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Abstract

We have used the “dynamical clock” to measure the level of dynamical evolution reached by three Galactic
globular clusters (namely, NGC 3201, NGC 6316, and NGC 6440). This is an empirical method that quantifies the
level of central segregation of blue straggler stars (BSSs) within the cluster half-mass radius by means of the Arh

+

parameter, defined as the area enclosed between the cumulative radial distribution of BSSs and that of a lighter
population. The total sample with homogeneous determinations of Arh

+currently includes 59 clusters: 52 old GCs
in the Milky Way (including the three investigated here), five old clusters in the Large Magellanic Cloud, and two
young systems in the Small Magellanic Cloud. The three objects studied here nicely nest into the correlation
between Arh

+ and the central relaxation time defined by the previous sample, thus proving and consolidating the use
of the dynamical clock as an excellent tracer of the stage of dynamical evolution of a star cluster in different
galactic environments. Finally, we discuss the advantages of using the dynamical clock as an indicator of the
dynamical ages of star clusters, compared to the present-day central relaxation time.

Unified Astronomy Thesaurus concepts: Globular star clusters (656); Blue straggler stars (168); Photometry (1234)

1. Introduction

Globular clusters (GCs) are the prototypes of “collisional
stellar systems” in the universe. Recurrent gravitational
interactions among their constituent stars favor continuous
exchanges of kinetic energy driving the system toward energy
equipartition and inducing severe perturbations to the stellar
orbits. Heavy stars tend to progressively sink toward the central
region of the cluster (due to dynamical friction), while low-
mass stars migrate outward and can even escape from the
(mass-segregated) system. The redistribution of kinetic energy
tends to completely erase the initial kinematic and structural
conditions, bringing the cluster toward a (quasi-)thermodyna-
mically relaxed state (see, e.g., Trenti & van der Marel 2013;
Bianchini et al. 2016) on a characteristic timescale that can be
significantly shorter than its age. The relaxation time depends
in a very complex way on the initial and local conditions, and
thus differs from cluster to cluster and, within the same system,
from high- to low-density regions (e.g., Meylan & Heg-
gie 1997). Thus, even clusters formed at the same epoch (i.e.,
with the same chronological age) are expected to show
different levels of dynamical evolution (namely, different
dynamical ages). The macroscopic manifestation of internal
changes induced by the dynamical evolution of the system is a
progressive contraction of the central regions (in particular, of
the core radius, rc) and a corresponding increase in the central
density (ρ0) virtually up to infinity, in a runaway process that is

called “core collapse” and is thought to be halted by the
formation and hardening of binary systems (e.g., Meylan &
Heggie 1997). However, an opposite behavior, where the core
radius progressively expands with time due to the heating effect
of a retained population of stellar-mass black holes, has been
advocated (Mackey et al. 2008) to explain the size–age
conundrum observed in the Magellanic Clouds, where young
star clusters are all compact while the old ones show both small
and large core sizes (Mackey & Gilmore 2003a, 2003b). This
indicates how difficult and uncertain it is to estimate the
dynamical age of stellar systems solely from measuring their
structural parameters, and clearly calls for additional methods
providing a more direct empirical measure of the effects of the
various processes driving the dynamical evolution of star
clusters. Among these, the measurement of the stellar mass
function, orbital anisotropy, and velocity dispersion profile at
different radial distances or for groups with different stellar
mass (e.g., Baumgardt & Makino 2003; Bianchini et al.
2016, 2018; Tiongco et al. 2016; Webb & Vesperini 2017;
Cadelano et al. 2020a; Beccari et al. 2022) is still quite
challenging for most GCs (e.g., Libralato et al. 2018, 2019;
Cohen et al. 2021), while the study of special classes of heavy
objects seems to be particularly promising. Indeed, the intense
dynamical activity in GC interiors is thought to boost the
formation of stellar exotica, such as blue straggler stars (BSSs)
and binaries containing heavily degenerate objects, like black
holes and neutron stars. Hence, on the one hand, the frequency
and the properties of these exotica are expected to depend on
the dynamical stage of the system, but on the other hand, the
observational properties of this special class of objects can be
used to get information on the internal dynamics of GCs (see,
e.g., Pooley et al. 2003; Ransom et al. 2005; Ferraro et al.
2009, 2018a, 2019; Dalessandro et al. 2013; Verbunt &
Freire 2014; Cadelano et al. 2017a, 2018, 2019, 2020b; Prager
et al. 2017; Beccari et al. 2019).
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Among the variety of exotica populating GC cores, BSSs are
surely the most abundant and the easiest to distinguish from
normal stars in a color–magnitude diagram (CMD), where they
populate a sort of extension of the cluster main sequence (MS)
toward brighter magnitudes and bluer colors than the MS turn-
off (MS-TO) point (e.g., Sandage 1953; Ferraro et al.
1992, 1993, 1997, 1999a, 2003, 2006b; Piotto et al. 2004;
Lanzoni et al. 2007a, 2007b, 2007c; Leigh et al. 2007;
Dalessandro et al. 2008; Moretti et al. 2008; Beccari et al.
2011; Simunovic & Puzia 2016). Their “anomalous” location
in the CMD suggests that BSSs are hydrogen-burning stars
more massive than the others. The origin of such massive
objects in stellar systems with no gas available for star
formation requires the action of some mass-enhancement
process. Two main BSS formation channels have been
identified so far: mass transfer in binary systems
(McCrea 1964), and stellar mergers resulting from direct
collisions (Hills & Dale 1974; Sills et al. 2005). There is also
growing observational evidence (Shara et al. 1997; Gilliland
et al. 1998; Ferraro et al. 2006a; Fiorentino et al. 2014; Raso
et al. 2019) confirming that they are indeed significantly
heavier (mBSS= 1.2 Me) than the average cluster population
(〈m〉= 0.3 Me). Hence, these objects represent powerful
gravitational probes of processes that characterize the dynami-
cal evolution of star clusters (e.g., Ferraro et al.
2009, 2012, 2018a, 2019; Lanzoni et al. 2016; Dresbach
et al. 2022). Indeed, the signature of mass segregation and
dynamical friction is expected to remain imprinted in some
BSS observational properties, and in fact the radial distribution
of these stars with respect to normal (lighter) cluster
populations used as reference (REF) has been found to be a
powerful (and fully empirical) indicator of the level of
dynamical evolution reached by the host system, yielding the
definition of the so-called “dynamical clock” (Ferraro et al.
2012). To solve complications related to the choice of radial
binning, the original definition of the dynamical clock was later
refined with the introduction of the Arh

+ parameter (Alessandrini
et al. 2016; Lanzoni et al. 2016; Ferraro et al. 2018a, 2020),
which is the area enclosed between the cumulative radial
distribution of BSSs and that of REF stars measured within the
cluster half-mass radius (rh). Hence, by construction, the Arh

+

parameter quantifies the level of central segregation of BSSs
with respect to the REF population, and it is expected to
progressively increase with the dynamical aging of the host
stellar system due to the more rapid sedimentation of heavier
stars than of less massive objects. Large values of Arh

+ are
therefore expected for GCs in late stages of their dynamical
evolution, while small values (down to zero) are predicted in
dynamically young systems, where dynamical friction has not
yet been effective in segregating BSSs toward the center. The
Arh

+ parameter therefore provides a direct, empirical measure of
the central segregation of the heaviest observable stars within a
cluster, as set by the combination of all the known (and still
unknown) internal and external processes that drive mass
segregation. In addition, it is defined within the half-mass
radius, which is the physical length scale expected to vary the
least during cluster dynamical evolution (see, e.g., Figure 4 in
Bhat et al. 2022).

Indeed, a tight relation between Arh
+ and the central

relaxation time (trc) has been discovered for the Galactic GCs
investigated so far (all sharing approximately the same
chronological age), thus providing their direct ranking in terms

of dynamical age (Lanzoni et al. 2016; Ferraro et al. 2018a).
The application of the dynamical clock to a sample of old star
clusters in the Large Magellanic Cloud (LMC) has demon-
strated that they follow the same relation defined by the
Galactic ones (Ferraro et al. 2019). This has also contributed to
clarifying the origin of the size–age conundrum, showing that
the different core radii measured for the old GCs in the sample
can be naturally explained by different dynamical ages (the
dynamically older systems having smaller rc than the younger
clusters), with no need of a retained population of black holes.
Ferraro et al. (2019) also pointed out that the distribution of the
LMC clusters in the rc–age diagram can in no way be
interpreted as an evolutionary sequence because of the strong
difference in mass between the young and the old clusters,
which are less and more massive than 105 Me, respectively.
Finally, Dresbach et al. (2022) recently demonstrated that the
correlation found for the old GCs in the Galaxy and the LMC
also holds for NGC 339 and NGC 419, two intermediate-age
GCs in the Small Magellanic Cloud (SMC).
As part of the project “Cosmic-Lab,” which is aimed at using

star clusters in the local universe as cosmic laboratories to
study the complex interplay between the dynamical evolution
of stellar systems and the photometric, kinematic, and chemical
properties of their stellar populations (see, e.g., Lanzoni et al.
2010, 2013, 2016, 2019; Miocchi et al. 2013;Cadelano 2017b;
Ferraro et al. 2018a, 2018b, 2019, 2020, 2021; Raso et al.
2019, 2020; Pallanca et al. 2021), here we study the BSS
population and measure the Arh

+ parameter in three additional
Galactic GCs, namely, NGC 3201, NGC 6316, and NGC 6440.
The paper is organized as follows. In Section 2 we summarize
the observations and the adopted data reduction procedures. In
Section 3 we discuss the selection of the BSS samples and the
measurement of Arh

+. The discussion of the results and the
comparison with other Galactic and extragalactic clusters is
presented in Section 4.

2. Observations and Data Reduction

To characterize the BSS distribution in each of the
investigated clusters, we took advantage of recent photometric
studies performed by our group: Pallanca et al. (2019, 2021) for
NGC 6440, Deras et al. (2023) for NGC 6316, Ferraro et al.
(2018a) and B. Lanzoni et al. (2023, in preparation) for NGC
3201. In Table 1 we list the main characteristics of the clusters
under investigation and the respective reference paper where
the photometric data set and the photometric analysis are
described in detail. In the following we briefly summarize the
relevant information about the adopted data sets and the results
of the photometric analyses.

1. NGC 6440. The photometric data set consists ofa series
of deep images of the cluster central regions acquired
with the Hubble Space Telescope (HST) Wide Field
Camera 3 (WFC3) in different filters (especially the
F606W and F814W). To sample the external portion of
the system, Pallanca et al. (2021) used a combination of
ground-based data acquired with the Focal Reducer/low
dispersion Spectrograph2 (FORS2) mounted at the ESO
Very Large Telescope, and the Pan-STARRS catalog.
The photometric analysis has been carried out by
applying the point-spread function (PSF) technique to
each exposure. We first modeled the PSF using dozens of
bright, isolated, and nonsaturated stars. The model was
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then applied to all the sources detected at a given level
(3σ–5σ) above the background. We used the DAO-
PHOT/ALLFRAME package (Stetson 1987, 1994) and
followed the standard procedure adopted in many
previous papers (see, e.g., Cadelano et al. 2017a, 2019);
a photometric catalog listing the frame coordinates and
the instrumental magnitudes measured in all the filters for
all the detected sources is then obtained. Finally,
geometric distortions have been corrected following the
prescriptions of Bellini et al. (2011), and the frame
coordinates have been reported as R.A. and decl. as
defined in the World Coordinate System by using a
sample of stars in common with the publicly available
Gaia DR2 catalog (Gaia Collaboration et al.
2016a, 2016b). The resulting astrometric accuracy turns
out to be better than ∼0 1. In the case of the HST data,
the instrumental magnitudes have been calibrated to the
VEGAMAG system by using the reference photometric
zero-points reported on the WFC3 website. The available
data set allowed Pallanca et al. (2019, 2021) to correct the
HST CMD for differential reddening effects, thus
providing updated estimates of the cluster age, distance,
and absolute reddening. By taking advantage of multi-
epoch HST observations, individual proper motions
(PMs) have been determined and used to decontaminate
the cluster population within 100″ from the center from
field star interlopers. A new identity card of NGC 6440
was thus obtained, with all the structural parameters (such
as the core and half-mass radii, the King concentration

parameter, the center of gravity, etc.) being redetermined
from its resolved star density profile. Since the main aim
of the present paper is to determine the stage of
dynamical evolution of each system through measure-
ment of the Arh

+ parameter, in the following we focus our
attention on the cluster population included within
rh= 50.2″ (Pallanca et al. 2021). The left panel of
Figure 1 shows the reddening-corrected and PM-selected
CMD of NGC 6440 within one half-mass radius.

2. NGC 6316. Deep optical observations obtained with the
HST WFC3 in the F555W and the F814W filters have
recently been used to analyze the stellar population and
the structure of this poorly investigated GC in the
Galactic bulge (Deras et al. 2023). The data reduction
procedure is very similar to that described above for NGC
6440, and all the details can be found in Deras et al.
(2023). Also in this case, a high-resolution extinction
map in the direction of the system was determined and
used to correct the CMD for the effects of differential
reddening. The final CMD extends down to mF555W= 27,
reaching more than 5 magnitudes below the MS-TO, and
it clearly delineates the presence of a metal-rich stellar
population, with a well defined red clump and an easily
visible red giant branch bump (Fusi Pecci et al. 1990;
Ferraro et al. 1999b, 2000; Valenti et al. 2004, 2007). To
sample the entire radial extent of the cluster, the HST data
(which cover the innermost ∼120″) have been comple-
mented with the Gaia DR3 catalog (Gaia Collaboration
et al. 2021). The cluster structural parameters have then

Figure 1. CMDs of NGC 6440 (left) and NGC 6316 (right) within one half-mass radius from the center of each cluster: rh = 50 2 (Pallanca et al. 2021) and rh = 40″
(Deras et al. 2023), respectively.

Table 1
Arh

+ Values Determined for the Program Clusters

Cluster [Fe/H] rh lg(trc) Arh
+ Reference

NGC 6440 −0.5 50″ 7.49 0.30 ± 0.07 Pallanca et al. (2021)
NGC 6316 ∼ −0.6 40″ 8.11 0.24 ± 0.06 Deras et al. (2023)
NGC 3201 −1.6 272″ 8.79 0.19 ± 0.07 B. Lanzoni et al. (2023, in preparation)
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been determined from the King (1966) model fit to the
resolved star density profile. The differential reddening-
corrected CMD of NGC 6316 within one half-mass
radius (rh= 40″) from the center is shown in the right
panel of Figure 1.

3. NGC 3201. The central portion of the cluster has been
sampled in the context of the HST UV Legacy Survey of
GCs (Piotto et al. 2015) through deep WFC3 observations
in the F275W and F336W filters. The photometric analysis
is described in Ferraro et al. (2018a) and Nardiello et al.
(2018). Briefly, for each image we obtained an optimal
array of PSFs to properly take into account both the spatial
and the temporal PSF variations. To extract the photometric
catalogs from each individual exposure by using the
adopted arrays of PSFs, we used the software described in
Anderson et al. (2008), properly adapted to WFC3 images.
As above, the stellar centroids have been corrected for
geometric distortion (Bellini et al. 2011) and transformed to
the absolute coordinate system, while the instrumental
magnitudes have been calibrated to the VEGAMAG system
by using the reference photometric zero-points reported on
the WFC3 website. The membership probability based on
HST PMs has also been determined for each star. This data
set has been complemented by a multiband photometric
catalog from the Stetson database (Stetson et al. 2019),
which samples clustercentric distances out to 25~ ¢. This
has been corrected for differential reddening by following
the procedure described in Cadelano et al. (2020c; see also
Dalessandro et al. 2018) and then cross-correlated with the
Gaia DR3 catalog to select cluster members on the basis of
the measured PMs (see the right panel of Figure 2). The
resolved star density profile of NGC 3201 has recently been
obtained from these data, and the cluster structural
parameters have been determined from the best-fit King
model to the observed distribution (Lanzoni et al. 2023).
Figure 2 shows the PM-selected CMD of the two
photometric catalogs used to sample the cluster population
within one half-mass radius (rh= 272″).

3. Analysis

3.1. Population Selection

The first step in the measurement of the Arh
+ parameter is the

selection of the BSS population in each cluster. As discussed in
many previous papers, BSSs are easily recognizable in any
CMD independently of the specific filter combination, because
they always populate the region that is bluer and brighter than
the cluster MS-TO point. To select the BSS population, we
followed the procedure adopted in many previous studies over
the last 30 years (see, e.g., Ferraro et al. 1992, 1993,
1999a, 2001, 2003, 2006b). In general, we define a selection
box as a five-/six-sided polygon aimed at optimizing the
separation of BSSs from cluster stars populating the other
evolutionary sequences. Typically, the polygon consists of two
main lines defining a diagonal strip. Ideally the line that defines
the lower diagonal boundary runs close and nearly parallel to
the zero-age MS (ZAMS) in that specific filter combination.
The upper diagonal boundary is essentially parallel to this first
line and it is set to include the bulk of the BSS population. The
definition of the bottom edge separating the BSS population
from MS-TO and subgiant branch (SGB) stars is somehow the
most uncertain and arbitrary. In fact, no sharp separation is
theoretically expected between the cluster MS-TO/SGB and
the BSS sequence, which merges into the former with no
discontinuity. Hence, as a matter of fact, the BSS sequence
must be truncated at a given edge. In doing this, we adopt a
conservative criterion that naturally takes into account the size
of the photometric errors (σ) at the required level of magnitude
for the specific program cluster: we define the lower boundary
of the BSS selection box at ∼4σ–5σ from the magnitude and
color distribution of the MS-TO/SGB stars. The red boundary
of the selection box is generally assumed to follow a vertical
line aimed at excluding spurious objects (generally arising from
photometric blends) populating the “plume” observed just
above the MS-TO. This feature is visible in many CMDs,
especially in central regions of high-density clusters, where
photometric blends are more probable. Finally, the bright edge
of the BSS selection box is needed to distinguish very luminous

Figure 2. Left: UV CMD of NGC 3201 obtained from HST/WFC3 data sampling the innermost ∼100″ from the center. The observed values of mF275 and
(mF336W − mF336W) have been shifted to locate the MS-TO at zero magnitude and color: ( )m 0F275 MS TO* =- and ( )m m 0F336W F336W MS TO*- =- (see Ferraro
et al. 2018a). Center: differential reddening-corrected optical CMD of NGC 3201 obtained from the Stetson photometric catalog (Stetson et al. 2019) for the stars
located beyond the HST/WFC3 field of view and within rh = 272″ (Lanzoni et al. 2023). Only member stars, selected from Gaia PMs as shown in the right panel, are
plotted. Right: vector-point diagram for the stars with V < 19.5 shown in the central panel. The circle has a radius of 2σ, with σ being the average PM dispersion in the
two dimensions. The stars included within the circle are considered to be cluster members and plotted in the central panel.
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BSSs from stars populating the blue portion of the horizontal
branch (HB). One or two segments are required depending on
the HB morphology and the adopted combination of filters. It is
important to emphasize that the inclusion or exclusion of a few
“border” objects usually has no or negligible impact on the
results.

To determine Arh
+, the radial distribution of BSSs needs to be

compared with that of a REF population of normal (hence,
lighter) cluster stars tracing the overall density profile of the
system. According to the approach described in Ferraro et al.
(2018a), we choose to use as REF the MS stars around the MS-

TO level. Indeed, this is the ideal REF population, because it
includes several hundreds to thousands of stars, and therefore is
negligibly affected by statistical fluctuations, thus allowing one
to maximize the accuracy of the measurement of Arh

+. Given the
intrinsically large statistics of this sample, the inclusion or
exclusion of a few objects is even less important than in the
case of BSSs. Moreover, since the aim is to trace the radial
distribution of “normal” cluster stars, small differences in the
shape of the selection boxes are irrelevant. We therefore traced
the REF selection boxes with the aim of selecting the bulk of
stars in the MS-TO region.

Figure 3. BSS and REF populations (blue and black circles, respectively) selected in NGC 6440 (left) and NGC 6316 (right) within the cluster half-mass radius. The
red lines are BaSTI isochrones (Pietrinferni et al. 2006, 2021) with a very young age (40 Myr) representing the ZAMS of each system.

Figure 4. As in Figure 3, but for NGC 3201 in the UV and optical CMDs (left and right panels, respectively) sampling the region included within the cluster half-mass
radius (rh = 272″).
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Figures 3 and 4 show the adopted selection boxes drawn
according to the scheme described above, and the resulting
BSS and REF populations in the three program clusters.

3.2. Determination of the Arh
+ Parameter

Based on the evidence that internal dynamical processes
make heavier stars progressively sink toward the center of a
cluster more rapidly than less massive ones, the level of central
segregation of BSSs with respect to REF stars is a powerful
indicator of the stage of dynamical evolution reached by the
stellar system. Hence, as discussed in the Introduction, the Arh

+

parameter has been specifically defined to quantify the level of
BSS central segregation in star clusters: it is the area enclosed
between the cumulative radial distribution of BSSs and that of a
REF population (Alessandrini et al. 2016). To allow

comparison among stellar systems of different intrinsic sizes,
the parameter is built by using only the stars included within a
fixed physical distance from the cluster center (the half-mass
radius). Hence, in building the cumulative radial distributions,
the stellar distances from the cluster center are normalized to rh,
and they are expressed in logarithmic units to maximize the
sensitivity of the parameter to the innermost regions, where the
efficiency of dynamical friction is the highest (see Equation (1)
in Lanzoni et al. 2016). Moreover, to further enhance the
sensitivity of Arh

+ to internal dynamical effects, Ferraro et al.
(2018a) suggested to consider only the most massive tail of the
BSS distribution, by selecting the stars brighter than the MS-
TO point in the UV CMD, in particular the BSSs with
m 1F275W* < - , where mF275W* is the F275W magnitude normal-
ized to the luminosity of the MS-TO of the host cluster (i.e., by

Figure 5. CMDs of the three program clusters with the bright-BSS population (used to compute Arh
+) highlighted with large blue circles. In each panel, the rightmost

red line is the 12.5 Gyr old BaSTI isochrone (Pietrinferni et al. 2006, 2021) of appropriate metallicity that well reproduces the cluster MS-TO region and has been used
to estimate the MS-TO mass. The leftmost red line in each panel is the BaSTI evolutionary track corresponding to a stellar mass 0.2 Me larger than the MS-TO mass.
This has been used to draw the dashed lines in the optical CMDs, above which the bright-BSS samples (large blue circles) have been selected. The BSS selection in the
UV CMD (bottom left panel) has been performed as in Ferraro et al. (2018a), at m 1F275 < -* , and it corresponds very well to the procedure adopted at optical
wavelengths.
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interactions in the cores of NGC 1851 and NGC 6652 is
suggested by the presence of recently formed MSPs, possibly
generated by exchange interactions (Ridolfi et al. 2022and
Chen et al. 2023, respectively). On the other hand, the large
range of values of Arh

+ found for PCC clusters (from ∼0.3 to
∼0.7) suggests that an intense and progressive growth of the
BSS population in the cluster center takes place also during the
PCC stage, again possibly tracing an increased formation of
these stars due to stellar collisions and enhanced mass transfer
activity in (hard) binaries. Interestingly enough, a possible
confirmation of this activity arrives from the analysis of the
rotational velocity of BSSs in PCC clusters (see Figure 3 in
Ferraro et al. 2023). In fact, the fraction of fast spinning BSSs
(which is a signature of recent formation; Sills et al. 2005;
Leiner et al. 2018) shows a (mild) increase with Arh

+, which
might indicate that the dynamical activity occurring during the
recurrent re-contractions of the cluster core in the PCC
evolutionary stage could favor the formation of these stars.

All the considerations above support the importance of the
dynamical clock and further sustain its potential use in the near
future as a powerful indicator of dynamical evolution. In fact,
the upcoming generation of telescopes will open the explora-
tion of resolved populations in star clusters in external galaxies,
allowing a straightforward selection of BSSs and the study of
their radial distribution. Indeed, the observational capabilities
of the JWST have already extended the exploration of resolved
stellar populations below the MS-TO level in the GC systems
of the entire Local Group, including the populous systems in
the Andromeda galaxy, in M33, and in many nearby dwarf
galaxies. This exploration will be further pushed forward by the
Multi-AO Imaging Camera for Deep Observations (MICADO)
that will be mounted at the ESO Extremely Large Telescope (a
telescope with a 39 m primary mirror) and will provide a spatial
resolution a factor of 6 better than the JWST. Indeed, for these

distant systems, the Arh
+ parameter will effectively be the easiest

(if not the only) diagnostic available to study their dynamical
stage. In turn, this will promote a variety of science cases,
allowing, e.g., the appropriate selection of dynamically old
clusters on the verge of CC, the identification of dynamically
young systems in which to study the initial conditions of their
(possibly multiple) populations, and even the study of the
effects that the interaction with the parent galaxy may have on
the dynamical aging of star clusters.
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Figure 8. Same as in Figure 7, with the position of the eight confirmed PCC
clusters highlighted with large red triangles. The vertical dashed line at
A 0.30rh =+ likely flags the reference value of Arh

+ for the occurrence of CC.
The four clusters with A 0.30rh >+ but no clear evidence of CC based on the
shape of their density profile is labeled.
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