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Abstract
The identification of the red giant branch bump brightness in metal-poor globular clusters is important for low-mass stellar
evolution. The release of Gaia DR2 prompted us to revisit the red giant branch bump (RGBB) in galactic globular clusters.
We apply a popular nonparametric density estimation approach, kernel density estimation (KDE), to explore the position
of RGBB in 7 metal-poor globular clusters (GCs). The G and V magnitudes of the RGBB according to our clustering
algorithm, GB,K and VB,K , respectively show the RGB bump magnitude detected by the KDE method in G band and V

band. They show the overdensity location in the luminosity function of the RGB stars. Based on the results derived by
KDE, a maximum-likelihood analysis via a Markov Chain Monte Carlo (MCMC) approach is adopted to detect the RGB
bump feature and obtain more accurate RGBB brightnesses in G band and V band for the samples. We find that the red
giant branch bump brightness becomes fainter as the global metallicity increases in clusters with [M/H] ≤ −1.4. We present
the empirical relation between the global metallicity [M/H] and absolute magnitude MV of the red giant branch bump for
clusters with [M/H] ≤ −1.4. We verify that discrepancies between observations and theory for metal-poor globular clusters
with [M/H] ≤ −1.4.

Keywords Globular clusters: general · Red giant branch bump · Hertzsprung-Russell diagrams

1 Introduction

The red giant branch bump (RGBB) is an important evolu-
tionary feature of a low-mass star before the helium flash.
It is also an important feature in the colour magnitude di-
agrams (CMDs) of galactic globular clusters (abbreviated

as GGCs). An RGBB is generated because the Hydrogen-

burning shell encounters the chemical discontinuity caused

by the first dredge-up in low-mass stars. The RGBB offers a

direct test of what is going on in low-mass stars in the region

where T ∼ 106 K (Fusi Pecci et al. 1990). This provides us
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with information about the chemical profile above the H-
burning shell inside red giant stars and mixing processes in
low-mass stars (Cassisi et al. 2002). Therefore, it serves as a
direct test of assumptions of stellar evolution.

After the work of King et al. (1985) in Cluster 47 Tuc,
astronomers found that the number of stars occupying the
RGBB is 2-3 times larger than those adjacent to the RGBB
in the RG branch. The RGB bump appears as a change in the
slope of the cumulative luminosity function (CLF) and ap-
pears as a peak in the differential luminosity function (DLF).
The DLF and CLF have been used to find the RGBB fea-
tures of globular clusters by astronomers for a long time
(Fusi Pecci et al. (1990), Zoccali et al. (1999), Ferraro et al.
(1999), Riello et al. (2003)). Until now, differential and cu-
mulative luminosity functions have been important methods
to detect the RGB bump feature and obtain the RGBB mag-
nitude. Therefore, the DLF is used to derive the RGBB mag-
nitude of metal-poor globular clusters to verify the results
presented by KDE and the maximum-likelihood analysis in
this work.

A few metal-poor GGCs have been discussed in previ-
ous works (Alves and Sarajedini 1999; Bono et al. 2001;
Di Cecco et al. 2010; Cassisi et al. 2011; Nataf et al. 2013;
Nataf 2014; Cohen et al. 2015; Joyce and Chaboyer 2015).
Many studies comparing theory and observations of RGBB
magnitudes in globular clusters (GCs) have been presented
(Fusi Pecci et al. 1990; Cassisi and Salaris 1997; Riello et al.
2003; Bjork and Chaboyer 2006; Di Cecco et al. 2010; Joyce
and Chaboyer 2015; Song et al. 2018). Discrepancies be-
tween theory and observations in the RGBB brightnesses of
metal-poor clusters with [Fe/H] � −1.5 have been found
(Di Cecco et al. 2010; Joyce and Chaboyer 2015). Thus, the
more accurate RGBB magnitude identified by observational
data is useful for astrophysicists to provide limits for stellar
evolution and the galaxy because metal-poor globular clus-
ters are one of the oldest known objects in the galaxy.

The field of view in Gaia is all-sky. Thus the Gaia Data
can include all of the stars in the cluster. Gaia can obtain the
larger stellar samples than the HST samples (Piotto et al.
2002; Sarajedini et al. 2007), particularly for clusters for
which the half-light radius is comparable to or greater than
the HST field of view of approximately 2 arcminutes. When
we use Gaia DR2 to investigate metal-poor globular clus-
ters, we would have a larger number counts for clusters, and
thus have better statistics. In addition, the significant field
contamination of globular clusters can be cleaned with a
proper motion criterion. In the work, we use Gaia DR2 to
revisit the metal-poor globular clusters. We test a new tech-
nique on up-to-date to obtain the RGBB magnitudes and im-
prove data. Seven metal-poor galactic globular clusters with
[M/H] � −1.4 are chosen in our work. The identifications
of the RGBB in 7 GGCs are presented.

Kernel density estimation (KDE) is a well-established
nonparametric approach to estimate continuous density

functions (Yuan et al. 2020). Due to its effectiveness and
flexibility, it has become an important tool for analysing
data. To the best of our knowledge, this is the first work to
use KDE to detect the RGB bump feature and obtain the
RGB bump brightness. To verify the results, a maximum-
likelihood analysis via the Markov Chain Monte Carlo
(MCMC) approach presented by Nataf et al. (2013) and the
differential Luminosity Function (DLF) are also adopted to
detect the RGBB features of metal-poor globular clusters.

First, the colour-magnitude diagrams of 7 metal-poor
globular clusters are obtained and shown in Sect. 2. The
RGB bump brightnesses of 7 metal-poor GGCs are obtained
by implementing KDE, the maximum-likelihood analysis
and the DLF in Sect. 3. Section 4 shows the relation between
metallicity and RGBB brightnesses for metal-poor GCs with
[M/H] � −1.4. A comparison between theory and observa-
tion is presented in Sect. 5. Discussion is presented in the
last Section.

2 Colour-magnitude diagrams

The second Gaia photometric catalogue (Gaia DR2) has
been released in April 2018 (Gaia Collaboration et al.
2018b). The latest G-band photometry (330 nm-1050 nm)
for approximately 1.7 billion sources and GBP (330 nm-
680 nm) and GRP (630 nm-1050 nm) photometry of 80%
of them are presented in the Gaia DR2 (Evans et al. 2018).
Positions, parallaxes, and proper motions of sources with
G � 21 mag have been presented (Gaia Collaboration et al.
2018b,d). Gaia Collaboration et al. (2018d) determined the
proper motions of galactic globular clusters and identified
member stars of GCs. Gaia Collaboration et al. (2018d) took
into account the ability of distinguishing (in Proper motion
and parallax space) the cluster stars from those in the field,
both as a function of distance from the cluster centre and of
magnitude. Then they obtained data of 75 GGCs. According
to the member stars of GCs identified by Gaia Collabora-
tion et al. (2018d), we obtained colour-magnitude diagrams
(CMDs) of 75 GGCs based on photometric data of Gaia
DR2 (Gaia Collaboration et al. 2016, 2018b). We chose 7
metal-poor globular clusters with [M/H] ≤ −1.4 from their
samples.

Seven metal-poor galactic globular clusters with [M/H] ≤
−1.4 are presented in our work. The feature of the RGB
bump is identified in galactic globular clusters NGC 4590,
NGC 5139, NGC 5466, NGC 5897, NGC 6397, NGC 6656
and NGC 6809. These GCs are all among the most metal-
poor globular clusters in the catalogue presented by Harris
(2010). NGC 5466 has the lowest-metallicity in the cata-
logue except for NGC 7078. The metallicities of GCs in our
database are presented in Table 1. The interstellar redden-
ing is also listed in Table 1. All samples have low-reddening
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Fig. 1 Colour-magnitude
diagrams of 7 metal-poor
galactic globular clusters,
employing photometric data of
Gaia DR2. Black squares
indicate the restricted zone. Red
pluses are stars exceeding the
restricted zone. The width of the
limited zone in GBP − GRP is
estimated. Red pluses show the
deleted points from CMDs.
Black squares in the RGB are
used to detect RGBB features in
each cluster

(E(B −V ) ≤ 0.26). The RGBB brightness in 7 samples was
presented by Fusi Pecci et al. (1990), Sarajedini (1992), Fer-
raro et al. (1999), Riello et al. (2003), Sollima et al. (2005),
Fekadu et al. (2007), and Nataf et al. (2013). The most well-
studied, metal-poor GGCs, are revisited with the nonpara-
metric method (KDE), maximum-likelihood analysis and
differential luminosity function.

The CMDs of 7 metal-poor GCs obtained with Gaia DR2
are shown in Fig. 1. In Fig. 1, black squares in the RGB
are used to detect RGBB features and derive RGBB magni-
tude. Black squares are chosen in the restricted zone at the
brighter portion of the RGB, because the identifications of
the RGBB in each cluster will be affected by a poor colour
separation between RGB stars and AGB stars, especially at
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Table 1 The parameters of 7
metal-poor GGCs

Note: E(B − V ), [Fe/H],
[α/Fe] and [M/H] respectively
present the reddening, metal
metallicity, α-enhanced
abundance and the global
metallicity in each cluster
aE(B − V ) is presented by
Harris (2010)
bNataf et al. (2013)

Name E(B − V )a [Fe/H] [α/Fe] [M/H]

NGC 4590 0.05[1] −2.27 ± 0.04 0.31 −2.05

NGC 5139 0.12[1] −1.64 ± 0.09 0.30 −1.43

NGC 5466 0.00[1] −2.31 ± 0.09 0.39 −2.02

NGC 5897 0.09[1] −1.90 ± 0.06 0.34 −1.66

NGC 6397 0.18[1] −1.99 ± 0.02 0.4 −1.70

NGC 6809 0.08[1] −1.93 ± 0.02 0.41 −1.63

NGC 6656 0.34[1] −1.70 ± 0.08b − −1.42b

the brightest portion of the RGB. Red pluses are stars ex-
ceeding the restricted zone. We identified most red pluses
as stars in the asymptotic giant branch (AGB) and horizon-
tal branch (HB) strictly by eye. Therefore, red pluses are
deleted from the Gaia data to obtain more precise results.
The CMDs shown in Fig. 1 for some GCs look much poorer
than many obtained with HST. However, this is the first in a
series of papers devoted to studies of RGBB in metal-poor
GCs using Gaia DR2 data. And Gaia data have better statis-
tics due to its field of view. Unfortunately, although Piotto
et al. (2015) found that all the GCs host multiple stellar
populations obtained with the UV Legacy survey of GCs,
the Gaia photometric filters are not sensitive to the specific
chemical composition of GCs. Thus, these samples all serve
as a single population in CMDs.

3 The RGBB brightnesses of metal-poor
globular clusters in galaxy derived by KDE
and maximum-likelihood analysis

3.1 Kernel density estimation

KDE is the most popular nonparametric density estimation
approach developed in modern statistics. Due to its effec-
tiveness and flexibility, it has gradually been recognized by
the astronomical community as a powerful tool to analyse
data (e.g., Hatfield et al. 2016; Yuan et al. 2018, 2020). To
our knowledge, we are the first to use KDE to explore the
location of the RGBB based on observational data.

Let {X1,X2, . . . ,Xn)} be a univariate independent sam-
ple drawn from some distribution with an unknown density
f (x). The KDE to f can be given by

f (x) = 1

nh

n∑

j=1

K(
x − Xj

h
), (1)

where K is the kernel function and h is a smoothing param-
eter called the bandwidth (e.g., Gramacki 2018). The choice
of kernel function is not critical (e.g., Botev et al. 2010;
Gramacki 2018) and usually the normal kernel is used, i.e.,

K(x) is taken as the standard normal density function (e.g.,
Yuan et al. 2018, 2020). The critical issue in using KDE is
to choose an optimal h. In addition, Equation (1) implicitly
assumes that the domain of the data is unbounded. How-
ever, obviously, the observed data (G-band magnitudes) in
this work are bounded. Using Equation (1) on bounded data
can cause certain deficiencies known as boundary bias (see
Gramacki 2018; Yuan et al. 2020, for detail). We follow the
method of Botev et al. (2010) to overcome the boundary bias
problem and choose an optimal h. The KDE results here are
calculated by the MATLAB program “Kernel Density Esti-
mator for One-dimensional Data” provided by Botev et al.
(2010).

In Fig. 2, the red solid line shows the density distribution
of the RGB stars derived by KDE. The overdensity position
in the luminosity function of RGB shows the RGB bump.
The RGBB magnitude, GB,K , is obtained according to the
overdensity position and is presented in Table 2. The RGBB
magnitude, GB,K , is used to restrict the explored space of
parameter GB,M in the maximum-likelihood analysis.

3.2 The maximum-likelihood analysis

Nataf et al. (2013) presented a maximum-likelihood analy-
sis via a Markov Chain Monte Carlo approach to obtain the
RGBB brightness of GCs. Following the method of Nataf
et al. (2013), a maximum-likelihood analysis via MCMC is
carried out for 7 metal-poor globular clusters. Nataf et al.
(2013) used an exponential function and a normal distribu-
tion to fit the luminosity function of RGB stars and RGBB
stars, respectively. The parametric luminosity functions of
the RGB and RGBB stars are also adopted in this work.
N(G) presents the luminosity function of the RGB and
RGBB stars. It is presented in function (2). The exponential
function shows the magnitude distribution of the red giant
branch. The normal distribution shows the magnitude distri-
bution of the red giant branch bump.

The integral of N(G) over the magnitude range is the
number of RGB star Nobs of a globular cluster.

N(G) = Ae
[
B(G−GB,M)

]
+ NB√

2πσB

e
− (G−GB,M)2

2σ2
B (2)
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Fig. 2 Histogram diagrams
showing the normalized
differential luminosity function
(magnitude distributions) for the
RGB in 7 metal-poor galactic
globular clusters. The number of
red giant stars on the RGBB is 2
times larger than those adjacent
to the RGBB in RGB. The black
solid curves indicate the
normalized density function
derived by the
maximum-likelihood analysis
via MCMC. The red solid
curves show the density
distribution of the RGB stars
derived by KDE. The red arrows
indicate the location of the
detected RGBB

N(G) = A{e
[
B(G−GB,M)

]
+ EWB√

2πσB

e
− (G−GB,M)2

2σ2
B } (3)

GB,M is the average brightness of the RGB bump in the
G band. A defines the total normalization of the popula-
tion. It is determined through the integral of N(G) over the
magnitude range of the red giant branch based on function

(2). B describes an exponential luminosity function of the
RG branch. EWB is calculated by NB

A
, and NB is the num-

ber of stars on the RGBB. The integral of the normal dis-
tribution over the red giant branch bump is the number of
RGBB star NB . The luminosity dispersion of the RGBB is
described by σB .

The likelihood function p(Gobs |θ) for the observed data
can be derived, once we have a parametric form for N(G),
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with parameters θ . Nataf et al. (2013) gave a log-likelihood
function S, i.e., S ≡ −2 ln(p(Gobs |θ)), and

S = − 2

⎧
⎨

⎩

Nobs∑

i

ln
[
N

(
Gi,A,B,EWB,σB,GB,M

)] − Nobs

⎫
⎬

⎭.

(4)

To perform a Bayesian analysis, one needs to write down
the posterior probability function:

p(θ |Gobs) ∝ p(θ)p(Gobs |θ) (5)

where p(Gobs |θ) is the observed data likelihood function
defined in Equation (4), and p(θ) is the prior distribution
of θ , which should convey information known prior to the
analysis (Yuan et al. 2016). In this work, we assume a
uniform prior on parameters. This is equivalent to setting
value ranges for them. According to Equation (5), we can
draw parameter samples using the MCMC Algorithm. The
MCMC sampler used here is the public code “COSMOMC”
of Lewis and Bridle (2002). Specifically, the explored pa-
rameter space of σB and B in the log-likelihood function
are restricted in the following range:

0.001 � σB � 0.1,0.0 � B � 1.0. (6)

The explored parameter space of GB,M has an impor-
tant influence on finding the location of the RGBB during
the maximum-likelihood analysis. The explored parametric
space of GB,M is determined by the parameter GB,K . The
RGB bump brightness GB,K is obtained by kernel density
estimation based on the observed RGB data. The explored
parametric space of GB,M is limited as follows (7):

∣∣GB,M − GB,K

∣∣� 0.5 (7)

In Fig. 2, the black solid line represents the normalized
density distribution in the red giant branch. The normal dis-
tribution fits the luminosity function of the RGB bump stars.
The location of the Gaussian peak shows the RGBB magni-
tude. GB,M is presented in Table 2. The best-fit values of the
parameters in the model are shown in Table 2.

3.3 The differential luminosity function

King et al. (1985) derived the luminosity function for the red
giant branch in 47 Tuc. The differential luminosity function
(DLF) is obtained by counting the number of stars in 0.1
mag bins wide in V for the RGB. The peak in the magni-
tude range indicates that the hydrogen-burning shell in a red
giant branch star encounters the composition discontinuity.
The feature of the red giant branch bump is found and pre-
sented. Following the work of King et al. (1985), we also use

the differential luminosity function to search the RGBB in
all samples. Then, the results are compared with the RGBB
magnitudes presented by KDE and the maximum-likelihood
analysis.

In Fig. 1, black squares in the RGB in each clusters
are used to obtain magnitude distributions of the red giant
branch stars by adopting the DLF. The normalized DLFs of
the red giant stars (the normalized magnitude distributions)
for 7 globular clusters are shown in Fig. 2. In Fig. 2, the
red arrows indicate the location of detected RGBB by the
differential luminosity function. The values of GB,D of 7
GGCs are given in Table 2. The associated error of GB,D is
presented by δ in Table 2. The parameter δ is presented as
σ/

√
(N − 1), σ is the 68.26th percentile of the absolute de-

viation from the mean G distribution, and N is the number
of stars located on the RGBB.

We require that the number of red giant stars on the iden-
tified RGBB is 2 times larger than those adjacent to the
RGBB in the RGB for each cluster (King et al. 1985). By ad-
justing the bins, the feature of the RGB bump in our samples
can be found. The results are presented in Table 2 and shown
in Fig. 2. The RGB bump magnitudes are consistent with the
results obtained by KDE and the maximum-likelihood anal-
ysis. However, the RGBB magnitudes presented by KDE
and the maximum-likelihood analysis are independent of the
bin.

3.4 Comparisons with other results

To compare with the previous results presented by other
works, the magnitude G of the red giant branch stars is trans-
formed to V by using the Carrasco colour-transformation re-
lations presented by Carrasco et al. (2016) and Evans et al.
(2018). The photometric transformation between Gaia DR2
and Johnson-Cousins (Landolt (2009)) is presented in Equa-
tion (8). In function (8), G, GBP and GRP show magni-
tudes in Gaia passbands. V shows magnitude in Johnson-
Cousins passband. The function (8) is fitted by polynomials.
The associated error in the transformed V is 0.045858 mag.
The range of applicability for the colour-transformation re-
lationship into the Johnson-Cousins band is −0.5 < GBP −
GRP < 2.75. To limit the influence of the photometric noise
in the derived relationship (function (8)), Gaia DR2 sources
were cross-matched with G < 13 mag. The chosen 398
sources with small magnitude errors and small excess fluxes
were used for the fitting. The additional uncertainties from
the relationship will be included in the magnitude V .

G − V = [−0.0176 − 0.00686(GBP − GRP )

−0.1732(GBP − GRP )2
] (8)

Based on the transformed magnitudes in V band, KDE
is used to explore the RGB bump features of clusters.
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The RGB bump magnitude in V derived by the KDE is
showed by VB,K in Table 2. Based on the results derived
by the KDE, the maximum-likelihood analysis presented in
Sect. 3.1 is used to obtain the RGBB magnitudes. The log-
likelihood function S and N(V ) are as follows:

S = −2

⎧
⎨

⎩

Nobs∑

i

ln
[
N

(
Vi,A,B,EWB,σB,V ,VB,M

)] − Nobs

⎫
⎬

⎭

(9)

N(V ) = Ae
[
B(V −VB,M)

]
+ NB√

2πσB,V

e
− (V −VB,M )2

2σ2
B,V (10)

where the parameter space is limited by:

∣∣VB,M − VB,K

∣∣� 0.2 (11)

VB,K and VB,M are all shown in Table 2. V Lit
bump repre-

sents the RGBB magnitudes obtained by the listed in Ta-
ble 2. It shows the previous results presented by other re-
searchers.

In NGC 4590, the location of the RGBB by the DLF is
at 14.89 mag in the G band. Based on the determined pa-
rameter space, the obtained RGBB magnitude GB,M by the
maximum-likelihood analysis is 14.90 ± 0.02 mag in G. Af-
ter transforming into the V band, the RGBB magnitude in
V is 15.13 ± 0.04 mag. Previous results can be found in
Ferraro et al. (1999), Riello et al. (2003) and Nataf et al.
(2013). Nataf et al. (2013) presented that the RGBB mag-
nitudes in V are 15.149 mag with an error of 0.011 mag.
Ferraro et al. (1999) used the cumulative luminosity func-
tion and found that the RGBB magnitude in V is 15.15 mag
with an error of 0.05 mag. In the KDE, we found that the
magnitude of the overdensity in the magnitude distribution
of the RGB is 15.122 mag in V . Based on the KDE results,
the maximum-likelihood analysis yields an RGBB magni-
tude of 15.13 mag. Our result is consistent with the results
of Nataf et al. and Ferraro et al. However, the RGBB mag-
nitude VB,M is 0.02 mag less than the results presented by
Ferraro et al. (1999) and Nataf et al. (2013). Based on Gaia
DR2, Perren et al. (2020) used the polynomial (Eq. (8)) to
get the transformed VGaia from G band for open clusters in
Mily Way. They estimated the systematic error between the
transformed VGaia and V-band photometry, and presented
the mean differences ∼ 0.03. Considering the systematic er-
ror, we find that the RGBB magnitudes VB,K and VB,M are
consistent with results presented by Nataf et al. (2013) and
Ferraro et al. (1999).

NGC 5139 is a peculiar cluster because of its metallic-
ity spread (Sollima et al. (2005)). It is the most massive
and luminous globular cluster in the Milky Way. Accord-
ing to the relationships presented by Nataf et al. (2013),

the absolute magnitude of the RGBB in NGC 5139 is 0.36,
whereas the absolute magnitude found in this work is 0.56.
The apparent distance modulus is presented by Bellazzini
et al. (2004). Pancino et al. (2000) reported on the discrete
structure of the red giant branch of NGC 5139, based on the
different metal abundance [Ca/H]. According to the stel-
lar populations with different α-element enhancement lev-
els ([M/H]), Sollima et al. (2005) showed the five discrete
populations of the RGB in NGC 5139. The RGB bump for
each population appears as distinct peaks in the CMD. Sol-
lima et al. (2005) noted that the RGBB magnitude of the
metal-poor RGB with [M/H] = −1.4 ± 0.2 is 14.31 ± 0.03
mag in V. They also obtained that the RGBB magnitudes
of the metal-intermediate RGB with [M/H] = −1.2 ± 0.2,
[M/H] = −0.9 ± 0.2, [M/H] = −0.7 ± 0.2 were 14.42 ±
0.03 mag, 14.57 ± 0.03 mag and 14.84 ± 0.04 mag, respec-
tively. Thus, according to the effect of a metallicity disper-
sion, four RGB bump magnitudes are detected by the differ-
ential luminosity functions in NGC 5139. We found that the
RGB bump brightness of the metal-rich population is signif-
icantly fainter. The conclusion matches well with the result
in NGC 6656 (M22) presented by Lee (2015).

A high and sharp peak appears in our density distribution.
The magnitude of the peak is 14.63±0.098 mag. This is in a
range from 14.31 mag to 14.84 mag. The parameter σB,V in
the log-likelihood function is 0.098. The width of the RGBB
ranges from 14.63 − 3σB,V mag to 14.63 + 3σB,V mag ac-
cording to the normal distribution of the RGBB stars. The
value of 14.63 − 3σB,V is 14.336, whereas 14.63 + 3σB,V

is 14.924. Surprisingly, The value of 14.63 − 3σB,V is only
0.026 mag more than 14.31 mag, whereas 14.63 + 3σB,V is
0.08 mag more than 14.84 mag.

Gaia data are not sensitive to the element abundance.
Therefore, we cannot analyse the RGBB of different pop-
ulations of the RGB. However, to an extent, our result is
consistent with the result presented by Sollima et al. (2005).
The result of 0.36 ± 0.01 based on the relationships pre-
sented by Nataf et al. (2013) matches the result of Sollima
et al. (2005) of 14.31 mag (0.37 ± 0.03).

In NGC 5466, Fekadu et al. (2007) found that a small
peak appeared in the differential luminosity function at V =
16.2±0.05 mag. Considering the systematic error, the RGB
bump magnitude obtained by the KDE is 16.182 ± 0.030
mag. However, the RGBB magnitude 16.30 mag detected
by the maximum-likelihood analysis is 0.1 mag larger than
the result presented by Fekadu et al. (2007). The σB,V

in function (10) is 0.071. The width of the RGBB ranges
from 16.30 − 3σB,V (16.09) mag to 16.30 + 3σB,V (16.51)
mag. The results are consistent with the results presented by
Fekadu et al. (2007).

Compared with the previous results presented on NGC
5466, NGC 5897, NGC 6397 and NGC 6809, we find that
our results are broadly consistent with the literature. In par-
ticular, considering the systematic error, the results derived
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by the KDE are consistent with the previous results in Ta-
ble 2, which are obtained by the method of Nataf et al.
(2013) and the analysis of the differential luminosity func-
tion and the cumulative luminosity function adopted by Fusi
Pecci et al. (1990), Sarajedini (1992) and Ferraro et al.
(1999). The KDE method is very convenient for finding the
RGB bump feature.

In NGC 6656, Nataf et al. (2013) presented that the
RGB bump magnitude in V is 13.974 ± 0.013. Lee (2015)
presented that a distinctive RGB split due to the differ-
ent metal abundances in M22. The two populations of
the RGB show the calcium-weak (Ca-w) group and the
calcium-strong (Ca-s) group, respectively. They obtained
Vbump = 13.91 mag for the Ca-w group while Vbump =
14.06 mag for the Ca-s group. They found that the differ-
ence in the RGB bump magnitude between two populations
of the RGB is due to the difference in metallicity. They
also obtained that the mean RGB bump magnitude of the
metal-rich population (Ca-s group) is fainter than that of the
metal-poor population (Ca-w group). Considering the sys-
tematic error, the RGBB magnitude derived by the KDE is
13.936 ± 0.030 mag. It matches the results presented by
Nataf et al. (2013) and Lee (2015). In the cluster, the pa-
rameter space of VB,M in the log-likelihood function ranges
from VB,K − 0.5 to VB,K + 0.5. The RGBB magnitude cal-
culated by the maximum-likelihood analysis is 13.75 mag.
The width of the RGBB ranges from 13.75−3σB,V (13.483)

mag to 13.75 + 3σB,V (14.017) mag.

4 The metallicity-MV relation for
metal-poor globular clusters

[M/H] shows the global metallicity of globular clusters. It
is defined as (Valcarce et al. 2012)

[M/H] = log(Z/X) − log(Z/X)sun (12)

Z and Zsun represent the metal mass abundance of the
cluster and the metal mass abundance of the Sun. X and
Xsun represent the mass abundance of hydrogen of the clus-
ter and the mass abundance of hydrogen of the Sun. The
metallicity abundance [Fe/H] of 7 GGCs was obtained from
Carretta et al. (2009). The global metallicity [M/H] is com-
puted using the [Fe/H]-[M/H] relation presented by Salaris
et al. (1993) and Carretta et al. (2009):

[M/H] = [Fe/H] + log(0.638 ∗ 10[α/Fe] + 0.362) (13)

[α/Fe] is obtained from the literature (McWilliam et al.
1992; Carney 1996; Johnson et al. 2009; Koch and
McWilliam 2011, 2014; Khamidullina et al. 2014; Boberg
et al. 2015; Kamann et al. 2016; Johnson et al. 2017; Rain
et al. 2019).

The RGBB absolute magnitude MV is calculated using
the following relation:

MV = VRGBB − (m − M)V (14)

The apparent distance modulus (m − M)V is obtained from
the literature (Bellazzini et al. 2004; Harris 2010; Kun-
der et al. 2013; Kaluzny et al. 2014; Kains et al. 2015).
VRGBB is the RGBB brightness derived by the maximum-
likelihood function analysis. The global metallicity-MV re-
lation is shown in Fig. 3. Red pluses represent the RGBB
brightnesses derived in the present analysis. Blue crosses
show the RGBB brightnesses presented by Nataf et al. Black
squares present the RGBB brightnesses of NGC 5694, NGC
6287 and NGC 6293 obtained by Zoccali et al.

Based on the RGBB brightnesses of 25 metal-poor globu-
lar clusters except for NGC 6287 and NGC 6293, the empir-
ical relation between [M/H] and MV for metal-poor GGCs
is obtained by the linear fit:

MV = 0.56 ∗ [M/H] + 1.18 (15)

5 Comparison between observed RGBB
absolute magnitudes and predicted RGBB
absolute magnitudes

Many studies try to explain discrepancies in the RGBB
brightness between theory and observation through differ-
ent stellar models (Riello et al. 2003; Di Cecco et al. 2010;
Joyce and Chaboyer 2015). Investigations (Di Cecco et al.
2010; Joyce and Chaboyer 2015; Dotter et al. 2017; Joyce
and Chaboyer 2018) pointed out that a proper inclusion of
the α-element enhancement and diffusion in models will
affect the RGB bump brightness and help in reducing the
magnitude difference between predicted RGBB magnitudes
and observed RGBB magnitudes. Di Cecco et al. (2010)
found that discrepancies in the RGBB brightness for glob-
ular clusters with [M/H] � −1.6 remain even if they con-
sidered α-enhanced, CNO-enhanced and helium-enhanced
phenomena in their models. Joyce and Chaboyer (2015) also
presented that discrepancies in the RGBB brightnesses for
globular clusters with [Fe/H] � −1.5 remain when they
considered α-enhanced phenomenon in DSEP models. The
metallicity abundances [Fe/H] of 7 samples in our work are
all smaller than −1.6. The global metallicity abundances
[M/H] of 7 samples in our work are all smaller than −1.4.
We try to verify discrepancies in the RGBB brightness for
samples of globular clusters with [M/H] � −1.4 by using
the BASTI models (Cordier et al. 2007; Hidalgo et al. 2018;
Pietrinferni et al. 2021).

The solar-scaled BASTI model (Pietrinferni et al. 2004;
Cordier et al. 2007) are updated based on previous models
(Cassisi and Salaris 1997). The detailed equation of state
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by A.W. Irwin1 has been used. A brief discussion of its
main characteristics can be found in (Cassisi et al. 2003).
The radiative opacities are from the OPAL tables (Iglesias
and Rogers 1996) for temperatures larger than 10000 K,
whereas the opacities by Alexander and Ferguson (1994)
have been adopted for lower temperatures. The nuclear re-
action rates have been updated by using values from the
NACRE database (Angulo et al. 1999) and the determina-
tion by Kunz et al. (2002). Many other informations can be
found in Pietrinferni et al. (2004). The α-enhanced BASTI
model (Pietrinferni et al. 2006; Cordier et al. 2007) are up-
dated based on the consideration of the new chemical and
physical inputs for the α-enhanced library. The α-enhanced
distribution has been used in the nuclear network, the ra-
diative opacity (Iglesias and Rogers 1996; Alexander and
Ferguson 1994) and conductive opacity (Potekhin et al.
1999), and the equation of state (EOS). We adopt canonical
models (Pietrinferni et al. 2004, 2006) without overshoot-
ing, gravitational settling, radiative acceleration, convective
overshooting, rotational mixing, atomic diffusion of helium
and heavy elements. The models both consider the mass loss
presented by Reimers (1975).

In Fig. 3, a comparison between theory and observation
is shown. Red pluses, green pluses, blue crosses and black
squares in Fig. 3 represent the observational RGBB absolute
magnitude MV . The black full line shows the linear relation
between [M/H] and MV for metal-poor GGCs (presented
in equation (15)). The black full line is obtained by linear
fitting. The other four lines represent theoretical relations
between [M/H] and RGBB absolute magnitude MV calcu-
lated by the α-enhanced BaSTI models (Pietrinferni et al.
2006) and the standard solar-scaled BaSTI models (Pietrin-
ferni et al. 2004). The purple full line and the purple dashed
line respectively represent theoretical lines with 13.8 Gyr
calculated by the standard solar-scaled models and the α-
enhanced models. The red full line and the red dashed line
represent theoretical lines with 10 Gyr calculated by the
solar-scaled models and the α-enhanced models.

Obviously, the predicted RGB bump luminosities by the
α-enhanced models are fainter than the predicted RGB
bump luminosities with same age by the solar-scaled mod-
els. The magnitude difference between the predicted RGBB
luminosities by the solar-scaled models and the observed
RGBB luminosities are much larger than the magnitude
difference between the predicted RGBB luminosities with
same age by the α-enhanced models and the observed
RGBB luminosities. Comparing the black full line with the
other four lines predicted by BASTI models, we find that
the observed RGBB luminosities are fainter than the pre-
dicted RGBB luminosities presented by BASTI models. No

1A full description of this EOS can be found at http://freeeos.
sourceforge.net.

Fig. 3 The absolute magnitude of RGBB MV is shown as a function
of [M/H]. Absolute magnitudes of RGBB of 7 GGCs in our work are
plotted by red pluses. Observations of Zoccali et al. are plotted by black
squares. Blue crosses present observations of Nataf et al. The theoreti-
cal relations between [M/H] and MV calculated by the standard solar-
scaled model are shown by the purple full line with 13.8 Gyr and the
red full line with 10 Gyr. The theoretical relations calculated by the
alpha-enhanced model are shown by the purple dashed line with 13.8
Gyr and the red dashed line with 10 Gyr. The black full line shows
the empirical relation between [M/H] and MV for metal-poor GGCs
obtained by the linear fit

consideration of other errors in the observed RGBB bright-
nesses, the result coincides with other conclusions presented
by Di Cecco et al. (2010) and Joyce and Chaboyer (2015).

6 Discussions and conclusions

Many studies (Di Cecco et al. 2010; Cassisi et al. 2011;
Joyce and Chaboyer 2015; Song et al. 2018) found a dis-
crepancy between predicted RGBB brightness and observa-
tional RGBB brightness, especially for metal-poor globular
clusters. The detection of RGBB brightness in metal-poor
globular clusters is helpfull because this region of the HR di-
agram reflects an evolutionary sequence that is highly sensi-
tive to the physics assumed in stellar models. We use the new
observational data (Gaia DR2) to analyse the RGBB bright-
nesses of 7 metal-poor galactic globular clusters. Seven
metal-poor globular clusters are revisited.

In our work, three methods (the differential luminosity
function, the maximum-likelihood analysis via MCMC, ker-
nel density estimation) are used to find the RGBB feature
in the metal-poor GGCs. These results derived by the DLF,
maximum-likelihood analysis and KDE are consistent with
previous results listed in Table 2. Due to its effectiveness
and flexibility, kernel density estimation has become a sig-
nificant tool to estimate the continuous density function. It
is a nonparametric method. Based on the magnitude distri-
bution of the RGB stars, the overdensity position is found.
It directly reflects the density distribution according to ob-
servational data. Based on the results presented by KDE, the
maximum-likelihood analysis via MCMC can obtain the ac-
curate RGBB brightness in the specified parameter space.

http://freeeos.sourceforge.net
http://freeeos.sourceforge.net
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The width of the RGB bump is also presented. Finally, the
relation between global metallicity [M/H] and MV is ob-
tained for galactic globular clusters with [M/H] ≤ −1.4.

In Fig. 3, a comparison between BASTI models and the
observed RGBB brightness from our work and other studies
is carried out. We verify that the discrepancy between ob-
servations and theory exists for metal-poor globular clusters
with [M/H] ≤ −1.4.

In conclusion, we present the RGB bump magnitudes in
G band and V band for 7 galactic globular clusters with
[M/H] ≤ −1.4. A novel statistical approach KDE is used to
find the RGB bump magnitudes of samples. Compared with
previous results listed in Table 2, we find that the RGB bump
magnitudes of GCs obtained by the maximum-likelihood
analysis and KDE match with them as we consider the sys-
tematic error on the conversion between G band and V band.
We use the α-enhanced BaSTI models and the solar-scaled
models to verify the discrepancy between observations and
theory for GGCs with [M/H] ≤ −1.4.

In the future, it would be interesting to apply the KDE
technique to all of the globular clusters presented in Nataf et
al.’s sample.
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