirical measure of the
stage of dynamical evolution (the dynamical age) of the parent cluster,
with low values of A+ (0.1–0.2) indicating dynamically-young stellar
systems, and large values of A+ (larger than 0.2) corresponding to
dynamically-evolved clusters. In particular, the analysis of the global
sample (59 globular clusters) for which A+ has beenmeasured so far15,42

shows that all the (8) explored post-core collapse clusters display an A+

parameter larger than 0.30, thus suggesting the existence of a critical
value (A+ = 0.3) that flags the onset of core collapse.

Data analysis
The projected rotation velocities (v sin i) have beenmeasured in all the
clusters by adopting the same technique. As a first step, for each target
star, the effective temperature and surface gravity have been esti-
mated according to the position in the CMD. More specifically, a grid
of isochrones43 with ages varying between 100Myr and several Gyr
have been overplotted to the CMD, and the atmospheric parameters
have been derived from the projection of each star onto the closest
isochrone. Then, for each target, a model atmosphere was generated
with the code ATLAS944 and then a set of synthetic spectra with dif-
ferent values of rotation velocity has been simulated by using the code
SYNTHE45. The synthetic spectrum that minimises the χ2 with respect
to the observed spectrum finally provides the rotation velocity of the
target star.

The uncertainties on the measured rotation velocities have been
estimated by performingMonte Carlo simulations for a representative
grid of simulated spectra computed for different values of the rotation
velocity and the atmospheric parameters, and by adding different
levels of Poisson noise to also account for varying spectral quality
(signal-to-noise ratio). For each combination of parameters, a sample
of several hundred synthetic spectra were simulated, and the analysis
was repeated on each of them. The recovered rotation velocities trace
a nearly Gaussian distribution, and we assumed an error on v sin i the
sigma of the derived distribution. Typical uncertainties of the order of
a few km/s have been obtained for slowly rotating stars, while the
errors reach 10–15 km/s in the case of the highest FRs (with v sin
i > 100 km/s).

The collisional parameter
The encounter rate between single stars, in a cluster with central mass
density ρ0, core radius rc and velocity dispersion σ can be expressed46

as:

Γcoll/ρ0
2rc

3=σ ð1Þ

The link between velocity dispersion, core mass and radius that
holds for virialized systems following the King model47 allows a sim-
plified expression of the collisional parameter:

Γcoll/ρ0
1:5rc

2 ð2Þ

The values listed in Supplementary Table 1 and plotted in Fig. 3c
have been computed through Eq. (2) assuming the values of core
radius fromprevious papers12,13,15 and converting them in physical sizes
by adopting the cluster distances48,49. The constant of proportionality
has been neglected, and the quoted values of Γcoll, therefore, have no
meaning in absolute terms, but they provide the ranking of the 8
clusters under investigation in terms of their overall level of colli-
sionality. It is noteworthy that a precise estimate of the real collision
rate in a star cluster should also take into account the binary-binary
and single-binary events, which, depending on the binary fraction, can
be dominant36,50,51 because of the larger cross-section. However, the
systematic decrease of the binary fraction for increasing central

Fig. 5 | Confirming the trend within an individual cluster: the case of ω Cen-
tauri. The normalised cumulative radial distributions (ϕ, arbitrary units) of the fast
(blue line) and slowly (red line) rotating BSSs in ω Centauri as a function of the
distance from the cluster centre (r) expressed in units of the cluster core radius
(rc = 153”)12. The p value for the Kolmogorov–Smirnov test is p =0.02, indicating a
statistically significant difference between the two distributions at ~2.3 σ level.
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density observed in globular clusters (see Fig. 4b) suggests that Γcoll
reasonably well represents the real collision rate in high-density sys-
tems, while it could be a lower-limit in low-density environments (thus,
the anti-correlation between fFR and Γcoll could be even steeper than
that shown in Fig. 3c).

Rotation in single stars
Recent surveys of rotational velocities of solar-type stars (mainly with
Kepler52) have demonstrated that, independently of their initial rota-
tion rate at birth, after less than 1Gyr, starswith the same age converge
to the same rotation rate, regardless of their initial angular
momentum.

Data availability
The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon request. All
the observational datasets are publicly available (see Supplementary
Table 2). The catalogues listing the coordinates, rotation velocities and
associated uncertainty for all the BSSs observed in each individual
cluster and discussed in this study can be freely downloaded at the
repository web page: http://www.cosmic-lab.eu/Cosmic-Lab/BSS_
rotation.html. The additional data necessary to reproduce the figures
of this paper are listed in Supplementary Table 1.

Code availability
The followingpublicly available codes have beenused in the analysis of
the acquired spectra: SYNTHE (https://wwwuser.oats.inaf.it/castelli/
sources/synthe.html) ATLAS9 (https://wwwuser.oats.inaf.it/castelli/
sources/atlas9codes.html).
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