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ABSTRACT

Context. NGC 6558 is a low-galactic-latitude globular cluster projected in the direction of the Galactic bulge. Due to high reddening,
this region presents challenges in deriving accurate parameters, which require meticulous photometric analysis. We present a combined
analysis of near-infrared and optical photometry from multi-epoch high-resolution images collected with Gemini-South/GSAOI+GeMS
(in the J and KS filters) and HST/ACS (in the F606W and F814W filters).
Aims. We aim to refine the fundamental parameters of NGC 6558, utilising high-quality Gemini-South/GSAOI and HST/ACS pho-
tometries. Additionally, we intend to investigate its role in the formation of the Galactic bulge.
Methods. We performed a meticulous differential reddening correction to investigate the effect of contamination from Galactic bulge
field stars. To derive the fundamental parameters – age, distance, reddening, and the total-to-selective coefficient – we employed a
Bayesian isochrone fitting. The results from high-resolution spectroscopy and RR Lyrae stars were implemented as priors. For the
orbital parameters, we employed a barred Galactic mass model. Furthermore, we analysed the age-metallicity relation to contextualise
NGC 6558 within the Galactic bulge’s history.
Results. We studied the impact of two differential reddening corrections on the age derivation. When removing as much as possible of
the Galactic bulge field star contamination, the isochrone fitting combined with synthetic colour-magnitude diagrams gives a distance
of 8.41+0.11

−0.10 kpc, an age of 13.0 ± 0.9 Gyr, and a reddening of E(B − V) = 0.34 ± 0.02. We derived a total-to-selective coefficient of
RV = 3.2 ± 0.2 thanks to the simultaneous near-infrared−optical synthetic colour-magnitude diagram fitting, which, aside from errors,
agrees with the commonly used value. The orbital parameters showed that NGC 6558 is confined within the inner Galaxy and it is not
compatible with a bar-shape orbit, indicating that it is a bulge member. Assembling the old and moderately metal-poor ([Fe/H] ∼ −1.1)
clusters in the Galactic bulge, we derived their age-metallicity relation with star formation starting at 13.6±0.2 Gyr and effective yields
of ρ = 0.05 ± 0.01 Z⊙.
Conclusions. The old age derived for NGC 6558 is compatible with other clusters with similar metallicity and a blue horizontal branch
in the Galactic bulge, which constitute the moderately metal-poor globular clusters. The age-metallicity relation shows that the starting
age of star formation is compatible with the age of NGC 6558, and the chemical enrichment is ten times faster than the ex situ globular
cluster branch.

Key words. stars: fundamental parameters – Hertzsprung-Russell and C-M diagrams – Galaxy: bulge – Galaxy: formation –
globular clusters: general – globular clusters: individual: NGC 6558

⋆ Observations collected at the Gemini South Telescope under programme GS-2020A-Q-121 (PI: L. Kerber) and at the Hubble Space Telescope
under programmes GO-15065 (PI: R. Cohen) and GO-9799 (PI: Rich).
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1. Introduction

The in situ Galactic bulge globular clusters (GCs) are very likely
the first objects that were formed in the early Galaxy. They
should have formed in the early building blocks that merged into
a proto-Milky Way (MW) within the ΛCDM scenario (White &
Rees 1978; White & Frenk 1991). The important discriminator of
the phase in which they formed is their very old age of >10 Gyr
(Kruijssen et al. 2019; Kerber et al. 2019; Ortolani et al. 2019;
Forbes 2020; Souza et al. 2021, 2023), which makes them older
than the thick disc (∼6–9 Gyr; Pinna et al. 2024) and bar forma-
tion (Barbuy et al. 2018a). The Galactic bar is supposed to have
been formed 8 Gyr ago (Bovy et al. 2019; Wylie et al. 2022), and
there is evidence of a recent burst of star formation 3 Gyr ago
(Nepal et al. 2024).

The present composition of the Galactic bulge is far more
complex than previously thought, with a mix of stellar popu-
lations (e.g. Barbuy et al. 2018a; Queiroz et al. 2020, 2021).
The present Galactic bulge includes the presence of a bar and
a modified bulge or pseudo-bulge, an inner thin and thick disc
(Nogueras-Lara et al. 2023b), an inner halo (Pérez-Villegas
et al. 2017), a nuclear star cluster (Nogueras-Lara et al. 2023a),
and accreted structures such as Heracles (Horta et al. 2021),
Kraken (Kruijssen et al. 2020), and a smaller contribution from
Gaia–Enceladus–Sausage (Belokurov et al. 2018; Helmi et al.
2018).

The GCs located in the inner Galaxy, listed by (Bica et al.
2016, 2024, their Table 3) and classified as Galactic bulge clus-
ters based on orbital analysis (Pérez-Villegas et al. 2020), are also
identified by Belokurov & Kravtsov (2024) as having formed in
situ. In particular, it is not possible to define the most recently
detected clusters (Bica et al. 2024; Garro et al. 2024) as in situ
or ex situ because there is not enough information to classify
them (e.g. chemical abundances, ages, or orbital properties).
Regarding their orbit shapes, they would be modified by the grav-
itational force induced by the bar formation, with some of them
trapped in one resonance of the bar. Simulations of the bar effects
on the kinematics and structure of the Galactic box-peanut bulge
can be found in Debattista et al. (2017), Fragkoudi et al. (2020),
and Moreno et al. (2022), among others.

In the present work, we carry out a colour-magnitude dia-
gram (CMD) study of the GC NGC 6558. The cluster is
projected on the Galactic bulge, with equatorial co-ordinates
(J2000) α = 18h10m18.4s, δ = −31◦45′49′′, and Galactic co-
ordinates l = 0.201◦, b = +6.025◦ (Harris 1996, 2010 edition).
In Rich et al. (1998), NGC 6558 was analysed and suggested
to belong to a new (at that moment) class of clusters in the
Galactic bulge characterised by having a clear blue extended
horizontal branch and a poorly populated giant branch. The
cluster metallicity of −1.17 ± 0.10 was recently derived from
high-resolution spectroscopy (Barbuy et al. 2018a; González-
Díaz et al. 2023). Photometric and spectroscopic analyses have
shown that the Galactic bulge GCs have a peak in metallicity
around [Fe/H]= −1.1 (Bica et al. 2016, 2024), completing the
characterisation of this class of clusters. So far, a dozen clusters
have been identified with a metallicity of [Fe/H]∼ − 1.1 together
with a very old age and a location in the Galactic bulge (e.g.
Garro et al. 2023; Bica et al. 2024).

Pérez-Villegas et al. (2018) integrated the NGC 6558 orbit,
based on the Rossi et al. (2015) proper motions, combined with
the radial velocity of −194.45 km s−1 from Barbuy et al. (2018b),
indicating that it shows a prograde orbit. The orbit also seems to
follow the bar shape in the x–y projection and have a boxy shape
in the x–z projection (in a bar co-rotating frame), indicating that

NGC 6558 is trapped by the Galactic bar. Afterwards, Pérez-
Villegas et al. (2020, hereafter PV20), using Gaia DR2 proper
motions (Gaia Collaboration 2018a), computed the orbits of 78
MW GCs listed in Bica et al. (2016, their Tables 1 and 2), includ-
ing NGC 6558. Using a heliocentric distance of 8.26 ± 0.53 kpc
(Barbuy et al. 2018b) for NGC 6558, the cluster was identified as
a current bulge/bar member with a ∼99% probability.

Massari et al. (2019), using the McMillan (2017) Galactic
model, associated NGC 6558 with the main-bulge progenitor (in
situ) by means of the age-metallicity relation (AMR) and the
total orbital energy and angular momentum in the z direction.
Callingham et al. (2022) have reached the same result through a
robust statistical analysis of the AMR. More recently, Belokurov
& Kravtsov (2024) classified NGC 6558 as an in situ cluster fol-
lowing a classification method using the AMR and also detailed
chemistry and dynamical properties.

It is important to stress the crucial role of distance in
the orbital integration, and therefore in the classification of
NGC 6558 as a Galactic bulge member and in situ cluster. In the
literature, the heliocentric distance of NGC 6558 ranges from
∼6.3 kpc (Rich et al. 1998) to ∼8.3 kpc (Barbuy et al. 2018b).
Therefore, a comprehensive study of NGC 6558 supported by
high-quality data is needed to consolidate the recent findings
concerning its nature.

In the present work, we analyse NGC 6558 with deep images
in the near-infrared (NIR) obtained with Gemini-South/GSAOI
and in the optical with ACS/HST. The simultaneous isochrone
fitting in the two wavelength ranges allows better fixing of the
total-to-selective extinction ratio, RV . In Section 2, the obser-
vations and data reduction are described. In Section 3, the RR
Lyrae are identified and used to derive the magnitude level used
as a prior to the distance. In Section 4, the isochrone fitting is
applied and described. In Section 5, the orbital analysis is pre-
sented. In Section 6, the results are discussed, and in Section 7,
conclusions are drawn.

2. Observations

The adopted HST data consists of two epochs of observations
collected with the ACS/WFC imager: (i) the GO-9799 dataset
(PI: Rich) containing 1×340 s F606W, 2×10 s + 1×340 s
F814W images; and (ii) the GO-15065 dataset (PI: Cohen) con-
taining 1×10 s + 4×498 s F606W, 1×10 s + 4×498 s F814W
images. The difference between the first and the second epoch
is ∆t ≃ 15.9 yr. The HST image of the cluster combining the
ACS/WFC filters used in this work is shown in the left panel of
Figure 1.

The GSAOI images of NGC 6558 were collected on March 3,
2020 as part of the programme GS-2020A-Q-121 (PI: L. Kerber).
They covered a field of view (FoV) of about 85 × 85 arcsec2, with
a pixel scale of 20 mas pixel−1. The field centered on NGC 6558
was observed in J and Ks filters with a dithering pattern of five
images with four co-adds of 50 s, totalling 1000 s of exposure
time in each filter. Additional J and Ks images with an exposure
time of 10 s were obtained to extend the analysis to bright stars
otherwise saturated in longer exposures. The median FWHM
value of the J and Ks images is about 0.10 arcsec. The Gem-
ini image of the cluster combining the GSAOI J and KS filters
used in this work is shown in the right panel of Figure 1.

2.1. Data reduction and proper-motion computation

The GSAOI data reduction was performed following the
procedure described in Kerber et al. (2019), consisting of
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Fig. 1. Images of NGC 6558. Left: F606W/F814W combined colour image from the HST ACS/WFC camera for NGC 6558 (202 × 202 arcsec2).
The green square represents the FoV of GSAOI (85 × 85 arcsec2). Right: J/KS combined colour image from the Gemini GSAOI camera. North is
at the top and east is to the left for both images.

empirical-point-spread-function (ePSF) fitting to obtain posi-
tions and magnitudes. The main differences with respect to
Kerber et al. are: (i) we implemented a second-step photome-
try stage adapting for the GSAOI data the FORTRAN software
KS2 (Nardiello et al. 2018; Libralato et al. 2022, and Anderson et
al., in prep.). KS2 is specifically designed to improve the finding
of faint sources (by using all images at once) and the photometry
in crowded environments (by ePSF subtracting all neighbours
to each source prior to measure its position and flux); (ii) we
used the Gaia DR2 catalog (Gaia Collaboration 2018b) to set the
reference frame system with x and y axes pointing towards the
north and west, respectively, and an arbitrary pixel scale of 40
mas pixel−1. The photometry was calibrated on the Two Micron
All Sky Survey (2MASS; Skrutskie et al. 2006) photometric
system with a simple zero-point, and corrected for the effects
of differential reddening as in Milone et al. (2012) and Bellini
et al. (2017). The HST data reduction was performed following
Nardiello et al. (2018) and Libralato et al. (2022), again by means
of first- and second-step photometric methods.

Proper motions were obtained following the method in
Libralato et al. (2021), which is summarised as follows. KS2 also
delivers single-exposure catalogs, one for each image, containing
the raw de-blended position and flux of each detected source.
For each star in each HST and GSAOI KS2-based raw cata-
log, we used six-parameter local linear transformations to obtain
its position in the reference frame system of the KS2-based
HST master catalog. We used only cluster stars to compute the
coefficients of these transformations, meaning that our proper
motions were measured relative to the bulk motion of the cluster.
Also, the positions were corrected by applying local adjustments
in order to mitigate the possible presence of small, uncor-
rected systematic residuals (the so-called boresight correction;
Anderson & van der Marel 2010). The final position of a star
in each epoch was estimated as the robust average of the trans-
formed positions in all images of that epoch. At odds with
Libralato et al. (2021), we used the HST catalog and not the
Gaia one as a reference because of the few sources in com-
mon between the latter and the GSAOI catalogs, which would

have prevented us from using a local-transformation approach.
This process might seem redundant for the HST data, since
the KS2-based positions are computed by averaging the KS2
single-exposure raw catalogs once on to the same reference
system. However, this is needed because KS2 does not give out-
put positional uncertainties, which are needed to estimate the
proper-motion errors and discern between well- and poorly mea-
sured objects. Finally, proper motions were then defined as the
displacements multiplied by the pixel scale (40 mas pixel−1)
and divided by the temporal baseline (∼16.5 yr). Proper-motion
errors were computed as the sum in quadrature of the positional
errors of the two epochs, again multiplied by the pixel scale and
divided by the temporal baseline.

2.2. Membership probability

The membership probability for each star was derived using
the HST proper motions, right ascension (RA) and decli-
nation (Dec) values. We fitted a double Gaussian in each
dimension of the vector-point diagram (VPD) to find the
peak of the cluster distribution and the contribution of the
high-spread background. Each star was assigned a Gaus-
sian probability using the cluster mean and standard devi-
ation in the proper motion distribution (top left panel of
Figure 2). Since some background and foreground stars can have
similar proper motions to the cluster and be wrongly assigned
as members, we also combined the proper motion membership
with a membership probability concerning the distance from the
cluster centre (bottom left panel of Figure 2). The top middle
panel shows the membership probability for the HST catalog.
We assume that all stars with probabilities above 80% are cluster
members. To remove the outlier stars that survived the member-
ship selection, we performed some steps of the method applied
by Maia et al. (2010) and briefly described as follows (bottom
middle panel of Figure 2). In the same sky region, a sample
of field and cluster stars were selected; here, we adopted stars
with probabilities between 10% and 20% as the field reference,
and probabilities above 80% as cluster members. The CMD was
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Fig. 2. Membership probability derivation. The top left and bottom left panels show the VPD and spatial position from the cluster centre coloured
by the membership probability value. The upper corner and right panels show the double Gaussian fitting to the distributions. The top middle panel
shows the membership distribution before (red) and after (blue) the cleaning method. The cyan region shows the membership range of reference
field stars, while the magenta one is the cluster member probability region. The bottom middle panels show the reference field and cluster stars
on the left and right, respectively. The cleaned CMD is shown in the right panel. The red star symbols show the OGLE RR Lyrae classified as
members following the membership method.

divided into a grid with ∆ = 0.08 and ∆ = 0.25 mag in colour
and magnitude, respectively, which are equivalent to three times
the standard deviation in colour and six times the standard devia-
tion in magnitude. The density of field and cluster points in each
cell were then compared. A probability was assigned for each
cell as P = (Ncluster − Nfield)/Ncluster (equal to 0 when the numbr
of field stars is larger than the cluster stars and removing cells
with only one cluster star). In our case, this method was applied
to remove as many outlier stars as possible. Therefore, the ref-
erence field must not be highly populated. The final CMD in
the right panel of Figure 2 appears less contaminated after the
cleaning method. The combined GSAOI+HST catalog was then
obtained by cross-matching both catalogs.

2.3. Differential reddening correction

We corrected the data from differential reddening using the
method commonly applied in the literature (Piotto et al. 1999;
Alonso-García et al. 2012; Milone et al. 2012; Hendricks et al.
2012; Bellini et al. 2017) and briefly described as follows. A
sample of reference stars was selected, sometimes between the
magnitudes where the angle between the reddening vector and
the CMD is higher. A fiducial line was derived from this selec-
tion of stars. The distance of each reference star and the fiducial
line was measured along the reddening vector. This distance was
translated into the reddening of each reference star. In the final
step, for each star in the catalogue, a number of neighbouring
stars in the reference sample were selected; the final reddening
of the specific star is the median of the reddening distribution of
the neighbours. Some authors perform the method several times
until the variation in the fiducial line becomes negligible. The

differential reddening correction aims to reduce the spread along
the CMD, bringing the stars as close as possible to the fiducial
line. Therefore, creating the fiducial line is a crucial step for the
differential reddening correction.

We derived the fiducial line in two different situations to
show its influence on the final result of the differential redden-
ing correction (Figure 3). First, we selected reference stars in
the final combined GSAOI+ACS catalog, which is limited to
the GSAOI FoV of 85 × 85 arcsec2 (left panels of Figure 3). In
this representation, cyan dots denote field stars, while magenta
dots represent cluster stars, consistent with Figure 2. Since the
half-light radius of the cluster is ∼45.1 arcsec (Baumgardt et al.
2020), the GSAOI FoV has more cluster members as field stars,
which is reflected in our selection of reference stars, in which we
have 7% of field stars (left panels of Figure 3). The differential
reddening map obtained from this less contaminated selection
is shown in the bottom left panel of Figure 3. In this work, we
call this differential reddening correction from fiducial line 1
‘DRCFL1’.

In another test, we selected the reference stars in the entire
ACS/WFC FoV (middle panels of Figure 3). Since the centre of
the cluster is imaged in one of the two ACS/WFC chips (see
Figure 1), the ACS/WFC images cover a large portion of the
field outside the half-light radius of the cluster, and thus more
field stars are present in our catalog. Indeed, for this reference
sample, we have 43% of field stars. We corrected for the effects
of the differential reddening as before and obtained the map
shown in the bottom middle panel of Figure 3. For a direct com-
parison with the previous test, DRCFL1, the panel only shows
the same region covered by the GSAOI observations. We refer
to this differential reddening correction from fiducial line 2 as
‘DRCFL2’.
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Fig. 3. Differential reddening correction procedure. The top left panels show the CMDs with the selected reference stars (the field as cyan dots
and cluster as magenta dots, the same as in Figure 2) to generate the fiducial line (black line, left) and the corrected CMD (right). The differential
reddening maps are at the bottom with respect to the cluster centre. Both density maps have the same colour code and scale and are limited to the
GSAOI FoV. In the left panel is shown the differential reddening correction using the fiducial line constructed from the sample within the GSAOI
FoV (DRCFL1), and in the middle panel the differential reddening correction using the fiducial line constructed from stars within the HST/ACS
FoV. The right panel directly compares the cluster member stars using DRCFL1 (blue) and DRCFL2 (red).

Fig. 4. Differential reddening map for NGC 6558 by Alonso-García
et al. (2012). The density map has the same colour code, colour scale,
and region as Figure 3.

A similar approach to DRCFL2 was used by Alonso-García
et al. (2012) for NGC 6558, from observations in the B, V , and I
bands obtained with the Magellan 6.5 m Telescope and the HST.
They covered a circular area with a radius of approximately 217
arcsecs from the centre of the cluster, covering almost the same
area as ACS/WFC FoV. Their resulting differential reddening
map is shown in Figure 4. For a direct comparison, the three

differential reddening maps cover the same area (GSAOI FoV)
and have the same colour scale.

Both DRCFL1 and DRCFL2 maps show a consistent gen-
eral behaviour, as was observed in Alonso-García et al. (2012):
the southern region of the cluster exhibits positive differential
reddening, whereas the northern one experiences negative differ-
ential reddening. Nevertheless, a systematic variation of approx-
imately +0.05 mag is observed in the differential reddening
when utilising GSAOI FoV stars (DRCFL1). This discrepancy
arises from a 0.05 mag difference in the turn-off (TO) colour
between the two fiducial lines, where the TO of fiducial line 2
is 0.05 magnitudes redder than the TO of fiducial line 2. The
direct comparison of the resulting CMD using DRCFL1 (blue)
and DRCFL2 (red) is shown in the right panel of Figure 3.
This visualisation underscores the pivotal role of the fiducial
line, particularly for clusters located within the galactic disc or
projected towards the Galactic bulge, where the density of back-
ground stars is significantly higher, making the fiducial line
redder.

For the subsequent analysis, we adopt the NGC 6558 results
obtained by employing the DRCFL1, which takes into account
less field star contamination in the differential reddening correc-
tion procedure. Nevertheless, we compare them with the results
using the DRCFL2 to emphasise the possible biases resulting
from the contamination by background field stars on the fiducial
line creation. Figure 5 shows the three CMDs that are employed
in this work: GSAOI [J, J − KS ] (left panel), and HST/ACS
[mF606W , mF606W − mF814W ] using DRCFL1 (middle panel) and
using DRCFL2 (right panel).
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Fig. 5. Final CMDs with selected cluster members. The left panel is the GSAOI [KS , J−KS ] CMD. The middle and right panels show the HST/ACS
[mF606W , mF606W −mF814W ] employing DRCFL1 and DRCFL2, respectively. The green star symbols are the RR Lyrae members of the cluster within
the GSAOI FoV.

3. RR Lyrae magnitude level

RR Lyrae stars from Clement et al. (2001) and OGLE-IV
(Soszyński et al. 2014) databases were used, as in Oliveira et al.
(2022), in order to provide a prior distribution to the cluster dis-
tance. Clement et al. (2001, updated in Apr 2016) contains 11
RR Lyrae with periods, amplitudes, and mean magnitudes in the
I band, with a note that all the data comes from OGLE-IV in this
case. Soszyński et al. (2014) lists seven RR Lyrae within a radius
of 2.1′, but a wider search of 10′ in the OGLE Collection of Vari-
able Stars1 returns 22 RR Lyrae, with the 11 more central ones
in common with Clement et al. (2001). The latter provided time-
series photometry and mean I magnitudes from ∼660 epochs,
and additional mean V magnitudes from 42 epochs.

A cross-match with our HST/ACS catalog retrieved five of
the 22 RR Lyrae with a membership probability (derived in
Section 2.2) higher than 80%, of which three are within the
GSAOI FoV. A weighted average of the mean RR Lyrae mag-
nitudes was obtained with membership values as weights, as is
presented in Table 1 for the different filters. Figure 6 presents the
mean V and I magnitudes as a function of the period.

The derived magnitudes were converted to the distance mod-
ulus in each iteration of the isochrone fitting using the MI−

and MV − [Fe/H] relations from Oliveira et al. (2022) obtained
with BaSTI α-enhanced models (Pietrinferni et al. 2021) for the
zero-age horizontal branch, providing a variable prior in dis-
tance that varies with the reddening and metallicity of each
Markov chain Monte Carlo (McMC) iteration. The use of the
magnitude level appears to be a better constraint on the distance
because the assumed metallicity, reddening, and RV play a key
role in the final distance. For example, assuming a metallicity
of [Fe/H] = −1.17 ± 0.10 (Barbuy et al. 2018b), the calibrations
provide apparent distance moduli of (m−M)I = 15.30±0.10 and
(m − M)V = 15.86 ± 0.11. Converting them to absolute distance
moduli using E(B − V) = 0.38 ± 0.05 mag from Barbuy et al.
(2018b), the distances of 8.47 ± 0.52 and 8.63 ± 0.73 kpc were

1 http://ogledb.astrouw.edu.pl/~ogle/OCVS/

Table 1. Parameters of five RR Lyrae classified as members of
NGC 6558 from their membership probabilities.

OGLE ID 14866 14886 14888 14892 14912 < >

RA 272.555 272.565 272.566 272.568 272.582 –
DEC −31.771 −31.765 −31.778 −31.762 −31.768 –
µ∗α −0.138 0.113 0.055 0.281 −0.273 –
µδ −0.009 −0.139 0.008 −0.026 −0.087 –
I (OGLE) 15.548 15.636 15.633 15.253 15.418 15.50 ± 0.03
V (OGLE) 16.498 16.619 16.489 16.234 16.577 16.49 ± 0.03
G (Gaia) 16.297 16.326 16.251 15.979 16.291 16.23 ± 0.03
mF606W 16.058 16.331 16.343 15.942 16.377 16.21 ± 0.04
mF814W 15.622 15.224 15.583 15.261 15.422 15.42 ± 0.03
J – 15.153 – 14.560 14.660 14.79 ± 0.08
KS – 14.616 – 14.024 14.111 14.25 ± 0.08
Period 0.504 0.467 0.312 0.756 0.687 –
Type RRab RRab RRc RRab RRab –
Pmemb 0.833 0.923 0.846 0.845 0.865 –

Notes The last column is the weighted average of the RR Lyrae mean
magnitudes in different photometric systems.

obtained, respectively, from I and V , whereas distances 0.4–
0.7 kpc smaller were derived with E(B − V) = 0.44 mag from
Harris (1996, 2010 edition). All values were obtained assum-
ing RV = 3.1. Therefore, by keeping the prior on the magnitude
value of the RR Lyrae, we have avoided an erroneous distance
determination to the detriment of some specific set of metallicity,
reddening, and RV .

Oosterhoff (1939, 1944) classified the MW GCs into two
classes based on the mean of the pulsation periods of their
RR Lyrae stars: Oosterhoff type I (OoI) and Oosterhoff type II
(OoII). In a nutshell (see also Prudil et al. 2019a,b; Martínez-
Vázquez et al. 2021), OoI GCs have metallicity values above
−1.7 and contain mainly RRab stars with a short average pul-
sation period of around 0.55 day. The OoI GCs also present a
low fraction (∼20%) of RRc type RR Lyrae. In turn, OoII GCs
contain a significant number of RRc stars (∼40%) and are more
metal-poor than −1.7, and their RRab RR Lyrae sample shows an
average pulsation period of ∼0.65 day. The mean period of RRab
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Fig. 6. Mean I, V , and G magnitudes versus the period of the RR Lyrae
sample. The dashed lines mark the weighted average given in Table 1
and the dotted lines show the standard error.

stars of NGC 6558 is 0.61± 0.04 days (Table 1). Even though the
number of RR Lyrae stars selected as members of the cluster is
low, we can estimate that the sample has 20% of first-overtone
pulsators (RRc). The average period of RRab and number of RRc
in our sample, together with the cluster metallicity of −1.18,
could indicate that NGC 6558 is a OoI GC. Nevertheless, tak-
ing into account the low statistics, the average period of RRab
stars could also point to the OoII type if the number of RRc stars
were to increase with more observations.

4. Isochrone fitting

The fundamental parameters – age, metallicity, distance, redden-
ing, the total-to-selective extinction ratio, RV , and the binary
fraction – were derived using the SIRIUS code (Souza et al.
2020). The code employs the Bayesian method of McMC to
obtain probability distributions for each parameter. The code
compares the observed CMD with synthetic CMDs constructed
from each set of parameters randomly drawn during the fitting
process.

To construct the synthetic diagrams, SIRIUS utilises
isochrones from the Dartmouth Stellar Evolution Database
(DSED; Dotter et al. 2008), which initially spans ages between
10 Gyr and 15 Gyr with intervals of 0.1 Gyr and metallicities
between −2.30 and 0.0 with intervals of 0.01 dex. However, the
code interpolates different isochrones during the fitting process
to obtain the model with exact values. With the model con-
structed, the code adopts the initial mass function of Chabrier
(2003) to draw N mass values. These values are then interpolated
to obtain the corresponding magnitude values.

A fraction of these N mass values are associated with spa-
tially unresolved photometric binary stars (stars close enough to
have their flux overestimated). While the first star has mass mA,
the hypothetical secondary star will have mass mB calculated as
mB = q ·mA, where q is the mass ratio randomly selected between

0 and 1. The calculation of the final magnitude of binary stars is
computed from the sum of the flux of each star:

M = −2.5 log
(
10(−MA/2.5) + 10(−MB/2.5)

)
. (1)

With the magnitudes of each star calculated, an error func-
tion is applied to spread the points in the CMD. The error
function is derived from the observed data by calculating the
median error in magnitude bins. The error function is shifted to
the position of the theoretical isochrone from the TO point to
ensure no bias in the position of the synthetic diagram relative to
the observed one. Thus, whatever set of parameters is drawn, the
error function will generate a synthetic CMD.

After spreading the stars according to the error function, the
code calculates the extinction coefficients following the extinc-
tion law (RV ) of each iteration. The extinction law is interpolated
from the curves of Cardelli et al. (1989), and the extinction coef-
ficients for the J, KS , F606W, and F814W bands are obtained
from this. Then, each absolute magnitude is converted to the
apparent magnitude as follows:

mλ = Mλ + (m − M)0 + RV · E(B − V) · Aλ, (2)

where (m − M)0 is the intrinsic distance modulus, and Aλ is the
extinction coefficient in band λ.

With the synthetic diagram already containing the apparent
magnitudes, a luminosity function is applied to reproduce the
observation conditions to which the data were subjected. The
luminosity function is calculated as the number of stars in each
magnitude bin. When applied to the synthetic diagram, some
stars will be excluded to make the synthetic diagram more sim-
ilar to the observed one in terms of the number of stars at each
magnitude.

When the RV is a free parameter, the isochrone fitting is per-
formed simultaneously for the [J, J−KS ] and [mF606W , mF606W −

mF814W ] diagrams. Simultaneous fitting allows the determination
of the extinction law, since it will force the adjustment of a sin-
gle set of distance and reddening for the two diagrams. Another
advantage of this approach is that the age determination is not
biased by the choice of photometric system.

As a proxy for distance, we employed a prior to the distance
according to the magnitude level of RR Lyrae stars. For each
McMC interaction, the values of metallicity and reddening were
used for the MI−[Fe/H] calibration by Oliveira et al. (2022),

MI = A + B · [Fe/H] +C · [Fe/H]2, (3)

where A = (0.619 ± 0.028), B = (0.455 ± 0.063), and C =
(0.075 ± 0.030). Then, the expected distance for the previ-
ously RR Lyrae magnitude level, reddening, and metallicity was
calculated for each interaction. This calculated distance was
then compared with the distance value for the specific McMC
interaction.

The McMC was applied using the Python library, emcee
(Foreman-Mackey et al. 2013), and PyDE2, a global optimisa-
tion that uses differential evolution. The likelihood function is
an adaptation of Tremmel et al. (2013), which is basically a Pois-
son distribution comparing the number of observed and synthetic
stars in a colour and magnitude bin. The adaptation includes
a simple isochrone fitting component comparing the isochrone
to the two-dimensional distribution of observed points. This
change allows the code to reach the stability of the distance and

2 https://github.com/hpparvi/PyDE
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Fig. 7. Simultaneous isochrone fitting using the differential reddening correction from fiducial line 1 (DRCFL1). The left panels show the NIR
GSAOI CMD and the right panels show the optical F606W/F814W HST CMD. The small panels show the Hess diagram of the data (upper) and
model (best-fit synthetic CMD, lower). In the bigger panel, the blue dots are the cluster member stars, the red line represents the isochrone of the
best synthetic CMD fit, and the thin lines are solutions within the errors. The values obtained from the simultaneous fitting are shown in the bottom
left corner of the bigger panels, with the respective binary fraction value highlighted.

reddening values more quickly. Meanwhile, the likelihood com-
ponent that compares the synthetic diagram with the observed
one allows for a better age and binary fraction calculation.

In the isochrone fitting procedure below, we applied the
metallicity from Barbuy et al. (2018a) and the RR Lyrae mag-
nitude level from Section 3 as priors. Figures 7 and 8 show
the simultaneous isochrone fitting on the [J, J − KS ] and the
[mF606W , mF606W − mF814W ] CMDs (the corner plots are shown
in Figure A.1). Figure 7 shows the HST CMD with the DRCFL1
and Figure 8 adopting DRCFL2. The distance values, d⊙ =
8.41 ± 0.10 and 8.44 ± 0.10 kpc, respectively, are in excellent
agreement between each other. This agreement is, however, due
to compensation in the reddening value, E(B−V), and the extinc-
tion law, RV , parameter. The E(B − V) values are 0.34 ± 0.02
and 0.42 ± 0.02 for DRCFL1 and DRCFL2, respectively. More
important is the difference in the RV values of 3.2 and 2.9.
The low RV was expected because the data of DRCFL2 include
background Galactic bulge field stars that are affected by dust
(Minniti et al. 2014; Nataf 2016). Removing the Galactic bulge
field stars, as in the case of DRCFL1, the relatively high RV = 3.2
is compatible with the Galactic latitude of NGC 6558 (l =
−6.02◦), which is outside the dark lane region (Minniti et al.
2014; Nataf 2016). Finally, the difference in the derived ages,
13.0 ± 0.9 and 13.4 ± 0.8 Gyr, reflects the different morphology
of the respective fiducial line and the difference in the MSTO
colour (∼0.05 mag).

5. Orbital parameters

We performed the orbital integration of NGC 6558 in order to
derive the orbital parameters: the apogalactic distance (< rapo >)
and perigalactic distance (< rperi >), eccentricity (ecc = (<
rapo > − < rperi >)/(< rapo > + < rperi >)), and the maximum
absolute height relative to the disc (< |Z|max >). For the orbital
integration, we adopted the MW model from Portail et al. (2017)

by using the analytical approximation given by Sormani et al.
(2022) with the Action-based GAlaxy Modelling Architecture
(AGAMA; Vasiliev 2019), a Python package for orbital integra-
tion3. The Galactic model of Portail et al. (2017) is composed of
the x-shape peanut or bulge bar, a long bar, a central concentra-
tion mass, a disc, and a dark-matter halo. This Galactic model
describes the complexity of the inner Galactic region (within ∼5
kpc) well, although further out it is not very realistic. In the case
of NGC 6558, this potential is the most suitable, since this clus-
ter is supposed to belong to the Galactic bulge (Bica et al. 2016;
Pérez-Villegas et al. 2018, 2020).

In this model, the position of the Sun is at a distance of R0 =
8.2 kpc (Bland-Hawthorn & Gerhard 2016) from the Galactic
centre. The bar rotates with a pattern speed of 39 km s−1 kpc−1

and is oriented at an angle of 28◦ with the Sun–Galactic centre
line of sight. The mass distribution of the model has a local circu-
lar velocity of V(R0) = 239.2 km s−1. The peculiar motion of the
Sun with respect to the local circular orbit is (U0, V0, W0)=(11.1,
12.24, 7.25) km s−1 (Schönrich et al. 2010).

The observational parameters RA, Dec, radial velocity, dis-
tance from the Sun, and proper motions in the sky of the
cluster, presented in the upper part of Table 2, were con-
verted to Cartesian Galactic phase-space positions and velocities
using the Astropy Python package (Astropy Collaboration
2022). To take into account the uncertainties of the observa-
tional parameters, we constructed 1000 initial conditions using
the Monte Carlo approach, and integrated the orbits backwards
in time for 13 Gyr. The median orbital parameters and the
probabilities of belonging to the Galactic bulge and following
the bar orbit are shown in the bottom part of Table 2. From
the values of the apocentric distance, < rapo >, and maximum
height, < |Z|max >, together with the classification criteria of
Pérez-Villegas et al. (2020), NGC 6558 currently has a 99%
probability of belonging to the early Galactic bulge. Our

3 https://github.com/GalacticDynamics-Oxford/Agama
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Fig. 8. Same as in Figure 7 but using the differential reddening correction from fiducial line 2 (DRCFL2).

Table 2. Observational parameters used as input to the orbital integra-
tion.

Param DRCLF1 DRCLF2 PV20

Observational parameters

RA (deg) 272.57397
Dec (deg) −31.76451
Vrad (km s−1) −194.45 ± 2.10
< µ∗α > (mas yr−1) −1.75 ± 0.02 −1.78 ± 0.05
< µδ > (mas yr−1) −4.17 ± 0.02 −4.12 ± 0.04
d⊙ (kpc) 8.41 ± 0.10 8.44 ± 0.10 8.26 ± 0.53

Orbital parameters

< rperi > (kpc) 0.05 ± 0.04 0.04 ± 0.02 0.10 ± 0.07
< rapo > (kpc) 1.86 ± 0.23 1.78 ± 0.22 2.20 ± 0.31
< |Z|max > (kpc) 1.45 ± 0.04 1.52 ± 0.04 1.27 ± 0.23
ecc 0.95 ± 0.04 0.96 ± 0.03 0.92 ± 0.05
Pbulge (%) 99 99 99
Pbar (%) 0.0 0.0 19.3

Notes. Orbital parameters on the present calculations (adopting fiducial
lines 1 and 2) compared with results from Pérez-Villegas et al. (2020).

results are in good agreement with the calculations given in
Pérez-Villegas et al. (2020). Figure 9 shows the density prob-
ability map of the orbits of NGC 6558 in the x–y (upper
left), R–y (upper right), x–z (bottom left), and R−z (bottom
right) projections. The space region in which the orbits of
NGC 6558 cross more frequently is shown in orange. The
black curves are the orbits considering the central values of
the observational parameters. Regarding the sense of the orbital
motion, we found that for NGC 6558 it is prograde and ret-
rograde at the same time. The prograde–retrograde orbits,
which have been observed in other MW GCs too, are pro-
duced by the presence of the Galactic bar; this behaviour could
be connected with chaos, but is still not yet well understood

(Pichardo et al. 2004; Allen et al. 2006; Pérez-Villegas et al.
2018).

6. Discussion

For the following discussion, we adopted the isochrone fitting
results of DRCFL1 as the final parameters for NGC 6558. In
Table 3, we tentatively identify a list of Galactic bulge clusters
with characteristics similar to NGC 6558, which are probably
the oldest objects in the Galaxy. A list of possible members is
also given for clusters that still do not have precise age deriva-
tion and/or were classified as thick disc members by PV20. It is
important to point out that the classification as a bulge or thick
disc member depends crucially on the distance adopted, which
may be uncertain with the available data. A summary of the
literature data for NGC 6558, including reddening values, age,
distance, the corresponding method employed, and metallicity,
is given in Table 4.

The metallicities derived from the isochrone fitting are in
good agreement with the value from Barbuy et al. (2018a);
González-Díaz et al. (2023), since it was adopted as a prior.
The metallicity of NGC 6558 was therefore consolidated from
literature studies, as follows. Barbuy et al. (2007) carried out a
detailed abundance analysis of five stars with spectra obtained
with the GIRAFFE spectrograph at the Very Large Telescope
(VLT) (see also Zoccali et al. 2008). They obtained a mean
metallicity of [Fe/H]= −0.97 ± 0.15 for NGC 6558. From CaT
triplet lines based on FORS2/VLT spectra, Saviane et al. (2012)
derived [Fe/H]= −1.03 ± 0.14. Also based on FORS2/VLT
spectra, Dias et al. (2015, 2016) compared the observed spec-
tra to grids of observed and synthetic spectra and obtained
[Fe/H]= −1.012 ± 0.013. Barbuy et al. (2018b) analysed four
stars of NGC 6558 observed with the UVES spectrograph at
the VLT. A radial velocity of 194.45 km s−1 and metallicity
of [Fe/H]= −1.17 ± 0.10 were obtained. González-Díaz et al.
(2023) analysed four stars within the APOGEE-2S CNTAC 2
CN2019B programme (P.I: Doug Geisler) as part of the CAPOS
survey (Geisler et al. 2021). They obtained a radial velocity
of 192.63 km s−1 and a metallicity of [Fe/H]= −1.15 ± 0.10.
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Table 3. Family of Galactic bulge GCs with a metallicity of [Fe/H]∼−1.1, and very old age.

Cluster l b Age Ref. d⊙ [Fe/H] Ref. E(B–V) HB MV mass orbit
(deg) (deg) (Gyr) (kpc) (105M⊙)

NGC 6256 347.79 +3.31 12.9 ± 0.1 1 6.40 ± 0.64 −1.05 ± 0.13 10 1.10 blue −7.15 0.72 ± 0.33 B
HP 1 357.42 +2.12 12.8 ± 0.9 2 6.59 ± 0.65 −1.01 ± 0.10 11, 12 1.19 blue −6.46 1.11 ± 0.38 B
NGC 6401 3.45 +3.98 13.2 ± 1.2 1 7.70 ± 0.77 −1.00 ± 0.03 10, 12 0.53 red −7.90 1.21 ± 0.21 B
Palomar 6 2.09 +1.78 12.4 ± 0.9 3 7.67 ± 0.19 −1.10 ± 0.09 3 1.33 red −6.79 0.86 ± 0.19 B
ESO456-SC38 (Djorg 2) 2.76 −2.50 12.7 ± 0.7 4 8.75 ± 0.20 −1.07 ± 0.09 13 0.89 blue −7.00 1.34 ± 0.24 B
NGC 6522 1.02 −3.93 12.8 ± 1.0 5 7.40 ± 0.19 −1.05 ± 0.11 14, 15 0.48 blue −7.65 3.92 ± 0.54 B
AL 3/BH 261 3.36 −5.27 13.4 ± 1.2(∗) 6 6.50 ± 0.65 −1.09 ± 0.05 6, 12 0.36 blue −4.19 0.24 ± 0.06 B
NGC 6626 7.80 −5.58 12.8 ± 1.0 5 5.34 ± 0.17 −1.29 ± 0.01 16 0.42 blue −8.16 3.69 ± 0.38 B
NGC 6642 9.81 −6.44 12.7 ± 1.1 1 8.10 ± 0.81 −1.11 ± 0.04 13 0.42 intermediate −6.66 0.87 ± 0.55 B
NGC 6717 12.88 −10.90 13.5 ± 0.8 7 7.14 ± 0.10 −1.26 ± 0.07 17 0.23 blue −5.66 0.26 ± 0.02 B

Possible members

Terzan 1 357.57 +1.00 12.6 ± 1.3(∗) 21 6.70 ± 0.7 −1.06 ± 0.13 10 2.48 red −4.41 2.23 ± 0.66 B
UKS 1 5.13 −0.76 13.0 ± 1.2 8 11.10 ± 1.80 −0.98 ± 0.11 18 2.62 – −6.91 0.80 ± 0.01 –
NGC 6355 359.58 +5.43 13.2 ± 1.0 0 8.54 ± 0.19 −1.39 ± 0.08 0 0.89 blue −8.07 0.99 ± 0.03 B
NGC 6540 3.29 −3.31 12.6 ± 1.3(∗) 21 5.20 ± 0.52 −1.06 ± 0.06 13 0.60 – −6.35 0.56 ± 0.04 B
NGC 6638 7.90 −7.15 12.0 ± 1.0 9 10.32 ± 1.03 −0.99 ± 0.07 17 0.07 intermediate −7.12 1.24 ± 0.23 TD
NGC 6723 0.07 −17.23 12.6 ± 0.6 7 8.17 ± 0.11 −1.01 ± 0.05 20 0.05 intermediate −7.83 1.57 ± 0.13 TD

Notes. B: Bulge; TD: Thick disc. References: Ages: 0 Souza et al. (2023, S23); 1 Cohen et al. (2021, C21); 2 Kerber et al. (2019, K19); 3 Souza et al.
(2021, S21); 4 Ortolani et al. (2019, Or19); 5 Kerber et al. (2018, K18); 6 Barbuy et al. (2021b, B21b); 7 Oliveira et al. (2020, Ol20); 8 Fernández-
Trincado et al. (2020, FT20); 9 Meissner & Weiss (2006, M06). Metallicity: 10 Vásquez et al. (2018, V18); 11 Barbuy et al. (2016, B16); 12 Geisler
et al. (2023, Ge23); 13 Geisler et al. (2021, Ge21); 14 Barbuy et al. (2021a, B21a); 15 Fernández-Trincado et al. (2019, FT19); 16 Villanova et al.
(2017, Vi17); 17 Carretta et al. (2009, C09); 18 Fernández-Trincado et al. (2020, FT20); 19 Ernandes et al. (2019, E19); 20 Fernández-Trincado et al.
(2021, FT21); 21 Kharchenko et al. (2016, K16). Distances are from PV20 except for Pal 6 from S21. Absolute magnitudes are from Harris (1996).
Masses are from Baumgardt & Hilker (2018)4. (∗) indicates that the age was derived from the integrated magnitude and the errors are assumed as
10% of the age value.

Fig. 9. Density probability map for the x–y (upper left), R−y (upper
right), x–z (bottom left), and R–z (bottom right) projections of the set of
orbits for NGC 6558. Orange corresponds to higher probabilities. The
black lines show the orbits using the main observational parameters.

Therefore, the Gaussian metallicity prior with a mean of −1.17
and standard deviation of 0.10 is reasonable to encompass the
literature metallicity derivations.

The derived heliocentric distance of the cluster, d⊙ =
8.41+0.11

−0.10 kpc, is larger than other data given in the literature.
Rich et al. (1998) observed NGC 6558 with the New Technol-
ogy Telescope (NTT) at the European Southern Observatory
using the ESO Multi-Mode Instrument (EMMI) in the imag-
ing/focal reducer mode, reaching a magnitude of V∼20.5 in the
CMD. They derived a lower distance of 6.3 kpc and metallicity

Table 4. Literature ages and metallicities for NGC 6558.

E(B–V) Age d⊙ Method [Fe/H] Reference
(Gyr) (kpc)

0.43 – 6.6 1 –1.65 H96
0.50 – 6.3 2 –1.2/–1.6 R98
– – – – –1.5 D04
0.38 14 6.4 2 –0.97 B07
0.44 – – 2 –1.21 C10
0.44 – 7.4 – –1.32 H10
– – – – –1.03 S12
– – – – –1.012 D15
– – 7.4 3 – R15
0.38 – 8.26±0.53 – –1.17 B18b
– – 7.4740.294

−0.2820.7 4 – BV21
– – – – –1.15 GD23

Notes. Hazen (1996, H96); Rich et al. (1998, R98); Davidge et al.
(2004, D04); Barbuy et al. (2007, B07); Chun et al. (2010, C10); Harris
(1996, H10); Saviane et al. (2012, S12); Dias et al. (2015, D15); Rossi
et al. (2015, R15); Barbuy et al. (2018b, B18b); Baumgardt & Vasiliev
(2021, BV21); González-Díaz et al. (2023, GD23); Methods for age and
distance derivation: 1 RR Lyrae; 2 isochrone fitting; 3 isochrone fitting
on proper motion cleaned CMDs; 4 Gaia proper motions.

between [Fe/H]= −1.2 to −1.6. Baumgardt & Vasiliev (2021)
also found a lower distance of d⊙ = 7.47 kpc, taking the average
distance determinations in the literature, which is in agreement
with d⊙ = 7.4 ± 0.7 kpc from Rossi et al. (2015) who used two-
epoch NTT data. A larger distance of d⊙ = 8.26 kpc close to our
determination was given in Barbuy et al. (2018b), derived from
proper-motion-cleaned NTT photometry, in [V , V − I].
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Fig. 10. Analysis of the moderately metal-poor side of the Galactic bulge GCs. Left panel: ecc vs. |Z|max plane divided into nine regions named
from A to I. The background density map shows the RPM sample (Queiroz et al. 2021): the blue dots are the MMP GCs, and the cyan squares are
the 58 Galactic bulge spheroid stars from Razera et al. (2022). NGC 6558 is the green star symbo (see Pérez-Villegas et al. 2020; Queiroz et al.
2021; Razera et al. 2022 for the orbital parameter calculations). Right panel: Derivation of the AMR (red line) for the sample of GCs in Table 3
(blue dots). The thin red lines correspond to the AMR varying the mean parameters within errors. The dashed red line shows the AMR assuming
a chemical enhancement ten times slower than the one derived for the MMPGCs, while the cyan line is the AMR fitted to the ex situ GCs.

An important contribution of this work is the simultaneous
isochrone fitting using both the NIR and optical photometries.
This approach enables the total-to-selective coefficient, RV (e.g.
Pallanca et al. 2021), to be determined by imposing one set
of fundamental parameters to fit both CMDs. With DRCFL1,
we derived RV = 3.2 ± 0.2, and using DRCFL2, we derived
RV = 2.8 ± 0.1. The lower value obtained with DRCFL2 reflects
the presence of stars in the dust dark lane (Minniti et al. 2014)
given that there is a larger contribution from field stars in the
HST FoV (Figure 1). The variation in the RV value also implies
a reddening E(B − V) value variation. In Table 4, the reddening
E(B − V) literature values range from 0.38 to 0.50. Interestingly,
the isochrone fitting gives the values E(B − V)= 0.34 ± 0.02
and 0.42 ± 0.02 for DRCFL1 and DRCFL2, respectively. This
variation again shows that the reddening tends to decrease to
the value of E(B − V)= 0.35 when removing the background
Galactic bulge field stars behind the dust lane. The reddening
in infrared bands E(J − KS ) can be obtained from the E(B − V)
and RV provided by our results using the following equation:
E(J − KS ) = E(B − V) · RV · (RJ − RKS ). For RV = 3.24 (our
result), RJ = 0.29186045 and RKS = 0.11886802. Therefore,
E(J − KS ) = 0.34 · 3.24 · (0.29186045 − 0.11886802) = 0.19.
The extinction in each band is obtained from AJ = RJ · E(B −
V) · RV = 0.29186045 · 0.34 · 3.24 = 0.32.

The age determination also differs according to the adopted
DRCFL1 or DRCFL2, with values of 13.0 ± 0.9 and 13.4 ±
0.9 Gyr, respectively. There is a trend towards older ages with
DRCFL2 because of the higher contamination of Galactic bulge
field stars. This interesting trend indicates that the Galactic bulge
is even older than NGC 6558. Cohen et al. (2021), using the
method of relative age, derived an age of 12.3 ± 1.1 Gyr for
NGC 6558. They used the same observations as those used
in this work, which were reduced with a different pipeline.
The values derived in this work and by Cohen et al. (2021)
agree within the errors, even though the median values differ by
0.7 Gyr.

To insert the results of this work in the context of the
Galactic bulge formation, we analysed the sample of moder-
ately metal-poor (MMP, [Fe/H] ∼−1.10) GCs of the Galactic
bulge, which have available age determination in the literature
(Table 3). We selected the orbital parameters of the clusters from
Pérez-Villegas et al. (2020), while for NGC 6558 we considered
only the results from the present DRCFL1 (Table 2).

In the left panel of Figure 10 is the ecc versus |Z|max plane
divided into nine cells named from A to I. This plane is a very
good way to split as much as possible the different popula-
tions of the inner Galaxy (Queiroz et al. 2021). The important
cells for this work are those with high eccentricity because their
shapes are supported by pressure, indicating a spheroidal struc-
ture. Razera et al. (2022) analysed a sample of 58 stars from
the reduced-proper-motion (RPM) sample of the inner Galaxy
(Queiroz et al. 2021) with metallicity values around the peak of
the Galactic bulge metallicity distribution function (∼−1.1; Bica
et al. 2016). These stars are shown in the left panel of Figure
10 as cyan squares. After a meticulous chemical analysis, the
authors concluded that this star sample is a genuine member of
a spheroidal structure in the inner Galaxy. The MMP GCs are
all located in cells C and F, indicating that they are also possible
members of the spheroidal Galactic bulge. Moreover, since all
MMP GCs are located in cell F, this cell probably represents the
oldest population of the inner Galaxy.

In principle, the AMR of the Galactic bulge MMP GCs
shows they are almost coeval among them (right panel of Fig-
ure 10). The grey dots in the right panel of Figure 10 represent
the sample of 96 Galactic GCs collected by Kruijssen et al.
(2019). The authors provide an average age for all GCs using
the three by Forbes & Bridges (2010), Dotter et al. (2010, 2011),
and VandenBerg et al. (2013). In order to investigate the old
and spheroidal structure of the inner Galaxy (cell F), we fitted
the AMR for the MMP GCs using the leaky-box formalism
often used in the literature (e.g. Massari et al. 2019; Forbes
2020; Limberg et al. 2022; Callingham et al. 2022), with some
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modifications:

Z = −ρ · ln
(

t
t f

)
= Z⊙ · 10[M/H], (4)

where t f is the look-back time at which the stellar population
starts to form stars, Z⊙ = 0.019 for the solar total metallicity,
and ρ is the effective yield of the stellar population. ρ represents
the mass ratio of the new stars formed from the enriched gas
expelled from supernovae, and is therefore a measure of the
chemical enrichment efficiency of the stellar population and
is in units of solar total metallicity (Z⊙). We considered the
relation [M/H] = [Fe/H] + log10

(
0.694 · 10[α/Fe] + 0.306

)
. For

the MMP GCs of the Galactic bulge, we assumed [α/Fe] = +0.4
(Barbuy et al. 2018a) and [α/Fe] = +0.0 for the ex situ GCs
(Helmi et al. 2018). Therefore:

t = t f · exp
(
−

Z⊙
ρ
· 10[Fe/H]+∆

) {
∆ = 0.312 for MMPGCs
∆ = 0.0 for ex situ GCs

.

(5)

For the MMP GC Galactic bulge population (Table 3), we
obtained a yield of ρ = 0.051 ± 0.014 Z⊙ and t f = 13.623 ±
0.196 Gyr. The derived t f value indicates that this population
is among the oldest in the Galaxy, since its formation time is
close to the age of the Universe of 13.799 ± 0.021 Gyr (Planck
Collaboration XIII 2016). To investigate the derived effective
yield, we also fitted the ex situ branch of the AMR. The result
is the solid cyan line in the right panel of Figure 10 with ρ =
0.007 ± 0.009 Z⊙ and t f = 13.083 ± 0.124 Gyr. The effective
yield is approximately eight times smaller than the value derived
for the MMP GCs. In the right panel of Figure 10, we also present
as a dashed red line the AMR with an effective yield ten times
smaller than the MMP GCs and with the same t f . It indicates that
the spheroidal structure of the inner Galaxy represented by cell
F was formed at the beginning of the Galaxy 13.623± 0.196 Gyr
ago and has been chemically enriched approximately ten times
faster than the rest of the Galaxy (Barbuy et al. 2018a).

7. Conclusions

We have used high-quality photometric data from Gemini-
South/GSAOI and HST/ACS to derive the parameters of dis-
tance, reddening, the total-to-selective coefficient, and age for
the Galactic bulge GC NGC 6558. For the isochrone fitting, the
metallicity from high-resolution spectroscopy and the apparent
magnitude level of RR Lyrae were adopted as priors.

We demonstrated the importance of the adopted sample of
stars in determining the fiducial line for the differential redden-
ing correction. In the NGC 6558 case, in which background
Galactic bulge field stars contaminate the sample, the isochrone
fitting results in a lower RV and higher extinction, compatible
with including Galactic bulge field stars behind a dust lane.
Contrarily, removing the Galactic bulge field stars, the results
are more compatible with the Galactic latitude of the cluster.
The combination of NIR and optical data allowed the total-to-
selective coefficient to be estimated as RV = 3.2 ± 0.2 once a
fiducial line based on cluster stars with a smaller contribution of
field stars was adopted.

The distance of d⊙ = 8.41+0.11
−0.10 kpc obtained is farther than

any other such distance in the literature, exemplifying the dif-
ficulties of deriving distance values, even in the Gaia era,
due to the high reddening in the Galactic bulge (see also

Vasiliev & Baumgardt 2021). The reddening of E(B−V)= 0.34±
0.02 is the lowest value relative to the literature, obtained with
the differential reddening correction based on reference stars that
are less contaminated by field stars. The age of 13.0±0.9 Gyr
obtained is compatible with the similarly MMP Galactic bulge
clusters listed in Table 3.

Finally, combining NGC 6558 with the other MMP GCs of
the Galactic bulge located within the spheroidal inner structure
(cell F in ecc vs. |Z|max plane), we obtained a steep asymptotic
trend, indicating that the formation time of this population is as
late as 13.62 Gyr and that it has a chemical enrichment ten times
faster than the rest of the MW, making clear that this family of
clusters includes the oldest objects in the Galaxy.
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Appendix A: Corner-plots

In this section we show the corner-plots for the simultaneous
isochrone fitting. The binary fractions are different for each
CMD: na for the NIR and nb for the HST CMDs. In Figure A.1,
the upper panel shows the results for DRCFL1 and bottom panel
for DRCFL2. The corner-plots are an important diagnostical too
to visualise the behaviour of the McMC and the correlations
among the parameter as well.

Fig. A.1. Corner-plots with the results for the isochrone fitting using
DRCFL1 (upper panel) and DRCFL2 (bottom panel). The characteristic
values are composed of the median and the 16 and 84 percentiles of the
distributions.
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