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A B S T R A C T 

The study of the chemistry of the stellar populations in globular clusters (GCs) is a fundamental task to unveil their formation in 

the high-redshift universe and to reconstruct the build-up of our Galaxy. Using metallicity estimates from BP/RP low-resolution 

Gaia DR3 spectra, a recent work presented the surprizing detection of two stellar populations with distinct metallicities in the 
stellar stream of the GC NGC 5904, otherwise considered a mono-metallic system. The presence of these two populations, with 

[Fe/H] ∼ −1.4 and [Fe/H] ∼ −2.0 dex, w as tak en as the evidence of a merger origin of the cluster. In this Letter, using the same 
data set complemented by new robust metallicity estimates, we carry out a detailed analysis of the metallicity distribution of stars 
belonging both to the cluster and to its stellar stream, explicitly focusing on the subtle effects of data systematics. We demonstrate 
that the population at [Fe/H] ∼ −2.0 dex is a data artefact due to error systematics, affecting especially faint stars. The new higher 
quality metallicity sample corroborates this finding, and it indicates the presence of only one population of stars with metallicity 

of [Fe/H] ∼ −1.3 dex, in agreement with previous literature studies. We, therefore, conclude that both NGC 5904 and its stellar 
stream are mono-metallic systems, and emphasize the need of carefully examining systematic effects in large and complex data. 

Key words: methods: data analysis – globular clusters: general – globular cluster: individual: NGC 5904, NGC 104. 
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 I N T RO D U C T I O N  

lobular clusters (GCs) are massive and old stellar systems that
opulate the halo, disc, and bulge of the Galaxy. While variations
n elements involved in hot H-burning processes (i.e. light element
bundances) seem to be ubiquitous in their stars (see e.g. Gratton,
arretta & Bragaglia 2012 ; Renzini et al. 2015 ; Bastian & Lardo
018 ; Gratton et al. 2019 ), GCs are still considered approximately
ono-metallic systems with no large variations in the abundances of

eavy elements (Gratton et al. 2019 ). 
A family of massive clusters escape this definition, showing large

nternal metallicity variations (Yong et al. 2014 ; Johnson et al. 2015 ,
017 ; Marino et al. 2015 ; Lardo et al. 2023 ). Such clusters, which
nclude ω Cen, M54, NGC 1851, Terzan 5, and Liller 1 to mention
 fe w, sho w broad metallicity distribution functions, possibly with
ifferent peaks, corresponding to multiple sequences in their colour–
agnitude diagrams. These features indicate the presence of distinct

tellar populations with different ages. The origin of such anomalies,
s well as the origin of the spread in light elements, is still a matter
f debate and points towards complex and extended star formation
istories, at odds with what is commonly assumed for GCs. 
Metallicity variations in GCs are often used to reconstruct their

ormation history, suggesting complex formation mechanisms. To
roduce such anomalies, clusters needed to be significantly more
assiv e than the y appear today, to be able to retain the metal-enriched
N Type II ejecta during their early life. Therefore, a fraction of
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hese ‘metal complex’ GCs are suspected to be the remnants of
uclei of accreted satellites, as found for M54 (Monaco et al. 2005 ;
ellazzini et al. 2008 ; Alfaro-Cuello et al. 2019 , 2020 ; Kacharov
t al. 2022 ) and ω Cen (Freeman 1993 ; Dinescu, Girard & van
ltena 1999 ; Hughes & Wallerstein 2000 ; Bekki & Freeman 2003 ;
 ̈oker 2008 ). Others could be the lefto v ers of the bricks that build

he Galactic bulge, or the result of cluster–cluster mergers or mergers
ith clouds of enriched gas (e.g. Terzan 5, Liller 1; see Ferraro et al.
009 , 2016 , 2021 ; Khoperskov et al. 2018 ; McKenzie & Bekki 2018 ;
astrobuono-Battisti et al. 2019 ; Bastian & Pfeffer 2022 ; Taylor et al.

022 ; Crociati et al. 2023 ). 
From an observational perspective, the detailed measurement

f GCs metallicity distributions requires relatively high-resolution
pectroscopy (e.g. R > 2000), and therefore, it remains a challenging
ask, often limited to the study of bright stars only. Ho we ver, large
ll-sk y data surv e ys, such as the third data release of the Gaia
ission (DR3; Gaia Collaboration 2016 , 2023 ), recently opened the

ossibility of studying both the chemical and kinematic properties
f a large amount of resolved stars in Milky Way GCs. These large
ata sets often use different methodologies and require in-depth com-
arisons and the study of possible data systematics (e.g. Soubiran,
rouillet & Casamiquela 2022 ; Martin et al. 2023 ). In particular, Gaia
R3 provides stellar parameters, including metallicities [M/H], of

bout 470 million stars, obtained from low-resolution BP/RP spectra
sing the general stellar parametrizer from photometry (GSP-Phot;
ndrae et al. 2023c ).These measurements have the advantage of

ampling in a homogeneous way both bright and faint stars (down
o magnitudes G ∼ 20), ho we ver, as the authors point out, the GSP-
hot metallicity estimates are dominated by large systematic errors.
© 2023 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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ithout a suitable calibration, Andrae et al. ( 2023c ) advise against
heir use for quantitative analysis. As a solution to this limitation, 
he y pro vide an empirical calibration of their [M/H] estimates to the
Fe/H] scale of LAMOST data release 6. 

Using these calibrated GSP-Phot metallicity estimates, Piatti 
 2023 ) recently reported the detection of two distinct populations in
he stellar stream associated to the GC NGC 5904: one population 
ith [Fe/H] ∼ −1.4 dex and one population with [Fe/H] ∼ −2.0 
ex. This is in strong contrast with the properties of the stars member
f the GC itself, which are known to have a single metallicity value
f [Fe/H] ∼ −1.34 dex (Carretta et al. 2009 ), with a small spread of
.04 dex (Bailin 2019 ). 
The detection of these two distinct populations in NGC 5904 

tellar stream w as tak en as the evidence of an accreted origin of the
C and of its merger with a distinct GC responsible for the metal-
oor population of [Fe/H] ∼ −2.0 dex (Piatti 2023 ). This conclusion 
as reached from the analysis of 25 stars in the stream, and it was
ot further validated by the detailed study of the metallicities of the
tars in the GC itself. Moreo v er, the stars used in the analysis are
ll faint main sequence stars (G > 18), and therefore they are in the
hallenging low-luminosity regime where subtle systematics could 
ven more significantly affect the GSP-Phot metallicity estimates. 

In this Letter, we aim at exploring in a coherent way both the
etallicity distribution of NGC 5904 stars and of its stellar stream, 
hile robustly identifying possible data systematics. For this purpose, 
e exploit both the GSP-Phot metallicity measurements used in 
iatti ( 2023 ) and the new metallicity estimates recently reported in
ndrae, Rix & Chandra ( 2023b ), obtained from the BP/RP Gaia

pectra using a robust data-driven approach, namely the XGBoost 
lgorithm. Comparing the two data sets, we demonstrate that NGC 

904 is composed of a mono-metallic stellar population of [Fe/H] ∼
1.3 dex, consistent with previous literature measurements, and that 

he GSP-Phot metallicity estimates are affected by strong systematics 
hat can mimic a second population at [Fe/H] ∼ −2.0 dex. This
trongly indicates that the detection of the metal-poor population 
n the tidal tails by Piatti ( 2023 ) is an artefact of the GSP-Phot
etallicity sample, possibly connected to the low luminosity of the 

tars employed in the analysis. 

 DATA  ANALYSIS  

e split the analysis in two parts: in Section 2.1 , we analyse the
etallicity distribution of the member stars of NGC 5904, while in 
ection 2.2 , we concentrate on the stars which are part of the tidal

ails associated to the cluster. In both cases, we conduct the analysis
sing simultaneously the two metallicity samples derived from Gaia 
R3 BP/RP spectra: 

(i) the GSP-Phot metallicity sample from Gaia DR3 (non- 
alibrated and calibrated according to the prescription of Andrae 
t al. 2023c ) 1 , 

(ii) the metallicity sample derived with the XGBoost algorithm, 
rained on stellar parameters from APOGEE (Andrae et al. 2023b ; 
atalogue available in Andrae, Rix & Chandra 2023a ). 

.1 The metallicity of the cluster NGC 5904 

e select cluster members using the membership provided in 
asiliev & Baumgardt ( 2021 ) based on Gaia Early Data Release
 https:// www.cosmos.esa.int/ web/ gaia/ dr3- gspphot- metallicity- calibration 

2

W  

t  
 kinematic and photometric data. We restrict the analysis to stars
ithin 30 arcmin from the cluster’s centre and with probability 
emberships higher than 0.9, obtaining a total of 21 287 stars. For

ll of these stars, we have GSP-Phot metallicity estimates (and the
orresponding calibrated measurements) and for a subsample of 886 
tars we also have XGBoost metallicities. The stars in the GSP-Phot
nd XGBoost samples o v erlap both spatially in the field of view of the
luster and in the colour–magnitude diagram. The XGBoost sample is 
omposed of brighter stars, with magnitudes G < 18. These two data
amples are displayed in the top panels of Fig. 1 as blue and red points,
espectively, in physical, velocity, and colour–magnitude spaces. 

In the bottom panel of Fig. 1 , we plot the metallicity distribution
f our samples: in grey we indicate the non-calibrated GSP-Phot 
etallicities, in blue and in red the calibrated GSP-Phot and the
GBoost metallicities, respectively. From this figure, it is apparent 

hat the calibration of GSP-Phot metallicities is essential to reco v er
etallicity values consistent with previous literature measurements 

f NGC 5904, shown as the dotted vertical line at [Fe/H] ∼ −1.34
ex (Carretta et al. 2009 ). The calibrated measurements display a
on-homogeneous distribution, with a double peak: one at ∼−1.4 
ex and one at ∼−2.0 dex. These two values correspond to the
wo populations reported in Piatti ( 2023 ) for the tidal tails of the
luster (we will further address this point in Section 2.2 ). On the
ontrary, the metallicity distribution from the more robust XGBoost 
easurements does not show a double peak, but rather a mono-
etallic distribution with a peak around ∼−1.3 dex, fully consistent 
ith the literature values. This discrepancy can be taken as an

ndication of the presence of strong systematic errors in the GSP-Phot
etallicities estimates, as already cautioned by Andrae et al. ( 2023c ).
In order to further assess the robustness of the two samples against

ystematics, we plot in Fig. 2 the metallicity distributions for stars
n different magnitudes bins. For GSP-Phot metallicities, we select 
agnitudes bins of G < 15, 15 < G < 18, and G > 18, while for

he XGBoost measurements, we select magnitudes bins of G < 15,
5 < G < 16, and G > 16. It is evident from the plots in the first
ow that the peak at −2.0 dex of the GSP-Phot sample becomes
ore and more apparent for faint stars (fainter than G ∼ 15), and

t is a prominent feature for stars with G magnitudes fainter than
8. On the contrary, for stars brighter than G ∼ 15, the metallicity
istribution is more homogeneous and is fully compatible with the 
ne from the XGBoost sample. Moreo v er, for XGBoost data, the
etallicity distribution does not show significant dependencies with 

tellar magnitudes. We take this as an argument for the robustness of
he sample and conclude that the feature observed at −2.0 dex is very
ikely due to magnitude-dependent systematic errors dominating the 
SP-Phot metallicity estimates. 
Finally, we test the dependence of the metallicity estimates on 

he stellar type, in particular for horizontal branch (HB) stars which
re known to be complex for spectroscopic modelling. In Fig. 3 ,
e compare the distributions of HB stars, bright red giant branch

tars (G < 14) and the entire sample excluding HB stars. We do not
bserve strong discrepancies between HB stars and the rest of the
tars, beside a larger scatter for the HB metallicity distribution. On
he contrary, the bright red giant stars show a narrower distribution
n agreement with literature values. We conclude, consistently with 
he results from Fig. 2 , that stellar luminosity has a stronger impact
n the data quality rather than stellar type. 

.2 The metallicity of the tidal tails of NGC 5904 

e select stars belonging to the stellar stream of NGC 5904 following
he procedure described in Piatti ( 2023 ), based on the 50 highest-
MNRASL 527, L32–L36 (2024) 
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M

Figure 1. Top panels: Gaia DR3 member stars of the GC NGC 5904, selected around 30 arcmin of the cluster’s centre, following the membership criteria 
of Vasiliev & Baumgardt ( 2021 ). From left to right, we show their spatial, velocity, and colour–magnitude distributions. Blue and red points refer to stars 
with GSP-Phot and XGBoost metallicity measurements, respectively. Bottom panel: Metallicity distribution of the stars in NGC 5904. In grey, we show the 
non-calibrated GSP-phot metallicity estimates, in blue the data calibrated as in Andrae et al. ( 2023c ), and in red the XGBoost metallicites. The dotted line 
indicates the literature value, [Fe/H] = −1.34 dex (Carretta et al. 2009 ). The double peak visible in the GSP-Phot data is not confirmed by the higher quality 
XGBoost sample. NGC 5904 appears to be mono-metallic, without the presence of any second population with distinct metallicity. 
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anked stream member candidates reported in Grillmair ( 2019 ) and
ully consistent with the stream detected in Ibata et al. ( 2021 ).
ll of these stars are faint stars with G > 18. Only a total of 25

tars have GSP-Phot metallicity estimates, while none of these stars
ave XGBoost data available, due to the magnitude limit of the
ample. In Fig. 3 , we compare the metallicity distribution of the
tars in the stream with the one for the cluster, using only GSP-Phot
alibrated values. It is evident that the stars in the stream follow
he same metallicity distribution as the stars in the cluster, with a
rominent feature at [Fe/H] ∼ −2.0 dex. As demonstrated abo v e,
his feature, not observed in the higher quality XGBoost data, is
ikely due to data systematics affecting GSP-Phot metallicities in
he low luminosity re gime. F or this reason, in accordance with our
nalysis in Section 2.2 , we strongly argue that the population at
Fe/H] ∼ −2.0 dex is a data artefact also for the stellar stream
tars. 

To support this argument, we carry out the abo v e analysis on a
ifferent cluster, 47 Tuc. This cluster is closer-by than NGC 5904,
NRASL 527, L32–L36 (2024) 

m

ith a distance of d � = 4.5 kpc (7.5 kpc for NGC 5904; Harris
996 , 2010 edition), it is relatively metal-rich, [Fe/H] = −0.75
ex (Carretta et al. 2009 ), and it has a small metal spread of 0.03
ex (Bailin 2019 ). We select a sample of 68 244 stars using the
embership criteria of Vasiliev & Baumgardt ( 2021 ). Even for this

luster, the distribution of GSP-Phot calibrated metallicities shows a
ouble peak with a prominent feature at −2.0 dex (see Fig. 4 ). We
ake this as a conclusi ve e vidence of the general presence of data
ystematics creating this low metallicity feature. 

 DI SCUSSI ON  

n this Letter, we carried out a homogeneous analysis of the
etallicity distribution of both the cluster NGC 5904 and its

ssociated stellar stream (Grillmair 2019 ; Ibata et al. 2021 ). Using
etallicity estimated derived from Gaia BP/RP spectroscopy,

amely GSP-Phot metallicities and the higher quality XGBoost
etallicities, we showed that: 



The mono-metallic globular cluster NGC 5904 L35 

Figure 2. Metallicity distribution for different magnitude bins for stars in the GC NGC 5904, for the calibrated GSP-Phot sample (top panels) and for the 
XGBoost sample (bottom panels). The literature value of the metallicity of the cluster is shown as a dotted v ertical line. F or bright stars (G < 15), the GSP-Phot 
and XGBoost samples display a similar distribution, consistent with the literature. For fainter stars, GSP-Phot metallicities display a second prominent peak at 
[Fe/H] = −2.0 dex, which is an artefact due to data error systematics, not present in the more robust XGBoost data. 

Figure 3. Metallicity distribution of bright red giant branch stars (G < 14, orange symbols), horizontal branch stars (HB, blue symbols), and the entire sample 
without HB stars (grey symbols), for the calibrated GSP-Phot sample (central panel) and the XGBoost sample (right panel). Left panel: colour–magnitude 
diagram with the selection criteria for the subsamples. HB stars show a similar metallicity distribution to that of the remaining stars, with a marginally larger 
scatter. Bright red giant stars display a narrower distribution consistent with literature values, for both the GSP-Phot and the XGBoost samples. 
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(i) For stars belonging to NGC 5904, GSP-Phot data display a 
ouble peak metallicity distribution ([Fe/H] ∼−1.4 and ∼−2.0 dex). 
he shape of the distribution is not consistent with the higher quality
GBoost data, which display a mono-metallic behaviour, consistent 
ith previous works in the literature. The feature at [Fe/H] ∼ −2.0 
ex in the data becomes more prominent for faint stars (G > 15),
nd, therefore, it appears to be an artefact due to data systematics. 

(ii) The stream of the cluster is characterized by a similar double- 
eaked metallicity distribution in the GSP-Phot data; ho we ver, gi ven
he low luminosity of the stars, we cannot carry out a direct compar-
son with the XGBoost sample. Given the magnitude dependency of 
he metallicity distribution for the stars in the cluster (Figs 2 and 3 ),
nd the mono-metallicity behaviour of XGBoost data for the cluster 
tself, it is very unlikely that this [Fe/H] ∼ −2.0 dex feature is a real
roperty of the stellar population of the stellar stream. 
f
(iii) As a sanity check, we showed that another cluster, 47 Tuc,
elected to be metal richer than NGC 5904, also shows a prominent
eak at [Fe/H] ∼ −2.0 dex in GSP-Phot data. We conclude that this
eature is a general systematic effect present in the data set. 

All the abo v e demonstrates that GSP-Phot metallicity estimates 
re dominated by systematics and therefore should not be used to
ssess the metallicity distribution of GC stars. Our work indicates 
hat NGC 5904 and its stellar stream are characterized by a mono-

etallic stellar population, in strong disagreement with the claimed 
etection of two distinct stellar populations by Piatti ( 2023 ). Our
esult also confutes the proposed scenario according to which NGC 

904 underwent a merger with another metal-poor GC. 
We note that the quality of the data used in this work, derived

rom low-resolution Gaia BP/RP spectroscopy, is not of high enough 
MNRASL 527, L32–L36 (2024) 
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igure 4. Top panel: Comparison between the calibrated GSP-Phot metal-
icity distribution of the member stars of NGC 5904 and the stars associated to
ts stellar stream. The striking correspondence between the two distributions
oints to the presence of error systematics also in the faint stars of the tidal
ails, creating a spurious peak at −2.0 dex. Bottom panel: Calibrated GSP-
hot metallicty distribution for the metal richer GC 47 Tuc ([Fe/H] = −0.75
ex, dashed line) also showing the spurious peak at −2.0 dex. 

uality to assess the spread in the metallicity distribution of the cluster
XGBoost metallicity estimates have typical errors of 0.2–0.3 dex;
ndrae et al. 2023b ). Therefore, we do not make any assessments
f the detailed shape of the metallicity distribution of NGC 5904.
inally, our analysis shows that the metallicty estimates for both
SP-Phot and XGBoost data do not show major dependency on the

tellar type; in particular we demonstrate that HB stars follow the
lobal metallicity distribution, while bright red giant stars display a
arrow distribution consistent with previous works, indicative of the
igher quality of this subsample. 
With the advent of upcoming large spectroscopic surv e ys, such as
EAVE and 4MOST, and the quality impro v ements of future Gaia

ata releases, we expect valuable new insights on the nature of the
etallicity distribution of GCs and their tidal tails. 
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