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SUMMARY

Globular clusters are dense collections of the oldest stars in the universe, ranging from 11 to 13 billion years old.
The stars that make up the clusters share common characteristics, such as their heavy element abundance
(metallicity), as they are formed at the same time from the same dust cloud. Globular clusters outside the Milky
Way are only seen as a single point of light, not as individual stars. This study investigates how the metallicity of
clusters affects the colour light they emit. Colour-metallicity diagrams were created from 11 theoretical cluster
models. Results showed that there was a relationship between the amount of heavy element abundance and the
colour of light emitted. This relationship was then placed on the clusters from the real galaxy NGC 6166. The dis-
tribution of metallicities this gave was not a simple normal curve. This suggests that NGC 6166 merged with oth-
er globular clusters at some point in time, which is consistent with the literature.

ABSTRACT

Extragalactic globular clusters are viewed as single points of light, as the density of their stars make them indi-
vidually indiscernible. The aim of this study was to find a correlation between the integrated colour of globular
star clusters and the metallicity of their individual stars. This was accomplished by using the colour magnitudes
and metallicities of individual stars from 11 cluster models based on work from Girardi et al. Integrated colour-
metallicity diagrams found the relationship between clusters to be an increasing two-step linear function for
each of the six colour ratios examined. To validate these findings, the F475W-F814W relationship was applied to
integrated colour data of 5557 clusters from the real galaxy NGC 6166. Histograms taken of the colour and metal-
licity both showed non-gaussian distributions. Bimodal gaussian fits were applied to both and found that each
exhibited the presence of subpopulations: one metal-poor (u = -1.59), and one metal-rich (u = -0.41). This sug-
gests the occurrence of galactic mergers with NGC 6166 to create the population structure of clusters that is cur-
rently seen.
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ful more possibly residing on the other side of the ga-
lactic disk, in which infrared imaging might be able to
locate them.34 The positioning of the clusters around

INTRODUCTION

Globular clusters are collections of stars that are gravi-
tationally bound in a distinct spherical shape (Figure
1). The clusters orbit a parent galaxy, residing in the
surrounding galactic halo, displaying as much of a
spherical symmetry as the galaxy itself does.! The vast
number of stars they contain in their relatively small
system, gives them some of the highest stellar densi-
ties in the galactic vicinity. The clusters around the
Milky Way galaxy have an average of 200,000 Mo
(solar masses) and a tidal (boundary) radius of ~ 50
pc, giving them a range of average densities from 0.2
M, pc3 at their boundaries up to 104 Mo pc3 at their
cores.2 As of 2010, there have been 158 confirmed
globular clusters around the Milky Way, with a hand-

the galactic core is what the astronomer Harlow Shap-
ley used to dispel the notion that the solar system re-
sided in the center of the galaxy.s In addition, the im-
mense age of some clusters (reaching up to 13 billion
years (Gyr)) allowed for a fundamental lower limit of
the age of the universe to be set, as the universe must
be older than the stars it holds.
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Figure 1. Hubble image of NGC 7006, one of
the globular clusters surrounding the Milky
Way.6

There are two major sub-groups of globular clusters.
The first contains the older metal-poor clusters, which
emit more blue light, and approach an age of 13 Gyr.
The second subgroup includes the younger metal-rich
clusters, which emit more red light, and sit around 11
Gyr.” These ages can only be discerned for the popula-
tions that exist in the Milky Way and its surrounding
satellites, for reasons that will soon be mentioned. Ag-
ing the clusters is achieved through isochrone fitting to
their respective stellar sequences. An isochrone is a
specific curve or track on the Hertzsprung-Russell (H-
R) diagram that consists of stars with the same age
(Figure 2). Stellar clusters (both globular and open)
are well disposed for this, as the entire population is
born out of the same homogenous cloud at relatively
the same time.8 The only varying factor between them
is their mass, the stars. As a result, when they are plot-
ted in terms of their luminosity and surface tempera-
tures, it will yield a unique path that at some point de-
viates from the standard line of hydrogen burning
stars, which is deemed the zero-age main sequence.

The most common method of plotting globular cluster
stars is on a colour-magnitude diagram, which is cre-
ated with just the magnitudes of two distinct wave-
length filters of each star in the cluster.8 Pre-
determined isochrones are fitted to the plot in the
hopes of matching the position where the stars begin
to deviate, called the main sequence turn-off point.
This point, which leads to further evolutionary tracks
such as the red giant branch and the horizontal
branch, moves downwards towards the smaller, less
luminous stars as time progresses, allowing for antici-
patory dynamic motions in the tracks.o Figure 3 shows
an example of how theoretical isochrones can be fitted

to a real population of stars (in this case using a H-R
diagram), thereby giving further detail and structure
of age and direction to an otherwise chaotic diagram.
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Figure 2. Theoretical isochrones from the stel-
lar models by Leo Girardi and collaborators
(Padova) for near-solar metallicity and a range
of ages.1°
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Figure 3. A Hertzsprung-Russell diagram of
2968 artificial stars overlayed with isochrones
that span from 1 Gyr at the top to 15 Gyr at the
bottom.n

Globular clusters can be found around any galaxy in
the Local Group (which includes the Milky Way, An-
dromeda, and their respective satellite galaxies) with
sufficient mass. The amount of clusters orbiting is also
proportional to the dynamical mass of the host gal-
axy.’2 However, when looking at increasingly distant
extra-galactic clusters, the ability to discern their indi-
vidual stars becomes more and more difficult. Eventu-
ally, the light that is collected comes as a singular enti-
ty, in which any information that is extracted will be
measuring the integrated properties of that cluster.
Without the individual star data, colour-magnitude
diagrams are ineffective, and isochrone fitting cannot
be done. Therefore, we must look to more immediate
clusters to extrapolate the trends they would hold if
viewed as a single, composite object.
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METHODS

The initial work was begun using 11 cluster models
computed from Girardi’s CMD web interface. Each
were created using a compilation of research on stellar
populations and their tracks.!3-18 The models were cre-
ated on October 15, 2019, using the CMD 3.3 configu-
ration. The data extracted from each model and used
for this project included the cluster metallicity, the log
of the luminosity of each star, the log of the effective
temperature of each star, as well as the magnitudes of
each star in the light filters of F435W, F475W, F555W,
F6o06W, F814W, and F850LP. Table 1 includes addi-
tional information on the scale and metallicity of each
cluster.

Table 1. The number of stars and the metallici-
ty of each of the 11 clusters used for the analy-
sis.

Cluster Number of Stars Metallicity (Z)
Girardi +0.2 137131 0.02259
Girardi 0.0 139350 0.01471
Girardi -0.2 138601 0.00947
Girardi -0.4 137780 0.00605
Girardi -0.6 136913 0.00385
Girardi -0.8 136407 0.00244
Girardi -1.0 135531 0.00155
Girardi -1.2 135167 0.00098
Girardi -1.5 134844 0.00049
Girardi -1.8 134573 0.00025
Girardi -2.1 127889 0.00012

Initial isochrones were created through Hertzsprung-
Russell diagrams, where the log of the effective tem-
perature was plotted against the log of the luminosity
for every star in each cluster, as shown in Figure 4.
This illustrates the diversity of evolution that each
cluster had undergone, through the position of their
turn-off points, and the extent of their horizontal
branches. A composite of all 11 isochrones with a
heatmap of their metallicities was plotted to help fur-
ther express this notion.

H-R diagrams are useful for intragalactic clusters,
however, for extragalactic clusters the use of integrat-
ed colour over temperature is more appropriate.
Therefore, a Colour-Magnitude diagram (CMD), an
alternative isochrone method, was chosen, as it utilizes
only the magnitude of two wavelengths. Using the fil-
ter lengths mentioned previously, each cluster was
plotted as six different CMDs, one for every colour ra-
tio that was used. The standard filter ratios were
F435W-F555W, F435W-F606W, F475W-F814W,
F475W-F850LP, F555W-F814W, and F606W-
F814W. Figure 5 shows a sample of the cluster CMDs
using the F475W-F814W ratio, along with an addition-
al composite image of the two clusters with the mini-
mum and maximum metallicity value.

The next step was to integrate each cluster down to a
singular point, as if to simulate what they would look
like if viewed from a long distance. To do this, the
magnitudes needed to be converted into luminosities,
as magnitude is a unitless metric, while luminosity was
measured in watts. The conversion function is repre-
sented by Equation 1, where L is the luminosity, M is
the magnitude, and k is a conversion constant.

(1) I = 10-04M-k)

A constant of 20 was used for k as it gave values that
were of a reasonable magnitude to work with. Each
star magnitude was converted to luminosity for all six
wavelengths. They were then summated and converted
back into an integrated magnitude. This was accom-
plished by using Equation 2.

(2) M =k —2.5(log,,L)

The integrated colour was calculated by subtracting
the specific integrated magnitudes denoted by the col-
our ratios. By plotting the known metallicity values
from Table 1 against the integrated colour of the clus-
ter, Colour-Metallicity diagrams (CMetD) were creat-
ed, as shown in Figure 6. Multi-step linear trendlines
were fitted to each CMetD, as shown in Figure 7, with
Table 2 indicating the formula associated for each step
of each diagram.

To check the viability of these trends, further tests
were conducted using real data. A supergiant c¢D type
galaxy called NGC 6166 was utilised for this. Using
photometric data obtained from the HST ACS/WFC
and WFC3 cameras within the F475W and F814W fil-
ters, integrated colours were calculated for the 5557
clusters surrounding the galaxy.’9 With each point al-
ready exhibiting integrated properties, a CMetD could
be directly created, as is shown in Figure 9. By invert-
ing the formulas found for the F475W-F814W colour
ratio of the modelled clusters, it was possible to apply
them to the integrated colours of the NGC 6166 clus-
ters and yield their metallicity.

A notable difference in cluster density on either side of
the pivot point (as seen in Figure 10), suggested the
distribution should be further explored. Figures 11 and
12 show frequency histograms of the integrated colour
of the clusters, and the metallicities of the clusters, re-
spectively. The optimal bin width for each was calcu-
lated using Scott’s normal reference rule, which comes
in the form of Equation 3, where o is the standard de-
viation and n is the number of data points.20
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The optimal number of bins was calculated using a
function in the form of Equation 4, where k is the
number of bins, x is the data set, and h is the bin
width.

(4) Ik — [maxx;min x'l

The optimal number of bins for colour was 28, and 30
for metallicity. The non-gaussian distribution they
both presented, with their pairs of distinct peaks, sug-
gested the presence of subpopulations. To confirm
this, a bimodal gaussian fit was applied to each, using
the curve_fit routine from the SciPy library to opti-
mize them, with the subsequent curves being seen in
Figures 13 and 14.

RESULTS

Panels a through k of Figure 4 have plotted the log of
the effective temperature against the log of the lumi-
nosity for every star in each cluster. Unlike those
shown in Figure 2 and 3, each cluster follows only a
single isochrone, as all the stars are the same age. As
each cluster represents a theoretical model, their stars
match the trend that would be given by an idealized
isochrone. Each cluster initially follows a main-
sequence path (with each sequentially increasing in
temperature in a range of 3.35-3.50) until the stars

have exceeded 1 Lo (solar luminosity). There, each
cluster has a sharp turn-off point where the stars begin
to cool yet retain their present luminosity, until sud-
denly their luminosity begins to increase rapidly. This
transition occurs when the stars have entered the Red
Giant branch, a period when hydrogen fusion in the
core has been completed, and fusion from the hydro-
gen shell surrounding the new helium core causes the
star’s envelope to expand.2! This continues until the
internal pressure and temperatures of the star grow to
where helium fusion is enabled.22 This can be seen in
panels a through k of Figure 4 where the stars begin to
increase in temperature again but decrease in lumi-
nosity. The clusters with the lowest metallicities
(panels i, j, and k of Figure 4) also exhibit the begin-
nings of the horizontal branch, a stable period where
both helium and hydrogen fusion occur. Panel [ of Fig-
ure 4 is a composite image of all eleven clusters. It also
illustrates each cluster’s metallicity in a heatmap, with
metallicities decreasing as the stars become cooler and
redder (to a minimum of log(Z/Zsw) = -2.091), and
increasing with the stars becoming hotter and bluer
(to a maximum of log(Z/Zsun) = 0.171). The use of log
(Z/Zsun) normalized for solar metallicity values, with
values of 0 matching that of the Sun.
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Figure 4. Panels a — k. Hertzsprung-Russell di-
agrams of the 11 Girardi clusters and Panel
1. Composite image of Panels a — k with a me-
tallicity heatmap in solar units.

Panels a through k of Figure 5 show the CMD iso-
chrones of the same eleven Girardi clusters, with the
colour ratio of F475W-F814W. They present the same
overall structure for each, with the turn-off point, the
red giant branch, and the horizontal branch all being
visible. Panel [ of Figure 5 is a composite image of the
two clusters with the maximum and minimum metal-
licity value, with Girardi -2.1 (Z = 0.00012) being in
blue, and Girardi +0.2 (Z = 0.02259) being in red,
matching the relation seen in panel [ of Figure 4.
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Figure 6. Colour-Metallicity diagrams for the
11 Girardi clusters with colour ratios of F435W
-F555W, F435W-F606W, F475W-F814W,
F475W-F850LP, F555W-F814W, F606W-
F814W, respectively.

The panels of Figure 7 show the panels of Figure 6
with their respective increasing two-step linear trends
and equations. Table 2 contains the formulas for the
metal-poor trend and the metal-rich trend for each of
the diagrams.
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Figure 5. Panels a — k. Colour-Magnitude dia-
grams of the 11 Girardi clusters. Panel 1. Com-
posite image of panels a — k with panel a being
coloured red and panel k being coloured blue
to represent their relative difference in metal-

licity.

The panels of Figure 6 depict the CMetDs for all six
colour ratios. Each panel has the same positioning on
the x-axis as the log of their metallicity remains con-
stant. The range of the integrated colours are only
slightly variable, causing a consistent overall relation-
ship between the clusters.

Figure 7. Copies of Figure 6 panels with their
respective trendlines and equations for the col-
our-metallicity relation, for all 11 Girardi clus-
ters, and for each of the six colour ratios.

Table 2. Formulas of the metal-poor and metal
-rich trends for each of the colour-metallicity

Colour Ratio Metal-poor Metal-rich

F435W-F555W Y = 0.143x + 2.670 Yy = 0.250x + 1.131

F435W-F606W Yy = 0.184x + 1.517 Y =0.320x + 1.892

F475W-F814W Yy =0.197x + 1.973 Y = 0.465x + 2.670

F475W-F850LP Y = 0.222X + 2.220 Y =0.574x + 3.134

F555W-F814W Yy = 0.125x + 1.354 Y =0.339x + 1.914

F606W-F814W Y = 0.084x + 0.967 Y = 0.260x + 1.428
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Figure 8 shows the CMD of the NGC 6166 clusters,
helping to visualise the decrease in cluster concentra-
tion as they increase in brightness. The inversion of
the F475W-F814W formulas for the metal-poor por-
tion and the metal-rich portion were found to be y =
5.076x + 10.015, and y = 2.151x + 5.742, respectively.
The manual pivot point was chosen to be F475W-
F814W = 1.4607, as that is the intersection point of
both functions. Figure 9 shows the CMetD that is cre-
ated when those equations and pivot point are applied
to the clusters of NGC 6166. Figure 10 shows a portion
of Figure 9 isolated on the pivot point, showing the
change in cluster density between the two segments.
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Colour-Magnitude Diagram of NGC 6166 Clusters
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Figure 8. A colour-magnitude diagram of the
clusters of NGC 6166.
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Figure 9. A colour-metallicity diagram of the
clusters of NGC 6166 using the inverted formu-
la and pivot point of the trendlines from the
colour respective Girardi clusters.
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Figure 10. An isolated portion of Figure 9
showing the difference in density between the
two metallicity populations.

Figures 11 and 12 show the frequency distribution of
the clusters for their colour and metallicity, respective-
ly.

Distribution of NGC 6166 Colour

Frequency
8 N

14 16 18
Colour (FATSW-F814W)

Figure 11. Frequency distribution of the F475W
-F814W colour of the NGC 6166 clusters, show-
ing a non-gaussian right-skewed structure.

Distribution of NGC 6166 Metallicity
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Figure 12. Frequency distribution of the log of
the metallicity in solar units of the NGC 6166
clusters, showing a definite non-gaussian left-
skewed structure.

Figure 13 shows the fit of the colour distribution, with
the metal-poor gaussian curve in blue (with a mean of
u = 1.343), and the metal-rich gaussian curve in red
(with a mean of u = 1.634). The standard deviation of
the metal-rich is more than double that of the metal-
poor, being 0 = 0.220 and ¢ = 0.101, respectively. Fig-
ure 14 shows the fit of the metallicity distribution,
again with the metal-poor gaussian curve in blue (u = -
1.587), and the metal-rich gaussian curve in red (u = -
0.734). The standard deviation of the metal-rich is
similar to that of the metal-poor, with them being o =
0.456 and o = 0.389, respectively.

Bimodal Gaussian Fit of NGC 6166 Cluster Colour
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Figure 13. A bimodal gaussian fit applied to the
colour distribution of the NGC 6166 clusters.
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Figure 14. A bimodal gaussian fit applied to the
metallicity distribution of the NGC 6166 clus-
ters.
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DISCUSSION

By looking at each cluster model through Hertzsprung
-Russell diagrams (Figure 4), it was possible to vali-
date the idealized nature of their isochrones. By con-
firming that the clusters followed the idealized trends,
it inferred this project might lead to a relationship be-
tween colour and heavy element abundance that yield
a result closer to the true theoretical relationship. The
CMDs of each cluster followed the general structure of
their H-R diagrams as each presented clear turn-off
points, red giant branches, and horizontal branches in
Figure 5. For this reason, it was possible to continue
and find the integrated magnitude of each cluster.
CMetDs were created using the integrated colour of
the six ratios, shown in Figure 6. The consistency of
the trends between all of the ratios simplified the pro-
cess of creating a useful correlation between the clus-
ter’s integrated colour and its metallicity. The trend
appeared to be an increasing piecewise linear function,
which allowed for simpler methods of calculating the
correlation (Figure 7). A linear best fit was applied to
the segments separated by a manually chosen pivot
point. The point, however, was consistent throughout
all the CMetDs, being at the same metallicity condition
where the Girardi -0.8 cluster sat (Figure 7).

Although Figure 8 shows a vast, chaotic distribution of
the NGC 6166 clusters, when the F475W-F814W mod-
el equations were applied, it forced the clusters to take
on the idealized two-step linear structure shown in
Figure 9. This is not interesting by itself, but when iso-
lating in on the pivot point, like in Figure 10, a large
difference in density can be seen between the two pop-
ulations. The population in the metal poor region is
much less densely populated than those in the metal
rich region . Figures 11 and 12 focus on the distribution
of the colour and metallicity. Although both figures
show a non-gaussian relationship, the metallicity dis-
tribution is much more distinct.

A bimodal gaussian fit was successfully applied to both
clusters, as Figures 13 and 14 show. The fits found in
the metallicity distribution strongly suggest that the
clusters of NGC 6166 are divided into at least two sub-
populations, with one containing metal-poor clusters,
and the other containing metal-rich clusters. The
mean metallicity of each cluster (u = -1.587 and pu = -
0.734, respectively) shows that even the majority of
the metal-rich clusters have lower metallicities than
our Sun, validating the advanced age of both popula-
tions. The presence of these distinct cluster popula-
tions also indicates the high probability of galactic
mergers within the history of NGC. This fits well with
the research stating NGC 6166 is a brightest cluster
galaxy, having likely evolved from complex mergers
during its assembly.23 The relative number of clusters
in the two populations, as well as a larger standard de-
viation for the metal-rich (o = 0.456) and smaller devi-
ation for the metal-poor (0 = 0.389), also suggest the

merger of a younger, larger galaxy, with an older,
smaller galaxy.

LIMITATIONS

The use of only 11 models to create the integrated col-
our-metallicity relationship most likely gave an incom-
plete and simplified version of what the true metallici-
ty function is. The manual placements of pivot points
for linear steps was not a sustainable method for cal-
culations, however, it was a necessity for the limited
computational skill of the author. Further work should
then be completed, with both real and modelled data,
in order to create a more realistic function of deter-
mining metallicity from integrated colour. The models
used in this project increased by log(Z) = 0.2- 0.3, and
if the missing intermediate models were added it could
lead to a more complicated or realistic function. It is
possible that this more advanced function might find
increased levels of cluster subpopulations, helping to
broaden the understanding of certain galactic for-
mations through these fingerprints of evolution.

SUMMARY

This project used 11 computational globular cluster
models, with a metallicity range of log(Z/Zsun) = -2.091
to 0.171, to create six mathematical relationships be-
tween the integrated colour of clusters and the metal-
licity of its stars. This was done through the creation of
H-R diagrams and CMDs in order to subsequently
convert the data to create integrated colour-metallicity
diagrams that covered the colour ratios of F435W-
F555W, F435W-F606W, F475W-F814W, F475W-
F850LP, F555W-F814W, and F606W-F814W. The via-
bility of the calculated F475W-F814W relationship was
confirmed through the use of real colour data from
5557 clusters surrounding the supergiant galaxy NGC
6166, through the creation of a corresponding colour-
metallicity diagram. A histogram taken of the cluster
metallicity suggested a more complicated distribution
than a standard gaussian curve. A curve_fit routine
was applied and it showed a bimodal gaussian fit of
metal-poor and metal-rich subpopulations, suggesting
at least one merger within the galaxy’s formational
past, which is consistent with the literature.
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