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A B S T R A C T 

Recent advances in the stellar population studies of unresolved galaxies in the NIR domain demonstrated that it contains several 
line-strength indices to be potentially used as diagnostics for stellar population properties. Reduction of the extinction and 

possibility to disentangle different stellar populations dominating different spectral ranges are obviously beneficial. To this aim, 
we have investigated the connections between 19 Lick/IDS indices and 39 NIR indices measured in the central regions of 32 

galaxies observed with X-shooter. We adopted a systematic approach to deriving a correlation matrix using all the optical and 

NIR indices measured for the galaxies and building new NIR composite indices to maximize their correlations with the best 
age and metallicity optical tracers. We found that the new T1 and [AlFeCr] composite indices are promising age and metallicity 

diagnostics in NIR, respectively. We finally tested the T1 and [AlFeCr] indices with the predictions of simple stellar populations 
models, and we found that the models show a general agreement with the data. Some fine tuning and further comparison between 

models and data, which are now largely available, is necessary to reach the prediction level of the optical line-strength indices. 

Key words: galaxies: abundances – galaxies: evolution – galaxies: formation – galaxies: stellar content – infrared: galaxies. 
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 I N T RO D U C T I O N  

he definition of Lick/IDS line-strength indices (Burstein et al. 1984 ;
 aber et al. 1985 ; Worthe y et al. 1994 ; Worthe y & Ottaviani 1997 ) and

he improving quality of the simple stellar population (SSP) models
Thomas, Maraston & Bender 2003 ; Schia v on 2007 ; Johansson,
homas & Maraston 2010 ; Vazdekis et al. 2010 ; Maraston &
tr ̈omb ̈ack 2011 ; Vazdekis et al. 2015 ; Conroy et al. 2018 ; Maraston
t al. 2020 ; Knowles et al. 2021 ) were fundamental to our knowledge
f the stellar content of galaxies (e.g. Trager et al. 1998 , 2000 ;
 ́anchez-Bl ́azquez et al. 2006 ; Morelli et al. 2015 , 2016 ; Corsini et al.
018 ; Costantin et al. 2018 ; Mart ́ın-Navarro et al. 2018 ; Costantin
t al. 2019 ; Ditrani et al. 2023 ). 
 E-mail: lorenzo.morelli@uda.cl 
 Visiting Fellow at UCLan 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
In the last three decades, many authors systematically explored
he existence of stellar population diagnostics in the NIR. 

Early works on the strongest NIR spectral absorption features date
ack to the 1980s (e.g. Rieke et al. 1980 ). In the 1990s, some authors
nvestigated the NIR absorption lines/bands as possible proxies to
onstrain the properties of the stellar populations of galaxies and
lobular clusters (e.g Silva et al. 1994 ; Oli v a et al. 1995 ; Origlia
t al. 1997 ) focusing to the CO molecular bands, the strong Si line at
.59 μm and the Br γ line at 2.16 μm. 
In the 2000s, Cenarro et al. ( 2001 ) presented a calibration of

he strong Calcium Triplet (CaT) index and found an unexpected
nticorrelation with the central velocity dispersion of early-type
alaxies (Cenarro et al. 2003 ). Falc ́on-Barroso et al. ( 2003 ) showed
hat this behaviour also holds for the bulges of spiral galaxies. 

Riffel et al. ( 2007 ) detected for the first time, the CN bands in active
alactic nuclei. Along with the CO bands, they have been considered
roof of young/intermediate stellar populations and possible age
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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ndicators in the NIR. Riffel et al. ( 2008 ) analysed 15 absorption
eatures in the NIR for somewhat limited sample of four starbust
alaxies, and demonstrated that some features may trace the stellar 
ormation histories of starbust galaxies. They also extended their 
tudy to constrain the star formation in Seyfert galaxies (Riffel et al.
009 ). 
Silva, K untschner & Lyubeno va ( 2008 ) compared optical and NIR

ndices finding correlations between the newly defined indices in the 
 atmospheric window and the optical [MgFe] ′ index, suggesting that 

ome of the IR features could be adopted as metallicity diagnostics. 
hese findings were later expanded by M ́armol-Queralt ́o et al. ( 2009 )
roposing the D CO index as possible tracer of intermediate-age 
tellar populations and by Cesetti et al. ( 2009 ), who investigated the
roperties of the two Mg indices in the H atmospheric window. They
laimed possible correlations with the optical metallicity indices, but 
hey did not find evidence for a strong age indicator like the H β in
he optical band, crucial to break the age-metallicity de generac y. The
ack of age indicators in the NIR was then confirmed by Baldwin
t al. ( 2018 ), which investigated a group of atomic and molecular
IR indices in a small number of galaxies. 
Kotilainen et al. ( 2012 ) studied some NIR features in the K

tmospheric window in high spatial resolution, medium spectral 
esolution spectra of 29 local and inactive galaxies, concluding that 
he contribution of stars outside the AGB–RGB branches is negligible 
or any galaxy, independently of their Hubble type. 

Cesetti et al. ( 2013 ) carried out the first systematic study to
dentify, in the NIR spectra of different types of stars, features that
ould be promising as proxies of the stellar population properties in 
alaxies. They defined 27 NIR indices in the I and K atmospheric
indows using the stellar spectra of the NASA IRTF spectral library 

Rayner, Cushing & Vacca 2009 ) to investigate their sensitivity to 
he physical properties of stars ( T eff , [Fe/H], log g) with the aim of
bjectively defining sensitive indices to the age and metallicity of 
nresolved stellar populations. Morelli et al. ( 2020 ) complemented 
his work extending the investigation to spectral features in the 1–
 μm wavelength range. As a result, they identified the best indicators 
n the Y, J, H, and L atmospheric windows for the different physical
arameters of the stars, and for some of the properties of the stellar
opulations in unresolved galaxies. 
Riffel et al. ( 2019 ) analysed 40 NIR indices from the I through
 atmospheric windows in the spectra of 35 galaxies and compared 

hem with the optical Lick/IDS indices, finding metallicity sensitive 
eatures. They also proposed a new index that correlates with the 
entral velocity dispersion. 

Additional effort to investigate the spectra of galaxies in the Y, 
, and H atmospheric windows was carried out by several authors 
ooking for possible gravity sensitive features to constrain the IMF 

f galaxies (e.g. La Barbera et al. 2013 ; Mason et al. 2015 ; Lagattuta
t al. 2017 ; Baldwin et al. 2018 ). 

A fundamental and complementary ingredient in the study of 
his topic is the theoretical modelling of the chemical evolution 
f galaxies. Models can predict the stellar population properties 
f a galaxy at different stages of its formation and evolution. The
evelopment of such models in the optical range advanced well in 
he last decades (Worthey et al. 1994 ; Thomas et al. 2003 ; Johansson
t al. 2010 ; Vazdekis et al. 2010 ), reaching a very high level of
eliability and being able to predict the spectra of galaxies at different
pochs. These successes gave a formidable boost to the investigation 
f galaxy stellar populations from unresolved spectra in the optical 
avelength range. 
On the opposite, for many years, the greatest limitation for these
tudies in the NIR was the limited development of theoretical models
ble to reproduce the properties of the galaxies. 

This scenario changed with the theoretical models by Bruzual & 

harlot ( 2003 ), and the effort made to build reliable semi-empirical
odels based on early NIR stellar libraries (Mouhcine & Lan c ¸on

002 ; Maraston 2005 ). With the increasing number and quality of
IR spectra, large stellar libraries were assembled, either limited to 

he J, H, and K atmospheric windows (Ivanov et al. 2004 ) or covering
he entire NIR range, like the IRTF spectral libraries (Rayner et al.
009 ; Villaume et al. 2017 ) and the more recent XSL (Arentsen et al.
019 ; Gonneau et al. 2020 ; Verro et al. 2022a ). These stellar libraries
ave been the base for building more complete and reliable SSP
odels (e.g. Conroy & van Dokkum 2012 ; Meneses-Goytia et al.

015 ; R ̈ock et al. 2016 ; Vazdekis et al. 2016 ; Conroy et al. 2018 ;
erro et al. 2022b ). 
To date, empirical and theoretical SSP models in the NIR have

een widely compared with galaxy spectra and, although there are 
till small discrepancies with data (Riffel et al. 2011 , 2019 ; R ̈ock et al.
015 , 2016 ; Vazdekis et al. 2016 ; Baldwin et al. 2018 ; Eftekhari
t al. 2022 ), they are extremely helpful in investigating stellar
opulations. 
All these impro v ements set out the starting point for our obser-

ational project. In Gasparri et al. ( 2021 , Paper II hereafter), we
resented the results for a sample of 14 galaxy spectra obtained
ith a high signal-to-noise ratio (S/N) at medium resolution with 

he X-shooter spectrograph (Guinouard et al. 2006 ) mounted at the
ery Large Telescope (VLT) of the European Southern Observatory 

ESO). These spectra simultaneously map the optical and NIR 

anges of the galaxy spectral energy distribution, making easier the 
irect comparison of the spectral properties of unresolved stellar 
opulations at different wavelengths. We compared the NIR line- 
trength indices defined by Cesetti et al. ( 2013 ); Morelli et al. ( 2020 )
ith the most widely used optical age and metallicity indicators. We

ound that the NIR Al ( λ ∼ 1.31 μm), Al1 ( λ ∼ 1.67 μm), CO1 ( λ ∼
.56 μm), and FeH1 ( λ ∼ 1.58 μm) indices are strongly correlated to
he optical Mg2 and Mgb indices sensitive to the α/Fe enhancement 
nd with the 〈 Fe 〉 and [MgFe] ′ indices sensitive to the total metallicity.
ost importantly, the NIR Pa β ( λ ∼ 1.28 μm) index, which is tightly

orrelated with the optical H β index sensitive to the mean age of the
tellar populations. 

To further explore this idea, in this paper, we complemented 
he galaxy sample of Paper II with 18 additional galaxies. We
xtended the age and metallicity range to younger and more 
etal-poor galaxies in order to test our indices and build new

omposite indices that best correlate to the optical line-strength 
ndices used as age and metallicity diagnostics. Finally, we compared 
hem with the most reliable SSP models now available; the well-
ested EMILES (R ̈ock et al. 2015 , 2016 ; Vazdekis et al. 2016 ),
nd the new X-shooter (XSL, Verro et al. 2022b ) semi-empirical
odels. 
The paper is organized as follows: We present our data set in

ection 2 . We describe data reduction and analysis in Section 3 .
e define new NIR composite indices that best correlate with 

he optical age and metallicity Lick/IDS indicators in Section 4 ,
hen we compare them with the optically derived stellar population 
arameters and with state-of-the-art NIR SSP models available in 
ection 5 . We also define a new NIR composite index correlated to

he central velocity dispersion of galaxies in Section 6 . Finally, in
ection 7 we discuss our conclusions. 
MNRAS 530, 560–585 (2024) 
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Table 1. Properties of the sample galaxies from the HyperLEDA data base (Makarov et al. 2014 ). 

Galaxy Type T log D 25 × log d 25 B T A 

g 
B A 

i 
B M Bt 

ID (arcmin) (mag) (mag) (mag) (mag) 
(1) (2) (3) (4) (5) (6) (7) (8) 

NGC 0584 E4 − 4 .7 3.80 × 2.51 11.31 0.18 0 −20.45 
NGC 0636 E3 − 4 .9 2.69 × 2.29 12.35 0.11 0 −19.36 
NGC 0897 Sa 1 .1 1.99 × 1.41 12.81 0.09 0 .14 −21.35 
NGC 1357 Sab 1 .9 3.38 × 2.57 12.40 0.19 0 .15 −19.91 
NGC 1425 Sb 3 .2 4.78 × 2.09 11.32 0.06 0 .53 −20.63 
NGC 1600 E3 − 4 .6 3.09 × 2.00 11.94 0.19 0 −22.21 
NGC 1700 E3 − 4 .7 3.09 × 1.94 12.03 0.19 0 −21.71 
NGC 2613 Sb 3 .1 7.85 × 1.77 11.11 0.38 0 .85 −22.18 
NGC 3115 S0 − 2 .9 7.07 × 3.01 10.08 0.20 0 −20.72 
NGC 3377 E5-6 − 4 .8 3.89 × 1.86 11.13 0.15 0 −19.67 
NGC 3379 E5-6 − 4 .8 4.89 × 4.26 10.23 0.11 0 −20.98 
NGC 3423 Sc 6 .0 3.54 × 3.01 11.61 0.13 0 .12 −19.92 
NGC 4415 S0a − 0 .9 1.28 × 1.14 13.59 0.09 0 −17.59 
NGC 7424 Sc 6 .0 5.01 × 2.69 11.05 0.05 0 .47 −19.29 
NGC 7465 S0 − 1 .8 1.07 × 0.65 13.36 0.33 0 −19.39 
IC 0676 S0 − 1 .3 1.86 × 1.32 13.41 0.11 0 −18.36 
NGC 0516 S0 − 1 .5 1.62 × 0.47 14.25 0.29 0 −18.82 
NGC 4124 S0 − 1 .3 1.58 × 1.10 12.33 0.12 0 −19.84 
NGC 4324 S0 − 0 .9 2.95 × 1.20 12.40 0.10 0 −19.12 
NGC 4643 S0 − 0 .6 2.24 × 1.74 11.23 0.13 0 .01 −20.51 
NGC 4684 S0 − 1 .2 2.88 × 0.93 12.16 0.12 0 −18.71 
NGC 5574 S0 − 2 .8 1.32 × 0.83 13.29 0.13 0 −18.80 
NGC 5854 S0 − 1 .1 3.02 × 0.71 12.65 0.23 0 −19.81 
NGC 7693 S0 − 1 .0 0.83 × 0.51 14.58 0.15 0 −18.45 
PGC 56772 S0 − 2 .0 1.29 × 0.51 14.78 0.19 0 −18.52 
NGC 1389 SAB0 − 2 .8 2.57 × 1.44 12.42 0.05 0 −19.25 
NGC 1426 E4 − 4 .9 2.88 × 1.95 12.27 0.07 0 −19.67 
NGC 3818 E5 − 4 .6 2.45 × 1.55 12.70 0.16 0 −19.87 
NGC 4339 E0 − 4 .6 2.34 × 2.24 12.32 0.11 0 −18.87 
NGC 4365 E3 − 4 .8 5.12 × 3.71 10.50 0.09 0 −21.42 
NGC 4371 SB0 − 1 .3 3.89 × 1.82 11.68 0.16 0 −19.61 
NGC 4377 SA0 − 2 .6 1.58 × 1.23 12.68 0.17 0 −18.72 

Col (1): Galaxy name. Col. (2): Hubble morphological type. Col. (3): Morphological stage. Col (4): Major and minor isophotal diameter measured at a surface- 
brightness level of μB = 25 mag arcsec −2 . Col. (5): Total observed B -band magnitude. Col. (6): Galactic extinction in B band. Col. (7): Internal extinction due 
to inclination in B band. Col (8): Absolute magnitude in B band. 
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 G A L A X Y  SAMPLE  

e increased the sample (hereafter S1) presented by Fran c ¸ois et al.
 2019 , hereafter Paper I) and analysed in Paper II with 7 old galaxies
hereafter S2) observed with X-shooter (Prop. Id. 384.B-1029(A),
I: Clemens, M. S.) with the same instrumental configuration of the
1 sample. These elliptical galaxies were characterized as passive
y Rampazzo et al. ( 2013 ). To fill the young stellar population
egime, we selected a sample of 11 S0 galaxies (hereafter S3) from
he ATLAS 3D surv e y (Cappellari et al. 2011 ), with age 1.1 < T
 5.19 Gyr and metallicity −0.7 < [Z/H] < 0.40 dex. Medium-

esolution spectroscop y w as performed with the UVB ( R ∼ 4000),
IS ( R ∼ 5400), and NIR ( R ∼ 4300) arms of the ESO X-shooter

pectrograph (Prop. Id. 106.21CT.001, PI: Gasparri, D.). 
In the rest of the paper, we will consider as final sample the

ombination of the S1, S2, S3 samples. Our final sample is therefore
omposed by 32 galaxies including 10 ellipticals, 14 S0s, and 8
pirals, roughly uniformly distributed in the velocity dispersion range
0 km s −1 ≤ σ ≤ 335 km s −1 and age range 0.6 Gyr ≤ T ≤ 15 Gyr.
he metallicity range is −0.70 ≤ [Z/H] ≤ 0.55 dex, with the bulk
f the sample within solar to supersolar values ( −0.30 ≤ [Z/H] ≤
.4 dex). The mean S/N is ∼80 pix −1 for the UVB arm, ∼95 pix −1 for
he VIS arm, and ∼100 pix −1 for the NIR arm. The minimum S/N in
NRAS 530, 560–585 (2024) 
he UVB and VIS arms is ∼20 pix −1 , and � 10 pix −1 in the NIR arm.
aking into account the S/N, the spectral resolution, and wavelength
ange of the spectra, along with the sampling of the Hubble type,
ge, velocity dispersion, and metallicity of the galaxies, our data set
s an unparalleled step forward in data quality, compared to prior
tudies. It serves as an important resource for investigating stellar
opulations in the NIR bands for local galaxies. 
The main properties of the sample galaxies are listed in Table 1

nd the distribution of their ages, metallicities, velocity dispersions,
nd redshifts are shown in Fig. 1 . 

 DATA  R E D U C T I O N  A N D  ANALYSI S  

.1 Data reduction 

he spectra of the galaxies for the S2 and S3 samples have been
educed and analysed following the same procedure of Paper I and
aper II. We resume, here, the steps performed. 
For all the targets, multiple exposures have been acquired (for

3 sample) or are available (for the S2 sample) to better remo v e
he detectors’ cosmetics and to perform internal consistency of the
alaxy spectra. 
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Figure 1. Distribution of age (upper left-hand panel), metallicity (upper right-hand panel), redshift (lower left-hand panel), and velocity dispersion (lower 
right-hand panel) of the S1 galaxies presented in Paper II (grey) and S2 + S3 galaxies added in this paper (red). The bin size for the age and metallicity matches 
their mean uncertainties. 
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The spectra were reduced with the ESO Reflex environment 
Freudling et al. 2013 ) with the X-shooter recipe (Goldoni et al.
006 ). The basic processing steps were bias and background sub-
raction, cosmic ray remo val, sk y subtraction, flat-fielding, order 
xtraction, and merging. The telluric corrections was performed with 
he Molecfit software (Smette et al. 2015 ). As for the S1 sample, for
2 and S3 samples, the spectra were obtained along the major axis
f the galaxies and were co-added along the spatial direction to map
 central region of 1.5 × 1.5 arcsec 2 , which corresponds to an area
anging from 65 × 65 to 430 × 430 pc 2 , depending on distance,
ith a typical S/N ∼ 100 pix −1 . We performed a cleaning of the

esidual peaks (3 σ ) in the 1D spectra generated by cosmic rays
nd/or imperfect sky subtraction. Similarly to Paper I, to e v aluate
he internal consistency of the new galaxy spectra, we compared 
hose generated from dif ferent observ ations of the same galaxy, and
e found that the root mean square (rms) of the difference o v er

ntervals of 15 nm is at 3–5 per cent level, consistent with the results
btained in Paper I for the S1 sample. The telluric correction with
olecfit yielded on average good results, although for some galaxies 

t produced an o v ercorrection. We therefore considered only NIR
ndices not directly affected by strong telluric contamination for our 
ample galaxies. Figs A1 , A2 , A3 , A4 , A5 , A6 , A7 show the NIR
ortion of the spectra of the whole sample. The vertical red lines
orrespond to the central wavelengths of the NIR indices studied 
n detail in the paper and used to define new age and metallicity

ndicators. 

(  
.2 Data analysis 

e considered, along with the galaxy sample, two semi-empirical 
odels to compare with the data: the EMILES (R ̈ock et al. 2015 ,

016 ; Vazdekis et al. 2016 ), selected with the BasTI isochrones
Pietrinferni, Cassisi & Salaris 2004 ), which are considered to give
he best results in NIR with respect to other models (Baldwin et al.
018 ), and the new and still not well tested XSL models (Verro et al.
022b ). We considered, for both models, the Kroupa IMF (Kroupa
001 ). 
For the galaxies, we measured the radial velocity and velocity 

ispersion of the stellar components using a modified version of the
enalized pixel fitting (ppxf; Cappellari & Emsellem 2004 ) and gas
nd absorption line fitting (GANDALF; Sarzi et al. 2006 ) code for
-shooter. We also fitted the ionized-gas emission lines in the optical

nd NIR having a S/N > 3 per spectral element. Finally, the spectra
ave been corrected to the rest frame. Therefore, for each galaxy and
odel spectra, we measured the equi v alent width (EW) in optical and

n the NIR for a sample of 39 indices defined by Cesetti et al. ( 2013 )
nd Morelli et al. ( 2020 ), many of them also measured in Paper II
or the S1 sample. The measurements were performed under the 
DL environment using a dedicate routine employed also in Paper II,
esetti et al. ( 2013 ); Morelli et al. ( 2020 ). The EW was measured
irectly on the observed spectra. Table B1 shows the definitions of
he NIR indices measured in this work. 

For the optical atmospheric window, we convolved the spectra 
both models and data) to a resolution of FWHM = 8.4 Å to match
MNRAS 530, 560–585 (2024) 
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Table 2. Central values of velocity dispersion, Lick/IDS line-strength indices, age, and metallicity of the sample galaxies. 

Galaxy σ 〈 Fe 〉 [MgFe] ′ Mg2 Mgb H β T [Z/H] 
ID [km s −1 ] [ Å] [ Å] [mag] [ Å] [ Å] [Gyr] [dex] 

NGC 0584 203.9 ± 4.9 3.007 ± 0.143 3.700 ± 0.032 0.283 ± 0.009 4.488 ± 0.145 1.698 ± 0.335 10.1 ± 0.8 0.24 ± 0.02 
NGC 0636 169.3 ± 3.8 3.022 ± 0.114 3.684 ± 0.021 0.283 ± 0.004 4.428 ± 0.128 1.798 ± 0.243 7.7 ± 0.8 0.32 ± 0.05 
NGC 0897 225.1 ± 1.2 2.788 ± 0.125 3.695 ± 0.023 0.291 ± 0.009 4.809 ± 0.183 1.289 ± 0.141 15.0 ± 1.0 − 0.06 ± 0.02 
NGC 1357 139.7 ± 2.7 2.814 ± 0.138 3.528 ± 0.037 0.267 ± 0.005 4.348 ± 0.163 1.907 ± 0.241 6.2 ± 0.8 0.29 ± 0.03 
NGC 1425 109.6 ± 5.4 2.642 ± 0.142 3.116 ± 0.028 0.215 ± 0.006 3.598 ± 0.192 1.799 ± 0.029 9.6 ± 0.6 − 0.01 ± 0.02 
NGC 1600 335.1 ± 16.4 2.852 ± 0.137 3.772 ± 0.007 0.306 ± 0.003 4.912 ± 0.245 1.504 ± 0.151 15.0 ± 1.8 0.12 ± 0.04 
NGC 1700 226.7 ± 4.2 2.983 ± 0.148 3.630 ± 0.016 0.253 ± 0.005 4.328 ± 0.161 2.183 ± 0.139 2.7 ± 0.2 0.55 ± 0.03 
NGC 2613 152.0 ± 5.9 2.836 ± 0.156 3.496 ± 0.018 0.260 ± 0.002 4.231 ± 0.143 1.888 ± 0.140 6.5 ± 0.7 0.27 ± 0.02 
NGC 3115 274.8 ± 3.2 3.284 ± 0.146 4.101 ± 0.025 0.323 ± 0.009 5.029 ± 0.200 1.682 ± 0.144 8.0 ± 1.1 0.47 ± 0.03 
NGC 3377 153.4 ± 4.6 2.792 ± 0.098 3.512 ± 0.018 0.243 ± 0.008 4.329 ± 0.230 2.119 ± 0.129 3.5 ± 0.1 0.43 ± 0.01 
NGC 3379 219.8 ± 3.2 2.970 ± 0.133 3.876 ± 0.027 0.318 ± 0.002 4.968 ± 0.187 1.488 ± 0.150 15.0 ± 1.7 0.15 ± 0.04 
NGC 3423 38.2 ± 5.5 2.111 ± 0.125 2.159 ± 0.022 0.119 ± 0.004 2.094 ± 0.127 2.758 ± 0.148 2.2 ± 0.6 − 0.15 ± 0.07 
NGC 4415 35.9 ± 2.6 1.987 ± 0.243 2.406 ± 0.018 0.169 ± 0.006 2.821 ± 0.169 1.865 ± 0.178 11.4 ± 4.6 − 0.39 ± 0.15 
NGC 7424 60.8 ± 1.4 1.483 ± 0.305 1.461 ± 0.015 0.081 ± 0.007 1.383 ± 0.086 4.422 ± 0.166 0.8 ± 0.8 − 0.22 ± 0.05 
NGC 7465 99.8 ± 4.0 1.889 ± 0.068 1.946 ± 0.077 0.114 ± 0.021 1.982 ± 0.090 2.946 ± 0.060 2.0 ± 0.2 − 0.26 ± 0.10 
IC 0676 48.4 ± 4.5 1.611 ± 0.061 1.656 ± 0.051 0.077 ± 0.010 1.759 ± 0.065 2.699 ± 0.106 4.9 ± 0.2 − 0.72 ± 0.08 
NGC 0516 44.9 ± 5.0 2.067 ± 0.103 2.265 ± 0.101 0.162 ± 0.008 2.350 ± 0.089 2.399 ± 0.076 4.1 ± 0.8 − 0.23 ± 0.05 
NGC 4124 38.1 ± 5.4 2.180 ± 0.084 2.284 ± 0.082 0.151 ± 0.007 2.365 ± 0.072 3.415 ± 0.074 1.1 ± 0.3 0.21 ± 0.05 
NGC 4324 71.4 ± 4.1 2.882 ± 0.105 3.266 ± 0.099 0.239 ± 0.006 3.651 ± 0.087 2.335 ± 0.056 2.3 ± 1.0 0.45 ± 0.05 
NGC 4643 150.5 ± 4.6 2.417 ± 0.086 2.824 ± 0.086 0.245 ± 0.005 3.311 ± 0.090 1.904 ± 0.071 9.5 ± 1.1 − 0.14 ± 0.05 
NGC 4684 75.1 ± 4.1 2.144 ± 0.071 2.395 ± 0.081 0.123 ± 0.034 2.899 ± 0.091 2.265 ± 0.083 5.1 ± 0.7 − 0.21 ± 0.08 
NGC 5574 50.1 ± 4.0 2.225 ± 0.096 2.449 ± 0.077 0.168 ± 0.007 2.638 ± 0.076 3.195 ± 0.042 1.3 ± 0.2 0.24 ± 0.06 
NGC 5854 105.6 ± 4.0 2.531 ± 0.086 2.719 ± 0.071 0.185 ± 0.007 2.897 ± 0.060 2.694 ± 0.038 1.8 ± 0.3 0.24 ± 0.05 
NGC 7693 51.5 ± 6.6 1.679 ± 0.077 1.751 ± 0.061 0.102 ± 0.010 1.748 ± 0.058 4.684 ± 0.073 0.6 ± 0.1 0.22 ± 0.06 
PGC 56772 77.0 ± 3.9 1.868 ± 0.064 2.040 ± 0.068 0.109 ± 0.011 2.282 ± 0.078 2.692 ± 0.089 2.3 ± 0.4 − 0.29 ± 0.06 
NGC 1389 119.2 ± 5.5 2.917 ± 0.106 3.487 ± 0.113 0.267 ± 0.005 4.112 ± 0.086 2.105 ± 0.050 3.5 ± 0.7 0.43 ± 0.01 
NGC 1426 152.5 ± 7.5 3.032 ± 0.097 3.729 ± 0.091 0.292 ± 0.005 4.514 ± 0.079 1.779 ± 0.045 8.0 ± 1.9 0.33 ± 0.01 
NGC 3818 200.0 ± 5.5 2.851 ± 0.070 3.873 ± 0.076 0.320 ± 0.004 5.169 ± 0.055 1.388 ± 0.032 15.3 ± 1.2 0.10 ± 0.01 
NGC 4339 121.1 ± 5.7 3.010 ± 0.108 3.519 ± 0.100 0.265 ± 0.005 4.018 ± 0.078 1.815 ± 0.048 7.4 ± 1.7 0.25 ± 0.05 
NGC 4365 283.3 ± 4.6 3.141 ± 0.071 3.914 ± 0.066 0.318 ± 0.004 4.910 ± 0.044 1.712 ± 0.018 9.1 ± 2.0 0.37 ± 0.05 
NGC 4371 117.2 ± 9.0 2.862 ± 0.103 3.277 ± 0.101 0.254 ± 0.006 3.623 ± 0.106 2.088 ± 0.046 4.0 ± 0.7 0.31 ± 0.05 
NGC 4377 146.6 ± 6.7 2.776 ± 0.087 3.378 ± 0.076 0.257 ± 0.005 4.023 ± 0.081 1.854 ± 0.035 7.7 ± 1.2 0.17 ± 0.05 
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hat of the Lick/IDS system in the 0.40–0.54 μm range. We measured
9 Lick/IDS indices (Faber et al. 1985 ; Worthey et al. 1994 ),
ncluding the Mg, Fe, H β, 〈 Fe 〉 mean index (Gorgas, Efstathiou &
ragon Salamanca 1990 ) and the [MgFe] ′ combined index (Thomas

t al. 2003 ), which are used as stellar population indicators. Velocity
ispersion corrections and the total error estimation for the galaxy
ample have been performed following Trager et al. ( 1998 ). We
erived the stellar population properties of the sample galaxies using
he SSP models by Johansson et al. ( 2010 ). The models predict the
alues of the line-strength indices for a single stellar population as a
unction of age, metallicity, and [ α/Fe] ratio. The selection of these
odels was made to ensure consistency with the results obtained in
aper I and Paper II on the S1 sample, but is not crucial for the results
resented in this paper. In this study, indeed, we have focused on find-
ng new stellar populations indicators in the NIR through direct cor-
elations with the population diagnostics in the optical atmospheric 
indow. 
The central mean age and total metallicity of the stellar populations

f the sample galaxies were derived from the values of line-strength
ndices H β and [MgFe] ′ by a linear interpolation between the model
oints using an iterative routine in IDL described in Morelli et al.
 2004 , 2008 , 2016 ). The uncertainties in ages and metallicities
ave been estimated with MonteCarlo simulations. Typical uncer-
ainties for age are ∼0.7 Gyr and ∼0.05 dex for metallicity. The
ick/IDS indices used as stellar diagnostics, velocity dispersion,
nd derived properties of the stellar populations for all the galaxies
NRAS 530, 560–585 (2024) 
ith the relative uncertainties of the final sample are listed in
able 2 . 
For the NIR, we reduced the resolution of the galaxy spectra

nd XSL models to match that of the EMILES models in NIR ( R
 2000), and we resampled the spectra to the common linear step
λ = 1 Å in order to have consistent measurements. We corrected the
easured EWs of the indices of galaxies to zero velocity dispersion

ollowing the method of Silva et al. ( 2008 ) and Cesetti et al. ( 2009 )
y broadening a sample of K and early M stars of the IRTF spectral
ibrary up to 400 km s −1 and calculating the spline coefficients of
he mean EW values as a function of the velocity dispersion. For the
otal error estimation, we also considered the uncertainties associated
o the correction coefficients, which we added in quadrature to the
ntrinsic errors. The EWs of the 39 NIR indices for all the galaxies
re reported in Tables B2 , B3 , and B4 . 

 N E W  N I R  I N D I C E S  A S  G A L A X Y  AG E  A N D  

ETA LLICITY  DI AG NOSTI CS  

n Paper II, to investigate the possible use of the NIR indices as age
nd metallicity indicators, we compared some of them with a set of
ptical indices known to be the best diagnostics of stellar population
roperties. We used the H β index as an age indicator, the 〈 Fe 〉 , Mg2,
gb, and [MgFe] ′ indices as metallicity tracers. We found some

trong correlations, as for e xample, P a β-H β or [AlFeH]-Mg2. To
urther explore this idea, we started the work presented in this paper
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Figure 2. Correlation matrix for the 39 NIR indices with Lick/IDS indices for a subsample of galaxies with [Z/H] < 0.25 (left-hand panel) and corresponding 
EMILES (middle panel) and XSL (right-hand panel) SSP models. Different colours correspond to different degrees of correlation according to Pearson statistics. 
For sake of clarity, only moderate-to-strong correlations (Pearson coefficient | R | > 0.5) are shown. 
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y analysing the connections between the 19 Lick/IDS indices and 
he 39 NIR indices. 

To this aim, we calculated the correlation matrix between the NIR
nd Lick/IDS indices for the galaxies (Fig. 2 , left-hand plot). We
imited our galaxy sample to [Z/H] < 0.25 dex in order to make
omparisons within the safe zone of both the considered models. We 
lso added the 〈 Fe 〉 and [MgFe] ′ indices. The EW of the two CN,
 δ, and H γ Lick/IDS indices could not be measured due to the low
/N. 
In Fig. 2 only moderate-to-strong correlations are shown (Pearson 

oefficient | R | > 0.5). We found that eight NIR indices, namely
he Ti, Pa β, Al, Mg2h, CO1, Al1, FeH1, and Nadk show strong or

oderate correlations with several Lick/IDS indices for the sample 
alaxies (left-hand panel). In particular, the Pa β, Al, Al1, Mg2h, 
O1, and FeH1 show clear trends with the optical H β index (Paper

I, Eftekhari, Vazdekis & La Barbera 2021 ). 
In the middle and right-hand panels of Fig. 2 , we plotted the same

orrelation matrix for the EMILES and XSL models, with a Kroupa 
MF, matching the age and metallicity of the sample galaxies. The 
istribution of the Pearson coefficients in the correlation matrix of 
he two models is similar. They agree with each other for all the
ndices, except for the Pa β. 

As a general result, we found that the distribution of the Pearson
oefficients in the correlation matrix of the indices measured for 
alaxies is consistent with the correlation matrix of the indices mea- 
ured for models, theoretically confirming the empirical correlations 
e found. There are only few exception: i) The Cad index, whereas it

orrelates consistently in both models with the H β, does not correlate
ith the observational data. This is due to a large scatter in its EW
y the low S/N and residual telluric contamination in the index 
efinition bands; ii) The Br10 index for galaxies shows inverted 
orrelations with respect to the models, likely due to residual telluric 
ontamination. 
s  
.1 NIR composite indices as metallicity indicators 

n order to maximize the correlations between the NIR indices 
nd the Lick/IDS indices used as age, metallicity, and α-element 
nhancement diagnostics, we compared particular combinations of 
he NIR indices with the Mg2, Mgb, 〈 Fe 〉 , and [MgFe] ′ indices,
tarting from the correlations of Fig. 2 for the galaxy sample. We
hen compared the results with the predictions of EMILES models 
elected within −0.66 < [Z/H] < 0.26 dex, 0.8 Gyr < T < 14 Gyr, and
he XSL models, selected within −0.6 < [Z/H] < 0.2 dex, 0.8 Gyr
 T < 15 Gyr, both with Kroupa IMF. 
We started our analysis from the two Al indices (Al and Al1), since

he y are relativ ely strong ( 〈 EW 〉 > 1 Å) and show a good correlation
ith the Lick/IDS indices. Furthermore, they are not blended with 
ther metallicity indices and reside in a wavelength range devoid of
trong atmospheric lines for local galaxies (Figs A1 , A2 , A3 , A4 ,
5 , A6 , and A7 ). We defined the first composite index as: 

l ∗ = Al + 0 . 5 Al1 , (1) 

here the coefficients have been empirically determined to maximize 
he correlations with the Lick/IDS metallicity diagnostics. In the 
pper panel of Fig. 3 , we present the correlations of the Al ∗

ith the Mg2, Mgb, 〈 Fe 〉 , and [MgFe] ′ indices for the sample
alaxies. Different symbols denote different morphological types 
nd their size is proportional to the measured velocity dispersion. 
e o v erplotted also the EMILES (gre y dots) and XSL (orange dots)
odel predictions. In the second panel of Fig. 3 , we included the

AlFeH] composite index defined in Paper II. The uncertainties of 
he Pearson coefficients in this and the following figures have been
stimated with the bootstrapping statistical procedure, by creating 
0 000 simulated samples for each correlation. 
The NIR Al ∗ index has the largest value of Pearson coefficient

n the correlations with the two Mg indices. A slightly large
cattering is observed with the 〈 Fe 〉 index, which shows the smallest
MNRAS 530, 560–585 (2024) 
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Figure 3. Correlations for the composite NIR indices with Lick/IDS indices used as stellar population diagnostics. The small grey dots represent the EMILES 
models. The small orange dots are the XSL models. The galaxies are the larger data points with error bars. Different symbols denote the three morphological 
classes: ellipticals (E, diamonds), S0 (squares), and spirals (S, circles). The symbol size is proportional to the velocity dispersion. The red line is the best linear 
fit considering errors in both axes. The Pearson correlation coefficient ( R ) and the associated uncertainty estimated with bootstrap simulations is shown for every 
plot. 
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earson coefficients of the series. Therefore, in our sample, we
ound that Al is more sensitive to α-elements rather than the
ron content, confirming the findings of Bensby, Feltzing & Oey
 2014 ) who identified aluminum as a good α-element tracer for the

ilky Way and theoretically supported by Pignatari et al. ( 2016 ),
ho suggested a shared formation processes of the Mg, Si, and

he Al. 
To impro v e the correlation with the 〈 Fe 〉 index and the optical
etallicity indicator [MgFe] ′ , we tried to add to the Al ∗ an iron

ndex, not contaminated by telluric absorption or blended with other
pectral lines. We found that the best result is achieved with the
ollowing composite index: 

AlFeCr] = 

√ 

Al ∗ + 1 . 4 FeCr , (2) 

here the coefficients have been determined to maximize the
orrelation with the [MgFe] ′ index. 

The addition of the FeCr index ( λ ∼ 1.16 μm) to Al ∗ to form
he [AlFeCr] combined index improves the Pearson coefficient in
he correlations with all the optical metallicity indices (Fig. 3 , lower
anel), particularly with the 〈 Fe 〉 and [MgFe] ′ . This indicates that the
NRAS 530, 560–585 (2024) 
eCr inde x driv es the sensitivity of [AlFeCr] toward the total metal
ontent. Both the Al ∗ and the [AlFeCr] indices impro v e the [AlFeH]
ndex defined in Paper II. 

None of the relations in Fig. 3 shows any clear effect related with
he morphological types of the galaxies and/or with their velocity
ispersion. The models successfully replicate all the observed corre-
ations and exhibit a significant o v erlap with the data, particularly in
he case of the XSL. 

Due to the high degree of correlations between the here defined
IR composite indices and Lick/IDS indices used as stellar pop-
lation indicators, we derived empirical calibration equations. The
est-fitting relationships between the Lick/IDS metallicity indicators
nd Al ∗ and [AlFeCr] composite indices are the following: 

g 2 ( mag ) = (0 . 097 ± 0 . 003) Al ∗

+ ( −0 . 064 ± 0 . 010) rms = 0 . 036 ( mag ) (3) 

g b ( Å) = (1 . 405 ± 0 . 043) Al ∗

+ ( −0 . 617 ± 0 . 137) rms = 0 . 470 ( Å) (4) 
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Figure 4. Correlations between the Pa β and H β indices (left-hand panel) and between the T1 composite index and H β (right-hand panel). The small grey dots 
represent the EMILES models. The small orange dots are the XSL models. The galaxies are the larger data points with error bars, colour coded following the 
metallicity. Different symbols denote the three morphological classes: ellipticals (E, diamonds), S0 (squares) and spirals (S, circles). Symbol size is proportional 
to the velocity dispersion. The red line is the best linear fit considering errors in both axis. The Pearson correlation coefficient ( R ) and the associated uncertainty 
estimated with bootstrap simulations is shown for every plot. 
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g 2 ( mag ) = (0 . 402 ± 0 . 017) [AlFeCr] 

+ ( −0 . 571 ± 0 . 034) rms = 0 . 026 ( mag ) (5) 

g b ( Å) = (6 . 035 ± 0 . 225) [AlFeCr] 

+ ( −8 . 401 ± 0 . 451) rms = 0 . 441 ( Å) (6) 

 Fe 〉 ( Å) = (2 . 537 ± 0 . 140) [AlFeCr] 

+ ( −2 . 450 ± 0 . 280) rms = 0 . 197 ( Å) (7) 

 MgFe ] ′ ( Å) = (4 . 225 ± 0 . 160) [AlFeCr] 

+ ( −5 . 273 ± 0 . 320) rms = 0 . 273 ( Å) . (8) 

he equations and the uncertainties of the parameters have been com- 
uted with the FITEXY procedure contained in the IDL Astronomy 
sers Library (Landsman 1995 ). The typical fractional uncertainties 

ssociated to the empirical calibration equations are approximately 
0 per cent for intermediate-to-old and 20 per cent for young stellar
opulations ( T < 2 Gyr). 
.2 NIR composite indices as age indicators 

ollowing the same strategy used for the metallicity, we repeated 
he same analysis focusing to possible age indicators of the stellar
opulations. 
In Paper II, we found that the Pa β index is the sole strong and not

ontaminated hydrogen index to tightly correlate with the H β index. 
n the left-hand panel of Fig. 4 , we present the updated Pa β-H β

elation for our larger sample of galaxies and confirm the correlation
etween the two indices thanks to the addition of the young stellar-
opulation (H β > 2 Å) galaxies of our S3 sample. In the figure,
e observe some scatter in the correlation that could be due to
etallicity contamination: subsolar metallicity galaxies tend to lie 

elow the best-fitting line, while the high-metallicity galaxies tend 
o lie abo v e the line, for H β > 2 Å. 

In order to test the dependency from the metallicity, reduce the
catter and tighten the correlation with the H β index, we tried to
ombine the P a β inde x with other relatively strong atomic metal
ndices. We found that the best result is reached by the following
omposite index: 

1 = Pa β + 0 . 3 CaT − 0 . 5 Sih − 0 . 2 Al , (9) 
MNRAS 530, 560–585 (2024) 
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Figure 5. NIR Pa β (upper panels) and T1 (lower panels) indices versus age (left-hand panels) and metallicity (right-hand panels) obtained using the stellar 
populations models of Johansson et al. ( 2010 ) in the optical range. Data points are colour coded from low (brighter hues) to high (darker hues) metallicity in the 
right-hand panels and from young (brighter hues) to old (darker hues) age, in the left-hand panels. 
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here the coefficients for the CaT, Sih ( λ ∼ 1.59 μm) and Al have
een empirically determined to maximize the correlation with the
 β index. 
The T1–H β correlation is shown in the right-hand panel of

ig. 4 . We see a substantial impro v ement of the Pearson correlation
oefficient, from R = 0.87 to 0.96, with a noticeably reduced scatter.
he T1 index variation with age is slightly shallower with respect to

he H β index, but it is still much larger than the average uncertainties
n the index measurements ( ∼30 times). 

In both plots, we do not observ e an y effect due to different
orphological types and/or velocity dispersion. The models (grey

ots for EMILES and orange dots for XSL) do not reproduce well
he trends both for the Pa β and the T1. The EMILES and XSL
 v erestimate the Pa β and the T1 for low values of H β (i.e. old stellar
opulations) and underestimate them for high values of H β (i.e.
oung stellar populations). For H β � 3, the two models exhibit very
istinct behaviours. 
Considering the high degree of correlation between the here

efined T1 composite index and the Lick/IDS H β age indicator, we
erived the empirical calibration equation. The best fit relationship
NRAS 530, 560–585 (2024) 
s the following: 

 β ( Å) = (1 . 244 ± 0 . 040) T1 

+ ( −0 . 394 ± 0 . 083) rms = 0 . 219 ( Å) . (10) 

The typical fractional uncertainties associated to the empirical
alibration equation are approximately 15 per cent for old (H β < 2.2
) and 10 per cent for intermediate-to-young stellar populations. 

 C O M PA R I S O N  O F  T H E  N E W  N I R  I N D I C E S  

I TH  STELLAR  PA RAMETERS  A N D  STELLAR  

OPULATI ON  M O D E L S  

he P a β inde x and the new NIR indices Al ∗, [AlFeCr], and T1
efined in Section 4 have very strong correlations with the Lick/IDS
ndices used as age and metallicity diagnostics. In this section, we
ompared these indices directly with age and metallicity values
erived from the Lick/IDS line-strength analysis and showed in
able 2 . Then, we compared the EW of these new NIR indices with

he predictions of the EMILES and XSL models. 
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Figure 6. Same as in Fig. 5 but for the Al ∗ and [AlFeCr] composite indices. 
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.1 Comparison with the optical age and metallicity 

he two candidates as age indicators in NIR are the P a β inde x and
he T1 composite index. In the upper panel of Fig. 5, we compared
he trend of the P a β inde x with the mean age (left-hand panel)
nd metallicity (right-hand panel) of the stellar populations of the 
ample galaxies. The correlation with age has a moderate scatter, 
hich tends to increase for galaxies older than 6 Gyr (Fig. 5 , upper-

eft-hand panel), making the relation to degenerate. The correla- 
ion with metallicity (upper-right-hand panel) is flat with a large 
catter. 

In the lower panel of Fig. 5 , we compared the trend of the T1
omposite index with the mean age (left-hand panel) and metallicity 
right-hand panel) of the stellar populations of the sample galaxies. 
he correlation with age has a scatter smaller than the P a β inde x. That
akes the T1 index more reliable for a larger range of ages, at least

p to 10–12 Gyr (Fig. 5 , lower-left-hand panel). The distribution with
etallicity (lower-right-hand panel) has a lower scatter than the Pa β

ndex and no clear trends. Considering also the very tight correlation 
ith H β, this result confirms that the T1 index is the most promising

ge indicator in NIR. 
In Fig. 6 , we present the trend of Al ∗ and [AlFeCr], proposed

s metallicity tracers, with the mean age (left-hand panel) and 
etallicity (right-hand panel) of the stellar populations of the sample 

alaxies. 
Both the two composite indices display a good sensitivity to the 
etallicity and the moderate scatter make them a good candidates 

or deriving the stellar component metallicity in the NIR wavelength 
ange. 

From the correlation of Al ∗ and the [AlFeCr] composite indices 
ith age, it is possible to note a moderate dependence of these indices
ith age. This is probably due to their constructions, since [MgFe] ′ 

hows similar dependence for young ages galaxies. 
To conclude this section, it is worth mentioning that although 

ttempts were made to find better composite indices as indicators 
f [ α/Fe], it was not possible to identify any better than the < Al >
roposed in Gasparri et al. ( 2021 ) or the Al ∗ here proposed. 

.2 Comparison with the NIR stellar populations models 

n the optical range, comparison between indices and theoretical 
odel predictions to obtain stellar population properties is a widely 

sed diagnostics tool (e.g. S ́anchez-Bl ́azquez et al. 2006 ; Morelli
t al. 2008 ). In this section, we adopted the same approach to test the
1 and [AlFeCr] indices with the NIR model predictions based on

he EMILES and XSL libraries. 
The diagnostic diagram of the central values of the EW of T1 and

AlFeCr] with the XSL (upper panels) and EMILES (lower panels) 
odel predictions is shown in Fig. 7 . We also included, as references,

he [MgFe] ′ –H β diagnostic diagram obtained with the same models. 
n this diagram, data are in good agreements with both the models. 

In the metal-rich region of the diagrams, observational data are 
lightly out from the model grids since some of the sample galaxies
isplay a metallicity value larger than the model metallicity range 
vailable and/or within their safe zones. The sample galaxies are 
olour coded according to their mean age and total metallicity, which
e derived in Paper II and Section 3 . 
As general consideration, the distributions of data points in the 

AlFeCr]-T1 diagram well match that of the [MgFe] ′ –H β diagram. 
ndeed, the younger and more metal-poor galaxies lie in the upper left
egion, while the older and more metal-rich galaxies are in the lower
MNRAS 530, 560–585 (2024) 
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Figure 7. The distribution of the central values of H β and [MgFe] ′ indices (left-hand panel) and T1 and [AlFeCr] indices (middle and right-hand panel) for 
the sample galaxies. The lines indicate the XSL models (upper panel, orange lines) and the EMILES models (bottom panel, grey lines). Galaxies are colour 
coded according to their optically derived age (blue) and metallicity (purple). Darker hues means higher metallicity/older age; brighter hues means lower 
metallicity/younger age. 
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ight region, indicating that T1 and [AlFeCr] composite indices are
f fecti ve in discerning age and metallicity, respectively. 

The model grids built with T1 and [AlFeCr] indices (Fig. 7 , middle
nd right-hand panels) have only a partial overlap with the data. The
etallicity range co v ered by the models approximately matches the

ange of the observational data, and the galaxies are well separated in
etallicity in the [AlFeCr]-T1 diagram. On the opposite, the situation

or the age seems to be more complicated. The vertical extent of the
bservational data for the T1 composite index is larger than that
eproduced by the models in the case of the EMILES (lower panels
f Fig. 7 ), while it seems to be shifted towards higher ages in the
ase of the XSL (upper panels of Fig. 7 ). 

To better address this issue, we have tried to break the problem
nto two parts by separating the age from metallicity. To this aim,
e made two similar plots substituting the NIR T1 composite index
ith the optical H β index. The result is shown in Fig. 8 . In these
lots, models and data are matching much better. In the [AlFeCr]–H β

iagram, the XSL models (upper panel of Fig. 8 ) are well separated
n metallicity for all the H β values. The separation is larger than
hat provided by the [MgFe] ′ index for age < 4 Gyr. In the H β–
AlFeCr] diagram with the EMILES models (lower panel of Fig. 8 ),
he situation is similar but the models predict a shorter range for
NRAS 530, 560–585 (2024) 
he [AlFeCr] values and make more data points to lie out of the
rid. 
We conclude that T1 and [AlFeCr] are good age and metallicity

racers. Ho we ver, some fine tuning of NIR models is still needed to
se them for directly deriving age and metallicity via interpolation
f the model grids. 

 C O R R E L AT I O N S  BETWEEN  N I R  I N D I C E S  

N D  VELOCI TY  DI SPERSI ON  

n the NIR regime, some line-strength indices have been known
o have correlations with the velocity dispersion. Cenarro et al.
 2003 ) disco v ered a strong anticorrelation between the CaT index and
elocity dispersion in the central regions of 35 early-type galaxies,
hich was extended to the bulges of spiral galaxies by Falc ́on-
arroso et al. ( 2003 ). Garcia-Rissmann et al. ( 2005 ) studied the CaT

ines in active galaxy spectra. Silva et al. ( 2008 ), M ́armol-Queralt ́o
t al. ( 2009 ), R ̈ock et al. ( 2017 ) considered also the strong CO bands.
he strong CO 2.29 μ band heads have been investigated also by
iffel et al. ( 2015 ) and show different values of velocity dispersion
ith respect to the CaT lines; this has been interpreted as the effect
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Figure 8. The distribution of the central values of H β and [MgFe] ′ indices (left-hand panel) and H β and [AlFeCr] indices (right-hand panel) for the sample 
galaxies. The lines indicate the XSL models (upper panel, orange lines) and the EMILES models (bottom panel, grey lines). Galaxies are colour coded according 
to their optically derived age (blue) and metallicity (purple). Darker hues mean higher metallicity/older age; brighter hues mean lower metallicity/younger age. 
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f a warm dust component or a dynamically cold stellar population 
omponent. 

In Paper II, we pointed out that the Al and Al1 indices are tightly
orrelated with the velocity dispersion, while the P a β inde x shows a
oderate anticorrelation with it. Here, we extended these finding by 

ooking for a composite index that correlates more ef fecti vely with
elocity dispersion. 

Following the same procedure adopted in Section 4 , we found 
 new correlation between the velocity dispersion and Mg2h ( λ

1.50 μm) index, which is the strongest magnesium index in NIR.
he correlation Mg2h–σ is shown in the left-hand panel of Fig. 9 .
herefore, we built a new composite index to be more sensitive to
elocity dispersion by combining the Al1 index with Mg2h, and 
ormalizing by the CaT index. The result of this exercise is the new
1 composite index, defined as: 

1 = ( Mg2h + 1 . 7 Al1 ) / CaT , (11) 
here the coefficient for the Al1 has been empirically determined 
o maximize the Pearson correlation coefficient of the relation with 
elocity dispersion ( R = 0.92). In Fig. 9 (right-hand panel), the 
1–σ

elation is shown. The best fitting relationship between the 
1 with
he velocity dispersion is the following: 

log σ ( km s −1 ) = (0 . 884 ± 0 . 033) 
1 

+ (1 . 073 ± 0 . 040) rms = 0 . 08 . (12) 

The final rms scatter is comparable with that of the optical Mg2–σ

elation (e.g. Jorgensen 1997 ). 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

e investigated the connection between the EW of 19 Lick/IDS 

ndices and 39 NIR indices defined by Cesetti et al. ( 2013 ) and
orelli et al. ( 2020 ) and measured in the central regions of 32

alaxies observed with X-shooter from the near UV to NIR (0.3–
.4 μm). We aimed at finding new age and metallicity diagnostics in
MNRAS 530, 560–585 (2024) 



572 D. Gasparri et al. 
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Figure 9. Correlations of the Mg2h (left-hand panel) and 
1 composite (right-hand panel) index with the central velocity dispersion of the sample galaxies. 
The best linear fit (red line) is given for each plot. The Pearson correlation coefficients are reported for each correlation. 
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IR to investigate the formation and evolution of dust obscured
alaxies by measuring the properties of their unresolved stellar
opulations. 
We adopted a systematic approach, deriving first a correlation
atrix between all the optical Lick/IDS and NIR indices measured for

he galaxies, then building new NIR composite indices to maximize
he correlations with the optical age and metallicity indicators. 

We found that the NIR Ti, Pa β, Al, Mg2h, CO1, Al1, FeH1, and
adk indices show a strong or moderate correlation with several
ick/IDS indices. In particular, the Pa β, Al, Al1, Mg2h, CO1, and
eH1 indices show clear trends with the optical H β index, confirming

he findings of Paper II and Eftekhari et al. ( 2021 ). 
Of particular interest are the two Al indices, emerging as promising
etallicity diagnostics. Despite not being an α element, Bensby

t al. ( 2014 ) identified aluminum as a reliable α-element tracer for
he Milky Way, while Pignatari et al. ( 2016 ) theorized of shared
ormation processes of Mg, Si, and Al. The correlation with velocity
ispersion presented in Paper II, and strong trends with Lick/IDS
g-based indices Fig. 3 confirmed that the aluminum indices may

erve as the most ef fecti ve α-element proxy in the NIR, providing a
olid foundation for constructing a total metallicity indicator when
ombined with NIR iron-based indices. 

The FeCr index may serve as a robust tracer of iron abundance in
alaxies in the NIR domain. Pignatari et al. ( 2016 ) confirmed that
he most abundant and stable isotope of Cr is primarily produced
n massi ve stars, follo wing iron production. The combination of the
luminum indices with the FeCr gave the [AlFeCr]. This combined
IR index stands out as the best tracer of the total metal content of
alaxies. 

Finding an age indicator in the NIR, suitable both for young and
ld stellar populations has al w ays been challenging. Riffel et al.
 2007 , 2008 , 2009 ) identified the CN and CO bands as an age proxy
or young stellar populations of starbust and active galaxies. Baldwin
t al. ( 2018 ) analysed the behaviour of some atomic and molecular
IR indices (CN, Mg, Ca, CO, Na, Fe) in normal galaxies and
NRAS 530, 560–585 (2024) 
oncluded that age variation in the NIR is subtle. In this paper, we
ooked for different NIR indices to find a connection with H β, hence
ith age. The resulting T1 index emerges as an excellent NIR tracer
f optical H β, exhibiting no detectable metallicity scattering within
he considered range ( −0.7 < [ Z / H ] < 0.55) of our sample. 

We finally tested the best age and metallicity tracers found
[AlFeCr] and T1) with the predictions from the theoretical EMILES
nd XSL NIR models. The tested SSP models yielded interesting
esults in the NIR, demonstrating a general agreement with the data.
o we v er, the y are still not sufficiently accurate or consistent with

ach other to enable a robust quantitative estimation of stellar popula-
ion properties in the NIR. This enforces the findings of Baldwin et al.
 2018 ) and Riffel et al. ( 2019 ) and extends their conclusions also to
he XSL models. Consequently, our new NIR indices sensitive to age
nd metallicity cannot be currently utilized for directly interpolating
he NIR inde x–inde x grids produced by the models and estimate
he age and metallicities of the stellar populations, until further fine
uning of the models. Nevertheless, these new NIR indices are highly
aluable for focusing the model impro v ements and for retrieving the
ptical stellar population parameters throughout the estimation of the
ick/IDS counterparts H β, Mgb, Mg2, and < Fe > with the provided
quations ( 3 ), ( 4 ), ( 5 ), ( 6 ), ( 7 ), ( 8 ), and ( 10 ). 

Our sample spans a wide range of stellar ages, velocity dispersion,
nd galaxy morphological types. We did not observe secondary
rends due to morphological types and/or velocity dispersion in the
orrelations between our new NIR indices and the Lick/IDS ones.
o we ver, the sample lacks low-metallicity galaxies, and therefore
ur results are limited to [Z/H] � −0.7 for now. Some rather weak
ndices are used to build the combined [AlFeCr] and T1 indices,
specially for the FeCr ( < EW > � 1) and require high S/N spectra
ies (S/N ∼ 100 at R ∼ 2000) to obtain reasonably accurate age
nd metallicity estimates. Moreo v er, since the targeted features
pan from the CaT wavelength ( λ ∼ 0.85 μm) to the Al1 ( λ ∼
.7 μm), they require broad-band NIR spectra to be measured. Even
t modestly high redshift ( � 0.02), some of the indices considered
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ere will be shifted into wavelength regimes heavily affected by 
elluric absorption (especially the Al) and alternative indices will 
ave to be considered in future works. 
We also built a new composite index 
1 to be more sensitive

o velocity dispersion by combining the Al1 index with Mg2h and 
ormalizing by the CaT index, which is known to have a strong
nticorrelation with velocity dispersion. The 
1 index results to be 
 velocity dispersion (hence mass) tracer as good as the optical Mg2
ndex. 

These new age, metallicity, and velocity dispersion indicators in 
he NIR are suitable in situations, where the optical features might 
ave low S/N (e.g. dust-obscured galaxies) or might not be available 
ue to instrumental constraints, and represent a solid complementary 
pproach to the full spectral fitting method. In the near future, we
lan to expand our sample to include low metallicity and higher 
edshift galaxies to enhance and expand the constraints of the new 

IR age, metallicity, and velocity dispersion indicators. 
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Figure A1. NIR spectra of the sample galaxies. The vertical red lines mark the central wavelength of the NIR indices used to define age, metallicity, and 
velocity dispersion indicators in this paper. 
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Figure A2. Continued. 
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Figure A3. Continued. 
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Figure A4. Continued. 
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Figure A5. Continued. 
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Figure A6. Continued. 
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Figure A7. Continued. 

APPEN D IX  B:  N I R  I N D I C E S  A N D  EQUIVA LENT  W I D T H S  O F  T H E  N I R  LI NE-STRENGTH  I NDICES  

O F  T H E  SAMPLE  

The NIR line-strength index definition and the EWs for all the sample galaxies are given in Tables B1 , B2 , B3 , and B4, respectively. 
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Table B1. The 39 NIR line-strength indices investigated in this paper. 

Index Dominated by Line limits Blue continuum Red continuum Main Additional 
name ( μm) ( μm) ( μm) reference reference 

Ca1 Ca II 0.8484–0.8513 0.8474–0.8484 0.8563–0.8577 2 –
Ca2 Ca II 0.8522–0.8562 0.8474–0.8484 0.8563–0.8577 2 –
Ca3 Ca II 0.8642–0.8682 0.8619–0.8642 0.8700–0.8725 2 –
Mgi Mg I 0.8802–0.8811 0.8776–0.8792 0.8815–0.8850 3 –
Pa5 H I 0.900–0.903 0.8983–0.8998 0.9040–0.9030 3 –
Ti Ti I 0.9780–0.9795 0.9750–0.9760 0.9800–0.9810 1 –
FeH FeH 0.9900–0.9950 0.9840–0.9850 0.9985–0.9995 1 9, 10 
Pa δ H I 1.0040–1.0067 1.0020–1.0030 1.0067–1.0077 1 –
FeTi Fe I , Ti I 1.0390–1.0408 1.0198–1.0210 1.0438–1.0446 1 –
Na Na I 1.1358–1.1428 1.1320–1.1340 1.1430–1.1460 1 –
FeCr Fe I + Cr I 1.1600–1.1624 1.1560–1.1585 1.1716–1.1746 1 –
K1A K I 1.1670–1.1714 1.1560–1.1585 1.1716–1.1746 1 9, 10 
K1B K I 1.1765–1.1800 1.1716–1.1746 1.1805–1.1815 1 9, 10 
Sij Si I 1.1977–1.2004 1.1910–1.1935 1.2050–1.2070 1 –
SiMg Si I , Mg I 1.2070–1.2095 1.2050–1.2070 1.2050–1.2070 1 –
K2A K I 1.2415–1.2455 1.2350–1.2380 1.2460–1.2490 1 7, 10 
Pa β H I 1.2795–1.2840 1.2755–1.2780 1.2855–1.2873 1 –
Al Al I 1.3115–1.3168 1.3050–1.3075 1.3230–1.3250 1 9, 11 
Mg1h Mg I 1.4850–1.4910 1.4830–1.4850 1.4910–1.5000 1 7 
Mg2h Mg I 1.5000–1.5080 1.4910–1.5000 1.5100–1.5120 1 7, 4 
CO1 12 CO(2,0) 1.5570–1.5635 1.5480–1.5500 1.5930–1.5940 1 7 
Br 15 H I 1.5670–1.5720 1.5480–1.5500 1.5930–1.5940 1 –
Mg3h Mg I 1.5730–1.5800 1.5480–1.5500 1.5930–1.5940 1 7 
FeH1 FeH 1.5820–1.5860 1.5480–1.5500 1.5930–1.5940 1 4, 7, 8 
Sih Si I 1.5870–1.5910 1.5480–1.5500 1.5930–1.5940 1 4, 7, 8 
CO2 12 CO(2,0) 1.5950–1.6000 1.5930–1.5940 1.6160–1.6180 1 7 
CO3 12 CO(2,0) 1.6180–1.6220 1.6160–1.6180 1.6340–1.6370 1 8 
CO4 12 CO(2,0) 1.6390–1.6470 1.6340–1.6370 1.6585–1.6605 1 –
CO5 12 CO(2,0) 1.6605–1.6640 1.6585–1.6605 1.6775–1.6790 1 –
Al1 Al I 1.6705–1.6775 1.6585–1.6605 1.6775–1.6790 1 –
COMg 12 CO(2, 0), Mg I 1.7050–1.7130 1.6920–1.6960 1.7140–1.7160 1 4 
Br 10 H I 1.7350–1.7390 1.7250–1.7280 1.7440–1.7480 1 –
Mg1k Mg I 2.1040–2.1110 2.1000–2.1040 2.1110–2.1150 4 –
Nadk Na I 2.2000–2.2140 2.1934–2.1996 2.2150–2.2190 6 –
FeA Fe I 2.2250–2.2299 2.2133–2.2176 2.2437–2.2497 5 –
FeB Fe I 2.2368–2.2414 2.2133–2.2176 2.2437–2.2497 5 –
Ca d Ca I 2.2594–2.2700 2.2516–2.2590 2.2716–2.2888 6 –
Mg2k Mg I 2.2795–2.2845 2.2700–2.2720 2.2850–2.2874 5 –
CO12 12 CO(2,0) 2.2910–2.3070 2.2516–2.2590 2.2716–2.2888 3 –

The references are 1 = Morelli et al. ( 2020 ); 2 = Cenarro et al. ( 2001 ); 3 = Cesetti et al. ( 2013 ); 4 = Ivanov et al. ( 2004 ); 5 = Silva et al. ( 2008 ); 6 = Cesetti 
et al. ( 2009 ); 7 = Riffel et al. ( 2019 ); 8 = Origlia, Moorwood & Oli v a ( 1993 ); 9 = Conroy & van Dokkum ( 2012 ); Villaume et al. ( 2017 ); 10 = McLean 
et al. ( 2003 ); Cushing, Rayner & Vacca ( 2005 ), 11 = R ̈ock et al. ( 2015 ). 
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