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Abstract

High-resolution Hubble Space Telescope optical observations have been used to analyze the stellar population and the
structure of the poorly investigated bulge globular cluster NGC 6316. We constructed the first high-resolution reddening
map in the cluster direction, which allowed us to correct the evolutionary sequences in the color–magnitude diagram
(CMD) for the effects of differential reddening. A comparison between the CMDs of NGC 6316 and 47 Tucanae
revealed strikingly similar stellar populations, with the two systems basically sharing the same turnoff, subgiant branch,
and horizontal branch morphologies, indicating comparable ages. The red giant branch in NGC 6316 appears slightly
bluer than in 47 Tucanae, suggesting a lower metal content. This has been confirmed by the isochrone fitting of the
observed CMD, which provided us with updated values of the cluster age, distance, average color excess, and
metallicity. We estimated an absolute age of 13.1± 0.5 Gyr, consistent with the age of 47 Tucanae, an average color
excess E(B−V )= 0.64± 0.01, and a true distance modulus (m−M)0 = 15.27± 0.03 that sets the cluster distance at
11.3 kpc from the Sun. In addition, the photometric estimate of the cluster metallicity suggests [Fe/H]≈−0.9, which is
∼0.2 dex smaller than that of 47 Tucanae. We also determined the gravitational center and the density profile of the
system from resolved stars. The latter is well reproduced by a King model. Our results confirm that NGC 6316 is
another extremely old relic of the assembly history of the Galaxy.

Unified Astronomy Thesaurus concepts: Globular star clusters (656); Interstellar reddening (853); Galactic bulge
(2041); HST photometry (756); Milky Way Galaxy (1054); Markov chain Monte Carlo (1889)

1. Introduction

Globular clusters (GCs) are ancient stellar systems that are
ubiquitous in the Milky Way. As such, the study of their
structural, kinematic, and dynamical properties is of paramount
importance if we are to comprehend their connection with the
early stages of the Galaxy’s assembly (see Forbes et al. 2018
for a detailed discussion). In particular, a comprehensive study
and characterization of GCs located within the Galactic bulge
has been proven to be mandatory to trace the properties of the
bulge stellar population in terms of kinematics, chemical
abundances, and age (see Bica et al. 2006; Valenti et al. 2007;
Ferraro et al. 2009, 2016, 2021; Barbuy et al. 2018; Pallanca
et al. 2019). However, these studies present significant
challenges since bulge GCs are very dense and distant, and
their light is severely absorbed by the presence of dark clouds
of dust and gas along the line of sight. Also, their structure can
be subjected to strong distortions due to the effects of tidal
forces exerted by the bulge (Nordquist et al. 1999; Chun et al.
2015). As a consequence, their main parameters are still poorly
constrained, although they seem to share very old ages between
∼12 and ∼13 Gyr (e.g., Kerber et al. 2018, 2019; Ortolani et al.
2019; Cadelano et al. 2020b; Ferraro et al. 2021), and a wide
range of metallicities −1.6  [Fe/H]−0.2 (e.g., Valenti
et al. 2007, 2010). They also seem to follow an age–metallicity
correlation with the younger GCs being more metal rich than
the older GCs (see Saracino et al. 2019; Pallanca et al. 2021b).

This study is part of a large ongoing program aimed at
characterizing the GCs located in the innermost regions of the
Galactic bulge (see, e.g., Lanzoni et al. 2007, 2010; Ferraro et al.
2009, 2016, 2021; Valenti et al. 2010; Origlia et al. 2011, 2013;
Massari et al. 2014; Saracino et al. 2016; Cadelano et al.
2017b, 2018; Pallanca et al. 2019, 2021a, 2021b; Saracino et al.
2019), which can provide us with insights regarding the processes
that led to the formation of the central region of the Milky Way
(Lee et al. 2018). This paper is focused on the case of NGC 6316,
which is a relatively scarcely investigated cluster, with poorly
known and still debated properties. For instance, the Harris catalog
(Harris 1996, 2010 edition) quotes [Fe/H]=−0.45 for its
metallicity, although values ranging from −0.36 to −0.87 are
found in the literature (Carretta et al. 2009; Dias et al. 2016; Conroy
et al. 2018). The cluster is located at a distance of 11.6 kpc (Valenti
et al. 2007) from the Sun and follows a highly eccentric orbit
confined within the bulge, with a perigalactic distance of only
1.45 kpc (Baumgardt et al. 2019). Due to its location within the
bulge, its stellar population is highly contaminated by field stars and
obscured by the presence of dust clouds along the line of sight
(Sandell et al. 1987). The first color–magnitude diagram (CMD) of
NGC 6316 was published by Davidge et al. (1992) in the V and K
filters with observations performed at the 3.6m Canada–France–
Hawaii Telescope. The authors comment on the remarkable
resemblance between NGC 6316 and 47 Tucanae (hereafter, 47
Tuc) based on the brightness widths of their horizontal branches,
and they suggest that NGC 6316 is slightly more metal rich than 47
Tuc. Finally, an age of 13.8± 0.3Gyr has been derived by Conroy
et al. (2018), on the basis of stellar population models. The goal of
this work is to carry out the first high-resolution photometric study
of the inner regions of NGC 6316 to characterize its stellar
population properties. This paper is structured as follows. In
Section 2 we describe the photometric analysis performed on the
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acquired data set. In Section 3 we describe the differential
reddening correction. In Section 4 we discuss the morphology of
the CMD of NGC 6316 and its comparison to that of 47 Tuc,
describing how we used it to obtain first estimates of the distance
modulus and the color excess. In Section 5 we discuss the fitting of
the differential reddening corrected CMD by means of three sets of
isochrones, which provides us with updated values of the cluster
distance, color excess, age, and metallicity. In Section 6 we
determine the center of gravity of the cluster, its radial density
profile, and its structural parameters. Finally, in Section 7 we
summarize our results.

2. Observations and Data Reductions

The present work is based on a proprietary data set obtained
with the Wide Field Camera 3 (WFC3) on board the Hubble
Space Telescope (HST; General Observer (GO):15232, PI:
Ferraro; Ferraro 2017). The data set is composed of seven
images (6× 30 s and 1× 656 s exposures) in the F555W filter,
and seven images (6× 12 s and 1× 643 s exposures) in the
F814W filter. To avoid the interchip gap of the WFC3, in each
pointing the cluster center was positioned in chip 1, while chip
2 samples distances out to ∼120″.

Following the prescriptions by Cadelano et al. (2019)
andCadelano et al. (2020a), we have performed the photo-
metricanalysis using the standard package of DAOPHOT IV
(Stetson 1987) on the -flc images, which are already corrected
for dark-subtraction, flat-field, bias, and charge transfer
efficiency. We have used a selection of 200 isolated stars in
each image to accurately model the shape of the point-spread
function (PSF). Its FWHM was set to 1.5 pixels (∼0 06) and
we used a 20 pixel radius (∼0 8) to sample each of these
isolated stars. Based on a χ2 test, in each image, the best PSF
model was a Moffat function (Moffat 1969). We thus applied it
to all the sources detected above a 5σ threshold from the local
background level. We then built a master catalog containing the
instrumental magnitudes and positions of each stellar source
detected in at least three images. At the corresponding positions
of all these sources, a fit was forced in each image using
DAOPHOT/ALLFRAME (Stetson 1994). The results have
been combined together using DAOPHOT/DAOMASTER to
finally obtain homogenized magnitudes and their related
photometric errors.

The instrumental magnitudes have been calibrated to the
VEGAMAG system using the zero-points reported on the HST
WFC3 website3, namely, ZPF555W1= 25.735, and ZPF555W2=
25.720 for stars detected in chips 1 and 2 in the F555W filter,
respectively, and ZPF814W1= 24.598 and ZPF814W2= 24.574
for the corresponding F814W magnitudes. Finally, we applied
independent aperture corrections for each chip and filter.

The instrumental positions of the stars present in our images
have been corrected for geometric distortions in both chips,
according to the procedure described by Bellini et al. (2011). They
were also converted into the absolute system celestial coordinates
(R.A. and decl.) through cross correlation with the stars in common
with the Gaia-DR3 catalog (Gaia Collaboration et al. 2016, 2022).

We used this calibrated star catalog to create the first deep
CMD of the cluster (Figure 1). As mentioned in Section 1,
NGC 6316 is located within the bulge causing its CMD to
suffer from a considerable amount of contamination from field

interlopers. Unfortunately, a cluster membership selection
cannot be applied with the available data set neither through
proper motions nor through a statistical decontamination (see,
e.g., Dalessandro et al. 2019; Cadelano et al. 2022). Never-
theless, its main features are easily distinguishable. The main
sequence (MS) spans a range of magnitudes between 20.0 <
mF814W < 24.0 and shows the turnoff (TO) point at around
mF814W= 19.7. The CMD also shows a densely populated red
horizontal branch (HB) at about mF814W= 16.3 with no blue
extension, well-defined subgiant and red giant branches (SGB
and RGB, respectively) with the characteristic bump at
mF814W= 16.7, and the asymptotic giant branch above the HB.

3. Differential Reddening Correction

The catalog of GCs compiled by Harris (1996) quotes a
reddening value of E(B− V )= 0.54 for NGC 6316. This is
caused by dark clouds obstructing our line of sight, as already
suggested by Sandell et al. (1987) and Heitsch & Richtler
(1999) who showed that there is a small but nonnegligible
differential reddening in the direction of the cluster.
The presence of differential reddening has the effect of

broadening the main evolutionary sequences on the CMD, and
needs to be accounted for in order to accurately derive the cluster
properties. To correct for this, we made use of the iterative method
fully described in Pallanca et al. (2019, 2021a) and Cadelano et al.
(2020b) that we briefly summarize in the following. We begin by
selecting a reference sample of stars located at r< 30″ from the
center of the cluster in order to avoid field interlopers on the
CMD, and between magnitudes 16.0< mF555W < 24.0, i.e., along
the MS, SGB, and RGB. The CMD created from the reference
sample was divided vertically into magnitude bins of 0.5 mag,
except at 20.0 < mF555W < 24.5, where we used 0.25 magnitude
bins to obtain a finer sampling. We then estimated the σ-clipped
median values of the (mF555W − mF814W) color and the mF555W

magnitude of each bin. By interpolating these medians we created
a mean ridge line, which we used to estimate the distance ΔX
along the direction of the reddening vector to all the stellar sources
in the reference sample. The reddening vector is defined using the
extinction coefficients RF555W= 3.227 and RF814W= 1.856,
appropriate for TO stars (∼G2V type) and obtained from Cardelli
et al. (1989) and Girardi et al. (2002), under the assumption of the
standard extinction coefficient RV= 3.1.4 Finally, we assigned a
ΔX value to each source in our catalog as the σ-clipped median
of the ΔX values measured for the n closest reference stars.
Each resulting value of ΔX can be then transformed into the
relative differential reddening δE(B− V ) as

E B V
X

R R R
. 1

F555W
2

F555W F814W
2

( )
( )

( )d - =
D

+ -

We performed this iteration four times using the 50, 30, 25,
and 15 closest stars to increase the spatial resolution in each
iteration. The resulting reddening map is presented in Figure 2.
It clearly shows the inhomogeneity of the medium causing the
differential reddening across the cluster with a patchy structure
and, possibly, a slightly larger average extinction in the

3 https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/
photometric-calibration/uvis-photometric-calibration

4 Several authors have previously suggested that the extinction law in the
direction of the Galactic bulge is variable, depending on the line of sight (see
Stasińska et al. 1992; Udalski 2003) with values between 2.5 (Nataf et al. 2013;
Pallanca et al. 2021a, 2021b) to 3.2 (Bica et al. 2006). However, since we lack
the near-infrared observations necessary to estimate the value of RV in the
direction of NGC 6316, we have adopted the standard extinction coefficient
RV = 3.1.
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northern hemisphere. We found the differential reddening of
the cluster to vary between −0.063 < δE(B− V ) < 0.047,
within the sampled field of view. To make more evident the
improvement in the definition of the evolutionary sequences in
the CMD after the application of the differential reddening
correction, in Figure 3 we show a comparison between the
original and the corrected CMDs. After this correction, the
main features of the CMD such as the MS, the SGB, the RGB,
and the HB look significantly sharper.

4. Comparison with 47 Tuc

Since 47 Tuc is one of the most studied GCs in the Milky
Way and its parameters have been very well constrained by
several independent studies, we can use its CMD as a template
to perform a detailed comparison with the CMD of NGC 6316
corrected for differential reddening. This will provide a first
empirical hint on its basic properties, as the overall morphology
of the evolutionary sequences closely resemble those observed
in 47 Tuc (Davidge et al. 1992) suggesting similar metallicities
and ages ([Fe/H]=−0.76 and t= 12–13 Gyr for 47 Tuc; e.g.,
Carretta et al. 2009; Thompson et al. 2020, and references
therein). To do this, we have used four images of 47 Tuc in the
F555W and F814W filters (30 s and 0.5 s, per filter) acquired
with the WFC3 through the GO Proposal 11664 (PI: Thomas
Brown). For the photometric analysis, we have followed the
exact same procedure described in Section 2, thus obtaining a
CMD in the same photometric bands of NGC 6316. This
allowed us to perform a direct comparison of the two CMDs.
To best highlight the evolutionary sequence populated by likely
cluster members, in the comparison we considered only stars
populating the inner portion of both clusters (i.e., stars at
r < 20″ from their respective centers) and with a high-quality

photometry (−0.05< sharpness< 0.05). We found that shifts
in magnitude and color equal to ΔmF814W=−3.16 and
Δ(mF555W− mF814W)=−0.78, respectively, are required to
make the sequences of NGC 6316 matching those of 47 Tuc.
The result is shown in Figure 4; indeed, the resemblance
between the two CMDs is remarkable. In fact, the level and the
morphology of both HBs is basically the same, as well as the
luminosity and morphology of the TO and SGB regions, thus
suggesting that the two clusters are essentially coeval. More-
over, the RGB bump is located exactly at the same luminosity
in both clusters (mF814W ∼ 13.5 in the figure). This is further
confirmed by the comparison between the RGB luminosity
functions in the magnitude range 12.5 < mF814W < 14.0
(Figure 5), where the highest peaks correspond to the
RGB bumps in the two systems. On the other hand, it is
worth noticing that the RGB branch of NGC 6316 is slightly
but systematically bluer than that of 47 Tuc, possibly
suggesting a small difference in terms of [Fe/H], with
NGC 6316 being slightly more metal poor than 47 Tuc. The
relative shifts needed to match the evolutionary sequences of
the two clusters also provided us with first estimates of
NGC 6316 distance and average color excess. By adopting
the coefficients RF555W and RF814W from Section 3 and
assuming for 47 Tuc a color excess of 0.03± 0.01 and a
distance modulus of 13.21± 0.06 (random,±0.03 systematic;
Brogaard et al. 2017), NGC 6316 turns out to have an average
color excess E(B− V )= 0.61± 0.03 and a distance modulus
(m−M)0= 15.32± 0.06.

5. Isochrone Fitting

In order to confirm these preliminary hints, we have applied
a Bayesian procedure similar to that used by Cadelano et al.

Figure 1. CMD of NGC 6316 obtained from the HST WFC3 data set used in this work, with the F814W and the F555W magnitudes plotted along the y-axis in the left
and right panels, respectively.
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(2020b; see also Cadelano et al. 2019, 2020a; Saracino et al.
2019) that allows to derive a “photometric” determination of
the age, distance, color excess, and metallicity performing an
isochrone fitting of the observed CMD. To this end, the CMD
of NGC 6316 has been compared to a grid of different
isochrone sets computed in a suitable range of different ages
and metallicities, distance moduli, and color excesses. We
extracted the isochrones from three different databases, namely,
DSED (Dotter et al. 2008), BaSTI (Pietrinferni et al. 2021), and
PARSEC (Marigo et al. 2017). For each isochrone, we
assumed a standard He content Y= 0.25 and [α/Fe]=+0.4,
as typically measured for bulge GCs. Following the same
computational approach described in Cadelano et al. (2020b;
see their Section 4.2), we compared the observed CMD of the
cluster with each family of stellar models adopting a Markov
Chain Monte Carlo (MCMC) sampling technique. In doing
this, we assumed a Gaussian likelihood function (see Equations
(2) and (3) in Cadelano et al. 2020b). To sample the posterior
probability distribution in the n-dimensional parameter space,
we used the emcee code (Foreman-Mackey et al. 2013, 2019).
We explored a wide range of ages from 10 to 15 Gyr, in steps
of 0.2 Gyr, assuming a flat prior within this range. As quoted in
the Section 1, the metallicity of this cluster is not well defined
through spectroscopy, since literature works show a large
spread in the derived [Fe/H] values (see Sections 1 and 3).
Therefore, we explored the metallicity space using a flat
prior in a range from [Fe/H]=−1.2 to [Fe/H]=−0.2, in
steps of 0.05 dex. The isochrones absolute magnitudes

were converted to the observed frame using color excesses
and distance moduli following Gaussian prior distributions
peaked at the previously determined values, i.e., E(B− V )=
0.61± 0.03 and (m−M)0= 15.32± 0.06, respectively (see
Section 3). We used temperature-dependent extinction coeffi-
cients from Casagrande & VandenBerg (2014). In order to
minimize the contamination from field interlopers and max-
imize the accuracy of the result, we performed the fit only on
stars within 30″ from the center (see Section 6), with a high-
quality photometry (i.e., sharpness parameter |sh|� 0.025) and
in the magnitude range 21<mF814W< 17, corresponding to
the CMD region most sensitive to stellar age and metallicity.5

The results obtained in terms of age, metallicity, distance
modulus, and color excess, are shown in Figure 6 for the three
adopted sets of theoretical models. The left-hand panels show
the CMD and the best-fit isochrones. The one- and two-
dimensional posterior probabilities for all of the parameter
combinations are presented in the right-hand panels as corner
plots. The best-fit values and their uncertainties (based on the
16th, 50th, 84th percentiles) are also summarized in Table 1.
As apparent, the resulting values of color excess and distance
modulus are in good agreement with those obtained from the
direct comparison with the CMD of 47 Tuc. We also verified

Figure 2. Differential reddening map of NGC 6316 within the field of view of the WFC3. The color bar on the right codifies the severity of the relative differential
reddening. Lighter scale represents less extinct areas while darker scales represent more extinct areas. The coordinates along the x- and y-axes are reported with respect
to the cluster center (blue cross).

5 In the central regions of this bulge GC, the Gaia-DR3 data (Gaia
Collaboration et al. 2016, 2022) sample only a small fraction of bright stars,
thus not substantially improving in the selection of cluster members for
building the necessary CMDs.
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that the results remain unchanged within the uncertainties if a
uniform prior spanning of a larger interval of values for both
the E(B− V ) and (m−M)0 is assumed. The best-fit age turns
out to be 12.8 Gyr if the DSED models are assumed, and
13.4 Gyr with the two other sets of isochrones. These results
are in agreement within the uncertainties and the differences
can be explained by the fact that each model uses slightly
different values for the same parameters (like, the solar
abundances, reaction rates, electron conduction opacities,
mixing length, etc.). Finally, as expected from the CMD
comparison, the isochrone fitting results suggest that NGC
6316 hosts a stellar population slightly more metal poor than
that of 47 Tuc, with [Fe/H]<−0.88.

6. The Density Profile of NGC 6316

6.1. Center of Gravity

In order to derive the structural parameters of NGC 6316, we
need a reliable measurement of the cluster gravitational center
(Cgrav). To this aim, we applied a procedure that, starting from
a first-guess value, iteratively computes the average of the
projected x- and y-positions of a selected sample of stars, and
reaches convergence when the difference between two
consecutive iterations is negligible (see, e.g., Montegriffo
et al. 1995; Lanzoni et al. 2007, 2019; Raso et al. 2020). As a
first-guess center, we adopted the coordinates reported in the
catalog of Orbital Parameters of Galactic Globular Clusters
(Baumgardt & Hilker 2018). The sample of stars used in the
computation has been selected adopting different magnitude
limits (20.5 < mF555W < 22.3 in steps of 0.5 mag) and different
distances from the cluster center (from 15″ to 35″ in steps of
5″). In order to mitigate the contamination due to field
interlopers, we considered only stars with colors between

1.5 < mF555W−mF814W < 2.0. The final position of Cgrav is the
average of the centers determined for each combination of
magnitude and distance limits: R.A.= 17h 16m 37 2 and
decl.=−28° 08′ 23 42 with an uncertainty of 0 2. Our
estimate is located ∼1 6 northwest from the initial first-guess
center reported by Baumgardt & Hilker (2018).

6.2. Stellar Density Profile

The WFC3 field of view covers a region of 162″× 162″
and thus only partially samples the cluster radial extension.
Therefore, in order to determine the entire density profile
we need a complementary wide-field catalog of stars,
extending up to the outskirts of the cluster and beyond. We
used a star catalog covering a circular area around NGC 6316
with a 1° radius extracted from Gaia-DR3. The Gaia
magnitudes have been corrected for the effects of differential
reddening using the publicly available E(B− V ) maps by
Schlafly & Finkbeiner (2011). These maps show strong
reddening variations within the field of view sampled by the
adopted Gaia catalog, with E(B− V ) ranging from 0.25 to
2.05. Such a correction is therefore mandatory since, as
demonstrated by Cadelano et al. (Cadelano et al. 2017a),

Figure 3. The left panel shows the original CMD obtained from the HST WFC3 used in this work. The right panel shows the same CMD after it has been corrected for
differential reddening.

Table 1
Best-fit Parameter Values for DSED, BaSTI, and PARSEC Models

Model Age [Fe/H] E(B − V ) (m − M)0
(Gyr) (dex) (mag) (mag)

DSED 12.8 ± 0.4 0.92 0.08
0.07- -

+ 0.64 ± 0.01 15.29 ± 0.03

BaSTI 13.4 0.4
0.5

-
+ 0.88 0.09

0.08- -
+ 0.64 ± 0.01 15.25 ± 0.03

PARSEC 13.4 0.5
0.6

-
+ −0.92 ± 0.07 0.64 ± 0.01 15.27 ± 0.03

Average 13.1 ± 0.5 −0.9 ± 0.1 0.64 ± 0.01 15.27 ± 0.03
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reddening variations across the wide fields used to sample the
cluster external regions can lead to severe deviations from the
intrinsic density profile of the system.

To estimate the density profile, we used the procedure
described, e.g., in Miocchi et al. (2013), Lanzoni et al. (2019),
and Raso et al. (2020). Briefly, in both the catalogs, we selected

Figure 4. Comparison between the CMD of 47 Tuc (black dots) and that of NGC 6316 properly shifted in magnitude and color to match the former (see Section 5).
For a cleaner visualization, only stars located at r < 20″ from their respective centers and with high-quality photometry (i.e., a sharpness parameter |sh| � 0.05) are
plotted in both the CMDs.

Figure 5. Luminosity functions of the RGB stars observed in 47 Tuc (blue histogram) and in NGC 6316 (red histogram, after the shift applied to match the CMD of 47
Tuc), with the highest peaks corresponding to the locations of the RGB bump (mF814W = 13.5) in the two systems.
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Figure 6. Left panels: CMD of NGC 6316 with the best-fit DSED, BaSTI, and PARSEC isochrone (top, middle, and bottom panels, respectively) plotted as a red solid
line and the 1σ envelope shaded in orange. Right panels: corner plots showing the one- and two-dimensional projections of the posterior probability distributions for
all the parameters, as obtained from DSED, BaSTI, and PARSEC isochrone (top, middle, and bottom panels, respectively). The contours correspond to the 1σ, 2σ, and
3σ levels.
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the stars brighter than the MS–TO applying a cut parallel to the
reddening vector in order to mitigate possible residual effects
of differential reddening. Such a selection naturally includes
only stars with approximately the same mass. For the WFC3
data set we selected 17 concentric rings around Cgrav with radii
up to 120″. This allowed us to sample the density profile of the
cluster inner regions. In the case of the Gaia-DR3 data, we
selected 12 concentric rings with radii between 60″ and 3600″
in order to sample the outermost regions of the cluster, as well
as the Galactic background density. Each ring is divided into
four subsectors and the average and standard deviation of the
different density measurements in each subsector have been
chosen as the resulting density value of the ring and its related
uncertainty. The Gaia profile was then vertically rescaled to
match that of the WFC3 using four common points in the radial
range between 60″ and 120″. This provided us with a full
stellar density profile of the cluster from the central region and
well beyond its outskirts (see the empty circles in Figure 7).
The profile shows a flat behavior out to ∼5″, indicating that this
is likely not a post-core-collapsed system, then it steadily
decreases out to 200″ from the center. At distances larger than
r= 200″ the stellar background becomes dominant over the
cluster population. This is clearly illustrated by the well-defined
plateau present in the outermost portion of the density profile.

Indeed, the spatial distribution of background stars is expected
to be approximately uniform on the considered radial scale. In
order to obtain the intrinsic density profile of the system, the
background contribution must be removed from the observed
profile.
For this reason, the level of Galactic field contamination has

been estimated by averaging the seven outermost points aligned
in the plateau (see the horizontal dashed line in Figure 7), and
then subtracted from the observed distribution (empty circles in
Figure 7), thus obtaining the background-decontaminated star
density profile of NGC 6316 (filled circles in Figure 7). It is
apparent that after the field subtraction, the profile remains
almost unchanged at small radii, which are dominated by the
cluster population, while it significantly decreases in the most
external regions, where it turns out to be below the Galactic
background. This clearly indicates that an accurate measure-
ment of the background level is crucial for the reliable
determination of the outermost portion of the density profile.
The cluster’s structural parameters have been derived by

fitting the background-decontaminated profile with a single-
mass King model (King 1966), assuming spherical symmetry
and orbital isotropy. Following Raso et al. (2020), we
performed the fit using an MCMC approach implemented by
the emcee package (Foreman-Mackey et al. 2013, 2019). We

Figure 7. Observed (empty circles) and background-subtracted (filled circles) density profile of NGC 6316. The dashed horizontal line is the background density value
used to decontaminate the cluster profile. The solid red curve is the best-fit King model to the cluster density profile and the red stripe marks the envelope of the ±1σ
solutions. The dashed, dotted–dashed, and dotted vertical lines mark the best-fit cluster’s core, half-mass, and tidal radii, respectively, and their corresponding 1σ
uncertainties are represented with the gray stripes. The best-fit values of some structural parameters are also labeled. The bottom panel shows the residuals between the
best-fit King model and the cluster density profile.
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assumed uniform priors on the parameters of the fit (i.e., the
King concentration parameter c, the core radius rc, and the
value of the central density). Therefore, the posterior
probability distribution functions are proportional to the
likelihood L exp 22( )c= - , where the χ2 statistic is calcu-
lated between the measured density values and those predicted
by the whole family of adopted models. The best-fit model is
shown as a red line in Figure 7, and the resulting structural
parameters are also labeled. The density profile is nicely
reproduced by a King model with an intermediate concentra-
tion of about c= 1.51, and a small core and tidal radii of about
10″ and 350″, respectively. As shown by the residuals of the fit
(bottom panel of Figure 7), no signs of deviations from the
King distribution are observed neither in the internal, nor in the
external regions, thus confirming that the cluster is not in a
core-collapse phase and it is not subjected to a severe tidal
stripping in the outer regions due to its motion in the bulge
potential field.

For the sake of completeness, we have also estimated the
central and half-mass relaxation times as log(trc/yr)= 8.11 and
log(trh/yr)= 9.09, following Equations (10) and (11) in
Djorgovski (1993), respectively. The complete list of the basic
parameters estimated for NGC 6316 is summarized in Table 2.

7. Summary and Conclusions

We used high-resolution HST observations to characterize
the stellar population of the poorly studied GC NGC 6316
located in the Galactic bulge. We obtained the first high-quality
CMD of the system extending down to ∼3 mag below its MS–
TO, and we corrected it for the effects of differential reddening.
The comparison between the CMD of NGC 6316 and that of

Figure 8. Age–metallicity distribution of the bulge GCs with available age estimates. NGC 6316 is marked as a large red square. The solid circles mark the data from
Saracino et al. (2019; see their Figure 16), and Oliveira et al. (2020; see their Figure 12) and Cadelano et al. (2020b), while the empty circles are from Cohen et al.
(2021). Two clusters are in common between the Cohen et al. (2021) data set and the previous sample: NGC 6256, which has essentially the same values in both
catalogs, and NGC 6558, for which a lower metallicity and a smaller age have been estimated in the most recent study (the dashed line connects the two data points).
Also plotted, are the age and metallicity of the old stellar populations in the two bulge fossil fragments (Terzan 5 and Liller 1; triangles) discovered so far (Ferraro
et al. 2009, 2016, 2021). The gray vertical strip marks the weighted average and 1σ uncertainty (12.7 ± 0.1 Gyr) of the entire sample.

Table 2
Structural Parameters of NGC 6316

Parameter Estimated Value

Center of gravity αJ2000 = 17h16m37 2
28 08 23. 42J2000d = -  ¢ 

Dimensionless central potential W 6.950 0.40
0.30= -

+

Concentration parameter c 1.51 0.10
0.10= -

+

Core radius r 10c 1
1= -

+ arcsec
Half-mass–radius r 40h 4

6= -
+ arcsec

Effective radius re = 29.8 ± 5 arcsec
Truncation radius r 345t 52

75= -
+ arcsec

Central relaxation time tlog yr 8.11rc( ) =
Half-mass relaxation time tlog yr 9.09rh( ) =
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47 Tuc in the same filter combination showed a remarkable
similarity between the respective stellar evolutionary
sequences, apart from a slightly bluer color of the RGB in
the former system, suggesting a slightly lower metallicity. This
comparison provided us with the first-guess values for the
average color excess and the cluster distance, which we then
adopted in the isochrone fitting of the CMD. This has been
performed by using three different sets of models (DSED,
BaSTI, and PARSEC) and the weighted averages of the
obtained results provided us with updated estimates of the
cluster parameters (see the last row of Table 1). The average
color excess in the direction of NGC 6316 turns out to be
E(B− V )= 0.64± 0.01, which is in rather good agreement
with the value of 0.61 estimated by Davidge et al. (1992). The
distance modulus (m−M)0= 15.27± 0.03 translates into a
distance d= 11.3± 0.3 kpc from the Sun, which is in
agreement with the values previously estimated by both
Valenti et al. (2007), and Baumgardt & Vasiliev (2021, d =
11.152 0.382

0.393
-
+ kpc). Note that the Harris (1996) catalog reports

instead, a ∼1 kpc shorter distance (10.4 kpc), and a 0.1 mag
lower reddening (0.54). The best-fit age is 13.1± 0.5 Gyr,
which is in good agreement, as expected from the CMD
comparison, with the age of 47 Tuc determined by different
authors (e.g., 13.0± 2.5 Gyr by Zoccali et al. 2001;
12.75± 0.50 Gyr by Dotter et al. 2010; 11.8± 1.6 Gyr by
Brogaard et al. 2017; and 12.0± 0.5 Gyr by Thompson et al.
2020). Previous estimates of the age of NGC 6316 include
10.0 Gyr (Santos & Piatti 2004) and 10.73 Gyr (Zhang et al.
2010), which are noticeably smaller than the ones obtained in
this work.

Finally, all the three models suggest a metallicity below
−0.88, with an average value [Fe/H]=−0.9± 0.1. This is
∼0.2 dex smaller than that measured for 47 Tuc (Harris 1996),
as expected from the comparison of the RGB color in the two
clusters. Although accurate measurements of the cluster
metallicity from high-resolution spectroscopy are needed to
properly assess the metal content of NGC 6316, this result
suggests that values as large as ∼−0.4 (e.g., Harris 1996; Dias
et al. 2016) are likely to be excluded.

By assuming our photometric estimates, NGC 6316 well fits
in the age–metallicity distribution drawn by the bulge GCs with
available age estimates (see Figure 8). Here we also included
the two bulge fossil fragments (Liller 1 and Terzan 5) identified
so far (Ferraro et al. 2009, 2016, 2021). These are peculiar
stellar systems that, despite their appearance as genuine GCs,
host multiage stellar populations and could be the remnants of
massive clumps that contributed to form the bulge at the epoch
of the Galaxy assembly. From the comparison, it is apparent
that also these peculiar systems share very old ages with the
majority of GCs and Galactic field stars located in the bulge
(Zoccali et al. 2003; Clarkson et al. 2011; Valenti et al. 2013).
The weighted mean age of the entire sample (27 GCs + 2 bulge
fossil fragments) is 12.7± 0.1 Gyr. The values of age and
metallicity estimated in this work, together with the orbital
parameters (e.g., Baumgardt et al. 2019) and results from the
analysis of the integrals of motion (Massari et al. 2019), are
consistent with NGC 6316 being formed in situ within the
Galactic bulge.

Finally, by combining the HST observations with the wide-
field, publicly available Gaia-DR3 catalog, we built the cluster
stellar density profile from resolved stars. This is very well
reproduced by a King model with an intermediate

concentration of about 1.51, a compact core of ∼0.55 pc
(10″), and an effective radius (i.e., the radius including half of
the total light in projection) re∼ 1.6 pc (29 8). For
comparison, the Harris (1996) catalog quotes a larger
concentration (c= 1.65), the same rc, and a larger effective
radius (re= 39″). Our updated estimates of the central and half-
mass relaxation times are also slightly larger than those in
Harris (1996). The value of trc (∼7.4× 107 yr) compared with
the cluster chronological age (∼1.3× 1010 yr) suggests that
NGC 6316 is a dynamically old stellar system. Following
Ferraro et al. (2012, 2018, 2019, 2020) and Lanzoni et al.
(2016) the level of central segregation of blue straggler stars
(see their definition in Sandage 1953) within a GC is a
powerful empirical diagnostic of the dynamical age of the host
system, and it has been found to scale with the number of
relaxation times suffered by the cluster since its formation. A
future paper will be devoted to the accurate selection of the
blue straggler population in NGC 6316, the determination of
their radial distribution, and the measure of their level of central
segregation. We also plan to measure the values of the three
dynamical indicators recently proposed by Bhat et al. (2022).
This will provide independent and empirical estimates of the
dynamical age of the cluster, and allow its comparison with that
of the other GCs in the Galactic system.
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