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ABSTRACT
A major source of uncertainty in the age determination of old (∼ 10 Gyr) integrated stellar
populations is the presence of hot horizontal branch (HB) stars. Here, we describe a simple
approach to tackle this problem, and show the performance of this technique that simultane-
ously models the age, abundances and HB properties of integrated stellar populations. For this
we compare the results found during the fits of the integrated spectra of a sample of stellar
population benchmarks, against the values obtained from the analysis of their resolved CMDs.
We find that the ages derived from our spectral fits for most (26/32) of our targets are within
0.1 dex to their CMDs values. Similarly, for the majority of the targets in our sample we are
able to recover successfully the flux contribution from hot HB stars (within ∼ 0.15 dex for
18/24 targets) and their mean temperature (14/24 targets within ∼ 30%). Finally, we present
a diagnostic that can be used to detect spurious solutions in age, that will help identify the
few cases when this method fails. These results open a new window for the detailed study of
globular clusters beyond the Local Group.

Key words: globular clusters: general – galaxies: star clusters: general – galaxies: stellar
content – globular clusters: individual:... – stars: general

1 INTRODUCTION

Obtaining accurate ages of extragalactic globular clusters would
provide a much needed constraint on several astronomical prob-
lems including reionization, galaxy assembly as well as globular
cluster formation itself (see Forbes et al. 2018). The reason for this
is that globular clusters are expected to form at different epochs
depending of the mechanism at play in their formation. For ex-
ample, scenarios where globular clusters form in mini dark matter
haloes (e.g. Griffen et al. 2010; Trenti et al. 2015), preferentially
produce globular clusters during/before reionization (∼ 13 Gyr ago
at 𝑧 ∼ 7). On the other hand, scenarios where globular clusters are
the product of star formation in high pressure/density environments
(e.g. Muratov & Gnedin 2010; Kruĳssen 2015), expect that most
globular clusters formed closer to the bulk of the stars in galaxies
(∼ 10.5 Gyr ago at 𝑧 ∼ 2, e.g. Madau & Dickinson 2014). Both
scenarios have interesting implications.

If globular clusters formed very early in the Universe they
could have had an important contribution during reionization (e.g.
He et al. 2020; Ma et al. 2021). Similarly, if observations were to
suport the formation of globular clusters in mini-haloes, they could
be used to understand the nature of dark matter in small scales.

★ E-mail: cabrera@uni-heidelberg.de (ICZ)

On the other hand, if globular clusters were to be the outcome of
(vigorous) star formation, these systems could help us track the
star formation process and assembly history of galaxies (e.g. Reina-
Campos & Kruĳssen 2017; Kruĳssen et al. 2019b).

The precision in relative age obtained from the analysis of the
colour-magnitude diagrams (CMDs) of Galactic globular clusters,
in combination with state-of-the-art models, has started being used
for some of the applications discussed above (e.g. Kruĳssen et al.
2019b). However, large samples of globular clusters from different
galaxies are required to reach robust conclusions, as significant
variance in the mean age (and dispersion) of the globular clusters
systems is expected for different galaxies according to some models
(e.g. Kruĳssen et al. 2019a). The problem is that CMD ages can
be obtained only for selected nearby targets like the Magellanic
Clouds and other dwarf satellites (e.g. Glatt et al. 2008, 2009; de
Boer & Fraser 2016), and although they are not impossible these
observations already become extremely expensive at the distances
of M 31 (e.g. Brown et al. 2004, who required 120 HST orbits to
reach the main sequence turn-off of one globular cluster). Although
facilities like JWST are expected to improve the efficiency of these
observations, for targets beyond the Local Group the ages will have
to be inferred from the properties of their integrated light.

Unfortunately, it has been long known that the ages of old (∼ 10
Gyr) stellar populations derived from the analysis of integrated
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2 I. Cabrera-Ziri

light can be significantly biased towards younger values by the
presence of hot horizontal branch (HB) stars (e.g. Worthey 1994;
de Freitas Pacheco & Barbuy 1995; Beasley et al. 2002; Thomas
et al. 2005). This represents a major source of systematic error in the
determination of ages (the largest one for sub-solarmetallicities, e.g.
Ocvirk 2010). To understand the origin of this problem one needs
to understand what drives the properties of HB stars and how these
parameters are included in standard stellar evolution models (i.e.
isochrones) used in the synthesis of stellar populations.

Different parameters influence the characteristics of HB stars
like the mass of the star (and He core) at the time it arrives to the
HB and chemical composition (Cassisi & Salaris 2013). Even stellar
populations of the same age and metallicity can manifest different
HBs, most likely reflecting differences in mass loss during the red
giant branch phase (both the mean value and its scatter) and/or the
initial He abundance (spread).

The issue is that some of these parameters cannot be predicted
from current stellar evolution theory. Standard stellar population
models simply adopt a set of values for these parameters, e.g. mass
loss efficiency 𝜂 (with no scatter), He abundance that is scaled
to the metallicity (again, without a scatter), etc1. Although these
simplifications are justified, by fixing these values one necessarily
compromises the ability to describe the properties of stellar pop-
ulations with extended HBs, i.e. where HB stars extend to hotter
temperatures than the predicted from standard models2.

The lack of flexibility in these parameters has as a consequence
that when we use standard models to analyse an old stellar popu-
lation hosting an extended HB, we will often require a young age
to reproduce their integrated light – both SED (colours) and spec-
trum (e.g. Balmer lines). The reason is that the only hot stars that
can mimic the luminosity/temperatures of the extended HB stars
included in such models are stars of younger age (main sequence
stars), hence the bias in age.

Over the years there have been different approaches to deal
with this issue. For example, Schiavon et al. (2004) introduced a
diagnostic based on the ratio of Balmer lines that was capable of
separating objects with different HB morphologies. Alternatively,
Percival&Salaris (2011) proposed the use ofMg ii andCa ii features
to identify the presence of hot HB stars in the spectra of old stellar
populations. Another step forward was presented by Koleva et al.
(2008), who added to their standard stellar population models, the
contribution of a linear combination of hot stars (between 6−20 kK).
Koleva et al. found a significant improvement in the age recovery of
old stellar populations with extended HB stars with their approach
(see figures 6 and 7 in Koleva et al. 2008). However, despite all this,
the presence of extended HB stars in old stellar populations remains
a severe limitation in the age determination of unresolved stellar
populations, even when using state-of-the-art tools e.g. Perina et al.
(2011); Conroy et al. (2018); Gonçalves et al. (2020); Johnson et al.
(2020).

In thiswork,we test the implementation of extendedHB stars in
stellar populations models used in the analysis of integrated spectra
with an approach similar in spirit to Koleva et al. (2008), with the

1 Although see e.g. Lee et al. (2000); Maraston (2005); Percival & Salaris
(2011); Chung et al. (2017) for stellar populations models that allow more
flexibility.
2 In the literature these are often referred to as blue HB or BHB, but here we
avoid this term as it can be confused with ‘Blue Hook’ stars (which are HB
with extremely hot temperatures). The reason for the distinction is that not
all extended HB necessarily reach the extreme temperatures of Blue Hook
stars.

goal to use it in future analyses of extragalactic globular clusters. For
our experiments we use Galactic globular clusters as benchmarks,
since there is available reliable determinations of their ages, HB
properties and [Fe/H] from independent techniques – namely CMDs
and high-resolution spectra of individual stars.

This work is structured as follows, in Section 2 we describe
our modelling technique. The details of the data used for our ex-
periments can be found in Section 3 and some relevant properties
of our sample in 4. Our main results are presented in Section 5,
these are discussed in more detail in Section 6 and in Section 7 we
discuss some areas that could be improve in future studies. Finally
in Section 8 we provide a summary with conclusions.

2 MODELLING THE INTEGRATED SPECTRA

The fits to the integrated spectra were carried out with alf (see
Conroy & van Dokkum 2012; Conroy et al. 2014; Choi et al. 2014;
Conroy et al. 2018), which is capable of modelling the optical to
near IR spectrum (0.37–2.4 𝜇m) of old (> 1Gyr) stellar populations
over a wide metallicity range, approximately from -2.0 to +0.3. The
models used in the spectral fits are very versatile and include pa-
rameters like: the recession velocity and velocity dispersion, age,
overall metallicity, abundances of some individual elements, the
slopes of the IMF as well as the age and mass fraction of a younger
sub-population. Discussions about implementation and the perfor-
mance of the recovery of these parameters can be found in the
references listed above. In the rest of this section we focus on de-
scribing some updates regarding the modelling of the extended HB
in alf.

As mentioned in Section 1, the simplifications used in con-
struction of standard isochrones can introduce limitations when
modelling the HB of some stellar populations. In our context, this
means a shortfall when describing the hot end of the 𝑇eff distribu-
tion of HB stars. In order to compensate for this effect, alf has the
option to include the flux contribution of a hot HB star over and
above the prediction from a standard isochrone. The model for this
additional hot HB star has two parameters: the temperature of the
hot star,𝑇hot, and its contribution to the flux of the stellar population,
𝑓hot. Specifically, the later is implemented as the (log) fraction of
flux of the hot star to the entire spectrum at 0.5𝜇m for this analysis.

During the fits the spectrum of the hot star component is ob-
tained from the interpolation of hot HB spectra templates with
[Fe/H] = −1.50,−1.00,−0.50, 0.00, 0.25 dex and temperatures
8 ≤ 𝑇eff (kK) ≤ 30 in intervals of 2 kK. These templates were
calculated using the same set of assumptions as the standard the-
oretical spectral library used in alf; see Conroy et al. (2018) for
details.

For this work, we will focus on the region between 3750–5500
Å where the presence/absence of an extended HB population has
a significant influence of the integrated spectrum of stellar popu-
lations. In our fits we assumed uniform priors in log(age/Gyr) =

(log(0.5), log(14)), [M/H] = (−2, 0.3), log( 𝑓hot) = (−6, 0) and
𝑇hot (kK) = (8, 30) and a fixed Kroupa (2001) initial mass function.

The parameter space was sampled with emcee (Foreman-
Mackey et al. 2013) with 1024 walkers. The burn-in stage was
modified to reset the walkers after 105 steps in a position near the
maximum likelihood in order to speed up the convergence. Then
the burn-in resumes and after another 105 steps a production run
begins for the final posterior distribution.

For convenience/simplicity, from now onwewill refer as ‘stan-
dard models’ the stellar populations built from theMIST isochrones
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Dating stellar populations with extended HB 3

version 1.2 (for more details, see Choi et al. 2016). These standard
models adopt a constant initial He composition at a given metallic-
ity and a RGB mass loss following Reimers (1975) with 𝜂 = 0.1
(with no scatter), which cannot reproduce the entire variety of HB
morphologies observed in globular clusters.

3 DATA

For our analysis of Galactic globular clusters we use the integrated
spectra presented in Schiavon et al. (2005). This library contains
the spectra of 41 globular clusters covering ∼ 3300 − 6500 Å at
high SNR (> 100 Å−1 at 5000 Å). For some targets, different expo-
sures were taken and in some cases the spectra was extracted using
different apertures. Here, we analyse the spectra taken during the
exposure ‘a’ and extracted using aperture ‘1’ for all our targets.

Since the spectra of Schiavon et al. has a higher spectral reso-
lution than our models (100 km s−1), we downgraded its resolution
to 150 km s−1 before we analysed the spectra. We also masked a few
regions where the data seemed to be corrupted, namely 4145–4170
Å, 4303–4322 Å, 4520–4568 Å and 5025–5068 Å.

One of the goals of our analysis is to simulate the (mean)
properties of the extended HB population of these clusters and its
contribution to their integrated spectra. To evaluate the performance
of our technique, we carried out independent measurement of these
parameters using the colour magnitude diagram obtained from high
resolution HST photometry of the Schiavon et al. targets (see Sec-
tion 4.2). For this we used the publicly available catalogues from
the WFPC2 (Piotto et al. 2002) and ACS (Sarajedini et al. 2007)
Galactic globular cluster surveys.

Of the Galactic globular clusters from Schiavon et al., 9 did not
have good/cleanHST CMDs, so we exclude them from our analysis.
Most of these targets are located in the Galactic Bulge, where the
background/foreground density of stars is high resulting in severe
CMD contamination.

Since theGalactic globular cluster population is predominantly
old (& 10 Gyr), we decided to complement it with a sample of
younger globular clusters from the LMC/SMC in order to study
the performance of our technique in a wider range of ages (with
clusters as young as ∼ 1 Gyr). For this we analysed the spectra of
7 LMC/SMC clusters that had CMD ages reported in the literature
< 9 Gyr (see Table B1).

The integrated spectra for the younger sample came from the
WAGGS survey (Usher et al. 2017). This survey targeted > 120
globular clusters of theMilkyWay and its satellites to obtain spectra
at higher resolution (FWHM of 0.8 Å vs. 3.1 Å) and wavelength
coverage (∼ 3300 − 9050 Å) than Schiavon et al. (2005). However,
the SNR of the spectra in the bluest regions is significantly lower
than the ones from the Schiavon et al. dataset (most with SNR < 25
for 𝜆 < 4350 Å, see Gonçalves et al. 2020), so we preferred the
latter for our analysis of Galactic targets. Like for the Schiavon et al.
data set we downgraded the resolution of the young globular cluster
spectra to 150 km s−1 before our fits. We found no need to mask the
WAGGS spectra.

In summary, our final sample is constituted by 39 clusters,
where 7 are young clusters from the LMC/SMC and 32 are old
Galactic clusters. Of the latter, 24/32 have an extended HB popula-
tion.

4 REFERENCE VAULES

4.1 Ages, metallicities, distances and reddening

For each cluster in our sample we will compare the inferred age,
[Fe/H] and extended HB properties with the ones reported in the
literature from the analysis of resolved photometry and spectroscopy
of cluster stars.

For Galactic globular clusters the reference ages and [Fe/H]
come from Forbes & Bridges (2010); Dotter et al. (2010, 2011);
VandenBerg et al. (2013). Following Kruĳssen et al. (2019b), for
clusters with values reported in more than one of these works, we
took as the reference value the mean value between different works
and its uncertainty the standard deviation. The distances used for
most clusters are the ones reported in Baumgardt et al. (2019) and
the reddening is from Harris (1996) (2010 edition). That said, in
a few cases we found a better agreement using alternative values,
those instances are also reported in Table B1. In this table we also
report the values for the young LMC/SMC clusters included in our
analysis and their respective references.

4.2 Extended HB parameters from CMD

The stellar populations used in alf are built using the MIST
isochrones (Choi et al. 2016). As discussed above, at the metallici-
ties and ages of interest the MIST grid does not produce particularly
hot HB stars (see Fig. 2 below). To account for this, in alfwemodel
the extended HB population by adding to the standard stellar popu-
lation model spectrum the contribution of a hot star representing the
mean properties of the extended HB population. Here we describe
how we measure the parameters of this extended (hot) component,
namely the fraction of flux (in log units) to the integrated light com-
ing from extended HB stars, log( 𝑓hot), and their mean 𝑇eff , 𝑇hot,
using the HST CMD of the clusters.

First we identify the extended HB population in each of the
cluster CMDs by visual inspection. Then we add up the flux of
all this stars in 𝐹555𝑊 /𝐹606𝑊 for targets with WFPC2/ACS data
respectively, which is then divided by the flux of all the stars in
the CMD in the same band. We take the logarithm of this value to
obtain log( 𝑓hot).

To calculate 𝑇hot, we take the light weighted mean 𝑇eff of
extended HB stars (in the 𝐹555𝑊 or 𝐹606𝑊 band depending of the
cluster). These temperatures are inferred using the Pietrinferni et al.
(2006) colour-Teff relation for zero age horizontal branch stars (with
mass loss according to Reimers law and 𝜂 = 0.4), after accounting
for the distance and reddening.

Finally, as mentioned in Section 2, the parametrization in alf
is such that the different fractions of flux for the hot HB star during
our MCMC sampling are drawn at 0.5𝜇m. So in order to provide a
more appropriate comparison of the extended HB flux derived from
our spectral fits to the ones inferred from the CMDs, we recalculate
the contributions of the extended HB component inferred from our
spectral fits in the 𝐹555𝑊 and 𝐹606𝑊 bands.

5 RESULTS FROM SPECTRAL FITS

5.1 NGC 3201: a showcase for the technique

Before we present the results for the entire sample used in our
analysis, we will focus on one of our targets to show a detailed
example of the problem in question. In Fig. 1 we show the results
of our spectral fits to a target with an extended HB population,
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NGC 3201 (the spectra with the lowest SNR in our Schiavon et al.
sample), using models with (top) and without (middle) an extended
HB. From these two panels we can see that both solutions produced
very similar spectra, yet the ages of the best fit models are very
different.

In the bottom panel of Fig. 1 we show the residuals, (data-
model)/model, of our best fit models. In the bottom left panel we
focus on the region where the different models diverge the most.
Although overall both models reproduce well the observed spec-
trum, with differences between the data and models of the order
of ∼ 2%, the region around the Ca iiK and Ca iiH+H𝜖 features
shows different behaviour betweenmodels. Specifically, we find that
the Ca iiK in the standard model solution (young) is significantly
(> 3𝜎) stronger than the observed feature, while the Ca iiH+H𝜖 is
weaker. In Section 6.1 we will show that this behaviour is character-
istic of solutions with spurious young ages, but first we will present
the results obtained for our entire sample and how these compare
with the reference age, metallicities and HB properties inferred with
independent methods.

The best fit to the integrated spectrum of NGC 3201 using
standard models is 5.31±0.14 Gyr. On the other hand the results of
the spectral fits using models that include the contribution of the ex-
tended HB yields an age that is significantly older, 12.89±0.59 Gyr.
Although the extended HB population of NGC 3201 accounts for
only a small fraction of the integrated light (∼ 5% of the flux in the
𝐹606𝑊 band), accounting for its presence has a strong influence
in our inferences from the integrated spectra, e.g. in this case a
formation redshift of 𝑧 < 0.5 versus 𝑧 > 6.

When we compare these results to previous studies, we find
that when we include in our model spectra the extended HB we
find a better agreement with the ages inferred from fits to the CMD,
e.g.: 10.24 ± 0.38 Gyr (Forbes & Bridges 2010), 12.00 ± 0.75 Gyr
(Dotter et al. 2010, 2011) and 11.5 ± 0.38 Gyr (VandenBerg et al.
2013).

In Fig. 2 we show the CMD of NGC 3201 and the isochrones
corresponding to the solutions of our spectral fits (dashed lines).
In orange we show the solutions obtained using standard models
(5.31 Gyr, [Fe/H] = −1.14 dex) and in blue the results of the
spectral fit using models including extended HB stars (12.89 Gyr,
[Fe/H] = −1.31 dex). The solid yellow line represents the refer-
ence value (11.2 Gyr, [Fe/H] = −1.4 dex) from the literature (see
Section 4.1). From this figure, we can reject the (young) solution of
the fit with standard models at high confidence.

5.2 Ages

Figure 3 shows a comparison of the ages obtained from the fits to
the integrated spectra and the values obtained from CMD analyses.
The top panel presents the results using standard stellar populations
models, i.e. without including the contribution of an extended HB
population (values presented in Table B2). The bias towards younger
ages found in old (> 9 Gyr) clusters when using this type of models
is clear, and is consistent with what has been found in other recent
works (e.g. Conroy et al. 2018; Gonçalves et al. 2020; Johnson et al.
2020).

From these experiments using standard stellar populationmod-
els we find that just 9/32 of the old targets have ages within 0.1 dex
of their CMD reference value, while most them (23/32) have an
age underestimated by 0.2− 0.4 dex. On the other hand, the ages of
the younger targets (< 9 Gyr, triangles) in our sample are in good
agreement with their literature value, typically within . 1 Gyr.

In the bottom panel of Fig. 3 we show the ages obtained after

including a contribution of extended HB stars in the models (val-
ues presented in Table B1). The bias towards young ages has been
reduced significantly. Although the statistical uncertainties of our
measurements are virtually the same for both cases (few hundred
Myr, shown as error bars), now the agreement with the literature
(CMD) values is much better, with the ages derived from the inte-
grated spectra for 26/32 of the old targets within 0.1 dex of the CMD
values (we take this value as the systematic error of our measure-
ments). That said, we find that a small fraction (3/32) our fits did not
converge to an extended HB solution that would improve the results
in the age recovery, namely: NGC 2298, NGC 5946, and NGC 7078
(circles with ages from integrated spectra ∼ 6 Gyr). For this targets
the ages from the integrated light analysis are still underestimated
by ∼ 0.3 dex. In Section 5.4, we will discuss this in more detail.

These experiments also show that the age of the young targets
is overall recovered well from the integrated spectra (in most cases
within a few hundred Myr of the CMD ages), even when the fits
that included an extended HB3. That said, we remind the reader that
targets of such ages do not manifest extended HBs, so modelling
of the extended HB component is not recommended for targets
< 9 Gyr (more on this in Section 7).

5.3 Metallicities

In general, the [Fe/H] inferred from the fits to the integrated light are
in good agreement (< 0.2 dex systematic errors) with the literature
values, mostly obtained using high resolution spectra of individual
stars, see Fig. 4. Like in Fig. 3, here the vertical error bars represent
the formal statistical uncertainties.When using standardmodels, we
find that the residual distribution is more symmetrical than when
using models including extended HB stars. However, these system-
atic differences are not significant as they are still within the typical
uncertainties in the literature ∼ 0.1 dex.

The agreement between the metallicity inferred using models
with and without extended HB stars is not a surprise, since the
atmospheres of extended HB stars are charaterized by weak metal
lines product of their hot temperatures (e.g. comparison between
Ca ii and H lines in left panel of Fig. 9). Thus the presence of
these stars in the integrated light of a stellar population have little
influence on features sensitive to metallicity. Along these lines we
note that there does not seem to be an age-metallicity degeneracy
when inferring spurious young solutions, even though the age could
be underestimated by a factor of ∼ 2 in a few cases.

5.4 Extended HB parameters

In the top panel of Fig. 5 we compare the values of the flux contri-
bution of the extended HB population to the integrated light of the
cluster inferred from the spectral fit with the values derived from
the CMD. As mentioned in Section 4.2, the photometry of the clus-
ters analysed here is either from the WFPC2 or the ACS Galactic
globular cluster surveys. Although these surveys do not have filters
in common, we are able to calculate the flux contribution of ex-
tended HB population inferred from our spectral fits in both sets of
filters. For the targets with WFPC2 photometry we use the flux in
the 𝐹555𝑊 band while for the ACS targets we compare the flux in
the 𝐹606𝑊 band.

3 We note that stars that burn He in their core at these ages (1-6 Gyr) are
not usually referred to as ‘HB stars’, but in order to simplify our terminol-
ogy/discussions we will refer to them as such.
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Figure 1. Fits to the optical integrated spectrum of NGC 3201. Left: Zoom on the spectral region around the Ca iiK and Ca iiH+H𝜖 features where the
different models disagree the most. Right: Remainder of the fitted spectrum. Here the gaps in the observed spectrum correspond to the masked regions with
corrupted data. Top: In grey we show the normalized spectrum of NGC 3201, and in blue the best fit solution using models with extended HB stars.Middle:
Like top but for standard models (orange line), i.e. without extended HB stars. Bottom: Residuals, (data-model)/model, of our best fit solutions. Vertical lines,
mark the positions of Balmer lines in this wavelength range. For reference the ±1𝜎 uncertainties of the observed spectrum are shown as shaded regions. The
rms values of the residual spectra and reduced 𝜒2 of the fits are quoted in the top right.

Figure 2.Optical CMDofNGC3201, with its extendedHB stars shownwith
green crosses. The yellow isochrone (11.24 Gyr, [Fe/H] = −1.4 dex) rep-
resents an average of literature results (see Table B1). The orange isochrone
(5.31 Gyr, [Fe/H] = −1.14 dex) corresponds to the solution of our fit to
the spectrum of NGC 3201 using standard models. The blue isochrone
(12.89 Gyr, [Fe/H] = −1.31 dex) represents the solution of the spectral fit
with models including the contribution of extended HB stars. The diamond
represents the light weighted mean properties of the recovered BHB pop-
ulation inferred from the fit to the integrated spectrum. Note that none of
these are actual fits to this CMD. Here we adopted the same reddening and
distance modulus for all isochrones, values reported in Table B1.

The contribution to the integrated light of the extended HB
population of our targets is very diverse, covering one order of
magnitude between extremes (see Fig. 5). On one end we have NGC
6388 where the extended HB population represents only ∼ 1% of
the integrated light, while for a target like NGC 1904, this can be as
much as ∼ 10%. From our spectral fits we were able to recover this
parameter and found consistent values between the CMD analysis
and our results with differences < 0.15 dex for 18/24 of the targets
in our sample (see Fig. 5). However, the (light weighted) mean tem-
perature of the extended HB population proved to be more difficult
to infer from our spectral fits (bottom panel).

For most (14/24) of our targets we are able to recover the mean
temperature of the extended HB population within < 30% from
their reference value. However, the posterior temperature distribu-
tion was unconstrained (reached the limits of the prior) for 9/24
targets with extended HB stars. Interestingly, even though the tem-
perature of the extended HB population inferred from the spectra
of NGC 2808, NGC 6171, NGC 6362, NGC 6388, NGC 6544 and
NGC 6638 was significantly higher than (> 15 kK) the value in-
ferred from the CMD, we were still able to improve the age by
including a population of extended HB. This behaviour and other
results will be discussed in more detail in Section 6.

5.5 Comparison with previous work

As mentioned in Section 1, our approach to modelling the contri-
bution of the extended HB stars to the integrated spectra of stellar
populations is similar to the one implemented inKoleva et al. (2008).
In Fig. 6 we carry out a comparison of the ages derived by both stud-
ies to the same control sample (the spectra from Schiavon et al.
2005). Overall the results from both studies are comparable with
similar systematics with respect to the literature value (∼ 0.1 dex),
with only six (in this work) and eight (in Koleva et al. 2008) tar-
gets beyond this threshold. Unfortunately the data necessary for a
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Figure 3. Top: Comparison of the literature ages of globular cluster in our
sample (x-axis) vs. the ones derived from fits to their integrated light using
standard stellar population models that, i.e. not including blue horizontal
branch stars (y-axis). The square and triangle symbols represent the clusters
from the MW and LMC/SMC respectively. Bottom: Similar to top, but for
models including extended horizontal branch stars. The error bars show the
averaged statistical uncertainties of our measurements and standard devia-
tion of the literature values. The grey horizontal line represents the upper
limit of our age prior.

comparison of the parameters recovered for the extended HB is not
available.

6 DISCUSSION

The results presented in the previous Section show that the age and
flux of the extended HB population inferred from our spectral fits
are overall accurate when compared to the values inferred from the
CMDs. Similarly, themetallicity inferred from the integrated spectra
is consistent with the one obtained using high resolution spectra of
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Figure 4. Similar to Fig. 3 but for [Fe/H].

individual stars. All this leads us to conclude that our approach to the
modelling of the integrated spectra of stellar populations produces
comparable results in the recovery of these parameters than the ones
obtained with more (observationally) expensive data sets that will
not be available for distant targets.

In this section we discuss in more detail some of these results
and highlight a few aspects where there is room for improvement.

6.1 Spurious young solutions

There are a few cases where for some targets with old CMD ages,
the spectral fits including an extended HB population still produced
a young (∼ 6 Gyr, i.e. younger by ∼ 0.3 dex) solution, namely NGC
2298, NGC 5946, and NGC 7078. The potential of this technique
for the study of unresolved stellar populations relies on being able
to identify from the spectral fits when a young solution is genuine
and when it is spurious.

Our experiments suggest that this is possible by analysing the
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Figure 5. Comparison between the extended HB branch parameters de-
rived from the CMD and integrated spectra. Top: Fraction of the flux of
the extended HB component with respect to the integrated light. On the
horizontal/vertical axis we show the value derived form the CMDs/spectral
fits, respectively. For targets with WFPC2 CMDs we compare the flux in
the 𝐹555𝑊 band, while for clusters with ACS CMDs we use the 𝐹606𝑊
band. Colour coded is the inferred [Fe/H] from our fits. The crosses mark the
clusters with extended HB for which our spectral fits recovered a young age.
Bottom: On the x-axis we show the light weighted mean of the 𝑇eff of the
extended HB population derived from the CMD on the y-axis the flux of the
extended HB component inferred from our spectral fits. Note that the y-axis
of this figure breaks at 𝑇eff = 16 kK and resumes again at 𝑇eff = 25.5 kK
in order to maintain clarity while including the large outliers. The colours
show the flux contribution of the extended HB inferred from our spectral
fits. NGC 6544 and NGC 7078 are shown with diamonds.

residuals of our spectral fits. In Fig. 7, we show the residual spec-
tra, (data - model) / model, of the fits including an extended HB
component for different sub-samples of the targets analysed here.
On the top two panels, we show the residual of the targets with old
ages and an extended HB according to their CMDs. The first one
shows the results for the targets for which we were able to recover
successfully an old (& 9 Gyr) solution, while the second one shows
the residuals of the five targets where the spectral fits inferred ages
significantly (∼ 0.3 dex) younger than the CMD values. Similarly
the third and fourth panel presents the residuals of the spectral fits to
the sub-sample of targets with old CMD ages without an extended
HB population and targets with young CMD ages, respectively. As
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Figure 6. Comparison of the ages inferred for the Schiavon et al. (2005)
spectra by two groups that model the contribution of extended HB stars
during the spectral fit. In the left panel we show the results from this study
(similar to right panel of Fig. 3) and in the right panel we show the results
reported by Koleva et al. (2008). Targets for which modelling the extended
HB produced age solutions > 0.1 dex away from the reference value are
shown with crosses.

in Fig. 1, the left panels show a zoom on the region where the best fit
models display the largest differences with respect to the observed
spectrum while the right panels show the rest of the fitted spectral
range.

Although in all cases the fits to the spectra are very good –with
differences between the observed and model spectra of the order of
few percent– there are some systematic trends in these residuals. For
example, when the fits produced (correct) old solutions, i.e. rows
one and three, the differences between observed and model spectra
are very similar. In both cases, the Balmer lines (dashed lines)
are comparable or slightly stronger in the best fit model spectra
including an extended HB contribution than in the data (positive
residuals). On the other hand, for genuinely young targets (bottom
panel of Fig. 7), the best fit models with an extended HB population
produced spectra with weaker Balmer lines than the ones observed
in the spectra of young targets (negative residuals).

Interestingly, the residual spectra obtained when the spectral
fits assigned a young solution to an old target with an extended
HB (second row), are very distinct to the rest. In particular, the
behaviour of the Ca iiK and Ca iiH+H𝜖 stand out. As mentioned
in Section 5.1, our models find difficult to reproduce the observed
Ca iiK and Ca iiH+H𝜖 features making it one the worst fit regions
in the spectra (with difference of up to ∼ 8% in the core of these
features). For the spurious young solutions we find that the Ca iiK
is systematically stronger in the best fit spectra with extended HB
while the Ca iiH+H𝜖 is systematically weaker.

To better illustrate this trend and its origin, we quantify strength
of the residuals by measuring their mean value around different
spectral features and present the results in Fig. 8. For reference, in
the top panel we show the behaviour of the residuals around two
strong Balmer lines, H𝛾 and H𝛿 . We colour coded the difference
between the reference age and the age inferred from the spectral
fits. Here we show that our models do a good job reproducing the
observed Balmer lines, with very small (< 1%) residuals distributed
around zero regardless if we inferred an accurate (old) age or not.

In the middle panel of Fig. 8 we show the strength of the
Ca iiKandCa iiH+H𝜖 residuals.Here a clear (negative) correlation
is present, reflecting that the intrinsic strength of the Ca iiK and
Ca iiH+H𝜖 are not entirely independent as shown in Fig. 9.

Briefly, Fig. 9 shows that Ca iiK is sensitive to the age of the
stellar population. On the other hand Ca iiH+H𝜖 is a blend of two
features: Ca iiH which is sensitive to age, and H𝜖 which is as a first
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8 I. Cabrera-Ziri

Figure 7. Residuals, (data - model) / model, of the spectral fits with models including extended HB stars around Ca iiK and Ca iiH+H𝜖 (left) and the rest
of the fitted spectrum (right). The first two rows show the residuals for the targets with old CMD ages that host an extended HB population. The top one,
representing the cases where the spectral fits recovered an old age while the second one shows the cases where the fits yielded a young (incorrect) solution. The
third row shows the residuals for targets with old CMD ages that do not host an extended HB population, and the bottom row shows the residuals for the targets
with young CMD ages. In the bottom panel, the red line represents Kron 3. As mentioned in Section 3, the spectra of the young targets is noisier than for the
older ones, hence the noisier residuals. The distinct signatures in second row on the left allow us to recover when things go wrong in the age determination of
old clusters with extended HB. These are different from the residuals found for genuinely young targets. The position of Balmer lines are shown with dashed
lines.

order sensitive to the temperature of the HB and in second order
sensitive to age.

From the top two panels of Fig. 8 we find that, having fit
the Balmer lines (either driven by a hot HB or by turn off stars,
see Section 6.3), the relative strength between the observed and
modelled Ca iiK (and Ca iiH+H𝜖 ) encodes information about how
close the model age is to the observed spectrum. If the observed
Ca iiK is weaker than the best fit model, i.e. large (∼ 2%) residuals,
this would suggest that the age of the best fit model is likely to be
underestimated (see bottom panel of Fig. 8)4. We propose to use
this behaviour to identify spurious solutions.

To summarise, Figs. 7 and 8 show that the residual of our the
spectral fits can be used to distinguish between genuine and spurious
solutions. Specifically, spurious young solutions are characterised
by models where the Ca iiK line is stronger than the observed one
and the model Ca iiH+H𝜖 is weaker than the observed feature.

That said, the systematic differences between the observed
spectra and our best fit models shown in Fig. 7 and 8, suggest that
there is still room for improvement in ourmodels. At themoment our
modelling of the extended HB population is very simple/idealized,
as it is represented by the spectrum of a single hot HB star, however
in a future work will explore a more realistic (multi-component)
modelling of the extended HB star population.

4 We found the same behaviour when analysing the residuals of the spectral
fits with standard models (cf. Fig. A1)

6.2 Spurious old solutions

In the bottom panel of Figure 3, we find that for one of our young
(∼ 7 Gyr) SMC cluster, Kron 3, our fit that includes the effect of
extended HB stars yields an age that is slightly ( & 0.13 dex) older
than the reference value. As mentioned in Section 3, the spectra
of the young clusters has a significantly lower SNR than the older
ones (note large residuals in Fig. 8) and have been included in
this analysis just for reference. That said, for Kron 3 the fit with
standard stellar populationmodels reproduced slightly better Ca iiK
and Balmer lines like H𝛾 and H𝛿 than the model with an extended
HB converged to a solution consistent with the reference value.

6.3 Recovery of HB parameters

As mentioned in Section 5.4, in the bottom panel of Fig. 5 we find
nine targets where the inferred temperature of the extended HB
population is significantly hotter than the reference value obtained
from the CMD. For (3/9) of these targets our spectral fits did not
converge on a solution consistentwith the reference value (i.e. young
solutions, shown with crosses).

We can understand this behaviour by looking at the strength
of some key spectral features and their sensitivity to age and tem-
perature. In the left panel of Fig. 9 we show how the strength of
some Balmer and Ca ii lines in extended HB stars (with [Fe/H] =
−1.5 dex) change as a function of temperature. On the right, we
show the evolution of these indices as a function of age for standard
simple stellar population models of the same metallicity.
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Figure 8. Top: Strength of the residuals of the spectral fits around H𝛾 and
H𝛿 for the Milky Way targets shown in Fig. 7 (see text). Positive (negative)
values correspond to targets where the best fit model has a stronger (weaker)
features than the data. Colour coded is the difference in age between the
reference age and the age inferred from the spectral fits using models with
extended HB stars.Middle: Similar to the top panel but for the Ca iiK and
Ca iiH+H𝜖 features. Targets with underestimated ages tend to be in the
lower right part of this diagram, while targets with overestimated ages tend
to lie towards the upper left. Bottom: Similar to middle but now showing
the age difference as a function of Ca iiK residual strength (colour coded by
Ca iiH+H𝜖 residual strength). When the models overestimate the strength
of Ca iiK the inferred age is systematically underestimated (Ca iiK residuals
∼ 2%, age difference ∼ 0.3 dex). Kron 3 is shown as a triangle.
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Figure 9. Left: Strength of some H and Ca ii spectral features as a function
of temperature for extendedHB stars.Right: Similar to left but for a standard
simple stellar population model as a function of age.

Similar to what is foundwhen using standard stellar population
models, in these three cases the age of the cluster is the parameter
driving the strength of the Balmer features, since the extended HB
solutions for these particular clusters (i.e. very hot temperatures)
produce spectra with very weak Balmer lines, see Fig. 9.

We note that we find similar results for these targets after
reducing the temperature for the higher limit of the prior for the
extended HB stars (e.g. 15 kK instead of 30 kK). In other words,
these targets converged to a (mean) temperature for the extended
HB population similar to the maximum temperature allowed by our
prior.

In Fig. 5 we also find six targets (NGC 2808, NGC 6171,
NGC 6362, NGC 6388, NGC 6544 and NGC 6638) where the
temperatures for the HB population inferred from our spectral fits
is > 15 kK hotter than their reference value, yet the spectroscopic
ages of these targets are within < 0.1 dex from the reference values
(< 0.17 dex for NGC 6171).

In the rest of this section we will focus on two clusters NGC
6544 and NGC 7078 to explain the disagreement between the tem-
perature of the extended HB population inferred from the spectral fit
and the one derived from the targets CMDs. For the former, we infer
the right age while the spectral fit of the later yielded an old age. We
chose these two targets as their extended HB population have a sim-
ilar contribution to the integrated light and a light weighted mean
temperature (i.e. log( 𝑓hot) ∼ −1 dex and 𝑇eff ∼ 9 kK according to
their CMDs). These targets are shown in Fig. 5 with diamonds.

In Fig. A2 and Fig. A3 we compare the observed spectra of
these clusters (grey lines) with the model spectrum of a population
with the age and HB properties inferred from their CMDs with
(red) and without (yellow) an extended HB population as well as
the solution from our spectral fits (blue).

Here we see that for NGC 7078 the stellar population model
given by the MIST isochrone with the age equal to the reference
literature value does not reproduce the Schiavon et al. spectrum
around H𝛽 , H𝛾 and H𝛿 (shallow lines). However, when we add
the spectrum of an extended HB component (as inferred from the
CMD), we find a better agreement in these Balmer features (red
spectrum). We also find an improvement in the Ca iiK line. Hav-
ing said that, the Schiavon et al. spectrum of NGC 7078 is best
reproduced by the alf solution (blue).

On the other hand, for NGC 6544 we find that the standard
stellar population model given by the MIST isochrone with the
reference age does a good job reproducing H𝛽 , H𝛾 and H𝛿 from
the Schiavon et al. spectrum. The inclusion of an extended HB
component with the properties inferred from the CMD, reduces the
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disagreement in the Ca iiK line with respect to the model without
the extended HB population, however, this is at the expense of
producing slightly stronger Balmer features than the ones found in
the Schiavon et al. spectrum. As with NGC 7078, the alf solution
produces the best fit to the observed data.

We reach the same conclusions whenwe compare the observed
spectra of these clusters with a model spectra of built using a linear
combination of HB stars between 8 to 30 kK with the relative
weights taken from the observed CMD.We found that the spectrum
built using linear combination of HB stars still differed significantly
from the observed spectrum of these targets. Such difference suggest
that even a more sophisticated model of the HB population (i.e.
including the spectra of more than one HB star) is not sufficient to
reproduce the observed data.

We explored as well carrying out our fits between 4000-5000
Å, i.e. excluding the Ca ii and the higher order Balmer lines. From
these experiments we found that inferred ages, metallicity and HB
properties were in agreement (within the uncertainties) with the
values obtained when fitting the extended wavelenght range (3750-
5500 Å). These experiments suggest that whatever is causing the
models to converge to these particularly hot solutions is still domi-
nant in the red end of the spectrum.

To summarize, even though our spectral fit solutions has HB
properties (and sometimes ages) different to the reference values
inferred from the analysis of the CMD, they do a better job at repro-
ducing the observed spectra than the spectral models built with the
properties inferred from the CMDs. In other words, in these cases
the observed spectra does not look like what is expected according
to their CMDs. Some possibilities for the disagreement between the
models and observed data could be that the observed spectra are
affected by foreground/background contamination, or some funda-
mental problem in our stellar population models, e.g. issues in some
particular region in log(g)/𝑇eff /[Fe/H] in our stellar library. Another
possible explanation for this disagreement is stochasticity prevent-
ing a representative sampling of all stellar evolutionary phases (in
particular the full population of rare stars like HB) within the small
aperture where the spectra was extracted (see e.g. Usher et al. 2017,
2019)5.

We find similar conclusions for the other targets with hotter
extended HB than the ones inferred from the CMDs. We note that
for massive and distant globular clusters stochasticity is unlikely to
be a major source of uncertainty, as their compact nature makes
it easier to cover the entire extent of the cluster within the spec-
trograph’s aperture. However, if a globular cluster has a mass suffi-
ciently low such that not all evolutionary stages all well represented,
the integrated spectra will be intrinsically affected by stochasticity
– regardless of the aperture of the spectrograph.

7 FUTURE STEPS

As mentioned above, our modelling of the extended HB is very
simple. We are just adding an extended HB contribution on top of
the spectrum predicted from the standard isochrone. Formally this
would tend to overestimate the flux contribution of this component,
however, these effects seem to be smaller than our current systematic
uncertainties (i.e. this is not evident in top panel of Fig. 5). A future

5 The spectra from Schiavon et al. were extracted using apertures of a few
core radii. For reference, the core radius of a cluster in our sample hosts
< 4% of the stellar mass – typically of the order of 103 M� (see Baumgardt
et al. 2019)

iteration of our code, should aim at redistributing the temperature
of HB rather than adding the flux of extra stars, as it is implemented
in other stellar population models (e.g. Lee et al. 2000; Maraston
2005; Conroy et al. 2009; Conroy &Gunn 2010; Chung et al. 2017).

The SED information from standard optical broad-band pho-
tometry could also be included in future analyses in order to break
the degeneracy between age andHBproperties (as long as the degen-
eracywith the reddening is not too severe). Although the normalised
spectrum of a young population and an old one with extended HB
stars are very similar (see Fig. 1), their SED should be easier to
distinguish, specifically in the UV.

Finally, in our experiments we found that the reduced 𝜒2 is
systematically lower for the fits that include an extended HB com-
ponent (see Table B1 and Table B2). This means that we need a
different criterion to determine if the modelling of the extended HB
is necessary/appropriate or not. Besides the approaches mentioned
in the introduction (e.g. Schiavon et al. 2004; Percival & Salaris
2011), another way to do this could be to introduce a prior that
allows solution with extended HB contributions only for old (e.g.
> 9 Gyr) ages, avoiding inappropriate/nonphysical young solutions
with extended HBs. Similarly for targets where our fits with stan-
dard models yield an old solution (i.e. clusters with no extended
HB) we could keep that solution instead of fitting an unnecessary
extended HB component.

8 SUMMARY

The determination of age of stellar populations from their integrated
light suffers from severe biases when extended HB stars are present,
if those stars are not included in the modelling. In this work we over-
come this longstanding roadblock to the determination of accurate
ages from integrated light by including the effect of an extended
HB population in the stellar population models used to fit high SNR
(mean SNR ∼ 100, < 4100 Å), low resolution (150 km s−1) optical
(3750 − 5500 Å) integrated spectra.

In our experiments we compare the age, metallicity and hor-
izontal branch properties of globular clusters derived from the fits
to their integrated spectra with the literature values obtained from
independent methods, i.e. CMD analysis (for the ages and HB prop-
erties) and high resolution spectra (for the metallicities). Although
the metallicity recovered from the integrated spectra is in good
agreement with the values inferred from high-resolution spectra or
individual stars regardless if the extended HB is modelled or not,
the inferred age changes significantly.

We find that the ages obtained using stellar population models
that include a contribution of extended HB stars yielded ages that
are within 0.1 dex of the values obtained from the analysis of their
CMD for ∼ 81% the old globular clusters in our sample. On the
other hand, when using standard stellar population models (i.e. not
including extended HB stars) we find that only minority ∼ 28% are
within 0.1 dex from their CMD values. We also present a diagnostic
based on the differences between the observed and best fit model
spectra that can be used to identify when the ages inferred from the
spectral fits are yield spurious age solutions (see Fig. 8).

From our fits to the integrated spectra we are able to recover
the flux contribution of the extended HB population for ∼ 75% of
our targets within 0.15 dex of the value inferred from the CMD.
Similarly, from our spectral fits we recovered the mean temperature
for the extended HB population for ∼ 58% of our targets within
< 30% of the value derived from their CMDs. For the remaining
targets, we find that the available integrated spectra might not be a
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good representation of the stellar population inferred from the tar-
gets CMDs. This is possibly due to stochastic sampling in different
evolutionary stages due to the small apertures used to obtain the
Schiavon et al. (2005) spectra, or foreground/background contami-
nation, or a problem with our models.

The performance of the technique demonstrated in this work
has opened a new opportunity to carry out the type of analysis that
was restricted to nearby resolved stellar populations to distant en-
vironments. In particular, globular clusters are known to be great
tracers to study the formation and evolution of galaxies. Their metal-
licties encode information about the chemical properties of the gas
of its host galaxy and their ages tag this information to a specific
time in history (e.g. Pfeffer et al. 2018). Although this has been used
for decades to gain insights about how galaxies grow (e.g. Searle
& Zinn 1978), only recently it has become possible to do this in a
quantitative way.

For example, Kruĳssen et al. (2019b) used the (CMD) ages,
metallicities and masses of Galactic globular clusters to reconstruct
the assembly history of the MW in detail. Although recent analysis
of extragalactic globular clusters been used to reveal a diversity in
the formation history of different galaxies (e.g. Beasley et al. 2015;
Usher et al. 2019), the results are limited by the age uncertainties
from integrated light studies.

With 0.1 dex uncertainties in the age of extragalactic globular
clusters, we will be able to reconstruct the accretion history of their
host galaxies with a precision comparable to the one found recent
studies of the Milky Way. Similarly, the analysis of large samples
of globular clusters (in order to overcome random errors) with this
kind of accuracy could be used to estimate when most of globular
clusterswhere formed, and distinguish between scenarios predicting
globular cluster formation peaked around 𝑧 ∼ 2 (log(age/yr) ∼
10.02) and 𝑧 > 7 (log(age/yr) & 10.11) – see Section 1.

Finally, we note there is the potential to improve these results
by folding in the information about the SED when modelling the
stellar integrated stellar populations like it is done with other al-
gorithms e.g. Johnson et al. (2020); Werle et al. (2020), as well as
implementing a more sophisticated modelling of the extended HB.
This will be explored in a future work.

ACKNOWLEDGEMENTS

IC-Z was supported by the European Research Council (ERC-CoG-
646928, Multi-Pop) and NASA through the Hubble Fellowship
grant HST-HF2-51387.001-A awarded by the Space Telescope Sci-
ence Institute, which is operated by the Association of Universities
for Research in Astronomy, Inc., for NASA, under contract NAS5-
26555. This research was also supported in part by the National Sci-
ence Foundation under Grant No. NSF PHY-1748958. We would
like to thank the organisers and participants of the KITP Program:
Globular Clusters at the Nexus of Star and Galaxy Formation (Mar.
30 - May. 29, 2020) for the inspiring discussions that led to the
development of this work. We also thank C. Usher, R. Schiavon, M.
Salaris and N. Bastian for insightful feedback.

This research is based on observations with the NASA/ESA
Hubble Space Telescope obtained at the Space Telescope Science
Institute. The computations in this paper were run on the FASRC
Cannon cluster supported by the FAS Division of Science Research
Computing Group at Harvard University.

DATA AVAILABILITY

The data used in our analysis is publicly available and can be found
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smp.uq.edu.au/HolgerBaumgardt/globular/

REFERENCES

Baumgardt H., Hilker M., Sollima A., Bellini A., 2019, MNRAS, 482, 5138
Beasley M. A., Hoyle F., Sharples R. M., 2002, MNRAS, 336, 168
Beasley M. A., San Roman I., Gallart C., Sarajedini A., Aparicio A., 2015,
MNRAS, 451, 3400

Brown T. M., Ferguson H. C., Smith E., Kimble R. A., Sweigart A. V.,
Renzini A., Rich R. M., VandenBerg D. A., 2004, ApJ, 613, L125

Carretta E., Bragaglia A., Gratton R., D’Orazi V., Lucatello S., 2009, A&A,
508, 695

Cassisi S., Salaris M., 2013, Old Stellar Populations: How to Study the
Fossil Record of Galaxy Formation

Choi J., Conroy C., Moustakas J., Graves G. J., Holden B. P., Brodwin M.,
Brown M. J. I., van Dokkum P. G., 2014, ApJ, 792, 95

Choi J., Dotter A., Conroy C., Cantiello M., Paxton B., Johnson B. D., 2016,
ApJ, 823, 102

Chung C., Yoon S.-J., Lee Y.-W., 2017, ApJ, 842, 91
Cohen R. E., Mauro F., Geisler D., Moni Bidin C., Dotter A., Bonatto C.,
2014, AJ, 148, 18

Conroy C., Gunn J. E., 2010, ApJ, 712, 833
Conroy C., van Dokkum P., 2012, ApJ, 747, 69
Conroy C., Gunn J. E., White M., 2009, ApJ, 699, 486
Conroy C., Graves G. J., van Dokkum P. G., 2014, ApJ, 780, 33
Conroy C., Villaume A., van Dokkum P. G., Lind K., 2018, ApJ, 854, 139
Correnti M., Goudfrooĳ P., Bellini A., Girardi L., 2021, MNRAS, 504, 155
Da Costa G. S., Hatzidimitriou D., 1998, AJ, 115, 1934
Dotter A., et al., 2010, ApJ, 708, 698
Dotter A., Sarajedini A., Anderson J., 2011, ApJ, 738, 74
Ferraro F. R., Mucciarelli A., Carretta E., Origlia L., 2006, ApJ, 645, L33
Forbes D. A., Bridges T., 2010, MNRAS, 404, 1203
Forbes D. A., et al., 2018, Proceedings of the Royal Society of London
Series A, 474, 20170616

Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013, PASP, 125,
306

Glatt K., et al., 2008, AJ, 136, 1703
Glatt K., et al., 2009, AJ, 138, 1403
Gonçalves G., Coelho P., Schiavon R., Usher C., 2020, MNRAS, 499, 2327
Goudfrooĳ P., et al., 2014, ApJ, 797, 35
Griffen B. F., Drinkwater M. J., Thomas P. A., Helly J. C., Pimbblet K. A.,
2010, MNRAS, 405, 375

Harris W. E., 1996, AJ, 112, 1487
He C.-C., Ricotti M., Geen S., 2020, MNRAS, 492, 4858
Hendricks B., Stetson P. B., VandenBerg D. A., Dall’Ora M., 2012, AJ, 144,
25

Johnson B. D., Leja J., Conroy C., Speagle J. S., 2020, arXiv e-prints, p.
arXiv:2012.01426

MNRAS 000, 1–12 (2021)

https://www.noao.edu/ggclib/
https://www.astro.ljmu.ac.uk/~astcushe/waggs/
https://www.astro.ljmu.ac.uk/~astcushe/waggs/
 https://cdsarc.unistra.fr/viz-bin/cat/J/A+A/391/945
 https://cdsarc.unistra.fr/viz-bin/cat/J/A+A/391/945
https://archive.stsci.edu/prepds/acsggct/
https://archive.stsci.edu/prepds/acsggct/
http://waps.cfa.harvard.edu/MIST/
http://waps.cfa.harvard.edu/MIST/
http://basti.oa-teramo.inaf.it/BASTI/DATA_AE_S/aems_c.php
http://basti.oa-teramo.inaf.it/BASTI/DATA_AE_S/aems_c.php
https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
http://dx.doi.org/10.1093/mnras/sty2997
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.5138B
http://dx.doi.org/10.1046/j.1365-8711.2002.05714.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.336..168B
http://dx.doi.org/10.1093/mnras/stv943
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.3400B
http://dx.doi.org/10.1086/425178
https://ui.adsabs.harvard.edu/abs/2004ApJ...613L.125B
http://dx.doi.org/10.1051/0004-6361/200913003
https://ui.adsabs.harvard.edu/abs/2009A&A...508..695C
http://dx.doi.org/10.1088/0004-637X/792/2/95
https://ui.adsabs.harvard.edu/abs/2014ApJ...792...95C
http://dx.doi.org/10.3847/0004-637X/823/2/102
https://ui.adsabs.harvard.edu/abs/2016ApJ...823..102C
http://dx.doi.org/10.3847/1538-4357/aa6f19
https://ui.adsabs.harvard.edu/abs/2017ApJ...842...91C
http://dx.doi.org/10.1088/0004-6256/148/1/18
https://ui.adsabs.harvard.edu/abs/2014AJ....148...18C
http://dx.doi.org/10.1088/0004-637X/712/2/833
https://ui.adsabs.harvard.edu/abs/2010ApJ...712..833C
http://dx.doi.org/10.1088/0004-637X/747/1/69
https://ui.adsabs.harvard.edu/abs/2012ApJ...747...69C
http://dx.doi.org/10.1088/0004-637X/699/1/486
https://ui.adsabs.harvard.edu/abs/2009ApJ...699..486C
http://dx.doi.org/10.1088/0004-637X/780/1/33
https://ui.adsabs.harvard.edu/abs/2014ApJ...780...33C
http://dx.doi.org/10.3847/1538-4357/aaab49
https://ui.adsabs.harvard.edu/abs/2018ApJ...854..139C
http://dx.doi.org/10.1093/mnras/stab233
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504..155C
http://dx.doi.org/10.1086/300340
https://ui.adsabs.harvard.edu/abs/1998AJ....115.1934D
http://dx.doi.org/10.1088/0004-637X/708/1/698
https://ui.adsabs.harvard.edu/abs/2010ApJ...708..698D
http://dx.doi.org/10.1088/0004-637X/738/1/74
https://ui.adsabs.harvard.edu/abs/2011ApJ...738...74D
http://dx.doi.org/10.1086/506178
https://ui.adsabs.harvard.edu/abs/2006ApJ...645L..33F
http://dx.doi.org/10.1111/j.1365-2966.2010.16373.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.404.1203F
http://dx.doi.org/10.1098/rspa.2017.0616
http://dx.doi.org/10.1098/rspa.2017.0616
https://ui.adsabs.harvard.edu/abs/2018RSPSA.47470616F
http://dx.doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F
http://dx.doi.org/10.1088/0004-6256/136/4/1703
https://ui.adsabs.harvard.edu/abs/2008AJ....136.1703G
http://dx.doi.org/10.1088/0004-6256/138/5/1403
https://ui.adsabs.harvard.edu/abs/2009AJ....138.1403G
http://dx.doi.org/10.1093/mnras/staa3051
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.2327G
http://dx.doi.org/10.1088/0004-637X/797/1/35
https://ui.adsabs.harvard.edu/abs/2014ApJ...797...35G
http://dx.doi.org/10.1111/j.1365-2966.2010.16458.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.405..375G
http://dx.doi.org/10.1086/118116
https://ui.adsabs.harvard.edu/abs/1996AJ....112.1487H
http://dx.doi.org/10.1093/mnras/staa165
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.4858H
http://dx.doi.org/10.1088/0004-6256/144/1/25
https://ui.adsabs.harvard.edu/abs/2012AJ....144...25H
https://ui.adsabs.harvard.edu/abs/2012AJ....144...25H
https://ui.adsabs.harvard.edu/abs/2020arXiv201201426J
https://ui.adsabs.harvard.edu/abs/2020arXiv201201426J


12 I. Cabrera-Ziri

Kerber L. O., Santiago B. X., Brocato E., 2007, A&A, 462, 139
Koleva M., Prugniel P., Ocvirk P., Le Borgne D., Soubiran C., 2008, MN-
RAS, 385, 1998

Kroupa P., 2001, MNRAS, 322, 231
Kruĳssen J. M. D., 2015, MNRAS, 454, 1658
Kruĳssen J. M. D., Pfeffer J. L., Crain R. A., Bastian N., 2019a, MNRAS,
486, 3134

Kruĳssen J. M. D., Pfeffer J. L., Reina-Campos M., Crain R. A., Bastian N.,
2019b, MNRAS, 486, 3180

Lee H.-c., Yoon S.-J., Lee Y.-W., 2000, AJ, 120, 998
Lee J.-W., López-Morales M., Hong K., Kang Y.-W., Pohl B. L., Walker A.,
2014, ApJS, 210, 6

Ma X., Quataert E., Wetzel A., Faucher-Giguére C.-A., Boylan-Kolchin M.,
2021, MNRAS,

Madau P., Dickinson M., 2014, ARA&A, 52, 415
Maraston C., 2005, MNRAS, 362, 799
Meissner F., Weiss A., 2006, A&A, 456, 1085
Mucciarelli A., Ferraro F. R., Origlia L., Fusi Pecci F., 2007, AJ, 133, 2053
Muratov A. L., Gnedin O. Y., 2010, ApJ, 718, 1266
O’Connell J. E., Johnson C. I., Pilachowski C. A., Burks G., 2011, PASP,
123, 1139

Ocvirk P., 2010, ApJ, 709, 88
Olszewski E. W., Schommer R. A., Suntzeff N. B., Harris H. C., 1991, AJ,
101, 515

Percival S. M., Salaris M., 2011, MNRAS, 412, 2445
Perina S., Galleti S., Fusi Pecci F., Bellazzini M., Federici L., Buzzoni A.,
2011, A&A, 531, A155

Pfeffer J., Kruĳssen J. M. D., Crain R. A., Bastian N., 2018, MNRAS, 475,
4309

Pietrinferni A., Cassisi S., Salaris M., Castelli F., 2006, ApJ, 642, 797
Piotto G., et al., 2002, A&A, 391, 945
Reimers D., 1975, Memoires of the Societe Royale des Sciences de Liege,
8, 369

Reina-Campos M., Kruĳssen J. M. D., 2017, MNRAS, 469, 1282
Sarajedini A., et al., 2007, AJ, 133, 1658
Schiavon R. P., Rose J. A., Courteau S., MacArthur L. A., 2004, ApJ, 608,
L33

Schiavon R. P., Rose J. A., Courteau S., MacArthur L. A., 2005, ApJS, 160,
163

Searle L., Zinn R., 1978, ApJ, 225, 357
Thomas D., Maraston C., Bender R., Mendes de Oliveira C., 2005, ApJ,
621, 673

Trenti M., Padoan P., Jimenez R., 2015, ApJ, 808, L35
Usher C., et al., 2017, MNRAS, 468, 3828
Usher C., Brodie J. P., Forbes D. A., Romanowsky A. J., Strader J., Pfeffer
J., Bastian N., 2019, MNRAS, 490, 491

VandenBerg D. A., Brogaard K., Leaman R., Casagrande L., 2013, ApJ,
775, 134

Werle A., et al., 2020, MNRAS, 497, 3251
Worthey G., 1994, ApJS, 95, 107
de Boer T. J. L., Fraser M., 2016, A&A, 590, A35
de Freitas Pacheco J. A., Barbuy B., 1995, A&A, 302, 718

APPENDIX A: COMPLEMENTARY FIGURES

APPENDIX B: TABLES

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

MNRAS 000, 1–12 (2021)

http://dx.doi.org/10.1051/0004-6361:20066128
https://ui.adsabs.harvard.edu/abs/2007A&A...462..139K
http://dx.doi.org/10.1111/j.1365-2966.2008.12908.x
http://dx.doi.org/10.1111/j.1365-2966.2008.12908.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.385.1998K
http://dx.doi.org/10.1046/j.1365-8711.2001.04022.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.322..231K
http://dx.doi.org/10.1093/mnras/stv2026
https://ui.adsabs.harvard.edu/abs/2015MNRAS.454.1658K
http://dx.doi.org/10.1093/mnras/stz968
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.3134K
http://dx.doi.org/10.1093/mnras/sty1609
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.3180K
http://dx.doi.org/10.1086/301471
https://ui.adsabs.harvard.edu/abs/2000AJ....120..998L
http://dx.doi.org/10.1088/0067-0049/210/1/6
https://ui.adsabs.harvard.edu/abs/2014ApJS..210....6L
http://dx.doi.org/10.1093/mnras/stab1132
http://dx.doi.org/10.1146/annurev-astro-081811-125615
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..415M
http://dx.doi.org/10.1111/j.1365-2966.2005.09270.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.362..799M
http://dx.doi.org/10.1051/0004-6361:20065133
https://ui.adsabs.harvard.edu/abs/2006A&A...456.1085M
http://dx.doi.org/10.1086/513076
https://ui.adsabs.harvard.edu/abs/2007AJ....133.2053M
http://dx.doi.org/10.1088/0004-637X/718/2/1266
https://ui.adsabs.harvard.edu/abs/2010ApJ...718.1266M
http://dx.doi.org/10.1086/662138
https://ui.adsabs.harvard.edu/abs/2011PASP..123.1139O
http://dx.doi.org/10.1088/0004-637X/709/1/88
https://ui.adsabs.harvard.edu/abs/2010ApJ...709...88O
http://dx.doi.org/10.1086/115701
https://ui.adsabs.harvard.edu/abs/1991AJ....101..515O
http://dx.doi.org/10.1111/j.1365-2966.2010.18066.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.412.2445P
http://dx.doi.org/10.1051/0004-6361/201117028
https://ui.adsabs.harvard.edu/abs/2011A&A...531A.155P
http://dx.doi.org/10.1093/mnras/stx3124
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.4309P
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.4309P
http://dx.doi.org/10.1086/501344
https://ui.adsabs.harvard.edu/abs/2006ApJ...642..797P
http://dx.doi.org/10.1051/0004-6361:20020820
https://ui.adsabs.harvard.edu/abs/2002A&A...391..945P
https://ui.adsabs.harvard.edu/abs/1975MSRSL...8..369R
http://dx.doi.org/10.1093/mnras/stx790
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469.1282R
http://dx.doi.org/10.1086/511979
https://ui.adsabs.harvard.edu/abs/2007AJ....133.1658S
http://dx.doi.org/10.1086/422251
https://ui.adsabs.harvard.edu/abs/2004ApJ...608L..33S
https://ui.adsabs.harvard.edu/abs/2004ApJ...608L..33S
http://dx.doi.org/10.1086/431148
https://ui.adsabs.harvard.edu/abs/2005ApJS..160..163S
https://ui.adsabs.harvard.edu/abs/2005ApJS..160..163S
http://dx.doi.org/10.1086/156499
https://ui.adsabs.harvard.edu/abs/1978ApJ...225..357S
http://dx.doi.org/10.1086/426932
https://ui.adsabs.harvard.edu/abs/2005ApJ...621..673T
http://dx.doi.org/10.1088/2041-8205/808/2/L35
https://ui.adsabs.harvard.edu/abs/2015ApJ...808L..35T
http://dx.doi.org/10.1093/mnras/stx713
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.3828U
http://dx.doi.org/10.1093/mnras/stz2596
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490..491U
http://dx.doi.org/10.1088/0004-637X/775/2/134
https://ui.adsabs.harvard.edu/abs/2013ApJ...775..134V
http://dx.doi.org/10.1093/mnras/staa2217
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.3251W
http://dx.doi.org/10.1086/192096
https://ui.adsabs.harvard.edu/abs/1994ApJS...95..107W
http://dx.doi.org/10.1051/0004-6361/201527580
https://ui.adsabs.harvard.edu/abs/2016A&A...590A..35D
https://ui.adsabs.harvard.edu/abs/1995A&A...302..718D


Dating stellar populations with extended HB 13

Figure A1. Similar to Fig. 7 but for standard stellar population models.

Figure A2. Top: The grey line shows the Schiavon et al. spectrum of NGC 7078. Our best fit model is shown in blue (with a temperature for the extended
HB component of 30 kK). In yellow we show the integrated spectra given by a MIST isochrone of with the reference age and metallicity. In red we show the
integrated spectra given by a MIST isochrone of with the reference age and metallicity plus the contribution of the extended HB population as inferred from
the cluster’s CMD. Bottom: Residuals (data-model)/model for the different cases. Note that the scale of the residuals is different in the left and right panel.

Figure A3. Similar to Fig. A2 but for NGC 6544.
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Table B1. The first 11 columns contain the literature parameters for the targets in our sample. The following columns contain the parameters inferred in this
work using models with extended HB and their 1𝜎 statistical uncertainties. The units for the age, [Fe/H], 𝑚 −M0, A𝑉 and 𝑇hot are Gyr, dex, mag, mag and
kK respectively. Targets with extended HB are the ones with values in the 𝑚 −M0 and A𝑉 columns.

Literature This work
ID Age 𝜎Age [Fe/H] 𝜎[Fe/H] 𝑚 −M0 A𝑉 Age ref. [Fe/H] ref. 𝑚 −M0 ref. A𝑉 ref. Age 𝜎Age [Fe/H] 𝜎[Fe/H] log( 𝑓hot)★ 𝜎 log( 𝑓hot) 𝑇hot 𝜎𝑇hot 𝜒2/d.o.f.

NGC 0104 12.5 0.6 -0.75 0.03 - - 1 1 - - 14.00 0.03 -0.79 0.01 -1.63 0.02 29.99 0.06 0.697
NGC 1851 10.5 0.5 -1.10 0.07 15.43 0.105 1 1 6 6 13.96 0.39 -1.25 0.01 -0.84 0.01 8.01 0.04 0.262
NGC 1904 11.1 0.9 -1.37 0.20 15.61 0.031 1 1 2 2 13.93 0.26 -1.56 0.01 -0.65 0.01 8.04 0.10 0.418
NGC 2298 12.8 0.2 -1.80 0.09 15.17 0.718 1 1 2 7 5.53 0.09 -1.56 0.02 -0.51 0.03 27.99 0.81 0.823
NGC 2808 10.9 0.1 -1.15 0.03 15.05 0.704 1 1 2 6 10.05 0.21 -1.13 0.01 -1.02 0.01 28.98 0.59 0.323
NGC 3201 11.2 0.7 -1.42 0.12 13.31 0.868 1 1 2 6 12.88 0.58 -1.31 0.02 -0.67 0.02 8.02 0.14 1.826
NGC 5286 12.7 0.2 -1.60 0.14 15.29 0.905 1 1 2 6 13.03 0.24 -1.55 0.01 -0.65 0.01 8.02 0.07 0.395
NGC 5904 11.5 0.7 -1.25 0.09 14.40 0.118 1 1 2 6 11.30 0.13 -1.36 0.01 -0.72 0.01 9.25 0.20 0.308
NGC 5927 11.9 0.8 -0.48 0.14 - - 1 1 - - 14.00 0.06 -0.49 0.01 -1.38 0.02 30.00 0.05 1.070
NGC 5946 11.4 0.9 -1.22 0.20 15.13 1.674 1 1 2 2 5.93 0.10 -1.40 0.02 -0.69 0.03 29.90 0.53 1.090
NGC 5986 12.6 0.5 -1.53 0.13 15.12 0.894 1 1 2 7 13.03 0.24 -1.58 0.01 -0.67 0.01 8.69 0.14 0.361
NGC 6121 12.2 0.5 -1.14 0.07 11.43 1.339 1 1 2 8 12.25 0.37 -1.25 0.01 -0.71 0.01 8.00 0.01 0.487
NGC 6171 12.9 0.8 -0.99 0.03 13.78 1.349 1 1 3 6 8.67 0.24 -1.01 0.02 -0.87 0.02 29.84 0.10 0.627
NGC 6218 13.0 0.2 -1.26 0.08 13.29 0.651 1 1 2 6 12.76 0.63 -1.41 0.01 -0.67 0.01 8.54 0.15 0.500
NGC 6235 11.4 0.9 -1.18 0.20 15.65 0.961 1 1 2 2 13.06 0.52 -1.20 0.02 -0.85 0.02 10.93 0.41 0.922
NGC 6254 12.0 0.7 -1.46 0.15 13.48 0.868 1 1 2 2 11.75 0.44 -1.41 0.01 -0.71 0.01 14.69 0.32 0.529
NGC 6266 11.8 0.9 -1.02 0.20 14.03 1.240 1 1 2 2 11.69 0.36 -1.13 0.01 -0.95 0.01 14.84 0.39 0.587
NGC 6284 11.1 0.9 -1.13 0.20 15.90 0.868 1 1 2 2 11.78 0.33 -1.22 0.01 -0.76 0.01 11.40 0.09 0.347
NGC 6304 12.5 1.0 -0.51 0.12 - - 1 1 - - 14.00 0.03 -0.55 0.01 -1.47 0.02 29.99 0.06 1.185
NGC 6342 12.0 0.9 -0.69 0.20 - - 1 1 - - 13.87 0.26 -0.87 0.01 -1.48 0.05 29.86 0.40 0.803
NGC 6352 12.1 1.0 -0.71 0.07 - - 1 1 - - 14.00 0.10 -0.69 0.02 -1.73 0.04 29.99 0.18 1.523
NGC 6362 12.9 0.5 -1.05 0.05 14.33 0.236 1 1 2 6 9.93 0.16 -1.24 0.01 -1.00 0.01 29.85 0.10 0.458
NGC 6388 12.0 1.0 -0.77 0.20 15.16 1.147 1 1 2 2 12.27 0.26 -0.68 0.01 -1.26 0.01 28.16 0.73 0.648
NGC 6544 11.8 1.1 -1.47 0.07 11.96 2.249 18 19 20 20 13.68 0.22 -1.25 0.02 -0.64 0.01 29.98 0.03 1.259
NGC 6624 12.3 0.7 -0.54 0.12 - - 1 1 - - 14.00 0.03 -0.72 0.01 -1.63 0.02 29.95 0.11 0.609
NGC 6637 12.2 0.9 -0.69 0.08 - - 1 1 - - 14.00 0.03 -0.92 0.01 -1.80 0.03 29.99 0.09 0.708
NGC 6638 12.0 0.5 -0.99 0.07 15.07 1.271 5 19 2 2 12.11 0.37 -1.02 0.01 -1.06 0.01 29.97 0.17 0.621
NGC 6652 12.5 0.9 -0.83 0.10 - - 1 1 - - 13.90 0.19 -0.92 0.01 -1.42 0.02 8.01 0.05 0.511
NGC 6723 12.8 0.2 -1.02 0.06 14.67 0.221 1 1 4 4 11.12 0.29 -1.25 0.01 -1.01 0.03 8.79 0.28 0.506
NGC 6752 12.3 0.3 -1.43 0.14 13.14 0.124 1 1 2 2 13.06 0.27 -1.55 0.02 -0.61 0.01 8.40 0.15 0.475
NGC 7078 13.0 0.2 -2.25 0.17 15.05 0.335 1 1 2 6 5.71 0.05 -1.86 0.01 -0.31 0.02 29.96 0.09 0.662
NGC 7089 12.0 0.3 -1.52 0.15 15.11 0.143 1 1 2 6 12.85 0.54 -1.52 0.01 -0.61 0.01 8.21 0.14 0.372
Kron 3 6.5 0.5 -1.08 0.12 - - 10 11 - - 8.95 0.57 -1.22 0.02 -1.72 0.35 8.09 3.17 0.051
NGC 0411 1.4 0.1 -0.70 0.10 - - 9 9 - - 2.21 0.04 -0.69 0.01 -3.89 0.42 27.83 6.55 0.048
NGC 0416 6.0 0.5 -1.00 0.13 - - 10 12 - - 6.68 0.17 -1.17 0.01 -1.56 0.06 8.00 0.02 0.020
NGC 0419 1.5 0.1 -0.77 0.10 - - 9 9 - - 2.32 0.19 -0.63 0.01 -0.50 0.09 8.04 0.04 0.056
NGC 1831 0.8 - -0.49 - - - 13 13 - - 0.81 0.03 -0.52 0.02 -0.01 0.02 9.64 0.14 0.095
NGC 1868 1.1 0.1 -0.50 - - - 14 15 - - 1.70 0.05 -0.51 0.01 -0.15 0.01 8.00 0.00 0.026
NGC 1978 1.9 0.1 -0.38 0.07 - - 16 17 - - 3.01 0.02 -0.55 0.01 -1.77 0.04 25.39 1.03 0.028
★ (log) fraction of flux of extended HB stars to the integrated light at 0.5𝜇m.
1) Average from Galactic studies see Section 4.1; 2) distance from Baumgardt et al. (2019) reddenning from Harris (1996) (2010 edition); 3) O’Connell et al. (2011); 4) Lee et al. (2014); 5) Meissner & Weiss (2006);
6) VandenBerg et al. (2013); 7) Dotter et al. (2010); 8) 𝑅𝑉 ≠ 3.1 Hendricks et al. (2012); 9) Goudfrooĳ et al. (2014); 10) Glatt et al. (2008); 11) Da Costa & Hatzidimitriou (1998); 12) Glatt et al. (2009);
13) Correnti et al. (2021); 14) Kerber et al. (2007); 15) Olszewski et al. (1991); 16) Mucciarelli et al. (2007); 17) Ferraro et al. (2006); 18) age average between Forbes & Bridges (2010) and Cohen et al. (2014)
19) Carretta et al. (2009); 20) Cohen et al. (2014)
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Table B2. Results of spectral fits using standard models. The units for age
and [Fe/H] are Gyr and dex respectively.

ID Age 𝜎Age [Fe/H] 𝜎[Fe/H] 𝜒2/d.o.f.
NGC 0104 13.96 0.19 -0.82 0.02 1.013
NGC 1851 6.01 0.13 -1.07 0.03 0.585
NGC 1904 5.65 0.12 -1.35 0.03 0.890
NGC 2298 5.51 0.13 -1.57 0.03 1.025
NGC 2808 7.98 0.24 -1.10 0.02 0.640
NGC 3201 5.31 0.15 -1.14 0.03 2.152
NGC 5286 5.75 0.12 -1.41 0.03 0.816
NGC 5904 4.53 0.08 -1.08 0.03 0.842
NGC 5927 11.27 0.45 -0.52 0.02 1.821
NGC 5946 5.94 0.14 -1.38 0.03 1.331
NGC 5986 5.52 0.13 -1.38 0.03 0.792
NGC 6121 4.82 0.20 -1.05 0.03 0.829
NGC 6171 7.73 0.31 -1.04 0.03 0.971
NGC 6218 4.55 0.08 -1.14 0.02 1.068
NGC 6235 5.61 0.21 -1.08 0.04 1.171
NGC 6254 6.25 0.13 -1.34 0.03 0.997
NGC 6266 6.21 0.14 -0.99 0.03 1.102
NGC 6284 4.60 0.10 -0.98 0.03 1.069
NGC 6304 13.71 0.42 -0.63 0.02 2.000
NGC 6342 11.51 0.65 -0.90 0.03 0.979
NGC 6352 13.80 0.42 -0.74 0.02 1.769
NGC 6362 8.71 0.33 -1.18 0.03 0.854
NGC 6388 6.71 0.24 -0.52 0.02 1.102
NGC 6544 11.09 0.39 -1.36 0.03 2.078
NGC 6624 13.87 0.42 -0.78 0.02 0.976
NGC 6637 13.96 0.29 -0.92 0.02 0.961
NGC 6638 8.81 0.35 -0.98 0.03 1.367
NGC 6652 10.14 0.31 -0.88 0.02 0.752
NGC 6723 6.64 0.19 -1.09 0.03 0.887
NGC 6752 5.22 0.18 -1.34 0.04 1.042
NGC 7078 5.92 0.10 -1.79 0.04 1.041
NGC 7089 5.37 0.18 -1.31 0.03 0.900
Kron 3 6.82 2.11 -1.22 0.20 0.055
NGC 0411 1.75 0.41 -0.69 0.20 0.054
NGC 0416 5.62 0.88 -1.18 0.13 0.028
NGC 0419 1.49 0.15 -0.64 0.12 0.062
NGC 1831 0.56 0.08 -0.60 0.17 0.127
NGC 1868 1.10 0.22 -0.50 0.21 0.036
NGC 1978 3.57 0.81 -0.65 0.14 0.033
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