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Table 3. For each couple of quantities we list the Spearman’s rank correlation coefficient, the corresponding uncertainty, and the number of clusters used to
calculate the correlation coefficient.

Parameter WC F275W, F336W, F438W !WC F275W, F336W, F438W W ∗
C F275W,F336W,F438W !W ∗

C F275W,F336W,F438W WF275W, F814W !WF275W, F814W

σ v 0.30 ± 0.14, 57 0.63 ± 0.08, 57 0.20 ± 0.15, 56 0.54 ± 0.10, 56 0.35 ± 0.14, 57 0.46 ± 0.12, 57

c 0.23 ± 0.14, 57 0.38 ± 0.13, 57 0.18 ± 0.14, 56 0.36 ± 0.13, 56 0.17 ± 0.14, 57 0.31 ± 0.12, 57

µV − 0.44 ± 0.12, 57 − 0.61 ± 0.09, 57 − 0.37 ± 0.12, 56 − 0.56 ± 0.11, 56 − 0.41 ± 0.13, 57 − 0.48 ± 0.10, 57

ϵ 0.08 ± 0.12, 57 − 0.02 ± 0.14, 57 − 0.07 ± 0.13, 56 − 0.04 ± 0.14, 56 0.08 ± 0.14, 57 0.15 ± 0.14, 57

ρ0 0.44 ± 0.12, 57 0.51 ± 0.12, 57 0.37 ± 0.14, 56 0.45 ± 0.12, 56 0.39 ± 0.13, 57 0.41 ± 0.12, 57

logτ c − 0.22 ± 0.15, 57 − 0.14 ± 0.15, 57 − 0.19 ± 0.14, 56 − 0.12 ± 0.15, 56 − 0.07 ± 0.15, 57 0.01 ± 0.14, 57

logτ hm − 0.18 ± 0.15, 57 0.17 ± 0.13, 57 − 0.17 ± 0.15, 56 0.19 ± 0.14, 56 − 0.01 ± 0.15, 57 0.26 ± 0.13, 57

RGC − 0.38 ± 0.12, 57 0.02 ± 0.13, 57 − 0.41 ± 0.12, 56 0.01 ± 0.13, 56 − 0.30 ± 0.11, 57 0.01 ± 0.13, 57

age (MF09) − 0.31 ± 0.12, 56 0.07 ± 0.13, 56 − 0.26 ± 0.12, 55 0.11 ± 0.13, 55 − 0.26 ± 0.12, 56 − 0.05 ± 0.14, 56

age (D10) − 0.41 ± 0.11, 56 0.06 ± 0.15, 56 − 0.39 ± 0.11, 55 0.11 ± 0.14, 55 − 0.29 ± 0.13, 56 0.11 ± 0.15, 56

age (V13) − 0.54 ± 0.09, 51 0.17 ± 0.14, 51 − 0.53 ± 0.10, 51 0.18 ± 0.15, 51 − 0.51 ± 0.10, 51 0.01 ± 0.15, 51

[Fe/H] 0.79 ± 0.05, 57 − 0.07 ± 0.14, 57 0.79 ± 0.05, 56 − 0.11 ± 0.14, 56 0.65 ± 0.09, 57 − 0.03 ± 0.14, 57

MV − 0.38 ± 0.12, 57 − 0.70 ± 0.07, 57 − 0.29 ± 0.14, 56 − 0.64 ± 0.09, 56 − 0.50 ± 0.12, 57 − 0.68 ± 0.08, 57

logM/M⊙ 0.60 ± 0.12, 44 0.74 ± 0.08, 44 0.51 ± 0.13, 43 0.68 ± 0.10, 43 0.65 ± 0.12, 44 0.69 ± 0.09, 44

f C
bin 0.18 ± 0.17, 34 − 0.40 ± 0.15, 34 0.23 ± 0.17, 34 − 0.32 ± 0.15, 34 0.12 ± 0.18, 34 − 0.36 ± 0.14, 34

f C−HM
bin − 0.08 ± 0.15, 46 − 0.44 ± 0.12, 46 − 0.06 ± 0.15, 46 − 0.42 ± 0.13, 46 − 0.13 ± 0.16, 46 − 0.42 ± 0.11, 46

f oHM
bin − 0.29 ± 0.16, 42 − 0.51 ± 0.13, 42 − 0.22 ± 0.16, 41 − 0.44 ± 0.13, 41 − 0.26 ± 0.15, 42 − 0.37 ± 0.14, 42

SRRLyrae − 0.24 ± 0.12, 57 0.02 ± 0.15, 57 − 0.26 ± 0.13, 56 − 0.01 ± 0.15, 56 − 0.23 ± 0.13, 57 − 0.14 ± 0.14, 57

E(B − V) 0.34 ± 0.12, 57 − 0.11 ± 0.14, 57 0.31 ± 0.12, 56 0.06 ± 0.14, 56 0.41 ± 0.12, 57 0.22 ± 0.14, 57

N1/NTOT − 0.41 ± 0.12, 54 − 0.61 ± 0.09, 54 − 0.32 ± 0.13, 53 − 0.54 ± 0.10, 53 − 0.44 ± 0.12, 54 − 0.56 ± 0.09, 54

Parameter W ∗
F275W,F814W !W ∗

F275W,F814W N1/NTOT W 1G
F275W,F814W W 2G

F275W,F814W

σV 0.26 ± 0.14, 56 0.39 ± 0.13, 56 − 0.63 ± 0.09, 54 0.12 ± 0.15, 53 0.39 ± 0.13, 53

c 0.17 ± 0.14, 56 0.32 ± 0.12, 56 − 0.54 ± 0.11, 54 0.08 ± 0.17, 53 0.18 ± 0.14, 53

µV − 0.38 ± 0.13, 56 − 0.46 ± 0.11, 56 0.71 ± 0.07, 54 − 0.19 ± 0.14, 53 − 0.42 ± 0.12, 53

ϵ 0.07 ± 0.13, 56 0.13 ± 0.13, 56 − 0.07 ± 0.14, 54 0.15 ± 0.14, 53 0.24 ± 0.13, 53

ρ0 0.37 ± 0.14, 56 0.39 ± 0.12, 56 − 0.63 ± 0.09, 54 0.11 ± 0.15, 53 0.37 ± 0.13, 53

logτ c − 0.08 ± 0.15, 56 − 0.01 ± 0.14, 56 0.26 ± 0.15, 54 0.04 ± 0.16, 53 0.03 ± 0.15, 53

logτ hm − 0.03 ± 0.15, 56 0.26 ± 0.13, 56 − 0.14 ± 0.15, 54 0.20 ± 0.16, 53 0.17 ± 0.16, 53

RGC − 0.29 ± 0.14, 56 0.02 ± 0.14, 56 − 0.05 ± 0.13, 54 0.02 ± 0.16, 53 − 0.24 ± 0.13, 55

age (MF09) − 0.25 ± 0.13, 55 − 0.01 ± 0.14, 55 0.11 ± 0.15, 53 − 0.36 ± 0.11, 52 − 0.08 ± 0.12, 52

age (D10) − 0.30 ± 0.12, 55 0.16 ± 0.15, 55 0.08 ± 0.13, 53 − 0.24 ± 0.13, 52 − 0.10 ± 0.13, 52

age (V13) − 0.53 ± 0.10, 51 0.02 ± 0.16, 51 0.06 ± 0.14, 49 − 0.49 ± 0.11, 49 − 0.23 ± 0.14, 49

[Fe/H] 0.67 ± 0.08, 56 − 0.08 ± 0.15, 56 − 0.08 ± 0.15, 54 0.45 ± 0.13, 53 0.47 ± 0.12, 53

MV − 0.43 ± 0.12, 56 − 0.63 ± 0.09, 56 0.72 ± 0.07, 54 − 0.38 ± 0.13, 53 − 0.59 ± 0.10, 53

logM/M⊙ 0.58 ± 0.14, 43 0.64 ± 0.09, 43 − 0.81 ± 0.05, 43 0.41 ± 0.13, 42 0.72 ± 0.09, 42

f C
bin 0.17 ± 0.17, 34 − 0.36 ± 0.14, 34 0.50 ± 0.17, 33 − 0.02 ± 0.20, 33 − 0.08 ± 0.19, 33

f C−HM
bin − 0.11 ± 0.16, 46 − 0.43 ± 0.10, 46 0.58 ± 0.11, 45 − 0.08 ± 0.17, 45 − 0.32 ± 0.15, 45

f oHM
bin − 0.19 ± 0.16, 41 − 0.30 ± 0.14, 41 0.65 ± 0.12, 40 0.27 ± 0.16, 39 − 0.32 ± 0.15, 39

SRRLyrae − 0.25 ± 0.13, 56 − 0.15 ± 0.14, 56 − 0.08 ± 0.14, 54 0.17 ± 0.14, 55 − 0.13 ± 0.13, 53

E(B − V) 0.37 ± 0.13, 56 0.19 ± 0.16, 55 0.11 ± 0.14, 54 0.07 ± 0.15, 53 0.29 ± 0.29, 53

N1/NTOT − 0.36 ± 0.13, 53 − 0.49 ± 0.11, 52 1.00, 54 − 0.25 ± 0.14, 53 − 0.59 ± 0.10, 53

6.1 RGB width and global cluster parameters

Table 3 lists the Spearman’s rank correlation coefficients of the
WC F275W, F336W, F438W RGB width with all the GC global parameters
just listed above. The table also provides the number of clusters used
for each determination of r, given in each column after the error
on r. There is no significant correlation between the intrinsic RGB
width and most of the global parameters, but a strong correlation
(r = 0.79 ± 0.05) exists between WC F275W, F336W, F438W and metal-
licity, as shown in the left-hand panel of Fig. 20. This is hardly

surprising, as at low metallicity the RGB colours become almost
insensitive to metal abundances while the RGB-colour sensitivity
to composition increases with increasing metallicity.

There is only a mild correlation between the RGB width and
the cluster absolute luminosity (r = −0.38 ±0.12), when using the
entire sample of GCs, as shown in the right-hand panel of Fig. 20.
However, we note that GCs with almost the same [Fe/H] exhibit
quite different WC F275W, F336W, F438W values, thus suggesting that at
least one more parameter is controlling the RGB width. Indeed, in
the left-hand panel of Fig. 20 we have marked with red dots GCs
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Figure 19. In the chromosome map of NGC 5286, shown in panel (a) only
stars from the blue-RGB are used, i.e. those coloured black in Fig. 12. Aqua
and magenta colours highlight 1G and 2G stars, respectively, with stars also
studied spectroscopically are represented by large filled symbols and whose
[Na/Fe] versus [O/Fe] plot from Marino et al. (2015) is shown in panel
(b). Finally, in panel (c) the red-RGB stars are coloured either aqua or red
for being considered the first or the second generation (1G,r and 2G,r) of
the iron-rich population, while panel (d) shows the corresponding [Na/Fe]
versus [O/Fe] from Marino et al. (2015).

fainter than MV > −7.3. Clearly the RGB width also depends on
the cluster luminosity (or mass).

Low-mass clusters clearly exhibit, on average, smaller
WC F275W, F336W, F438W values than more luminous, more massive GCs
and define a tighter WC F275W, F336W, F438W versus [Fe/H] correlation
(r = 0.85 ± 0.07). The significance of the correlation between
RGB width and MV becomes evident when distinguishing different
metallicity ranges, as done in the right-hand panel of Fig. 20. We
found r = 0.76 ± 0.13 and r = 0.82 ± 0.11 for the selected groups
of metal-rich and metal-poor GCs, respectively, and r = 0.73 ± 0.10
for GCs with −2.0 < [Fe/H] ≤ −1.5. The correlation coefficient
has lower values for metal-intermediate GCs with −1.5 < [Fe/H]
≤ −1.0 and corresponds to r = 0.45 ± 0.22.

To further investigate the correlation between the width
WC F275W, F336W, F438W and global cluster parameters, we need to re-
move the dependence on metallicity. Thus, we have least-squares
fitted the WC F275W, F336W, F438W versus [Fe/H] relation for GCs with
MV > −7.3 with a straight line, as shown in the left-hand panel of
Fig. 20, where the best-fitting line is given by WC F275W, F336W, F438W

= 0.14 ± 0.02 [Fe/H]+0.44 ± 0.03. We have then calculated the
residuals !WC F275W, F336W, F438W with respect to this line. The val-
ues of the resulting Spearman’s rank correlation coefficient are
listed in Table 3 for each relation involving !WC F275W, F336W, F438W.
As expected, !WC F275W, F336W, F438W strongly correlates with the
absolute luminosity and with the cluster mass (lower panels of
Fig. 20 (r > 0.7).

The WF275W, F814W RGB width has then been analysed in close
analogy with what done for WC F275W, F336W, F438W. As reported in
Table 3, there is a positive correlation between WC F275W, F814W and
the cluster metallicity (r = 0.65 ± 0.08), see also the left-hand
panel of Fig. 21, where the less massive clusters with MV > −7.3
are marked with red dots. The least-squares best-fitting straight line

Figure 20. Upper-left panel: the intrinsic RGB width,
WC F275W, F336W, F438W, as a function of the iron abundance of the
host GCs. The red line is the least-squares best-fitting for the faint, less
massive clusters with absolute magnitude MV > −7.3, that are marked with
red dots. Upper-right panel: the WC F275W, F336W, F438W RGB width versus
the absolute visual magnitude MV of the host clusters. Clusters are colour-
coded depending on their metallicity [Fe/H] as indicated in the insert. Lower
panels: the residuals of the RGB width, !WC F275W, F336W, F438W, against
the absolute magnitude (left) and the mass (right) of the host clusters.
The Spearman’s rank correlation coefficient (r) and the corresponding
uncertainty are reported in each panel.

for the group of GCs with MV > −7.3 is plotted in red in the left-
hand panel of Fig. 21 and the residuals !WF275W, F814W with respect
to such line are plotted as a function of cluster luminosity and mass
in the two panels on the right of the same figure. Strong correlations
of such residuals with cluster luminosity and mass are quite evident.
We have investigated the relation between !WF275W, F814W and the
other global cluster parameters, but no other significant correlation
appears to exist, as reported in Table 3.

6.2 Fraction of 1G stars and global cluster parameters

In this section, we investigate univariate relations between the pop-
ulation ratio N1/NTOT and the global parameters of the host GCs, in
analogy with what has been done for the RGB width. The results
are reported in Table 3.

The most relevant result is plotted in Fig. 22, which shows signif-
icant anticorrelations between the N1/NTOT ratio and the absolute
luminosity and mass of the host clusters (with r = −0.72 ± 0.07 and
r = −0.81 ± 0.05, respectively), with more massive GCs having,
on average, a smaller fraction of 1G stars. Based on a more limited
data set, it had been previously claimed that there is no correlation
between the population ratio and cluster mass (Bastian & Lardo
2015). On the contrary, the N1/NTOT ratio correlates or anticorre-
lates with several quantities that are closely related with the cluster
luminosity and mass. The values of the Spearman’s rank correlation
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Figure 21. The left-hand panel shows the intrinsic RGB width, WF275W, F814W, as a function of metallicity of the host GC. The red line is the best-fitting straight
line for clusters with MV > −7.3 that we have represented with red dots. The residuals of the RGB width with respect to the best-fitting line, !WF275W, F814W,
are plotted against the absolute visual magnitude and the cluster mass in the middle and the right-hand panels, respectively. The Spearman’s rank correlation
coefficient and the corresponding uncertainty are reported in each panel. The outlier point refers to ω Centauri.

Figure 22. The fraction of 1G stars with respect of the total number of
used RGB stars as a function of the cluster absolute luminosity (left), cluster
mass (right).

coefficient listed in Table 3 indicate a significant correlation with
the central surface brightness (µV, in mag arcsec−2, r = 0.71 ±
0.07) and significant anticorrelations with the central stellar density
ρ0 (r = −0.63 ± 0.09) and the central velocity dispersion σ v (r =
−0.63 ± 0.09).

We find no significant correlations between the fraction of 1G
stars and other global parameters, in particular between the popu-
lation ratio and the distance from the Galactic centre (r = −0.05 ±
0.13) or with the cluster metallicity (r = −0.08 ± 0.15).

6.3 The !F275W, F814W colour extension of 1G and 2G stars and
global cluster parameters

We did not find any strong correlation between W 1G
F275W,F814W and

any of the parameters that we have investigated. There is some
mild correlation (r ∼ 0.5) with the GC metallicity, the cluster mass,
and with GC ages (r = −0.49 ± 0.11), but only when ages from
Vandenberg et al. (2013) are used. In summary, it is still unclear
what controls the !F275W, F814W extension of 1G stars.

In contrast, as shown in Fig. 23, W 2G
F275W,F814W correlates with

cluster mass and luminosity. Moreover, there is some anticorrela-
tion with the fraction of 1G stars (r = 0.59 ± 0.10), which indicates
that clusters with a predominant 2G also have wide RGB width in
the F275W−F814W colour. There is no strong correlation between
W 2G

F275W,F814W and the cluster metallicity (r = 0.35 ± 0.11), although

Figure 23. The intrinsic width W 2G
F275W,F814W of the 2G stars as a function

of cluster metallicity and absolute magnitude (upper-left and -right panels,
respectively), and as a function of the cluster mass and of the intrinsic width
of 1G stars (lower-left and -right panels, respectively). Symbols are like in
Fig. 20. The Spearman’s rank correlation coefficient and the corresponding
uncertainty are indicated in each panel.

metal-rich GCs with MV > −7.3 have on average larger values of
W 2G

F275W,F814W than metal-poor clusters within the same luminosity
range. Similarly, there is only a mild correlation between the exten-
sion of the two generations, W 2G

F275W,F814W and W 1G
F275W,F814W (r =

0.49 ± 0.11).

7 SU M M A RY A N D C O N C L U S I O N S

We have analysed high-precision multiband HST photometry of
57 GCs in order to identify and characterize their multiple stellar
populations along the RGB. The photometry has been collected
through the F275W, F336W, F438W filters of WFC3/UVIS and the
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F606W and F814W filters of WFC/ACS mostly as part of the HST
UV Legacy Survey of Galactic GCs (Paper I). Archive data have
also been used. The main results can be summarized as follows.

(i) From the mF814W versus CF275W, F336W, F438W pseudo-CMD and
the mF814W versus mF275W − mF814W CMD of each cluster, which are
both very sensitive to multiple stellar populations, we have calcu-
lated the RGB width in CF275W, F336W, F438W (WC F275W, F336W, F438W)
and in mF275W − mF814W (WF275W, F814W). In all 57 GCs, the observed
RGB width is significantly wider than expected from observational
errors alone. This demonstrates that none of the studied GCs is
consistent with hosting a simple stellar population. Among them,
ω Centauri, (M = 106.40M⊙) and NGC 6535 (M = 103.58M⊙) are,
respectively, the most massive and the least-massive GC of the sam-
ple where multiple stellar populations have been detected to date.

(ii) For each cluster we have combined the CF275W, F336W, F438W

pseudo-colour and of the mF275W − mF814W colour to construct the
!C F275W, F336W, F438W versus !F275W, F814W pseudo-two-colour dia-
gram, or ‘chromosome map’, which maximizes the information on
multiple stellar populations.

(iii) The chromosome maps of the majority of the GCs shows
two major, well-separated groups of stars that we identify with first
and second generation (1G and 2G). 1G stars are distributed around
the origin of the chromosome map and span a narrow range of
!C F275W, F336W, F438W values. The group of 2G stars that includes the
remaining RGB stars span a wide range of both !C F275W, F336W, F438W

and !F275W, F814W values. Such a clean 1G/2G separation is not
possible for a few GCs (namely, NGC 5927, NGC 6304, and
NGC 6441), where the two sequences appear to be inextricably
merged into a single sequence. Collectively, these clusters (with or
without a clear 1G/2G separation) are called type-I clusters.

(iv) The chromosome maps of a second group of clusters, called
type-II clusters, show a more complex pattern, with an apparent split
of both 1G and 2G sequences. A careful examination of multiband
CMDs of all these clusters reveals that their SGBs are split also
in purely optical CMDs, while the SGB of type-I GCs splits only
in CMDs based on ultraviolet filters. By using spectroscopic data
from the literature, we showed that type-II clusters host populations
that are also enriched in overall CNO abundance (C+N+O) and
heavy elements, such as iron and s-process elements. In particular,
it is shown that the faint SGB corresponds to the stellar population
enhanced in heavy elements (e.g. Marino et al. 2011). We argue that
(1) split 1G and 2G sequences in the chromosome maps, (2) split
SGBs, and (3) non-uniformity of the iron and s-elements abun-
dances must be physically connected to each other. This evidence
indicates that chromosome maps are an efficient tool to iden-
tify GCs with internal variations of heavy elements. In this way,
we have identified two new type-II GCs, namely NGC 1261 and
NGC 6934.

(v) We use spectroscopic evidence from the literature to show
that the photometrically selected 1G and 2G stars are oxygen-rich
and sodium-poor and oxygen-poor and sodium-rich, respectively,
supporting our identification of 1G and 2G stars with the first and
second stellar generation, respectively. However, the number of stars
with both accurate HST multiband photometry and spectroscopic
chemical analysis is still quite scanty. An extensive chemical tagging
of multiple populations identified on the chromosome maps is now
becoming a major requirement to further progress in the field of
stellar populations in GCs.

(vi) Noticeably, the colour width of both 1G and 2G stars in
most GCs is significantly wider than what observational errors
would suggest. Such evidence demonstrates that in most GCs even

the first (1G) stellar generation is not consistent with a simple,
chemically homogeneous stellar population. Again, spectroscopic
chemical tagging of 1G stars is needed to identify the origin of their
wide range of !F275W, F814W values.

(vii) We have investigated univariate relations between the RGB
width in the WF275W, F814W colour and in the WC F275W, F336W, F438W

pseudo-colour and the main global parameters of the host GCs.
The RGB width mostly correlates with cluster metallicity. After
removing the dependence on metallicity, significant correlations
emerge between the RGB width and cluster mass and luminosity.
These results indicate that massive GCs exhibit more pronounced
internal variations of helium and light elements compared with low-
mass GCs.

(viii) For each cluster the F275W−F814W colour width of 1G
and 2G stars (W 1G(2G)

F275W,F814W ) have been measured. No significant
correlation has been recovered between W 1G

F275W,F814W and any of
the global cluster parameters. In contrast W 2G

F275W,F814W correlates
with the cluster mass.

(ix) We have measured the fraction of 1G RGB stars with respect
to the total number of RGB stars. The N1G/NTOT ratio ranges from
∼0.08 in the case of ω Centauri to ∼0.67. There is a significant
anticorrelation between the fraction of 1G stars and the mass of
the host cluster, with massive GCs hosting a smaller fraction of
1G stars. Hence, the multiple population phenomenon appears to
systematically increase in incidence and complexity with increasing
cluster mass.

(x) In some cases distinct stellar clumps are clearly present along
the sequence of 1G and/or 2G stars, while in other clusters we ob-
serve a smooth distribution without evident clumps. However, a
large number of stars is needed to unambiguously identify dis-
tinct subpopulations along the MSs in the chromosome maps, as
done in Paper II and Paper III for NGC 7089 and NGC 2808,
respectively.
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A P P E N D I X A : T H E C O N S T RU C T I O N O F T H E
C H RO M O S O M E M A P O F ω C E N TAU R I

ω Centauri shows the most complex chromosome map. The distri-
bution of the stars that we have coloured black in Fig. 6 resembles
that of some GCs with single SGB like NGC 6723 or NGC 2808.
In contrast, red-RGB stars exhibit an unique pattern, with three
main streams of red-RGB stars. The most populous RGB starts
from (!F275W, F814W; !F275W, F336W, F438W) ∼ (−0.2; 0.35) and ex-
tends towards extreme values of !F275W, F814W ∼ 1.5. A second
stream ranges from (!F275W, F814W; !F275W, F336W, F438W) ∼ (0.0; 0.1)
to (1.5; −0.4) and possibly includes a few stars with even larger
!F275W, F814W. A third stream has intermediate !F275W, F814W and
!F275W, F336W, F438W values with respect to the previous two.

Each stream includes substellar populations. In an attempt to
estimate how many groups of stars are statistically significant in
ω Centauri, we used the MCLUSTER CRAN package in the public do-
main R statistical software system. This package performs a maxi-
mum likelihood fits to different number of stellar groups by using
several different assumptions about shape and size of the differ-
ent populations in the chromosome map, and evaluate the number
of groups by the Bayesian Information Criterion (BIC) penalized
likelihood measure for model complexity (see McLachlan & Peel
2000, for details). For each shape and size that we adopted for the
populations, we assumed a number, N, of stellar populations from
1 to 20 and estimated a BIC for each combination. The best BIC
value corresponds to N = 16.

When compared with the other GCs investigated in this paper,
ω Centauri exhibits by far the most complex CMD and its RGB
spans a very wide range of mF275W − mF814W colour as shown in
panel (a1) of Fig. A1. Due to the complex structure of its RGB, in
order to derive the chromosome map of ω Centauri, we have adopted
an iterative procedure that is based on the method of Section 3.2,
and which is illustrated in Fig. A1.

As a first step, we have derived a raw chromosome map by
using the same procedure described in Section 3.2. Then, we have
identified three groups of stars that have been used to derive the
fiducial lines shown in mF814W versus mF275W − mF814W CMD and
the mF814W versus CF275W, F336W, F438W pseudo-CMD plotted in panels
(a1) and (b1) of Fig. A1. The selected groups of stars are shown
in panels (c) and (d) of Fig. A1 where black and orange dots and
aqua-starred symbols overimposed on the final chromosome map of
ω Centauri represent stars of the samples 1, 2, and 3, respectively.

These three groups of stars have been determined iteratively
by using the following criteria. The chromosome map of stars
in sample 1 resembles those observed in several GCs in which
the stars are distributed along a single sequence and define
distinct bumps. Sample 2 includes the bump of stars around
(!F275W, F814W;!F275W, F336W, F438W) ∼ (−1.10; 0.35), while sample
3 includes most of the stars of the reddest and the most metal-rich
RGB of ω Centauri that has been often indicated as population a
(e.g. Bedin et al. 2004). Noticeably, we have excluded from sam-
ple 3 the stars in the poorly populated bump with (!F275W, F814W;
!F275W, F336W, F438W) ∼ (0.3; 0.0).

In order to derive !F275W, F814W for RGB stars in ω Centauri,
we have used the following procedure that is illustrated in panels
(a1) and (a2) of Fig. A1. We have first divided the RGB stars in
three groups. Group I includes all the RGB stars with bluer mF275W

− mF814W colours than the red fiducial line at the corresponding
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Figure A1. This figure illustrates the procedure used to derive the chromosome map of NGC 5139 (ω Centauri). The mF814W versus mF275W − mF814W CMD
and the mF814W versus CF275W, F336W, F438W pseudo-CMD are plotted in panels (a1) and (b1), respectively. Dark-grey and coloured points to mark the sample
of analysed RGB stars. The red and the blue lines overimposed on the diagrams of both panels (a1) and (d1) correspond to the red and the blue envelopes of
RGB of stars in the sample 1. The orange and the green lines shown in the panel (a1) are the fiducial lines of the samples 2 and 3 of stars. In the panel (b1), we
have used green and cyan colours to mark the red and blue edges of the envelope of RGB of sample-3 stars. Panels (a2) and (b2) show the verticalized mF814W

versus !F275W, F814W and mF814W versus !C F275W, F336W, F438W diagrams for RGB stars. The !C F275W, F336W, F438W versus !F275W, F814W chromosome map
of RGB stars in ω Centauri is shown in panel (c), where red dots represent RGB stars with 15.28 < mF814W < 15.58 between the two horizontal dotted lines
of panels (a2) and (b2). Panels (d) and (e) are zoomed-in view of the chromosome map shown in panel (c), while panel (f) shows the !F275W, F336W, F438W

versus !F275W, F814W Hess diagram of the stars plotted in panel (e). The aqua-starred symbols plotted in panels (a1), (a2), (b1), (b2), and (c) mark the sample-3
stars, while sample-1 stars are represented with black dots in panels (a1), (a2), (b1), (b2), and (d). The orange dots shown in panels (a1), (a2), and (d) indicate
sample-2 stars.

F814W magnitude. Group II includes the RGB stars between the
red and the orange line, while the remaining RGB stars belong to
group III. The red and the blue fiducial lines shown in panel (a1) are
the redder and the bluer envelopes of the RGB formed by sample-1
stars and have been derived as in Section 3.1 by using sample-1
stars only. The orange and the aqua lines shown in panel (a1) are
fiducial lines of the RGB made by sample-2 and sample-3 stars.
We have derived the quantities !N I

F275W,F814W , !N II
F275W,F814W , and

!N III
F275W,F814W for stars in the three groups, by using the following

equations that are similar to equation (1):

!
N I(II,III)
F275W,F814W = W

I,(II,III)
F275W,F814W

×[(X − XfiducialA)/(XfiducialB − XfiducialA)]. (A1)

For group-I stars, we have assumed the blue and the red fiducial
shown in panel (a1) of Fig. A1 as the fiducial A and fiducial B,
respectively. For group-II stars, the red fiducial corresponds to fidu-
cial A and the orange fiducial corresponds to fiducial B, while for
group-III stars we used the orange and the green fiducials as fiducial
A and B, respectively. The constant W I

F275W,F814W has been derived
for group-I stars as in Section 3.1, while W II

F275W,F814W has been de-
rived as the mF275W − mF814W colour difference between the orange
and the red fiducial line shown in panel (a1) of Fig. A1 calculated
2.0 F814W mag above the MS turnoff. The constant W III

F275W,F814W

has been derived similarly for group-III star, but by using green and
orange fiducials.

We assumed:
!F275W,F814W = !N I

F275W,F814W for group-I stars;
!F275W,F814W = W I

F275W,F814W + !N II
F275W,F814W for group-II stars;

and
!F275W,F814W = W I

F275W,F814W + W II
F275W,F814W + !N III

F275W,F814W

for group-III stars. The verticalized mF814W versus !F275W, F814W

diagram of the analysed RGB stars in ω Centauri is plotted in the
panel (a2) of Fig. A1 where the vertical coloured lines corresponds
to the fiducial lines shown in panel (a1).

In order to derive !C F275W, F336W, F438W for RGB stars of ω Cen-
tauri we adopted the method illustrated in panels (b1) and (b2) of
Fig. A1, where the red and blue lines are the boundaries of the RGB
for stars in sample 1, while the green and the cyan lines are the
boundaries for stars in the sample 3. These lines have been derived
as described in Section 3.1.

We proceeded by defining two additional groups of stars. Group
IV includes all the RGB stars that are associated with the most
metal-rich population of ω Centauri and that have !F275W, F814W

> −0.2 and !C F275W, F336W, F438W > −0.1 in panel (c) of Fig. A1.
Group V includes all the remaining RGB stars.

We derived !N,IV
C F275W,F336W,F438W for group-IV stars by means

of equation (2) and by assuming the green and cyan lines plot-
ted in panel (b1) of Fig. A1 as fiducials A and B, respec-
tively. Similarly, we have calculated !N,V

C F275W,F336W,F438W by us-
ing equation (2) and assuming that the blue and red lines in
the panel (b1) of Fig. A1 correspond to the fiducials A and B,
respectively.
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We assumed:
!C F275W,F336W,F438W = !N,IV

C F275W,F336W,F438W for group-IV stars
and;
!C F275W,F336W,F438W = W IV−V

C F275W,F336W,F438W +
!N,V

C F275W,F336W,F438W for group-V stars, where
W IV−V

C F275W,F336W,F438W is the CF275W, F336W, F438W pseudo-colour
difference between the blue and the cyan fiducial line calculated
2.0 F814W magnitudes above the MS turnoff.

The chromosome map has been derived iteratively and four iter-
ations were required to reach convergence. After each iteration, we
improved the selection of stars in the samples 1, 2, and 3, derived
improved fiducial lines and better estimates of !F275W, F814W and
!C F275W, F336W, F438W.

The chromosome map of ω Centauri is plotted in the panel (c) of
Fig. A1 and it reveals a very complex stellar distribution, with the
presence of distinct bumps of stars and stellar streams. To verify
that the observed structure does not include artefacts introduced by
the adopted fiducial lines, we marked in red in panel (c) all the stars

in a small magnitude interval with 15.38 < mF814W < 15.58 that
are placed between the horizontal dotted lines of panels (a2) and
(b2). The fact that the selected stars distribute along the entire map
demonstrates that the observed stellar bumps and tails are real. Pan-
els (d) and (e) of Fig. A1 are a zoomed-in view of the chromosome
map around the region with low values of !F275W, F814W, while panel
(f) shows the Hess diagram of the same stars plotted in panel (e).
These figures reveal that the sample 1 of stars in ω Centauri define a
continuous sequence characterized by the presence of distinct stel-
lar bumps, in close analogy with what we observe in NGC 6723. In
addition, ω Centauri hosts stellar populations, including bumps and
streams, with values of !F275W, F814W larger than those of sample-1
stars with the same !F275W, F336W, F438W.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 464, 3636–3656 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/464/3/3636/2567106 by Biblioteca P. Arduino user on 25 M
arch 2021


