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A B S T R A C T 

The near-infrared calcium ii triplet (CaT), around 850 nm, is a key metallicity indicator for red giant stars. We present a 

revised [Fe/H] calibration as a function of CaT line strengths and four luminosity indicators, including the Gaia G band, 
together with the classical V , I, and K s bandpasses. For this purpose, we used a sample of 366 red giant stars belonging 

to 25 globular and open clusters, complemented by 52 e xtr emely metal-poor field giant stars. The CaT line strengths 
are determined by fitting Gaussian–Lorentzian combination profiles using the python lmfit package, which utilizes 
the algorithms implemented therein. The derived calibration is valid for a wide metallicity range, −4 dex � [Fe / H] � 

+0 . 15 dex, and for ages older than ∼200 Myr. In addition, we performed a detailed assessment of how factors such as 
spectr al resolution, spectr al quality (e xpr essed thr ough the signal-to-noise ratio), and the algorithms used to constrain the 
line profiles affect the measured line strengths and the resulting metallicities. 

Key words: stars: abundances – stars: late-type. 
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 INTRODUCTION  

he near-infrared Ca ii triplet (CaT) lines, located at 849.8, 854.2, 
nd 866.2 nm, r espectively, ar e easily distinguishable even in low-
nd medium-resolution near-infr ared spectr a of late-type giant 
tars (e.g. T. E. Armandroff & G. S. Da Costa 1991 ; A. J. Ce-
arro et al. 2001 ). Due to their high sensitivity to changes in
t ellar metal cont ent, these lines hav e become widely used as
etallicity indicators for a range of stellar systems. This includes 

oth old metal-poor systems such as globular clusters and dwarf 
pher oidal g alaxies (e.g . T. E. Armandr off & R. Zinn 1988 ; G. A.
utledge, J. E. Hesser & P. B. Stetson 1997 ; G. Battaglia et al. 2008 ;
. Lucchesi et al. 2020 ; C. M. Sakari & G. Wallerstein 2022 ), as
ell as metal-rich open clusters or dwarf galaxies like the Magel- 

anic Clouds (e.g. E. W. Olszewski et al. 1991 ; G. S. Da Costa & D.
atzidimitriou 1998 ; E. Tolstoy et al. 2001 ; A. A. Cole et al. 2004 ;
. Carrera et al. 2008a , b , 2011 , 2015 , 2017 ; R. Leaman et al. 2009 ;
. C. Parisi et al. 2010 , 2022 ; R. Carrera 2012 ; B. J. De Bortoli et al.

022 ). 
The strength of the CaT lines is quantified by the area between

he line profile and the continuum lev el. The st ellar chemical
bundance, effectiv e t emper ature, and surface gr avity mainly in-
uence this strength. The pioneering works by T. E. Arman- 
roff & R. Zinn ( 1988 ), T. E. Armandroff & G. S. Da Costa ( 1991 ),
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nd E. W. Olszewski et al. ( 1991 ), focused on red giant stars be-
onging to Galactic and Large Magellanic Cloud globular clusters, 
oted that the effective temperature and surface gravity depen- 
ences could be removed by assuming a linear relation between 

he strengths of the CaT lines, and a luminosity indicator such
s the absolute magnitude in V band or the difference between
he magnitudes of the stars and the horizontal branches also in
 band. The strength of the lines was determined by fitting a
aussian function to their profiles. In order to extend the use
f the CaT as a metallicity indicator to more metal-rich and
ounger regimes, A. A. Cole et al. ( 2004 ) proposed to model the
ine profiles with a combination of a Gaussian and a Lorentzian
unctions, since they provide a more accurate fit to the core
nd wings of these lines. This pr ocedur e also removes potential
lends with other lines, particularly important in the extended 

ings of more metal-rich objects. This approach was success- 
ully applied by R. Carrera et al. ( 2007 ), extending the use of 
he CaT lines as a metallicity indicator for metal-rich stars, up to
0 . 15 dex. 
On the other side, E. Starkenburg et al. ( 2010 ) extended the CaT

alibration to e xtr emely metal-poor r egimes using synthetic spec-
ra. They noticed that the relationship between the strength of 
he CaT lines and the luminosity indicators is not linear, and the
ddition of non-linear terms is needed to pr operly r epr oduce the
bserved trend. Taking this into account, R. Carrera et al. ( 2013 ,
ereafter C13 ) complemented the open and globular cluster sam- 
 This is an Open Access article distributed under the terms of the 
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Table 1. Reference values for the stellar clusters in our sample. 

Cluster [Fe/H] Ref. E(B − V ) (m-M) 0 Ref. 

NGC 104 (47 Tuc) −0.76 ± 0.02 1 0.04 13.27 ± 0.01 2,3 
NGC 288 −1.32 ± 0.02 1 0.03 14.76 ± 0.02 2,3 
NGC 362 −1.09 ± 0.04 8 0.05 14.73 ± 0.02 2,3 
NGC 1851 −1.18 ± 0.08 1 0.02 15.38 ± 0.02 2,3 
NGC 1904 (M79) −1.58 ± 0.02 1 0.01 15.58 ± 0.01 2,3 
NGC 2298 −1.96 ± 0.04 1 0.14 14.96 ± 0.04 2,3 
NGC 3201 −1.51 ± 0.02 1 0.24 13.37 ±0.02 2,3 
NGC 4590 (M68) −2.27 ± 0.04 1 0.05 15.08 ± 0.03 2,3 
NGC 5927 −0.29 ± 0.07 1 0.45 14.58 ± 0.03 2,3 
NGC 6352 −0.62 ± 0.05 1 0.22 13.72 ± 0.03 2,3 
NGC 6528 + 0.07 ± 0.08 1 0.54 14.47 ± 0.07 2,3 
NGC 6681 −1.62 ± 0.08 1 0.07 14.85 ± 0.02 2,3 
NGC 7078 (M15) −2.33 ± 0.02 1 0.10 15.15 ± 0.02 2,3 
Berkeley 17 −0.24 ± 0.04 5 0.06 12.38 ± 0.81 4 
Berkeley 20 −0.38 ± 0.02 6 0.12 13.25 ± 5.64 4 
Berkeley 39 −0.14 ± 0.01 6 0.06 12.90 ± 1.11 4 
Collinder 110 −0.10 ± 0.02 6 0.37 11.69 ± 0.32 4 
Melote 66 −0.33 ± 0.03 7 0.08 13.20 ± 0.91 4 
NGC 188 −0.03 ± 0.07 5 0.07 11.15 ± 0.19 4 
NGC 2141 −0.04 ± 0.16 6 0.31 12.91 ± 1.28 4 
NGC 2682 (M67) + 0.04 ± 0.04 5 0.02 09.75 ± 0.10 4 
NGC 6705 (M11) + 0.11 ± 0.07 5 0.39 11.72 ± 0.42 4 
NGC 6791 + 0.15 ± 0.14 5 0.22 13.13 ± 0.95 4 
NGC 6819 + 0.04 ± 0.06 5 0.13 12.21 ± 0.28 4 
NGC 7789 + 0.00 ± 0.07 5 0.26 11.60 ± 0.23 4 

Refer enc es: (1) E. Carretta et al. ( 2009 ); (2) W. E. Harris ( 2010 ); (3) H. Baumg ar dt & E. Vasiliev ( 2021 ); (4) T. Cantat-Gaudin et al. ( 2020 ); (5) J. Carbajo- 
Hijarrubia et al. ( 2024 ); (6) S. Randich et al. ( 2022 ); (7) G. Carraro et al. ( 2014 ); (8) C. Vargas et al. ( 2022 ). 
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le used by R. Carrera et al. ( 2007 ) with 50 e xtr emely metal-poor
tars with [Fe/H] < = 

− 2 . 5 dex, obtaining an empirical calibration
xpanding a wide range of metallicities, −4 < [Fe / H] < +0 . 15 ,
nd ages, ≥0.25 Gyr using V, I Johnson-Cousins. This calibration
as been widely used in the literature (e.g. A. Koch & R. M. Rich
014 ; F. Mauro et al. 2014 ; R. Carrera et al. 2015 , 2017 ; N. Ho et
l. 2015 ; J . D . Simon et al. 2015 , 2020 ; C. T. Slater et al. 2015 ; T.
. Li et al. 2017 , 2018 ; N. Longeard et al. 2019 ), also for obtaining
he metallicity of ultrafaint dwarf g alaxies, mor e r ecently (S. A.
enkins et al. 2021 ; W. Cerny et al. 2023 ; M. E. Heiger et al. 2024 ;
. E. T. Smith et al. 2024 ). 

Our initial aim was to extend the C13 ’s calibration to the Gaia
 -band magnitudes, which, since the first data release (Gaia
ollaboration 2016 ), have been widely used. In the latest data
 elease, the thir d one, Gaia provided G -band magnitudes for 1.7
illion stars, with a precision which reaches the milli-magnitudes
 Gaia EDR3, Gaia Collaboration 2021 ). Through this process,
e noticed some differences in the line str engths measur ed on

he same spectra by C13 when using the current version of idl .
nter estingly, the r esults fr om idl seem t o be quit e similar t o those
enerated by the latest python implementation. We discuss this
n detail in Section 3 . This motivated us to measure the strengths
f the CaT lines again and compute a new metallicity calibration.
or this, we take advantage of the new values, such as distance,
Fe/H], etc., available in the literature in the last years, mainly,
rom the different Gaia data releases and the complementary
pectroscopic surveys (see Section 2 ). 

The structure of this paper is as follows. Section 2 provides
n overview of the observational material used in this study and
etails updates to the C13 catalogue. Section 3 describes the
ethodology for calculating CaT line strengths using python
NRAS 546, 1–11 (2026) 

1

ode and compares them with previous C13 measurements. Sec-
ion 4 presents the new calibration of CaT lines as a metallicity
ndicator . W e also validate the derived CaT metallicity against
igh-r esolution r efer ence data and compare our calibration with

hat of C13 . Finally, Section 5 summarizes the main findings of 
his paper. 

 O B S E RVA  T I O NAL  MA  T E R I A L  

e use the same data sample as C13 , fully described there and by
. Carrera et al. ( 2007 ). After applying similar quality constraints
s C13 , the final data set consists of 123 red giant stars belonging
o 12 open clusters, 243 red giant stars from 13 globular clusters
see Table 1 ), and 50 very metal-poor field stars with metallicities
Fe/H] < −2.5 dex. Overall, the sample covers a metallicity range
rom −4 to +0 . 15 dex. C13 employed this sample to establish a
elationship between �Ca , defined as the sum of the strengths
f the three CaT lines, and metallicity for four luminosity indica-
ors: V, I , K s , and V − V HB . In this work, we used as luminosity
ndicators the same V, I , and K s magnitudes, thoroughly outlined
y C13 , together with the Gaia G -band magnitudes (Gaia Collab-
ration 2021 ). We do not att empt t o deriv e a new calibration for
 − V HB due to the challenges in defining the horizontal branch
osition in field stars, poorly populated clusters, or galaxies with
xtended star formation histories. 

To obtain the G magnitude for all stars in our sample, we
ross-matched it with Gaia EDR3, using a separation threshold
f ≤1 arcsec as a selection criterion in the query in the Gaia
rchive (Gaia Collaboration 2016 , 2023 ). 1 Additionally, we re-
 https://gea.esac.esa.int/archive/ 

https://gea.esac.esa.int/archive/
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rieved the Gaia IDs by matching our catalogue with the Set of 
dentifications, Measurements and Bibliography for Astronomi- 
al Data ( SIMBAD) database (M. Wenger et al. 2000 ), based on
IMBAD identifiers. For the majority of the stars, both proce- 
ures converge in identifying the same pairs. For 10 stars with
iscr epant r esults, w e manually v erified their positions using the
ladin sky atlas 2 (F. Bonnarel et al. 2000 ) to identify the correct
airs. Finally, neither pr ocedur e can get a match for 18 globular
luster stars. Their G magnitudes were also obtained through a 
anual search using aladin . 
The absolute magnitudes are calculated as: M i = m i − A i − μ

ith i = V, I, K s , G , where m i and A i ar e the appar ent magnitude
nd extinction for i -bandpass, respectively, and μ is the distance 
odulus. For open clust ers, w e adopt the distance moduli and

eddening values, E(B − V ) , provided by T. Cantat-Gaudin et al.
 2020 ), which are based on Gaia DR2 (D. W. Evans et al. 2018 ).
or the globular clust ers, distances deriv ed dir ectly fr om Gaia
arallaxes should be affected by large uncertainties due to the 

arge distances for most of these systems, but also by the crowding
n their central regions. For this reason, the distance moduli used
re derived from the distances determined by H. Baumg ar dt & E.
asiliev ( 2021 ) obtained by averaging results provided by differ-
nt methods. The reddening values are obtained from the Harris 
010 globular cluster database 3 , an update of W. E. Harris 1996 .
or field stars, we use the same reddening values adopted in C13 .
he distance moduli, how ev er, are comput ed from the lat est Gaia
DR3 parallax es, corr ect ed for parallax syst ematics following the
r ocedur e outlined in L. Lindegren et al. ( 2021 ). 
The e xtinctions, A i , ar e derived fr om r eddening as: A i = E(B −

 ) ∗ R V ∗ κi , assuming R V = 3.1 mag and κi = 1.0, 0.470, and
.114 mag for V, I , and k s -bandpasses, respectively (J. A. Cardelli,
 . C. Cla yton & J. S. Mathis 1989 ). Owing to the fact that to Gaia
 magnitudes are derived from a very broad filter, the extinction 

oefficient depends not only on the extinction itself, but also on
he spectral energy distribution of the source (K. D. Gordon et al.
016 ; C. Danielski et al. 2018 ). In order to take all of these into
ccount, we use dus tappr ox (M. Fouesneau et al. 2022 ) a tool
eveloped by the Gaia team to derive extinction in G band from
 V and effectiv e t emperatur e of the sour ce. The former is derived

rom the (G BP − G RP ) colour provided by Gaia , yielding residuals
f about 5 per cent in temperature for stars hotter than 4500 K (C.
 or di et al. 2010 ). Although most of the stars in our sample have
ore accurate effective temperatures derived from other methods 

uch as high-resolution spectroscopy, we rely on Gaia data for 
onsistency. On one side, the relationships used by dustapprox 

ave been obtained using the same pr ocedur e. On the other,
ur final goal is to apply the derived calibration to determine
etallicities for sources without alt ernativ e det erminations of the

ffectiv e t emperatures, for which w e will rely in most cases only
n Gaia results. 

The r efer ence metallicity values for globular clusters and field 

tars are the same as those used by C13 since they do not have
or e r ecent chemical abundance determinations in the litera- 

ure. NGC 362 is the only exception, with a very recent deter-
ination by C. Vargas et al. ( 2022 ). For open clust ers, w e up-

ated the values with the r ecent high-r esolution determinations 
rovided by S. Randich et al. ( 2022 ) and J. Carbajo-Hijarrubia
t al. ( 2024 ) from Gaia-ESO Public Spectroscopic (GES) and the
 ht tps://aladin.cds.unistr a.fr/ 
 https://heasar c.gsfc.nasa.gov/W3Br owse/star-catalog/globclust.html 

M
c
o  

p  
pen Clusters Chemical Abundances from Spanish Observato- 
ies (OC CASO) surveys, r espectively. The e x ception is Melotte
6 for which we use the determination provided by G. Carraro
t al. ( 2014 ) since it has not been observed by any of the other
w o surv eys. In comparison with C13 , w e highlight the significant
hange of metallicity for NGC 6791, from [Fe/H] = + 0.47 dex
E. Carretta, A. Bragaglia & R. G. Gratton 2007 ) to + 0.15 dex (J.
arbajo-Hijarrubia et al. 2024 ) in agreement with other recent 
eterminations for this cluster (e.g. N. Myers et al. 2022 ). All the
sed r efer ence values ar e listed in Tables 1 and A1 for clusters and
eld stars, respectively. 

 T H E  C AT  I N D E X  

he strength of the CaT lines has been obtained following a
imilar pr ocedur e as C13 , but with some modifications detailed
elow. Briefly, the strength of every line is quantified as the area
etween the line profile inside a bandpass covering the feature 
nd the continuum lev el evaluat ed in several bandpasses between
he three CaT lines. For this purpose, we use the bandpasses
efined by A. J. Cenarro et al. ( 2001 ). The profile of each CaT line

s fitted to a combination of a Gaussian and a Lorentzian function
s proposed by A. A. Cole et al. ( 2004 ). We refer the reader to
13 and R. Carrera et al. ( 2007 ) for a detailed discussion of these
hoices. 

The strength of each CaT line is quantified by fitting its pro-
le with a combination of a Gaussian and a Lorentzian func-

ion, following previous work, using a least-squares fit. C13 and 

. Carrera et al. ( 2007 ) used the idl implementation of lmfit
ackage, using the Levenberg–Mar quar dt algorithm. During the 
reparation of this w ork, w e tried t o use the same implementa-
ion but we found significant discrepancies: the strengths derived 

rom C13 ’s original code and algorithm produced different results
hen run on the latest version of idl . To investigate the source
f this issue, w e dev eloped a new, independent code in python
sing its implementation of the lmfit package (M. Newville et al. 
014 , 2025 ). The line strengths obtained with the new python
ode are consistent with those derived from the updated idl ver-
ion, but both disagree systematically with the original C13 mea- 
urements. The new strengths are g enerally larg er than the C13
alues, and this deviation is mor e pr onounced for the strongest
ines, accompanied by a larger scatter, as shown in Fig. 1 . This
ystematic difference is particularly significant for the reddest 
ine at 866.2 nm. We attribute this sensitivity to the presence of 
 strong Fe ii line at approximately 867.5 nm. For metallicities
bove about –0.25 dex, this contaminant line strengthens signif- 
cantly, complicating the fitting of the line wings and increasing 
he scatter in the derived strength. 

Given its widespread use and public availability, we pro- 
eeded with the analysis using the newly developed python 

ode. Since the python implementation of lmfit readily al- 
ows for testing various optimisation algorithms, we e xplor ed 

ev eral alt ernativ es (see Section 3.1 for details). We found that
he nelder–mead algorithm yields better fits to our spectra than 

evenber g–mar quardt , especially in the wings of metal-rich 

bjects where line blending is a concern. Furthermore, the flex- 
ble lmfit python implementation allowed us to incorporate 

arkov Chain Monte Carlo (MCMC) routines through the em- 
ee package, to derive a more robust and realistic quantification 

f the uncertainties in the fitted line profiles. Finally, the line
r ofile ar ea is calculat ed using the newton-cotes int egration
MNRAS 546, 1–11 (2026) 
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Figure 1. Comparison between the C13 ’s strengths derived with the new python implementation but using the Levenberg–Mar quar dt algorithm, for 
each line. Points are colour-coded as a function of the star metallicity, as noted in the right sidebar. Point shapes denote differ ent sour ces, as labelled in 
the legend. The dashed lines of equal strength are added for reference in black. 
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Figure 2. Contribution of the strengths of 849.8 nm (top left), 854.2 nm 

(top right), and 866.2 nm (bottoml eft) to the global CaT index, � Ca. 
Bottom right panel shows the behaviour of the W 854 . 2 / W 866 . 2 ratio. Median 
(dashed lines) and standard deviation (shadow regions) shown in the 
bottom right corner of each panel have been computed applying a 3 σ
clipping (open circles show rejected points). 
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ule from the scipy package (P. Virtanen et al. 2020 ). This code is
ublicly available on gitlab . 4 
Finally, the CaT index, �Ca , is simply derived as the sum of the

trengths of the three lines: �Ca = W 849 . 8 + W 854 . 2 + W 866 . 2 . We
oint the reader to C13 and R. Carrera et al. ( 2007 ) for the discus-
ion of this selection in comparison with other approaches used
n literatur e. Other pr escriptions have been used in the literature
uch as e x cluding the weakest line at 849.8 nm (e.g. N. B. Suntzeff
t al. 1993 ; G. Battaglia et al. 2008 ), or assigning different weights
o each line (e.g. G. A. Rutledge et al. 1997 ). C13 studied the con-
ribution of each line to the CaT index. We confirm in this study
hat the relationships they derived remain valid when the new
r ocedur e is applied. The weakest line at 849.8 nm contributes
nly 19 ± 1 per cent to �Ca , while the other lines at 854.2 and
66.2 nm contribute with 45 ± 1 per cent, 35 ± 2 per cent, respec-
ively (see Fig. 2 ). The sum of the two strongest lines is respon-
ible of 81 ± 1 per cent of the total inde x. Furthermor e, the ratio
etween the strength of the two strongest CaT lines, W 854 . 2 /W 866 . 2 ,

s inv estigat ed finding a value of 1 . 29 ± 0 . 08 , obtained from all
he stars in our sample, independently of the absolute magni-
ude. This value is in good agreement with the results obtained
y E. Starkenburg et al. ( 2010 ) from synthetic spectra, which

ncorporated non-linear thermodynamic equilibrium effects, and
.-O. Husser et al. ( 2020 ), using the same bandpasses as here
ut a Voigt profile. How ev er, our data exhibit subtle indications
hat the proportional contribution of each line to the global �Ca
ndex is not strictly constant across the entire metallicity range,
articularly for stars in the e xtr emely metal-poor regime. This
light deviation is difficult to confirm definitively because these
ines are intrinsically very weak for metal-poor objects, leading to
igher measurement uncertainties close to the noise limit. 

.1 Robustness and sensitivity analysis 

her e ar e several e xtrinsic aspects which can affect the accuracy
f the determination of the CaT str engths. They ar e r elat ed t o the
ature and quality of the used spectra, such as spectral resolution
r signal-to-noise ratio (S/N), and to the methodology itself, such
NRAS 546, 1–11 (2026) 
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(  

r  

0  
s the assumed line profile, the continuum determination, the
andpasses used, or the fitting algorithm used. The literature
as ext ensiv ely discussed the impact of different bandpasses and
rofiles on line strength determination (e.g. A. A. Cole et al. 2004 ;
. Carrera et al. 2013 ; S. Vásquez et al. 2015 ). The Gaussian
rofile, widely used in the past (e.g. T. E. Armandroff & G. S.
a Costa 1991 ; G. Battaglia et al. 2008 ) works reasonably for the
etallicity range covered by the Galactic halo globular clusters.
ow ev er, mor e comple x pr ofiles, like the Gaussian–Lor entzian

ombination used her e, ar e necessary for metal-rich stars (e.g.
pen clusters) or a high spectral resolution ( λ/δλ approx 10 000). 

To inv estigat e the impact of other factors on the derived
tr engths, we cr eated a trial sample of synthetic spectra from
he homogeneous collection published by C. Allende Prieto et al.
 2018 ). We refer the reader to this paper for details. We used as
 efer ence the nsc1 library with a spectral resolution of λ/δλ10
00 and three free paramet ers: effectiv e t emperature, T eff ; surface

https://github.com/carrerajimenez/cat_pipeline/


Revised CaT calibration 5 

Figure 3. Comparison of the strengths determined for each CaT line (first three left columns) and the global �Ca index (right) columns determined from 

synthetic spectra (see the text for details) of different resolutions (top row), signal-to-noise ratios (S/N, middle row), and using different fitting algorithms 
(bottom row). As a reference, we use the values determined from synthetic spectra with a spectral resolution of 8500 using the same methodology, 
nelder–mead plus emcee package, used in the observed spectra. 
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ravity , log g, and metallicity , [F e/H]. F or our sample w e select ed
pectra with 3750 ≤ T eff / [ K] ≤ 5000 with a step of 250 K; 0.5 ≤
og g ≤2.0 with a step of 0.2 dex; and –5.0 ≤ [ Fe / H] ≤ 0.5 dex with
 step of 0.5 dex below [Fe/H] = –1.0 dex and 0.25 dex above it. We
r e awar e that sever al of the combinations of these par ameters
o not match the properties of red giant stars; how ev er, w e keep
hem as we would like to check the behaviour of our methodology
n e xtr eme cases. 

In the past, several authors have applied the CaT calibration 

o different data sets obtained with different instrumental con- 
gurations and ther efor e spectral r esolutions. Ther efor e, we first
hecked the impact of this on the derived strengths. For this
urpose, we smoothed our trial sample – originally computed at 
 spectral resolution of 10 000 – to resolutions of 8500 (matching
he observational spectra used as r efer ence) and 5000. The ob-
ained r esults ar e shown in the top row of Fig. 3 . In all the cases,
he strengths have been determined using the nelder–mead 

lgorithm and refining the results with emcee , as in the case of 
he observed stars. On average, there is no significant difference 
etween the values measured at the two highest resolutions (blue 

ine), even for the strongest lines in the most metal-rich objects. 
he total �Ca index differs by less than ±0.05 Å, making the

mpact on the final metallicities negligible. At lower resolution, 
he differences can exceed 0.15 Å, but this only results in the
erived metallicity being underestimated by roughly 0.05 dex. 
The quality of the spectra, quantified as the S/N ratio, should

ave a significant impact on the derived strength because this not
nly complicates the line profile fitting, but also the continuum 

et ermination. In order t o inv estigat e its impact, w e hav e added
oise to them to reach S/N of 25, 50, 75, 100, and 125 pix −1 ,
espectively . For simplicity , we restricted this analysis only to the
500 resolution. The obtained comparisons are shown in the mid- 
le row of Fig. 3 . A lower S/N ratio leads to larger deviations in
he measured line strengths compared to the reference values ob- 
ained from the noiseless R = 8500 spectra. The derived strength
an be underestimated up to 0.8 Å for the S/N ∼25 pix −1 , which
ields an underestimation of the metallicity of about 0.25 dex. 
his differ ences r educe to 0.4 Å for a S/N ∼50 pix −1 and to 0.2 Å

or S/N ratio higher than 75 pix −1 . They imply differences in the
nal metallicities of 0.1 and 0.05 de x, r espectively. These larger
iffer ences ar e found for metallicities higher than [Fe/H] ∼ –
.5 dex. In the range of globular clusters, S/N plays a minor role;
ven at the lowest S/N, the maximum deviation is ∼0.4 dex, im-
lying a metallicity underestimation of ∼0.15 dex. Interestingly, 
or e xtr emely metal-poor objects wher e the lines ar e weakest, the
uality of the spectra has a stronger impact on measuring the
trength of the reddest line at 886.2 nm than on the other CaT
ines. 

Finally, taking advantage of the flexibility of the python im- 
lementation of the lmfit package, we ha ve in vestigated the dif-
erences in the line strengths using three different algorithms: the 
lassical, gradient-based, levenber g–mar quardt , the widely 
sed, dir ect sear ch, nelder–mead one, and a genetic differ-
ntial ev ol ution one. In this case, w e det ermined the strength
MNRAS 546, 1–11 (2026) 
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M

Figure 4. The relationship of the CaT index ( �Ca ) with the luminosity indicators M V , M I , M K s and M G , r espectively. Differ ent point shapes r epr esent 
three categories of different tracers, as indicated in the legend. 

Table 2. Best-fitting parameters and the total number of stars used for 
each band. 

Coefficient V I K G 

a −3.10 ± 0.05 −3.11 ± 0.07 −2.94 ± 0.08 −3.14 ± 0.02 
b 0.09 ± 0.02 0.08 ± 0.02 0.11 ± 0.02 0.08 ± 0.01 
c 0.33 ± 0.01 0.37 ± 0.01 0.37 ± 0.01 0.35 ± 0.01 
d −1.01 ± 0.13 −0.96 ± 0.14 −0.93 ± 0.13 −0.94 ± 0.12 
e 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.02 
Number 416 300 414 412 
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irectly with these algorithms without applying the MCMC anal-
sis with emcee , and in the r efer enced ones. The obtained results
re shown in the bottom row of Fig. 3 . In general, the nelder–
ead algorithm works reasonably well in the whole range of 

he strength of the three CaT lines. For this reason, we begin
ur profile fit with this. The levenber g–mar quardt serves
ell for the strongest lines, but it w orks w orse for w eaker lines.
he genetic algorithm does not appear to accurately r epr oduce

he line profiles using the Gaussian–Lorentzian combination.
n fact, the measured line strengths can be underestimated by
p to 0.4 Å, which ag ain corr esponds to an underestimation in
etallicity of roughly 0.15 dex. None the less, these algorithm-

ependent differ ences ar e still too small to explain the larger
iscrepancies with the earlier idl -based results, as shown in
ig. 1 . 
NRAS 546, 1–11 (2026) 
 A  R E V I S E D  C AT  M ETAL L I C I T Y  

A L I B R AT I O N  

ig. 4 shows the run of �Ca as a function of the four luminosity
ndicators used: M I , M K s , M V , and M G , respectively. The points
r e colour ed as a function of their metallicity, as indicated in
he right-hand sidebar. It is clear that the sequences formed by
bjects with similar metallicities are not linear, contrary to the
ssumption made in the pioneering studies in this field. (e.g. T.
. Armandroff & R. Zinn 1988 ; T. E. Armandroff & G. S. Da Costa
991 ). 

Differ ent r ecipes hav e been used in the lit erature t o account
or this non-linearity (e.g. T.-O. Husser et al. 2020 ). In this
ase, following E. Starkenburg et al. ( 2010 ) these sequences are
arametrized as 

 F e/H] i = a + b × M i + c × �Ca + d × �Ca 

−1 . 5 + e × M i �Ca 

her e M i r efers t o absolut e magnitude in each band analysed: V,
 , K s , and G , respectively. This includes the �Ca 

−1 . 5 to account
or the e xtr emely metal-poor regime and the cross term for the
on-linear trends. 
The fiv e paramet ers a , b , c , d , and e have been computed follow-

ng a pr ocedur e similar to that performed in the line profile fit-
ing. We used the python lmfit package with a nelder–mead
lgorithm and an MCMC pr ocedur e t o deriv e these coefficients
nd their uncertainties. Derived coefficients together with the
umber of stars used for each luminosity indicator are listed in
able 2 . 
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Figur e 5. Differ ences between the r efer ence metallicities and the values derived from the new calibrations obtained here for the four luminosity 
indicators used (bottom panels), colour-coded as a function of metallicity. The top panels show the global distributions of these residuals (black) and in 
different metallicity ranges (different colours). The statistics of these distributions are summarized in Table 3 . 

Table 3. Median and standard deviation of the residuals’ histograms 
shown in the top panel of Fig. 5 . 

Range V I K G 

0.5 to −0.5 −0.10 ± 0.19 −0.09 ± 0.18 −0.12 ± 0.22 −0.12 ± 0.18 
0.5 to −1.5 0.04 ± 0.15 0.07 ± 0.13 0.06 ± 0.16 0.05 ± 0.15 
−1.5 to −2.5 0.04 ± 0.20 0.05 ± 0.23 0.05 ± 0.21 0.04 ± 0.20 
> −2.5 0.04 ± 0.17 0.03 ± 0.17 0.05 ± 0.17 0.05 ± 0.17 
Total 0.00 ± 0.19 −0.00 ± 0.20 0.00 ± 0.21 0.00 ± 0.20 
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To check the accuracy of the derived calibration, we compute 
he residuals of each star by comparing the r efer ence values with
he metallicities obtained using these calibrations for the four 
uminosity indicators, as shown in the bottom panels of Fig. 5 .
ach star has been colour-coded as a function of its metallicity. 
he top panels show the global distribution of these residuals 

n black, which ar e centr ed at 0.0 de x, with standar d deviations
r ound 0.2 de x. In principle, this is consistent with the expected
ncertainties for this method. How ev er, bott om panels of Fig. 5
uggest a trend in the residuals as a function of metallicity, which
s quantified by the histograms for different metallicity ranges 
hown in top panels, and which statistics are listed in Table 3 .

hile the most metal-poor objects show a median difference 
f about 0.03–0.05 dex, the most metal-rich ones do it between
0.09 and −0.12 dex. 
An ext ensiv e inv estigation int o the source of this trend has

een undertaken. First, we restrict the sample to include only 
tars with absolute magnitudes brighter than zero or filter out a
pecific group of targets located at the bottom of the red giants in
he top left corner of Fig. 4 . However, the trend persists in all the
ases. Furthermor e, we e xplor e the addition of second-or der and
ross terms to the model, such as M 

2 
i , �Ca 2 or M 

2 
i × �Ca 2 . None

f these additions removed the observed trend, as the calculated 

oefficients are consistently negligible ( ∼ 10 −5 ) compared to the 
ain relation terms. Finally, removing terms already present in 

he relationship – specifically �Ca −1 . 5 or �Ca × M i , resulted in a 
arked increase in the overall scatter and residuals, confirming 

he necessity of the current functional form despite the observed 

ystematic behaviour. 
As previously mentioned, the motivation for deriving a new 

alibration stems from discrepancies observ ed betw een strengths 
erived using the same code but different idl implementations. 
everal authors have employed the C13 calibration to derive 
etallicities in recent years (e.g. R. E. Giribaldi et al. 2023 ; J.
. Simon et al. 2024 ), using strengths determined through the

urrent idl or python implementations. To assess the impact 
f applying the older C13 calibration with these strengths, we 
ompared the metallicities derived from the new calibration with 
MNRAS 546, 1–11 (2026) 
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M

Figure 6. Comparison of metallicities derived from the C13 calibration and the current calibration, using identical absolute magnitudes and line 
strengths determined in this study. 

Table 4. Median and standard deviation of metallicity differences 
( �[F e/H]) by [F e/H] bin. Metallicity differ ences ar e calculat ed betw een 
the C13 and present calibrations, using the same absolute magnitudes and 
line strengths derived in this work. 

[Fe/H] range �[Fe/H] V (dex) �[Fe/H] I �[Fe/H] K 

≥ 0 . 0 0.47 ± 0.03 0.48 ± 0.03 0.48 ± 0.01 
0.0 to −0.5 0.39 ± 0.03 0.36 ± 0.03 0.37 ± 0.04 
−0.5 to −1.0 0.27 ± 0.04 0.27 ± 0.03 0.23 ± 0.03 
−1.0 to −1.5 0.17 ± 0.04 0.14 ± 0.05 0.12 ± 0.04 
−1.5 to −2.0 0.06 ± 0.08 0.07 ± 0.06 −0.01 ± 0.05 
−2.0 to −2.5 −0.05 ± 0.06 −0.10 ± 0.07 −0.131 ± 0.06 
−2.5 to −3.0 −0.04 ± 0.07 −0.08 ± 0.08 −0.21 ± 0.08 
≤ −3 . 0 −0.02 ± 0.16 −0.10 ± 0.16 −0.20 ± 0.15 
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hose derived using C13 , applying the same magnitudes and CaT
tr engths fr om this work. Fig . 6 and Table 4 further demonstrate
he global impact of this update. The results confirm that both
alibrations yield consistent metallicities for [Fe/H] � −1.5 dex,
hereas in the metal-rich regime the older C13 calibration sys-

ematically produces higher metallicities by up to ∼0.5 dex. This
s in part due to revised line-strength measurements, but probably

ainly to the difference in the r efer ence [Fe/H] values used for
GC 6791, which was + 0.47 dex in C13 but + 0.15 de x her e. This
pdated r efer ence value brings the syst em int o bett er agreement
ith the other cluster and ensures that, even when stars from this

luster ar e r emoved, the derived coefficients remain stable within
he uncertainties. 

 SUMMARY  

n this w ork, w e hav e revisit ed the calibration of the CaT
s a metallicity indicator, across three luminosity indicators
 M V , M I , M K s ), incorporating the recent widely used Gaia G -band

agnitudes. We have used a sample of 366 red giant stars be-
onging to 25 clusters, both open and globular, and 52 e xtr emely

etal-poor field stars. The revised calibration is applicable across
 wide metallicity range, from –4 to + 0.15 dex, for ages older than
200 Myr. The residuals of this calibration are within 0.2 dex,

ndependently of the luminosity indicator used. 
NRAS 546, 1–11 (2026) 

t  
The strengths of the CaT lines have been measured with
 newly developed python -based code employing the lmfit
nd scipy packages. This code has been made publicly avail-
ble to the community. We have investigated the contribution
f each line to the global �Ca index, defined as the sum of 
he strengths of the three lines. Moreov er, w e hav e studied the
obustness of the line strengths determinations as a function
f different factors, such as the spectral resolution and qual-
ty, quantified from the S/N, of the spectra or to the algorithms
sed to perform the line profile characterization. Among the
arious lmfit minimization methods evaluated, the nelder–
ead algorithm consistently delivered the best fits across the

ull range of strengths for all three CaT lines. Also, we conclude
hat spectral quality has a particularly strong impact on deter-

ining the strength of the reddest line (at 886.2 nm) than on
he other spectral lines when observing e xtr emely metal-poor
bjects. 

Finally, we e xplor ed the implications of applying the pr evi-
us C13 calibration alongside the lat est det ermination of the
aT line strengths. Overall, both the new and C13 calibrations
ield similar metallicity values for objects with [Fe/H] � –1.5 dex,
ithin the associat ed uncertainties. How ev er, in more metal-rich

egimes, the C13 calibration produces higher metallicity values,
ith a difference of up to ∼0.5 dex compared to the new calibra-

ion. This discrepancy arises not only from differences in the CaT
ine str ength measur ements, due to the new algorithm imple-

entations, but also from the contrasting [Fe/H] r efer ence value
sed for NGC 6791, the most metal-rich cluster in our sample. 
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Table A1. Reference values for the field stars in our sample. 

SimbadName [Fe/H] Ref. E(B − V ) (m-M) 0 Ref. 

BPS CS 22172–0002 −3 . 86 ± 0 . 02 2 0.072 13 . 41 ± 0 . 19 14 
BPS BS 16467–062 −3 . 77 ± 0 . 06 2 0.018 13 . 27 ± 0 . 16 14 
HE1116-0634 −3 . 73 ± 0 . 12 6 0.055 13 . 82 ± 0 . 22 14 
BPS BS 16550–0087 −3 . 53 ± 0 . 09 3 0.027 16 . 80 ± 0 . 41 14 
BPS BS 16477–003 −3 . 36 ± 0 . 02 2 0.026 16 . 22 ± 0 . 50 14 
BPS BS 16929–0005 −3 . 34 ± 0 . 03 3 0.011 12 . 72 ± 0 . 10 14 
HE0401–0138 −3 . 34 ± 0 . 13 1 0.219 14 . 46 ± 0 . 20 14 
BPS CS 30325–094 −3 . 3 ± 0 . 02 2 0.041 12 . 24 ± 0 . 08 14 
BPS CS 22878–0101 −3 . 25 ± 0 . 04 2 0.098 15 . 70 ± 0 . 32 14 
HD115444 −3 . 15 ± 0 . 11 4 0.014 9 . 70 ± 0 . 03 14 
HE1311–0131 −3 . 15 ± 0 . 12 6 0.03 12 . 54 ± 0 . 11 14 
BPS BS 16085–0050 −3 . 15 ± 0 . 13 12 0.024 13 . 18 ± 0 . 23 14 
BPS CS 30312–0059 −3 . 14 ± 0 . 09 3 0.119 12 . 96 ± 0 . 14 14 
HE1317–0407 −3 . 1 ± 0 . 12 6 0.036 13 . 84 ± 0 . 27 14 
BPS BS 16080–054 −3 . 07 ± 0 . 09 3 0.028 13 . 65 ± 0 . 12 14 
BPS BS 16928–0053 −3 . 07 ± 0 . 09 3 0.011 15 . 90 ± 0 . 36 14 
BD-185550 −3 . 06 ± 0 . 02 2 0.191 8 . 57 ± 0 . 02 14 
HE0420 + 0123 −3 . 03 ± 0 . 13 6 0.163 10 . 38 ± 0 . 05 14 
HD237846 −3 . 01 ± 0 . 1 13 0.01 9 . 69 ± 0 . 02 14 
HD88609 −2 . 97 ± 0 . 13 4 0.01 10 . 41 ± 0 . 05 14 
HE1254 + 0009 −2 . 94 ± 0 . 13 1 0.021 16 . 89 ± 0 . 52 14 
BPS CS 22877–0011 −2 . 92 ± 0 . 1 11 0.038 12 . 92 ± 0 . 14 14 
HE1311–1412 −2 . 91 ± 0 . 13 1 0.082 17 . 71 ± 0 . 58 14 
HE1252–0117 −2 . 89 ± 0 . 13 1 0.023 16 . 19 ± 0 . 44 14 
HD122563 −2 . 82 ± 0 . 04 2 0.024 7 . 57 ± 0 . 02 14 
BPS CS 22175–0007 −2 . 81 ± 0 . 18 1 0.026 12 . 93 ± 0 . 11 14 
HE1320–1339 −2 . 78 ± 0 . 13 1 0.065 11 . 38 ± 0 . 07 14 
BPS CS 31082–0001 −2 . 78 ± 0 . 19 1 0.015 11 . 84 ± 0 . 13 14 
HE1225 + 0155 −2 . 75 ± 0 . 13 1 0.02 12 . 81 ± 0 . 14 14 
BD + 053098 −2 . 74 ± 0 . 13 4 0.068 9 . 95 ± 0 . 03 14 
HD107752 −2 . 66 ± 0 . 13 13 0.031 10 . 79 ± 0 . 06 14 
HD186478 −2 . 59 ± 0 . 02 2 0.126 9 . 87 ± 0 . 04 14 
BD + 233130 −2 . 58 ± 0 . 03 3 0.064 7 . 35 ± 0 . 01 14 
HD85773 −2 . 58 ± 0 . 1 10 0.046 11 . 78 ± 0 . 07 14 
BD + 042621 −2 . 52 ± 0 . 05 4 0.02 10 . 97 ± 0 . 08 14 
HE0243–0753 −2 . 49 ± 0 . 13 1 0.026 14 . 82 ± 0 . 19 14 
HE0442–1234 −2 . 41 ± 0 . 13 1 0.161 13 . 94 ± 0 . 21 14 
HD108317 −2 . 35 ± 0 . 13 7 0.018 6 . 46 ± 0 . 01 14 
HD165195 −2 . 32 ± 0 . 13 10 0.196 9 . 22 ± 0 . 03 14 
HD110184 −2 . 25 ± 0 . 13 8 0.022 11 . 16 ± 0 . 08 14 
BD-012582 −2 . 25 ± 0 . 1 10 0.021 7 . 97 ± 0 . 02 14 
BD + 371458 −2 . 17 ± 0 . 07 7 0.281 5 . 81 ± 0 . 00 14 
HD103545 −2 . 14 ± 0 . 13 10 0.037 9 . 80 ± 0 . 04 14 
HD87140 −1 . 95 ± 0 . 07 7 0.006 7 . 59 ± 0 . 01 14 
BD + 042466 −1 . 92 ± 0 . 05 13 0.042 10 . 56 ± 0 . 05 14 
HD63791 −1 . 72 ± 0 . 13 4 0.054 7 . 80 ± 0 . 02 14 
HD74462 −1 . 56 ± 0 . 07 10 0.057 8 . 68 ± 0 . 02 14 
BD + 302034 −1 . 53 ± 0 . 05 9 0.023 12 . 77 ± 0 . 13 14 
HD105546 −1 . 49 ± 0 . 13 10 0.023 8 . 32 ± 0 . 02 14 
HD15656 −0 . 16 ± 0 . 17 5 0.102 5 . 63 ± 0 . 03 14 

Refer enc es : (1) P. S. Barklem et al. ( 2005 ); (2) S. M. Andrievsky et al. ( 2011 ); (3) D. K. Lai et al. ( 2008 ); (4) J. A. Johnson ( 2002 ); (5) A. McWilliam ( 1990 ); 
(6) J. K. Hollek et al. ( 2011 ); (7) J. P. Fulbright ( 2000 ); (8) Y. Wu et al. ( 2011 ); (9) R. E. Luck & H. E. Bond ( 1985 ); (10) C. A. Pilachowski, C. Sneden & R. 
P. Kraft ( 1996 ); (11) A. McWilliam et al. ( 1995 ); (12) S. Giridhar et al. ( 2001 ); (13) L. Zhang et al. ( 2009 ); (14) Gaia Collaboration ( 2021 ). 
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