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ABSTRACT

Several observational studies have shown that many Galactic globular clusters (GCs) are characterized by internal rotation.
Theoretical studies of the dynamical evolution of rotating clusters have predicted that, during their long-term evolution, these
stellar systems should develop a dependence of the rotational velocity around the cluster’s centre on the mass of stars, with the
internal rotation increasing for more massive stars. In this paper, we present the first observational evidence of the predicted
rotation—mass trend. In our investigation, we exploited the Gaia Data Release 3 catalogue of three GCs: NGC 104 (47 Tuc),
NGC 5139 (w Cen), and NGC 5904 (M 5). We found clear evidence of a cluster rotation—mass relation in 47 Tuc and M 5, while
in w Cen, the dynamically youngest system among the three clusters studied here, no such trend was detected.

Key words: methods: observational — proper motions — globular clusters: general.

1 INTRODUCTION

High-precision proper-motion (PM) studies enabled by space-based
facilities such as Hubble Space Telescope (HST) and Gaia, and line-
of-sight velocities produced by large ground-based spectroscopic
surveys, are providing key insights into the internal kinematic prop-
erties of globular clusters (GCs) and have opened a new important
window in the study of these systems. The results emerging from
these observational investigations are revealing a dynamical picture
that differs significantly from the traditional view of GCs as isotropic,
non-rotating systems.

Numerous studies have now found that internal rotation is a
common feature in GCs (e.g. Bellini et al. 2017; Bianchini et al.
2018; Ferraro et al. 2018; Kamann et al. 2018; Lanzoni et al.
2018; Vasiliev & Baumgardt 2021) and several clusters for which
observations allowed us to investigate the kinematic properties in a
broad range of radial distances from the clusters’ centres have often
revealed an anisotropic velocity distribution in the clusters’ outer
regions (e.g. Bellini et al. 2014; Watkins et al. 2015; Jindal, Webb &
Bovy 2019; Libralato et al. 2022).

The discovery of multiple stellar populations in GCs (see e.g.
Gratton et al. 2019, for a recent review) has provided evidence of
further complexities in various aspects of the study of these systems
and a few early studies have shown differences in the rotation and
anisotropy of different stellar populations (e.g. Richer et al. 2013;
Cordero et al. 2017; Bellini et al. 2018; Cordoni et al. 2020a, b;
Kamann et al. 2020; Dalessandro et al. 2021; Libralato et al. 2023).
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The present-day dynamical properties of GCs provide important
information both on the initial conditions imprinted at the time of
the cluster’s formation and on the effects of long-term evolutionary
processes such as internal two-body relaxation and the interactions
with the external tidal field of the Galaxy. Effects of dynamical
evolution on the internal kinematics include, for example, the gradual
development of a dependence of the velocity dispersion on the
stellar mass as clusters evolve towards energy equipartition (Trenti &
van der Marel 2013), a radial anisotropy in the cluster’s velocity
distribution — which may be imprinted in various evolutionary phases
and whose variation with the clustercentric distance is subsequently
affected by internal relaxation, stellar escape, and the external tidal
field (see e.g. Trenti, Bertin & van Albada 2005; Vesperini et al.
2014; Tiongco, Vesperini & Varri 2022).

As mentioned earlier, many GCs are characterized by internal
rotation. Numerical simulations (see e.g. Einsel & Spurzem 1999;
Ernst et al. 2007; Tiongco, Vesperini & Varri 2017; Kamlah et al.
2022) have shown that internal relaxation and stellar escape lead to a
redistribution and loss of angular momentum so that the strength of
the present-day rotation is expected to be smaller than the primordial
one emerging at the end of the formation phase.

As shown in a number of theoretical studies, the presence of
internal rotation has several implications for the long-term dynamical
evolution of clusters and the rotational properties of clusters may shed
light on a number of fundamental aspects of the dynamics of GCs.
Internal rotation may affect the rate of stellar escape and the cluster’s
evolution towards core collapse (see e.g. Kamlah et al. 2022, and
references therein); the coupling between internal rotation and the
cluster’s orbital motion can lead to a variation of the orientation of
the internal rotation axis with the clustercentric distance (Tiongco,
Vesperini & Varri 2018, 2022). Numerical simulations have also

G202 YdJeIN 0€ U0 1sanB Aq Z€1980./1.971/1/22S/aI01e/|SeluL/wod°dno oiWapede//:sdyy wolj papeojumoq


http://orcid.org/0000-0001-8834-3734
http://orcid.org/0000-0002-2742-6891
http://orcid.org/0000-0001-9673-7397
http://orcid.org/0000-0003-4080-6466
mailto:michele.scalco@unife.it

L62 M. Scalco et al.

shown that internal rotation has a significant impact on the fun-
damental effects of two-body relaxation; specifically, a number of
studies have found that rotating star clusters are characterized by
anisotropic mass segregation (see e.g. Szolgyén, Meiron & Kocsis
2019; Livernois et al. 2021, 2022; Tiongco, Collier & Varri 2021)
and a difference between the degree of energy equipartition in the
tangential and radial components of the velocity dispersion (see e.g.
Livernois et al. 2022).

Numerical simulations have also predicted that, during a cluster’s
evolution, the rotational velocity develops a dependence on the stellar
mass with more massive stars tending to rotate more rapidly than
low-mass stars (see Kim, Lee & Spurzem 2004; Hong et al. 2013;
Livernois et al. 2021, 2022). In this letter, we focus our attention on
this prediction and present an analysis, based on Gaia Data Release
3 (DR3; Gaia Collaboration 2016, 2022) data of three GCs (47 Tuc,
 Cen, and M 5), providing the first observational evidence of the
predicted trend between rotational velocity and stellar mass.

2 GAIA DR3 DATA: SELECTIONS AND
CLUSTER MEMBERSHIP

Our analysis is specifically focused on three GCs (47 Tuc, w Cen,
and M 5). These three clusters have been selected since they are
among those with the strongest internal rotation and their distance
from the Sun is such that the range of stellar magnitudes available
from the Gaia data corresponds to a stellar mass range sufficient
(~0.6-0.85 M) to explore the dependence of rotation on the stellar
mass.

For each of the clusters analysed in our study, we retrieved
astrometry, photometry, parallaxes (;r), and PMs of all sources from
the Gaia DR3 archive that are located within a given radius from
the nominal cluster centre (the exact value of this radius and the
central coordinate for each cluster are reported in Table 1). We
defined a sample of stars with reliable photometry and astrometry by
following the recommendations of Fabricius et al. (2021), Lindegren
et al. (2021), and Riello et al. (2021), but with tighter selections
on some parameters (see appendix in the online material for details
on the specific selection applied). The number of stars passing the
photometric and astrometric quality selections is reported in Table 1
for each cluster.

2.1 Selection of cluster members

To derive the clusters rotation from the Gaia DR3 catalogue, we first
need to select the most probable cluster members for each cluster. To
do this, we used a procedure based on stellar PMs, i, and positions in
the colour-magnitude diagram (CMD). The procedure is illustrated
in Fig. 1 for 47 Tuc and summarized in the following:

1. We initially applied the orthographic projection of the celestial
coordinates and converted PMs using equation (2) from Gaia Col-
laboration (2018). We plotted G as a function of the PM relative to
the mean PM of the cluster (from Vasiliev & Baumgardt 2021; see
also Table 1), ug, (panel a of Fig. 1) for each source in the sample.
We drew by hand a line that separates cluster stars (g close to 0)
from field stars, and defined a sample of probable cluster members.

2. We plotted G as a function of 7 for the probable cluster
members, and drew by hand two lines that enclose all the stars
with likely cluster 77 (panel b of Fig. 1). All the stars that lie outside
these two lines were excluded from the sample of probable cluster
members.
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3. We plotted the G versus Ggp—Ggrp CMD for the probable cluster
members (panel ¢ of Fig. 1). We identified in the cleaned CMD the
sequence of stars associated to the cluster and defined by hand lines
that follow the red and blue edges of the sequence profiles. We then
removed from the sample of probable cluster members all the stars
that lie outside of these boundaries.

We iterate this procedure a few times to improve our membership
selection. The number of cluster members for each GC and other
physical parameters are reported in Table 1.

3 GLOBULAR CLUSTERS ROTATION

In this section, we briefly review the theoretical predictions about the
dependence of the cluster internal rotational velocity on the stellar
mass, and then present the observational results obtained from the
analysis of the Gaia DR3 catalogue.

3.1 Theoretical predictions

A few theoretical studies on the dynamics of rotating star clusters
(Kim et al. 2004; Hong et al. 2013; Livernois et al. 2021, 2022) have
found that one of the fundamental effects of dynamical evolution
of rotating star clusters is the development of a dependence of
the internal rotation on the mass of the stars, where the rotational
velocity increases with the stellar mass. We refer to those papers
for a complete description of the evolutionary path of the various
models explored. Here, we focus our attention on the N-body models
discussed in Livernois et al. (2022).

Although these models are not aimed at a direct comparison with
observational data of any specific GC, in order to establish a closer
connection with the analysis presented in this paper, we quantify the
development and the strength of the dependence of the rotational
velocity on the stellar mass found in the Livernois et al’s (2022)
models using the same parameters adopted in our observational
analysis.

Livernois et al. (2022) studied the dynamical evolution of three
multimass, rotating star cluster models characterized by low, mod-
erate, and high rotation; in the left-hand panel of Fig. 2, we plot
nran/og (where pran is the tangential component of the velocity
and o is the central velocity dispersion of all stars, evaluated on
the plane perpendicular to the rotation axis) versus mass measured
at t/ty,; = 2 (where ty; is the initial half-mass relaxation time) for
those three models. It is interesting to point out that the models
predict a linear relationship between puran/oo and stellar mass and
its strength is thus properly quantified by the slope shown in this
panel. In the right-hand panel, we plot the time evolution of the slope
of the pan/op—mass relationship as a function of time, for all three
models.

As shown in this figure, all models develop a mass-dependent
rotation curve that is characterized by a rotation increasing with the
stellar mass. The slope of the jran/o g—mass relationship depends on
the strength of the initial rotation and is slightly steeper for models
with more rapid initial rotation. In this figure, we show both the slope
calculated using the full mass range available in the simulation (0.1-
1Mg) and the same slope calculated using a narrower mass range
closer to that available in the observational analysis (0.5-0.8 Mg;
see Section 3.2). As expected, the calculation using a broader mass
range results in a more robust and less noisy estimate of the slope of
the pran/op—mass relationship but both estimates follow a similar
time evolution.
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Table 1. Proprieties of the three studied clusters. For each cluster, the table provides: name of the cluster, position and half-light radius (ry,) from Harris
(1996, 2010), mean PM ({1tqcos8), (us)) and central velocity dispersion (o) from Vasiliev & Baumgardt (2021), radius used in this work for the data
extraction from the Gaia DR3 catalogue (7ex;), number of stars passing the astrometric and photometric quality selections (Ns), and number of selected

member stars (Ny,).

ID RA (J2000) Dec. (J2000) Th (g Coss) (us) oo Text Ny Nm
(hms) ©’'" (arcmin) (mas yr~1) (mas yr~1) (masyr~')  (arcmin)

NGC 104 0024 05.67 —720452.6 3.17 5.252 + 0.021 —2.551 £ 0.021 0.5463 40 61257 36608

NGC 5139 132647.24 —472846.5 5.00 —3.250 + 0.022 —6.746 + 0.022 0.5610 40 92603 45665

NGC 5904 151833.22 +020451.7 1.77 4.086 £ 0.023 —9.870 £ 0.023 0.2343 25 10613 6344
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Figure 1. This figure illustrates the procedure used to select probable
members of 47 Tuc. (a) G versus uR; (b) G versus 7; (¢) G versus Ggp—GRrp
CMD. The red lines in all panels are used to separate cluster members from
field stars. Selected cluster members are in black, while field stars are in grey.
Only the 60 per cent of the sample is shown for clarity.

1.0
T
L
0.6 0.8
T

08
0.4
T

BTAN/ G0
06

0.4

slope of pyan/op versus M/M:
0.0 0.2

-0.2

05 08 10 00 05 10 15 20 25 30
MM i

02 04

Figure 2. Left-hand panel: jutan/oo versus mass measured at #/t;p; = 2 for
the low (red)-, moderate (grey)-, and high (blue)-rotation models studied in
Livernois et al. (2022). Thin (thick) lines show the best linear fit using the
0.1-1 Mg (0.5-0.8 M) mass range. Right-hand panel: slope of the ptan/oo—
mass relationship as a function of time (normalized to #;) for all the three
models. The continuous lines represent the running average of the slope
calculated using the full mass range available in the simulation (0.1-1 Mg),
while the dashed lines represent the running average of the slope calculated
using a narrower mass range closer to that available in the observational
analysis (0.5-0.8 M).

3.2 Observational results

In light of the results presented in Livernois et al. (2022) and shown
in Fig. 2, we made use of our Gaia DR3 catalogue to investigate
the presence of a rotation—mass relation in our three GCs: 47 Tuc, @
Cen, and M 5.

We initially decomposed the PMs into radial and tangential com-
ponents (urap and puran) and propagated the velocity uncertainties.
For each cluster, we divided the sample of member stars into equally
populated radial bins. Then, for each bin, we evaluated the mean
value of pitan, using a maximum likelihood approach (Libralato et al.

2022). The top panels of Fig. 3 show the obtained rotation profiles,
in absolute value, for each cluster (black points). The profiles are
normalized by the central velocity dispersion value, o, provided by
Vasiliev & Baumgardt (2021) and reported in Table 1. The rotation
curves are compared with those published in Vasiliev & Baumgardt
(2021) (blue solid line), showing a quite good agreement.

We converted magnitudes into stellar masses via isochrone fitting,
for which we used isochrones from the Dartmouth Stellar Evolution
Database (Dotter et al. 2008). We adopted cluster metallicities [Fe/H]
from Harris (1996, 2010) and assumed primordial helium abundance
(Y =0.246). We assumed [a/Fe] = 4-0.2 for 47 Tuc and M 5 (Dotter
et al. 2010), and [a/Fe] = +0.4 for w Cen (Milone et al. 2020),
and adopted age, distance modulus, and reddening that best fit the
data. We then associated with each star the corresponding mass in
the interpolating isochrone.' The reddening has been converted into
absorption using the extinction coefficient provided in Casagrande &
VandenBerg (2018). Following Watkins et al. (2022), we identified
in the CMD all the stars belonging to the asymptotic giant branch
(AGB) and horizontal branch (HB) and reassign their masses to be
equal to the maximum in the sample. We limited our analysis to stars
located at a distance r > 2r, so to remove the inner radial regions
affected by a significant incompleteness in the Gaia data after the
selections (see appendix in the online material). Finally, for each
cluster we divided the sample of member stars into equally populated
mass bins. Then, for each bin, we evaluated the mean value of pran,
again with the maximum likelihood method. The absolute values of
the mean rotational velocities, normalized by o, are shown in the
bottom panels of Fig. 3 as a function of the stellar mass, along with
the least-squares linear fit (red lines). As shown by this figure, there is
a clear trend of rotational velocity increasing with the stellar mass. It
is important to point out that such a trend could also result from the
combined effect of mass segregation (massive stars preferentially
populating the inner regions) and the increase of the rotational
velocity at smaller distances from the cluster’s centre. In order to
estimate the extent of this effect, we have assigned to each star a value
of rotational velocity depending only on the star’s radial position
(and calculated from the rotational velocity profile calculated in our
analysis and shown in top panels of Fig. 3). In this test, all stars at
a given distance from the cluster’s centre have the same rotational
velocity regardless of their stellar mass: by construction, we have
completely removed the specific mass dependence of puan predicted
by simulations and on which our study is focused. With these data,
we have then calculated the pran/op—mass slope that, in this case,
is entirely due to the combined effect of mass segregation and radial
variation of pran. The slope of the ptan—mass trend obtained in this
testis 0.13 £ 0.01 for 47 Tuc and 0.19 = 0.02 for M 5; in both cases,
the slope is significantly weaker than that found in the full analysis

'We neglected the presence of multiple stellar populations since their effect
is likely to be small, as shown in Libralato et al. (2019).
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Figure 3. Top panels: absolute value of the rotation profile in the plane of the sky obtained with the sample of cluster members selected in this work from the
Gaia DR3 catalogue (black points), for the three clusters. The rotation curves are normalized by the central velocity dispersion value, o, provided by Vasiliev &
Baumgardt (2021). ry is the half-light radius of the cluster from Harris (1996, 2010). The values of o and ry, are reported in Table 1, for each cluster. The solid
blue lines and shaded areas represent the rotation profiles presented in Vasiliev & Baumgardt (2021) and their 68 per cent confidence intervals, respectively.
Bottom panels: |jttan/oo| as a function of the stellar mass (black points). The red lines represent the least-squares fits of the bins. The slopes of the red lines
are also reported. The dashed lines show the slopes obtained with the test described in Section 3.2 to determine the mass—rotational velocity trend due only to
mass segregation and radial variation of the rotation curve (0.13 4 0.01 for 47 Tuc, 0.24 £ 0.03 for w Cen, and 0.19 &+ 0.02 for M 5).

and confirms that trend found in our study for these two clusters is
due to the effect predicted by theoretical studies. For w Cen, on the
other hand, the slope found with this test is equal to 0.24 £ 0.03 and
is consistent with that obtained in the full analysis, showing that for
this cluster no significant puran—mass trend (other than that simply
due to mass segregation and radial variation of praN) is detected.

It is interesting to point out that the lack of a significant pran—
mass trend in @ Cen might be due to the fact that this cluster is the
dynamically youngest system among the three clusters studied [the
half-mass relaxation time is log (#,/yr) = 10.39, 9.58, and 9.45 for w
Cen, 47 Tuc, and M 5, respectively; Baumgardt & Hilker 2018] and
such a trend might not have developed yet (or still be very weak).

As for the slopes found in 47 Tuc and M 5, we notice that the
slope for 47 Tuc is consistent with those found in our simulations,
while the slope for M 5 is a bit larger than those in our models. As
pointed out in Section 3.1, the goal of these simulations is not a close
comparison with observational data but rather that of illustrating the
fundamental effects of dynamical evolution on the development of
a ran—mass trend. Simulations spanning a broader range of initial
structural and kinematic initial conditions would be necessary for a
full exploration of the possible range of values of the pran—mass
slopes.

4 CONCLUSION

At odds with the traditional dynamical picture according to which
GCs would be isotropic and non-rotating stellar systems, several
recent observational studies have shown that many GCs are instead
characterized by the presence of internal rotation. A few theoretical
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studies have focused their attention on the dynamics of rotating
clusters and explored the effects of various dynamical processes on
the evolution of a cluster’s internal rotation. One of the predictions
of these theoretical studies is that, during their long-term dynamical
evolution, GCs develop a dependence of their internal rotational
velocity on the stellar mass where more massive stars tend to rotate
around the cluster’s centre more rapidly than low-mass stars.

In this letter, after reviewing the theoretical predictions using the
simulations of rotating clusters of Livernois et al. (2022), we have
exploited data from the Gaia DR3 catalogue to carry out an analysis
of the rotational properties of three GCs (47 Tuc, w Cen, and M 5)
aimed at validating the predicted relation between internal rotation
about the cluster’s centre and stellar mass.

Our study reveals that 47 Tuc and M 5 are characterized by a
trend between rotation and stellar mass, where the rotational velocity
increases with the stellar mass and provides the first observational
evidence of the predicted rotation—mass relation. The trend between
rotational velocity and mass found in w Cen, on the other hand, is
consistent with being simply due to the combined effect of mass
segregation and radial variation of the rotational velocity; w Cen is a
dynamically young cluster, and the lack of a significant puran—mass
(or the presence of a weaker one undetected in our analysis) trend is
generally consistent with the expected development of this relation
during a cluster’s long-term evolution.

Due to the faint magnitude limit of Gaia, we focused our analysis
only on nearby and rapidly rotating GCs, in order to have a suffi-
cient mass interval and rotation signal to properly characterize the
ran/oo—mass slope. Future observational investigations, possibly
based on HST, JWST, and Roman Space Telescope PM measure-

G202 YdJeIN 0€ U0 1sanB Aq Z€1980./1.971/1/22S/aI01e/|SeluL/wod°dno oiWapede//:sdyy wolj papeojumoq


art/slad042_f3.eps

ments, extending the mass range down to lower masses than those
currently available, and out to the tidal radius, would significantly
strengthen the investigation of the puran/oo—mass relationship and
provide the opportunity to carry out a comprehensive investigation
of this trend and explore the possible dependence of its strength on
other clusters’ dynamical properties and evolutionary history.
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