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A B S T R A C T 

Massive Early-Type Galaxies (ETGs) in the local Universe are believed to be the most mature stage of galaxy evolution. Their 
stellar population content reveals the evolutionary history of these galaxies. Ho we ver, while state-of-the-art Stellar Population 

Synthesis (SPS) models provide an accurate description of observed galaxy spectra in the optical range, the modelling in 

the Near-Infrared (NIR) is still in its infancy. Here, we focus on NIR CO absorption features to show, in a systematic and 

comprehensive manner, that for massive ETGs, all CO indices, from H through to K band, are significantly stronger than 

currently predicted by SPS models. We explore and discuss several possible explanations of this ‘CO mismatch’, including 

the effect of intermediate-age, asymptotic-giant-branch-dominated, stellar populations, high-metallicity populations, non-solar 
abundance ratios, and the initial mass function. While none of these effects is able to reconcile models and observations, we 
show that ad hoc ‘empirical’ corrections, taking into account the effect of CO-strong giant stars in the low-temperature regime, 
provide model predictions that are closer to the observations. Our analysis points to the effect of carbon abundance as the most 
likely explanation of NIR CO line-strengths, indicating possible routes for improving the SPS models in the NIR. 

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

he study of the stellar content of galaxies, both in the local and
arly Universe, is fundamental to understand how they shape up o v er
osmic time, as it provides key constraints on star formation rates,
otal stellar masses, chemical enrichment, and the stellar initial mass
unction (IMF). Since Stellar Population Synthesis (SPS) models are
n essential tool to constrain the stellar content of galaxies, a detailed
ssessment of their validity and limitations is crucial to determine
he physical and evolutionary properties of these systems. While
pectral synthesis modelling at optical wavelengths is now a mature
eld of research and optical galaxy spectra can be accurately matched
ith SPS models, there is still a long road ahead for Near-Infrared

NIR) SPS models to consistently agree with observations (Riffel
t al. 2019 ; Eftekhari, Vazdekis & La Barbera 2021 ). For example,
nly in the last decade, the problem of matching strong sodium
bsorption lines of massive Early-Type Galaxies (ETGs) has been
crutinized in the NIR. The strength of NIR sodium features in
assive ETGs is much stronger than would be expected from an old

tellar population with a Milky Way (MW)-like IMF and with solar
lemental abundance ratios. A combination of a bottom-heavy IMF
nd a highly enhanced sodium abundance can reconcile the tension
etween observations and NIR models (Smith et al. 2015 ; La Barbera
t al. 2017 ; R ̈ock et al. 2017 ); ho we ver, the finding of massive ETGs
ith MW-like IMFs – as derived by strong gravitational lensing

nalyses – and strong sodium line-strengths at 1.14 μm calls for
 E-mail: elhamea@iac.es 
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aution in interpreting the NIR sodium line-strengths (Smith &
ucey 2013 ; Smith et al. 2015 ). Another disagreement between
bservations and stellar population models in the NIR arises from
O absorption features, which are prominent in the H - and K -band

pectral regions, and have al w ays been a puzzle. 
The appearance of the first o v ertone of CO in K band, at ∼2.3 μm,

n the spectra of galaxies was discussed by many authors in the
970s and 1990s (Baldwin, Frogel & Persson 1973b ; Frogel et al.
975 , 1978 ; Aaronson et al. 1978 ; Frogel, Persson & Cohen 1980 ;
li v a et al. 1995 ; Mobasher & James 1996 ; James & Mobasher
999 ). CO absorption originates in the atmospheres of red giants
nd supergiants, which tend to have deeper CO absorptions than
warf stars (Baldwin et al. 1973a ). Faber ( 1972 ) opened up the
iscussion that optical data could not be used to uniquely determine
he proportion of M dwarfs and M giants in the galactic nucleus
f M31, showing that while a model with enhanced M dwarfs in
ynthesized models would match the Na doublet at 8190 Å, a model
ominated by M giants is required to explain the K -band CO strength.
ince then, several authors have analysed the K -band CO absorption
f galaxies, alone or in combination with other indices, by comparing
he observed strengths with those of stellar spectra (Baldwin et al.
973a , b ; Frogel et al. 1975 , 1978 ; Oli v a et al. 1995 ; Mobasher &
ames 1996 ; James & Mobasher 1999 ). All of these studies found
hat line-strengths of the K -band CO absorption lie in the range of
iant stars, concluding that most of the light emitted from galaxies
n the CO spectral region comes from these stars. 

Using NIR observations of globular clusters, Aaronson et al.
 1978 ) showed that the 2.3 μm CO index strength is strongly corre-
ated with metallicity. They constructed SPS models and compared
© 2022 The Author(s) 
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hem with observations of the central regions of ETGs, claiming 
hat metal-rich models with a Salpeter IMF adequately fit the CO
ndex of the brightest ellipticals. Frogel et al. ( 1978 ) also found that
ny significant increase in the number of late-type dwarfs beyond 
hose already contained in the SPS models drives the K -band CO
ndex to unacceptably lo w v alues, 1 concluding that the changes 
bserved in the CO indices of galaxies are due to variations in
he mean metallicity of their stellar populations. Ho we ver, Frogel 
t al. ( 1980 ) attributed the differences between various colours and
 -band CO index of ETGs with respect to those of globular clusters
nd stellar synthesis models to a population of low-temperature 
uminous stars present neither in the clusters nor in the models. 
hey hypothesized giant branch stars with higher metallicity than 

he Sun and/or asymptotic giant branch (AGB) stars abo v e the first
ed giant tip as two candidates for such a population. 

Separation of the relative contributions to the K -band CO line- 
trength from young supergiants in a burst population (a few Myr)
nd giants in an older stellar system ( ∼1 Gyr) has also been a
ubject of debate; the NIR CO features are mainly sensitive to 
f fecti ve temperature but are also somewhat shallower in giants 
han supergiants of similar temperatures (Kleinmann & Hall 1986 ; 
riglia, Moorwood & Oli v a 1993 ; Oli v a et al. 1995 ). Ho we ver, metal-

ich red giant stars can have CO absorptions that are as strong as
he red supergiants found in starbursts; in other words, cold giants 
nd slightly warmer supergiants can have equally strong CO line- 
trengths (Origlia et al. 1993 ; Oli v a et al. 1995 ). This hampers the
nterpretation of CO absorptions in galaxies alone, in the absence of
ndependent measurement of the stellar temperature. 

ETGs are known to host old stellar populations with little con- 
ribution, if any, from recently formed stellar populations. Indeed, 
ince Frogel et al. ( 1980 ), the CO (2.3 μm) absorption has been
sed to possibly infer the presence of young stars (red giants and
upergiants) in ETGs. In particular, Mobasher & James ( 2000 ) found
hat the CO line-strength is stronger for ellipticals in the outskirts of
he Coma cluster than in the core, interpreting this as an evidence for
ounger populations in galaxies inhabiting low-density environments 
see also James & Mobasher 1999 ). Mobasher & James ( 1996 )
nd M ́armol-Queralt ́o et al. ( 2009 ) also interpreted the observed
igher value of the 2.3 μm CO line-strength of galaxies in the field
ith respect to those in denser environments of clusters as due to

elatively more recent episodes of star formation in field galaxies. 
nfortunately, most of these analyses has hitherto been based on 
 direct comparison of CO indices in galaxies to those for stellar
pectra, with no detailed comparison to predictions of SPS models. 
ecently, Baldwin et al. ( 2018 ) measured the 2.3 μm CO line-

trength for 12 nearby ETGs, comparing to predictions from different 
ets of SPS models. They found that all models systematically 
nderpredict the strength of the K -band CO. 
While the CO bandhead in the K band has been e xtensiv ely

nalysed in the literature, not much effort has been put so far into
tudying other NIR CO lines, which are prominent in galaxy spectra, 
specially in the H band. This is because low-temperature and heavily 
bscured stars are brighter in the K band than the H band, and, perhaps
ore importantly, severe contamination of the H -band spectral range 
 Kroupa & Gilmore ( 1994 ) obtained a similar result by simulating the K - 
and spectrum of the cooling-flow ellipticals, i.e elliptical galaxies with a 
ow-mass star accretion population. They used the spectral library of low- 
ass stars from Arnaud, Gilmore & Collier Cameron ( 1989 ) and showed 

hat by spectroscopy around the K -band CO feature, an o v erabundance of 
ow-mass stars in these galaxies can be estimated. 

V
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e  
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I  
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rom sky emission lines has prevented its exploitation in the work
f the late 1900s. Ho we ver, no wadays, due to the high resolution of
IR spectrographs and new sky-subtraction techniques, the H band 

s fully accessible to detailed stellar population studies. 
CO absorptions in the K band arise from transitions between two

ibrational states with a difference ( �ν) in quantum number ν of 2,
hile the �ν of CO absorptions in the H band is equal to 3 (see table
0 of Rayner, Cushing & Vacca 2009 ). This results in a lower ( ∼2
rders of magnitude) optical depth of CO lines in the H band than the
 band and therefore, the CO lines in the H band saturate in cooler

tars than those in the K band. Hence the strength of the CO lines in the
 and K bands is e xpected to behav e differently with spectral type and

uminosity (Origlia et al. 1993 ). Indeed, performing a simultaneous 
nalysis of different features arising from the same chemical species 
s of paramount importance, as it helps in breaking degeneracies 
mong rele v ant stellar population parameters (e.g. Conroy & van
okkum 2012 ). The only effort in this direction has been put by Riffel

t al. ( 2019 ), who have analysed CO line-strengths in both the H
nd K bands, for a sample of nearby ETGs, co v ering a range of
alaxy mass, as well as star-forming galaxies. They found that while
ome CO lines are matched by the models, others seem to exhibit a
ignificant disagreement. 

In this paper, we perform a detailed analysis of a whole battery of
O absorption features that are found in the NIR spectra of ETGs,

ocusing on a homogeneous, high-quality sample of very massive 
earby galaxies, with a velocity dispersion of ∼300 km s −1 (i.e. the
igh-mass end of the galaxy population), as well as on other galaxy
amples collected from pre vious works. We sho w that, indeed, all
O features, besides the well-studied 2.3 μm CO bandhead, are 

ystematically underestimated by the models for the v ery massiv e
TGs. We scrutinize several possible explanations of this ‘CO 

ismatch’ problem, including the effect of a non-universal IMF, 
 contribution from young and intermediate-age populations, high- 
etallicity stars, as well as the effect of non-solar abundance ratios.
e also present ad hoc empirical SPS models that might help to

olve the problem, by taking advantage of the scatter of stars in the
vailable stellar libraries used to construct the models. 

The paper is organized as follows: In Sections 2 and 3 , we describe
ur samples of ETGs, as well as the stellar libraries and synthesis
odels used in this work. In Section 4 , we show the CO mismatch

roblem for NIR absorption features, by comparing models and 
bserv ations. Dif ferent experiments are presented in Section 5 in
rder to search for a possible solution of the CO puzzle. Our empirical
pproach to address the tension is explained in Section 6 . Section 7
rovides a discussion of our results. The overall conclusions are 
ummarized in Section 8 . 

 SAMPLES  

e used different samples of ETGs drawn from the literature. Our
ain galaxy sample is that of La Barbera et al. ( 2019 ) (hereafter
B19 ), consisting of exquisite-quality, high-resolution, optical and 
IR spectra for a sample of very massive ETGs at z ∼ 0, collected
ith the X-SHOOTER spectrograph (Vernet et al. 2011 ) at the ESO
ery Large Telescope (VLT). Other samples of ETGs were used 
herever the quality of data and wavelength coverage were suitable 

or our analysis. Although these samples are far from being homo-
eneous (as they were observed with different instruments), they 
ncompass a wide range in galaxy stellar mass and stellar population
arameters, allowing for a comprehensive study of NIR CO features. 
n particular, we have included two samples of ETGs residing in
arying environments (see below), namely in the field (M ́armol- 
MNRAS 512, 378–400 (2022) 
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ueralt ́o et al. 2009 ), and in the Fornax cluster (Silva, Kuntschner &
yubenova 2008 ), whose K -band spectra were obtained with the
ame observational set-up. These two samples allow us to explore
he effect of the environment on the CO strengths. 

The main properties of our galaxy samples are summarized as
ollows: 

(i) La Barbera et al. ( 2019 ) (hereafter XSGs): The seven massive
TGs of this sample are at redshift z ∼ 0.05, and span a velocity
ispersion ( σ ) range of ∼300–360 km s −1 . Five galaxies are centrals
f galaxy groups, while two systems are satellites (see LB19 for
etails). The galaxies were observed using the X-SHOOTER three-
rm echelle spectrograph, mounted on UT2 at the ESO VLT. The
av elength co v erage of the spectra in the NIR arm ranges from
800 to 25 000 Å with a final resolution of ∼5500 [full width at
alf-maximum (FWHM)]. The spectra used for this work were
xtracted for all galaxies within an aperture of radius 1.5 arcsec,
nd have a high signal-to-noise ratio (SNR), abo v e 170 Å−1 . In
ddition to individual spectra, we also used a stacked spectrum in
ur analysis, to characterize the average behaviour of the sample.
sing optical (H βo, H γ F , TiO1, TiO2 SDSS , aTiO, Mg4780, [MgFe]’,
aD, Na I 8190) and NIR (Na I 1.14, Na I 2.21) spectral indices, LB19

howed that stellar populations in the centre of these galaxies are
ld ( ∼11 Gyr), metal-rich ( ∼+ 0.26 dex), enhanced in α-elements
[ α/Fe] ∼+ 0.4 dex), and with bottom-heavy IMF (with logarithmic
lope 	 b ∼ 3 for the upper segment of a low-mass tappered IMF,
ften regarded as ‘bimodal’). 
(ii) Fran c ¸ois et al. ( 2019 ): The 12 nearby ( z < 0.016) and bright

B t ∼ 11–13 mag) galaxies of this sample span ∼35–335 km s −1 in
elocity dispersion and are distributed along the Hubble sequence
rom ellipticals to spirals. They have been observed with the X-
HOOTER spectrograph at the VLT. NIR spectra were obtained
ith a 1.2 arcsec slit, providing a resolving power of 4300. The one-
imensional spectra were extracted by sampling the same spatial
egion for all galaxies. Using optical indices ( < Fe > , [MgFe]’, Mg 2 ,

g b , and H β ), Fran c ¸ois et al. ( 2019 ) showed that stellar populations
n the centre of these galaxies span a wide range of values in age and
etallicity (0 . 8 ≤ age (Gyr) ≤ 15 and −0 . 4 ≤ [Z/H] ≤ 0 . 5). 
(iii) Baldwin et al. ( 2018 ): They obtained JHK -band spectra for 12

earby ETGs from the ATLAS 

3D sample (Cappellari et al. 2011 ), with
 velocity dispersion range of σ = 80–120 km s −1 , using GNIRS,
he Gemini Near-Infrared Spectrograph at the 8m Gemini North
elescope in Hawaii. The galaxies span a broad range in age from 1
o 15 Gyr (optically derived SSP-equivalent ages) at approximately
olar metallicity. They used a 0.3 arcsec slit, with a spectral resolution
f R ∼1700. One-dimensional spectra were extracted within an aper-
ure of ± 1 

8 R eff except for one galaxy (whose spectrum was extracted
ithin ± 1 

12 R eff ). The SNR of the spectra is in the range 50–200. 
(iv) M ́armol-Queralt ́o et al. ( 2009 ): They observed 12 ETGs in the

eld in the velocity dispersion range 59 km s −1 < σ < 305 km s −1 

ith the ISAAC NIR imaging spectrometer, mounted on UT1 at the
LT. NIR spectra were obtained with a 1 arcsec slit, providing a

esolving power of 7.1 Å at 2.3 μm. The wavelength coverage of the
pectra is short (from 2.20 to 2.29 μm), including Na I , Fe I , Ca I , and
he first CO absorptions at the red end of the K band (see below).
he y e xtracted galaxy spectra within a radius corresponding to 1 

8 R eff .
he ages of these galaxies were determined by S ́anchez-Bl ́azquez
t al. ( 2006b ), using the H β index and a preliminary version of the
PS models of Vazdekis et al. ( 2010 ). 
(v) Silva et al. ( 2008 ): This sample consists of eight ETGs in

he Fornax cluster with σ = 70–360 km s −1 , all observed with
he ISAAC NIR imaging spectrometer. A 1 arcsec slit was used
NRAS 512, 378–400 (2022) 
uring the observ ations, gi ving a spectral resolution of R ≈ 2900
7.7 Å FWHM). The central spectra were extracted within a radius
orresponding to 1 

8 R eff with an SNR of 48–280, and co v ering a
avelength range of 2.12–2.37 μm. The ages of these galaxies are
rawn from Kuntschner & Davies ( 1998 ), and were computed with
orthey et al. ( 1994 ) SPS models. 

Note that, for all spectra, we measured CO spectral indices (see
ection 4 ), when they lie within the available spectral range and are
onsidered to be safe for the stellar population analysis, according to
he criteria given in Eftekhari et al. ( 2021 ) (see their section 4.8). 

 STELLAR  LI BRARI ES  A N D  STELLAR  

OPULATI ON  M O D E L S  

e compare observed CO index strengths with predictions of various
PS models which differ in a number of ingredients, such as the
dopted isochrones, stellar libraries, IMF shape, age and metallicity
o v erage, as well as the prescription to implement the AGB phase.
he latter is one of the most important aspects when studying the
IR spectral range, as it is the main source of differences seen among
odels. We also compare CO indices observed in our galaxy samples
ith individual stars, from theoretical and empirical stellar libraries.
he main features of the models and libraries are summarized next. 

.1 Stellar population models 

(i) E-MILES: We used two model versions: base E-MILES
Vazdekis et al. 2016 ) and α-enhanced E-MILES (an updated version
f Na-enhanced models described in La Barbera et al. 2017 ). The
odels are available for two sets of isochrones: BaSTI (Pietrinferni

t al. 2004 ) and P ado va00 (Girardi et al. 2000 ). These isochrones
rovide templates for wide range of ages, from 1–14 Gyr in BaSTI
nd 1–17.78 Gyr for P ado va00, and metallicities, from −0.35 to
 0.26 dex in BaSTI and −0.4 to + 0.22 dex in Padova00. The base
odel is computed for different IMF shapes – Kroupa universal,

evised Kroupa, Chabrier, unimodal, and bimodal – while the α-
nhanced model is only available for bimodal IMF distributions
see Vazdekis et al. 1996 , 1997 for a description of different
MF parametrizations). E-MILES models co v er a wide range in
a velength from ultra violet (1680 Å) to infrared (50 000 Å) and are
ased on NGSL stellar library (Gregg et al. 2006 ) in the ultraviolet,
ILES (S ́anchez-Bl ́azquez et al. 2006a ), Indo-US (Valdes et al.

004 ), and CaT (Cenarro et al. 2001 ) stellar libraries in the optical
nd 180 stars of IRTF stellar library (see below) in the infrared.
or this study, we utilized the BaSTI-based model predictions with
imodal IMF shape with slopes 	 b = 1.3 (representative of the
roupa-like IMF) and 	 b = 3.0 (representative of a bottom-heavy

MF), and two metallicity values, around solar ( + 0.06) and metal-
ich ( + 0.26). Note that the BaSTI models have cooler temperatures
or low-mass stars and use simple synthetic prescriptions to include
he AGB regime. 

(ii) Conroy et al.: We used two model versions: Conroy &
an Dokkum ( 2012 ) (hereafter CvD12 ) and Conroy et al. ( 2018 )
hereafter C18 ). The CvD12 models rely on 91 stars from the IRTF
tellar library in the NIR, using different isochrones to co v er different
hases of stellar evolution, from the hydrogen burning limit to the end
f the AGB phase, namely the Dartmouth isochrones (Dotter et al.
008 ), P ado va isochrones (Marigo et al. 2008 ), and Lyon isochrones
Chabrier & Baraffe 1997 ; Baraffe et al. 1998 ). The publicly available
odels of CvD12 co v er either non-solar abundance templates at

3.5 Gyr, or younger ages (from 3 to 13.5 Gyr) at solar abundance
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atios and metallicity. The 13.5 Gyr model of solar metallicity and 
olar abundance is available for a Salpeter IMF, Chabrier IMF, two 
ottom-heavy IMFs with logarithmic slopes of x = 3 and x = 3.5, and
 bottom-light IMF. In this paper, we utilized C-, O-, and α-enhanced
odels of age 13.5 Gyr in addition to solar metallicity models of ages
 to 13.5 Gyr with a Chabrier IMF. The updated version of CvD12
odels is based on the MIST isochrones (Choi et al. 2016 ) and

tilizes the Extended IRTF Stellar Library (Villaume et al. 2017 ) 
hat includes continuous wavelength coverage from 0.35 to 2.4 μm. 
18 models co v er a wide range in metallicity ( −1.5 � [Fe/H] � 0.3)
nd include new metallicity- and age-dependent response functions 
or 18 elements. In this paper, we used C18 models with o v erall
etallicity [Z/H] of 0.0 and 0.2 de x, respectiv ely, with a Kroupa-

ike IMF, for ages between 1 and 13 Gyr. We also used C-enhanced
odels ([C/Fe] = + 0.15) of age 13 Gyr, solar metallicity, and a
roupa-like IMF. 
(iii) Maraston ( 2005 ) (hereafter M05 ): This model is based on

he fuel consumption theorem of Renzini & Voli ( 1981 ) for the
ost-main-sequence stages of the stellar evolution (in particular TP- 
GBs) and makes use of two stellar libraries: the BaSel theoretical 

ibrary (Lejeune, Cuisinier & Buser 1998 ) in the optical and NIR
nd the Lan c ¸on & Wood ( 2000 ) empirical library of TP-AGB stars.
he models are available for Salpeter and Kroupa IMF and for two
orizontal branch (HB) morphologies: blue and red. The y co v er a
ide range in metallicity (from −2.35 to + 0.67 dex) and age (from
0 3 yr to 15 Gyr). For our analysis we have used models with solar
etallicity, Kroupa IMF, and ages between 1 and 14 Gyr, with red
B morphology. 

.2 Stellar libraries 

(i) IRTF (Cushing, Rayner & Vacca 2005 ; Rayner et al. 2009 ):
his is an empirical spectral library of 210 cool stars co v ering the J ,
 , and K bands (0.8–5 μm) at a resolving power of R ∼ 2000. The

ibrary includes late-type stars, AGB, carbon, and S stars, mostly 
ith solar metallicity, 2 providing absolute flux-calibrated spectra. 
or this study, we have used a subsample of 180 IRTF stars that are
lso used to construct E-MILES models in the NIR. 

(ii) Theoretical stars from Knowles ( 2019 ): We included a small
et of theoretical stellar models, generated using the same method 
resented in Knowles et al. ( 2021 ). In summary, these models are
omputed using ATLAS9 (Kurucz 1993 ), with publicly available 3 

pacity distribution functions described in M ́esz ́aros et al. ( 2012 ).
e used the 1D and LTE mode of ASS εT (Advanced Spectrum

ynthEsis Tool, Koesterke 2009 ) with input ATLAS9 atmospheres 
o produce fully consistent synthetic spectra at air wavelengths, with 
bundances varied in the same way in both model atmosphere and 
pectral synthesis components. The models here adopt Asplund, 
revesse & Sauval ( 2005 ) solar abundances and a microturbulent 
elocity of 2 km s −1 . We direct interested readers to Knowles ( 2019 )
nd Knowles et al. ( 2021 ) for further details. The star models in
his work have ef fecti ve temperatures of 3500, 3750, and 4000 K,
or log g = 1.5, [M/H] = [ α/M] = 0.0, and two different carbon
 Note that, although the IRTF library has been recently extended to a wider 
ange in metallicity by Villaume et al. ( 2017 ), in this paper we used the 
riginal version of the IRTF library, as this library is actually used to build up 
ur reference SSP models (E-MILES). Moreo v er, the e xtended library shows 
 significant impro v ement mostly in the low-metallicity re gime (see fig. 1 of 
illaume et al. 2017 ), which is not rele v ant for our samples of massive ETGs. 
 http:// research.iac.es/ proyecto/ATLAS-APOGEE/ / 

t
5

2
a
a
s
l
c
b
i

bundances: scaled-solar ([C/Fe] = 0.0) and enhanced ([C/Fe] = 

.25). [M/H] here is defined as a scaled metallicity in which all
etals, apart from the α-elements and carbon if they are non-solar,

re scaled by the same factor from the solar mixture (e.g. [M/H] =
.2 = [Fe/H] = [Li/H]). This definition results in [ α/M] = [ α/Fe] and
C/M] = [C/Fe]. The models are generated specifically for this work,
ith a wavelength range of 1675.1–24 002.1 Å and a resolution of R
100 000. 
(iii) APOGEE (Majewski et al. 2017 ): APOGEE is an H -band

1.59–1.69 μm) spectral library of stars in the Milky Way from
he SDSS with a resolving power of ∼22 500. The 16th data
elease provides reduced and pipeline-derived stellar parameters and 
lemental abundances (ASPCAP; Garc ́ıa P ́erez et al. 2016 ) for more
han 430 000 stars. For our study, in the ASPCAP catalogue, we made
 selection of a subset of stars. 4 We also remo v ed stars with SNR <

00 (per pixel) and those that have a radial velocity scatter greater
han 1.5 km s −1 , and a radial velocity error greater than 3 km s −1 . 

 C O  SPECTRAL  I N D I C E S  

s described in Section 1 , fitting SPS models to CO absorption
eatures of galaxies in the K band has pro v en to be challenging. To
ain further insights into the problem, we consider here not only the
lready studied CO feature at ∼2.30 μm, but also other CO features
t 2.32 and 2.35 μm. These are the first-o v ertone CO bandheads
t the red end of the K band; their depth increases with decreasing
tellar temperature (Kleinmann & Hall 1986 ; Rayner et al. 2009 )
nd luminosity (Origlia et al. 1993 ) and becomes progressively 
eaker with decreasing metallicity (Frogel et al. 1975 ; Aaronson 

t al. 1978 ; Doyon, Joseph & Wright 1994 ; Davidge 2018 , 2020 ),
eing stronger in red giant and supergiant stars than in dwarf stars. 5 

n addition, we also include in our analysis six second-o v ertone CO
andheads in the H band, namely at 1.56, 1.58, 1.60, 1.64, 1.66,
nd 1.68 μm. In the following text, we first show observed and
odel spectra around each CO absorption (Section 4.1 ), and then
e discuss observed and model line-strengths in the K and H bands

see Sections 4.2 and 4.3 ), respectively. 

.1 CO indices: obser v ed v ersus model spectra 

n Fig. 1 , we show the spectra of XSGs from LB19 , around CO
bsorptions from H through K band, and compare them with model
pectra. From light to dark, the shifted red spectra correspond to
he individual XSGs, while the median-stacked spectrum is shown in 
lack. The wavelength definitions of CO indices, from Eftekhari et al.
 2021 ), are shown with shaded grey and orange areas corresponding
MNRAS 512, 378–400 (2022) 

he APOGEE STARFLAG bit-mask. 
 The first-o v ertone bands of 12 CO show bandheads at 22 929.03, 23 220.50, 
3 518.16, and 23 822.97 Å (in air) and those of 13 CO at 23 441.84, 23 732.94, 
nd 24 030.49 Å. The feature at 2.35 Å is dominated by the 12 CO bandhead 
t 23 518.16 Å but disturbed by the 13 CO line at 23 441.84 Å. The strong 
aturation of the 12 CO feature makes the 13 CO line clearly visible even for 
ow 

12 CO/ 13 CO abundance ratios (see the shoulder on the blue-ward of the 
entral feature in panel CO2.35 of Fig. 1 ). Consequently, the first-o v ertone 
ands of CO can be used to estimate the 12 CO/ 13 CO isotope ratio providing, 
n principle, important clues about stellar evolution and nucleosynthesis. 

http://research.iac.es/proyecto/ATLAS-APOGEE//


382 E. Eftekhari et al. 

MNRAS 512, 378–400 (2022) 

Figure 1. Spectra of XSGs and E-MILES models in the regions of CO features: individual XSG spectra (light to dark red); the stacked spectrum of XSGs 
(black); a ‘fiducial model’ with solar abundance and metallicity, an age of 11 Gyr, and MW-like IMF (pink); a model with Age = 2 Gyr (cyan); a model with 
[M/H] = + 0.26 (violet), a model with a bottom-heavy IMF of 	 b = 3.0 (green); and a model with [ α/Fe] = + 0.4 (brown). All these models have the same 
stellar population parameters as the fiducial model except for a given parameter (see labels on the top). The model and observed spectra have been convolved 
to a common resolution of σ = 360 km s −1 , as this is the highest velocity dispersion in the sample of LB19 . The central bandpasses of CO indices, as well as 
the blue and red pseudo-continua, are from Eftekhari et al. ( 2021 ) and are shown as grey and orange areas, respectively. All spectra have been normalized to 
the mean flux within pseudo-continua bands. The XSG individual spectra have also been arbitrarily shifted to display g alaxy-to-g alaxy variations in the depth 
of the COs. Note that the spectral range of XSGs does not co v er the CO2.35 index but this index is included in the figure as it is used for other galaxy samples. 
Remarkably, for all CO features, galaxies show stronger absorption than the models, regardless of the adopted model parameters. 
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Figure 2. CO indices measured from different galaxy samples, with open (filled) lime squares, cyan triangles, blue pentagons, and orange diamonds 
corresponding to individual (median) values for galaxies from Fran c ¸ois et al. ( 2019 ), Baldwin et al. ( 2018 ), M ́armol-Queralt ́o et al. ( 2008 ), and Silva 
et al. ( 2008 ), respectively (see labels on the top). The red open (filled) circles are line-strengths for individual spectra (median-stacked spectrum) of the XSGs 
( LB19 ). Observed line-strengths are compared to CO indices measured on different SPS spectra: two sets of E-MILES models with solar metallicity and 
bimodal IMF of slopes 1.3, corresponding to an MW-like IMF, and 3.0, representative of the bottom-heavy IMF of massive galaxies (solid pink and purple 
lines, respectively); two sets of E-MILES models with supersolar metallicity and bimodal IMF slopes of 1.3 and 3.0 (dotted pink and purple lines); one set of 
CvD12 models with [Fe/H] = 0 and Chabrier IMF (dashed violet line); two sets of C18 models with Kroupa IMF and [Z/H] = 0 and 0.2 (solid and dotted violet 
lines, respectively); and one set of M05 models with solar metallicity and Kroupa-like IMF (solid black line). The indices are measured on data and models all 
corrected to the same velocity dispersion of 360 km s −1 . 
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o indices bandpass and pseudo-continua bands, respectively. In the 

ame figure, we also show a fiducial model (pink) corresponding 
o an E-MILES simple stellar population (SSP) with an age of
1 Gyr (mean age of the XSGs as derived from optical indices),
olar chemical abundance pattern, and a bimodal IMF of logarithmic 
lope 1.3 (corresponding to an MW-like IMF). Note that although 
he spectra of XSGs do not co v er the CO inde x at 2.35 μm, we
lso show this index as it is co v ered by other galaxy samples in our
nalysis (see Fig. 2 ). For clarity and ease of comparison, normalized
pectra of XSGs are shifted upwards, while the stacked spectrum and 
odel spectra are only normalized to the mean flux within pseudo-
ontinua bands. Clearly, XSG9 is the one with the largest scatter
mong the spectra, likely because of the lower quality of the data for
his galaxy. A clear mismatch between observations and models is 
een in all panels. The CO indices of the XSGs are much stronger
han those of the fiducial SSP model. 

As a first step, we investigate whether a young population, a non-
olar metallicity, a dwarf-rich stellar population, and/or a non-solar 
hemical abundance pattern could significantly affect the CO lines, 
nd explain the deep CO absorptions in the data: 
MNRAS 512, 378–400 (2022) 
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(i) As mentioned in Section 1 , the disagreement between K -band
O observations and models has been attributed to the presence
f intermediate-age stellar components, dominated by stars in the
GB evolutionary phase. To test this scenario, in Fig. 1 , we show
n E-MILES SSP with the same parameters as the fiducial model
ut with an age of 2 Gyr (see cyan curves). Except for the CO1.64
ndex, a variation in age does not significantly change the depth
f CO absorption features. We assess this issue, in more detail, in
ection 5.2 . 

(ii) Since XSGs have metal-rich stellar populations, as shown by
he analysis of optical spectral indices (see LB19 ), in the figure we
lso show the effect of increasing metallicity, with an SSP having the
ame parameters as the fiducial model but [M/H] = + 0.26 (violet).
ccording to E-MILES models, the increase in metallicity does not

ignificantly affect the depth of (all) CO features. 
(iii) The strong CO absorptions cannot be explained by IMF

ariations either; an SSP model with the same fiducial model
arameters but with a steeper IMF slope (green) has shallower CO
bsorptions, hence worsening the fitting. This was first pointed out
y Faber ( 1972 ), who showed that an increase in the number of dwarf
tars drives the CO index at 22 800 Å to unacceptably low values.
ig. 1 shows that, indeed, all CO features exhibit a similar behaviour.

(iv) In Fig. 1 , we also investigate non-solar [ α/Fe] abundance
ffects. An SSP that differs from the fiducial model only in α-
nhancement is shown with brown colour. As for the IMF, the
nhancement in α weakens the strength of CO absorptions. Notice
hat a different result seems to hold for A-LIST SPS models (Ashok
t al. 2021 ), which suggest an increase of CO strength with [ α/Fe]
see their fig. 6a). 

.2 CO line-strengths in K band 

ig. 2 shows a quantitative comparison of line-strengths of CO
ndices in K band between data and different SPS models (see
ection 3.1 ), i.e. E-MILES (solid/dotted pink and purple lines),
vD12 (dashed violet line), C18 (solid and dotted violet lines),
nd M05 (solid black line) models. We plot model line-strengths
f the COs as a function of age, while for galaxies we plot observed
ine-strengths as a function of the age, as estimated from previous
orks (see Section 2 ). For each index, the measurements on the

ndividual XSG spectra are plotted with open red circles, while the
lled red circle corresponds to the measurement of their stacked
pectrum. Individual galaxies from Fran c ¸ois et al. ( 2019 ), Baldwin
t al. ( 2018 ), M ́armol-Queralt ́o et al. ( 2009 ), and Silva et al. ( 2008 )
amples (hereafter F19 , B18 , M09 , and S08 , respectively) are shown
ith open lime squares, cyan triangles, blue pentagons, and orange
iamonds, respectiv ely. F or each inde x, the median CO line-strength
f each sample is shown with a filled symbol of the same colour.
he indices were measured after smoothing all spectra to a common
elocity dispersion of σ = 360 km s −1 . 

.2.1 D CO ver sus a g e 

n the upper left panel of Fig. 2 , we consider the D CO index, i.e.
he definition of the first CO bandhead in K band from M ́armol-
ueralt ́o et al. ( 2008 ). This index is defined with two blue pseudo-

ontinua and the absorption bandpass (see M ́armol-Queralt ́o et al.
008 for details). In the same panel, we also included measurements
or the spectra of S08 and M09 (open/filled orange diamonds and
lue pentagons). For ages greater than 3 Gyr, different models show
imilar trends, with D CO showing no significant variation with age.
NRAS 512, 378–400 (2022) 
nly for ages younger than 3 Gyr, there is a significant difference
etween E-MILES and M05 models since the contribution of AGB
tars is more emphasized in the young populations of M05 . We
urther discuss this issue in Section 5.2 . All models underpredict
he median value of D CO for the samples except for that of F19 .
o we ver, since the scatter of D CO in this sample is far larger than

hat for the other samples, no firm conclusions can be drawn. In
eneral, Fig. 2 shows that the models can barely reproduce only the
alaxies with the smallest D CO values. For instance, two galaxies of
18 at 13 Gyr are well matched with E-MILES and M05 models,
nd the same applies to two galaxies in the S08 sample with the
eakest CO absorption, which are well matched with E-MILES
odels (see solid pink line and the orange diamonds for an age of
8 Gyr). Since the M05 model differs significantly from E-MILES
odel in the predictions for young populations, it can match the

oungest galaxies of M09 and B18 . Overall, for the D CO index, the
ismatch between observations and models applies to all models.
18 models predict the lowest values for D CO and cannot match any
ata points. 

.2.2 D CO versus metallicity 

nother parameter that can be considered is the variation of metal-
icity among our galaxies, which span a wide range, from [M/H] =

0.4 to [M/H] = + 0.5 dex. We investigate the effect of metallicity by
howing the predictions of E-MILES models with an MW-like IMF
 	 b = 1.3) and total metallicity of + 0.26 dex (dotted pink line), and
redictions of C18 models with a Kroupa IMF and [Z/H] = 0.2 dex
dotted violet line). Hence, the effect of metallicity can be seen by
omparing dotted and solid lines in Fig. 2 . The figure shows that the
iscrepancy between the dotted pink line and the filled blue pentagon
nd red circle (orange diamond) is almost eight (2) times larger than
he increase in D CO caused by variations in [M/H] from + 0.06 to
 0.26 dex. Ho we ver, it is worth noticing that the IRTF stellar library,
hich is used to construct E-MILES models in the NIR, consists
f stars in the solar neighbourhood, which are una v oidably biased
owards solar metallicity. In fact, according to R ̈ock et al. ( 2015 ),
he quality of E-MILES models decreases at supersolar metallicities.
lso, we cannot exclude a non-linear behaviour of CO absorptions

n the very high-metallicity regime. Therefore, we looked at C18
odels, which are based on the Extended IRTF Stellar Library with

etter co v erage in metallicity (although this advantage mainly applies
o the metal-poor regime). Comparing the difference between dotted
nd solid pink lines with the difference between dotted and solid
iolet lines shows that the effect of metallicity in C18 models is larger
han the one in E-MILES models but it is not enough to match the high
alues of XSGs or M09 data. Also, notice that although C18 models
re based on a stellar library with better co v erage in metallicity,
hey predict the lo west v alues for D CO , hampering the discrepancy
o the observed data points. We conclude that the mismatch between
ata and models cannot be explained with metallicity variations
lone. 

.2.3 D CO versus IMF 

e also investigated the effects of a bottom-heavy IMF ( 	 b = 3.0) on
he CO features as shown by solid- and dotted purple lines for solar
nd metal-rich populations, respectively. The IMF slope of XSGs has
een determined by LB19 , using a combination of optical and NIR
Na) indices, finding that all galaxies have a bottom-heavy IMF in
he centre. Ho we ver, Fig. 2 sho ws that a dwarf-rich population does
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ignificantly increase the discrepancy between models and observed 
O indices. While this result seems to be consistent with Alton, 
mith & Lucey ( 2018 ), who claimed an MW-like IMF for massive
alaxies in their sample, based on J - and K -band spectral indices
including two CO bandheads in K band), it has to be noted that for
n MW-like IMF the models do not match the observations either. In
ther words, any claim from CO lines on the IMF should be taken
ith caution. 

.2.4 D CO versus environment 

he samples of S08 and M09 allow us to assess the effect of galactic
nvironment on the strength of D CO , as galaxies in the former sample
eside in a high-density environment (Fornax cluster) compared to 
he latter, which consists of field galaxies. 

It is noteworthy to mention that within 20 Mpc, the Fornax cluster
s the closest and second most massive galaxy cluster after Virgo. 
t has a virial mass of 10 13 M � (Drinkwater, Gregg & Colless 2001 )
nd while most of its bright members are ETGs, mainly located 
n its core (Grillmair et al. 1994 ), its mass assembly is still ongoing
Scharf, Zurek & Bureau 2005 ), and therefore it is not fully virialized.
ornax cluster is an evolved, yet active environment, as well as
 rich reservoir for studying the evolution of galaxies in a cluster
nvironment, particularly within its virial radius. 

The two samples of S08 and M09 have been observed with the
ame telescope and observational set-up (see Section 2 ), allowing for
 direct comparison. Note that these two samples are also comparable 
ith respect to velocity dispersion (see Section 2 ). As shown in the
lot, M09 galaxies, located in the field, tend to have larger values
f D CO strength than S08 galaxies in the Fornax cluster. We see that
he median value of these two samples cannot be matched with the
urrent models. We can speculate that the origin of the difference 
etween D CO values of ETGs in low- and high-density environments 
ight be due to a difference in the carbon abundance of field and

luster galaxies. Since star formation in dense environments takes 
lace more rapidly than in isolated galaxies, carbon, which is expelled 
nto the interstellar medium by dying stars of intermediate masses, 
annot be incorporated in newer stellar generations. Therefore, the 
esulting stars in dense environments, like cluster galaxies, exhibit 
maller carbon abundance with respect to their counterparts of similar 
ass in low-density environments. As the CO molecule has high 

inding energy, carbon mostly forms CO molecules. Thus, CO 

ndices in the field galaxies are stronger than cluster galaxies as was
uggested by M09 . Moreo v er, R ̈ock et al. ( 2017 ) found a dichotomy
etween the Na I 2.21 values of the ETGs in the S08 and M09 samples.
ndeed, they showed that one possible driver of NaI2.21 might be 
C/Fe] abundance. 

.2.5 Other K -band CO indices 

he upper right panel of Fig. 2 shows measurements for the same CO
eature as for D CO , but using the index definition, named CO2.30,
rom Eftekhari et al. ( 2021 ). While D CO measures the absorption at
2.30 μm as a generic discontinuity, defined as the ratio between the

v erage flux es in the pseudo-continua and in the absorption bands,
he CO2.30 index follows a Lick-style definition, with a blue and 
ed pseudo-continua and the absorption bandpass (see fig. A3 in 
ftekhari et al. 2021 for a comparison of the two definitions). Note

hat the red bandpass of CO2.30 is not co v ered by the S08 and M09
pectra and therefore these samples are not included in the upper right
anel of Fig. 2 . For ages of 3 and 5 Gyr, the predictions of CvD12 and
-MILES models for CO2.30 are very similar, while for older ages,
vD12 models are closer to the M05 predictions, leading to a larger
ismatch. Also, C18 models with solar metallicity (solid purple line) 

ave smaller difference with M05 models than E-MILES ones for 
ges older than 3 Gyr and their trend is very similar to E-MILES
nd M05 models, in contrast to CvD12 . The difference between E-
ILES, CvD12 , C18 , and M05 models for old ages ( > 5 Gyr) is quite

ignificant, and comparable to the effect of varying the IMF slope
see pink and purple lines in the figure). Ho we ver, similarly to D CO ,
ll models fail to match the observed strong CO2.30 line-strengths, 
nd changing [M/H] of E-MILES models from + 0.06 to + 0.26
ncreases CO2.30 by only ∼0.2 Å, while the discrepancy between 
he pink line and the filled lime square and cyan triangle (red circle)
s ∼1(2) Å. Moreo v er, although increasing the o v erall metallicity
f C18 by 0.2 dex leads to an increase of ∼1 Å, the C18 models
redict the lowest values for CO2.30 and cannot match the data.
ven by considering only the relative changes and adding the effect
f metallicity predicted by C18 to the E-MILES models, the models
re not still able to match the high value of the stacked spectrum
f XSGs. Hence, using the CO2.30 index, we end up with the same
onclusions as for D CO , i.e. an intrinsic offset exists between models
nd data, which is independent of the index definition. 

In the lower panels of Fig. 2 , we also show measurements for other
wo CO bandheads in K band, namely CO2.32 and CO2.35, which
ave been far less studied compared to the CO feature at ∼2.30 μm.
ote that the XSGs spectra do not co v er the wav elength limits of

he CO2.35 index, and thus this sample is not included in the panel
howing this index. Also, as can be seen in Fig. 1 , the spectra of one
SG, and for the XSG stack, do not encompass the red bandpass
f CO2.32. Hence, the corresponding measurements are not seen in 
he CO2.32 versus age panel. Unlike CO2.30, for CO2.32, the M05

odels predict the highest line-strengths among all SPS models with 
olar metallicity ( ∼0.5 Å higher than E-MILES and C18 models 
ith a Kroupa IMF). E-MILES models with solar metallicity and 
W-like IMF match well the median CO2.32 value of the F19 and
18 samples, and C18 models with solar metallicity are very close to
19 and match well to B18 , while the scatter of XSGs is large, likely
ecause the feature is at the edge of the available spectral range for
hese galaxies, making all models compatible with them. Ho we ver, 
t should be noted that galaxies in these samples span a wide range
n velocity dispersion, and at the highest σ , galaxies should be better
escribed by a bottom-heavy IMF (see e.g. La Barbera et al. 2013 ).
he latter is particularly true for the XSGs, with σ � 300 km s −1 .

t is expected that MW-like IMF models (pink lines) describe low-
galaxies, while bottom-heavy IMF models (purple lines) match 

igh- σ galaxies, in particular the XSGs (but see Alton et al. 2018 ).
o we ver, predictions for a bottom-heavy IMF (purple lines) fall
elow the observed line-strengths for CO2.32, for all galaxies (except 
or one XSG). Thus, the mismatch between observations and models 
eems to be in place also for the CO2.32 index. Also, there is a
loser similarity between the trend of C18 models and E-MILES
nd M05 models than CvD12 ones. Another interesting point is that
18 models with [Z/H] = 0.2 dex overpredict the mean CO2.32

ine-strengths of F19 and B18 samples. Since the IMF of the most
assive galaxies in F19 should be bottom-heavy, one might consider 

he effect of supersolar metallicity (from C18 ) and bottom-heavy 
MF (from E-MILES) at the same time. In this case, the discrepancy
etween the C18 models and F19 sample gets even worse as the effect
f IMF is larger than the effect of metallicity. The comparison for
O2.35 is similar to that for CO2.30, with solar and MW-like IMF
odels underpredicting the median values for F19 and B18 samples. 
o we ver, the metal-rich E-MILES models (dotted pink line) can
MNRAS 512, 378–400 (2022) 



386 E. Eftekhari et al. 

M

Figure 3. The same as in Fig. 2 but for H -band CO indices. 
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eproduce the median value of the F19 galaxies (filled lime square),
ut as already pointed out, the most massive galaxies in this sample
re expected to have a steeper IMF, while bottom-heavy models fall
elow all the observed data-points for CO2.35 (the bottom-heavy E-
ILES model predicts a CO2.35 of ∼11 Å, while the lo west v alue of
O2.35 in the F19 sample is ∼11.5 Å). We conclude that, in general,

he disagreement between observations and models is present in all
he K -band CO indices. 
NRAS 512, 378–400 (2022) 

c  
.3 H -band CO indices 

n order to assess whether the mismatch of observed and model
O lines is intrinsic to the K band, or whether it is a general issue

n the NIR, we measured a whole battery of CO absorptions that
opulate the H -band spectral range (see Fig. 1 ). Fig. 3 shows the
ame comparison as in Fig. 2 but for the H -band lines. Note that
or CO1.58 and CO1.68, the spectra of F19 and B18 are severely
ontaminated by sky, and thus we do not show the corresponding
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6 At this point, we remind the reader that it is yet unclear why some indices, 
e.g. CO2.30, increase significantly for young populations in M05 models, 
while they decrease in other models. 
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ine-strengths. For the same reason, only two XSGs are shown for
O1.68, and only a few galaxies are plotted in the panels for CO1.60,
O1.64, and CO1.66. 
Remarkably, Fig. 3 shows that (i) LB19 galaxies have lower scatter 

n all plots compared to the CO indices in K band, most likely due to
he high-quality of these data in H band, and (ii) these very massive
TGs show very high CO values with respect to the model predictions 

or all indices. The discrepancy between models and observations for 
 -band CO indices is similar to that found in K band. In particular,

he median stacked spectrum of the XSGs shows H -band CO values
1.3 times larger than E-MILES models with MW-like IMF and 

olar metallicity. 
For CO1.56, the offsets between the median values of F19 and B18

amples and the reference E-MILES model (pink line) are ∼0.7 and 
0.6 Å. E-MILES models can reproduce the median value of F19 

nd B18 galaxies for CO1.60 and CO1.66, respecti vely. Ho we ver,
hese indices have been computed only for two galaxies in either 
amples, and thus we are not able to draw any firm conclusion. 

Although the updated version of CvD12 models with solar 
etallicity (solid violet lines) tend to increase slightly for ages older 

han 3 Gyr (except for CO1.64), the behaviour of supersolar C18
odels (dotted violet lines) is more similar to the E-MILES models 

nd in case of CO1.58 it even matches with the E-MILES (dotted
ink and violet line). For CO1.56 and CO1.64, C18 models with 
Z/H] = 0.2 dex predict the highest values among all models but
till they cannot match the median values of galaxies. The mean 
alue of CO1.66 index in the B18 sample is well fitted by a solar
etallicity C18 SSP and interestingly, a C18 SSP with supersolar 
etallicity matches the CO1.66 index value of stacked XSGs well. 
his result is at first glance surprising, ho we ver, one should bear

n mind that XSGs ha ve bottom-hea vy IMFs and according to E-
ILES models this makes the predictions of the CO v alues lo wer.

n the CO1.68 panel, surprisingly, C18 models o v erpredict the line-
trengths of the XSGs. In general, E-MILES and CvD12 models are 
ore self-consistent than C18 and M05 models as their deviation 
ith respect to data is similar for all CO indices. 
In all panels of Fig. 3 , the M05 models predict the lowest CO

trengths, compared to other models. For CO1.56, CO1.58, and 
O1.64, M05 models predict a strong increase at ages younger than 
 Gyr, similar to what is found for CO2.30 in K band, while for other
ndices the opposite behaviour is seen (e.g. CO1.60 and CO1.68). On 
he contrary, for all CO indices, the XSGs data show , consistently ,
ine-strengths significantly abo v e the model predictions for old ages 
except for CO1.66 in which the supersolar metallicity C18 model 
atches the stacked spectrum and for CO1.68 in which C18 models 
 v erpredict the line-strengths of the XSGs). Again, this points against
 scenario whereby the CO line-strengths are accounted for by young 
tellar populations with an AGB-enhanced contribution such as in 

05 models. As for the K band, CvD12 models show a trend for
ll CO indices to decrease with increasing age, while E-MILES 

odels exhibit a nearly flat behaviour and C18 models a slightly
ncreasing behaviour. For instance, in case of CO1.58, CO1.66, and 
O1.68, for ages younger than 5 Gyr, CvD12 models predict ∼0.4 Å

tronger line-strengths than E-MILES models (pink line), while the 
wo models agree for populations with an age of ∼7 Gyr. For older
ges, CvD12 models al w ays predict lower CO index values than
-MILES models. 
The effect of a bottom-heavy IMF in Fig. 3 is shown by the purple

ines, corresponding to E-MILES models with a bimodal IMF slope 
f 	 b = 3 . 0. Similarly to the K band, a bottom-heavy IMF leads to
ignificantly shallower CO line-strengths, than those for a standard 
tellar distribution. Note also that for most indices, the discrepancy 
etween MW-like IMF models and the XSG stack (filled red circle)
s larger than the variations due to a change in IMF slope. In the
ase of CO1.56 and CO1.58, the discrepancy is about twice the
ifference between models with different IMF. As already quoted in 
ection 4.2.3 , we emphasize that while a bottom-heavy IMF hampers

he offset between model and observations, we are not able to match
he CO line-strengths with a standard IMF (except for CO1.66 with
upersolar metallicity C18 model). In other words, the CO-strong 
eature should not be interpreted as evidence against a varying IMF
n (massive) galaxies. 

From Figs 2 and 3 , a very consistent picture emerges. CO lines
hroughout the H and K bands are stronger than the predictions
f all the considered state-of-the-art SPS models with varying age, 
etallicity, and IMF. 6 Indeed, in order to reconcile models and 

bservations, additional stellar population parameters should be 
aken into account, as we detail in the following sections. 

 EFFECTS  O F  VA RY IN G  OTH E R  STELLAR  

OPULATI ON  PA R A M E T E R S  

o gain insight into the origin of the discrepancy between observed
IR CO features and model predictions, we scrutinize the effect 
f varying abundance ratios in the models (Section 5.1 ), as well
s that of an enhanced contribution from AGB stars (Section 5.2 ).
he main results of this analysis are shown in Figs 4 and 5 , for K -
nd H -band indices, respectively. The figures are the same as Figs 2
nd 3 , but showing only median values of line-strengths for different
amples, as well as CO indices for the XSG stack. To a v oid crowding
he figure, only E-MILES models are plotted, with different arrows 
howing the effect of varying different parameters in the models, as
etailed below. Also note that in Fig. 4 , we do not include the panel
or D CO (as in Fig. 2 ), as it does not add any further information with
espect to the CO2.30 index, whose Lick-style definition is more 
imilar to that of the other CO indices. 

.1 Abundance ratios 

o far, we have considered only models constructed with stars 
ollowing the chemical pattern of the solar neighbourhood. However, 
ifferences in the depth of CO features between models and data
ight also arise because of variations in [ α/Fe], or other elemental

bundances, with respect to a scaled-solar composition. According 
o Eftekhari et al. 2021 (see column ‘d’ of their figs 4 and 6), the
aximum change in the strength of CO indices due to elemental

bundance variations comes from carbon and α-enhancements. 
herefore, in Figs 4 and 5 , we show the effect of α-enhancement,
ased on α-enhanced E-MILES models with an age of 13 Gyr (brown
rrows), and that of an enhancement in carbon abundance, based on
vD12 models with an age of 13.5 Gyr and a Chabrier IMF (see the
iolet arrows). The violet and brown arrows correspond to variations 
f δ[C/Fe] = + 0.15 dex and δ[ α/Fe] = + 0.4 de x, respectiv ely, which
an be representative of massive ETGs, such as those of the XSG
ample (see e.g. La Barbera et al. 2017 ). Note that we also have
sed the updated version of CvD12 models to see the effect of C-
nhancement. Since the size of the violet arrow did not change with
espect to that of CvD12 , we do not include it in the plots to a v oid
rowding the figure. Moreo v er, since we are interested in the relative
MNRAS 512, 378–400 (2022) 
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Figure 4. CO indices in K band, as measured from different galaxy samples. The filled lime squares and cyan triangles correspond to median values for galaxies 
from F19 and B18 , respectively. The red circles are measurements for the XSG stack (see the text). Observed COs are compared to predictions of E-MILES 
SPS models: solid (dotted) pink and purple lines are models with solar (supersolar) metallicity and bimodal IMF of slopes 1.3 and 3.0, corresponding to an 
MW-like and bottom-heavy IMF, respectively. The (small) green arrows indicate the effect of adding a fraction of an intermediate-age E-MILES SSP on top of 
an old SSP (see the text); the blue arrow is the same but with an enhanced contribution of AGB stars for the intermediate-age component. The black arrow is the 
equi v alent of the green arrow for the M05 models. The solid and dotted khaki (orange) arrows mark the effect of the ‘empirical corrections’ to E-MILES SSPs 
with solar and supersolar metallicities, respectively, for an MW-like (bottom-heavy) IMF. The brown and violet arrows show the effect of [ α/Fe] and [C/Fe] 
abundance ratios on CO indices. The indices are measured after smoothing all data and models to a velocity dispersion of 360 km s −1 . 
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esponse of models to variations of [C/Fe] and [ α/Fe], we shifted the
tarting point of the violet arrow to the end point of the brown arrow.

As expected, increasing [C/Fe] results in stronger CO lines in all
ases, pointing in the right direction to match the data. Ho we ver, the
ffect is counteracted by that of α-enhancement (except for CO1.56,
here the effect of α-enhancement is negligible), so that, for all the
 -band CO indices, the brown and violet arrows tend to cancel each
ther for the adopted abundance variations in the CvD12 models.
ence, the picture emerging from Fig. 4 is similar to that of Fig. 2 .
or CO2.30 and CO2.35, even considering the effect of varying
bundance ratios, the models are not able to match the observations,
specially in the case of a bottom-heavy IMF. For CO2.32, the median
ndex values for the F19 and B18 samples can be matched, but only
ith models having an MW-like IMF. 
For the H -band CO line-strengths (Fig. 5 ), carbon abundance has a

arger effect than [ α/Fe], compared to K -band indices, i.e. the relative
ize of violet versus brown arrows in Fig. 5 is larger than in Fig. 4 .
his shows, once again, the importance of studying lines from the
ame chemical species (CO) at different wavelengths ( H and K ). Even
NRAS 512, 378–400 (2022) 
o, summing up the violet and brown arrows in Fig. 5 does not allow
s to reach the high CO values of massive XSGs. For instance, in the
ase of CO1.58 and CO1.60, summing up the effect of [C/Fe] and
 α/Fe] would result in a (modest) increase of δ(CO1.58) ∼0.1 Å and
(CO1.60) ∼ 0.2 Å, respectively, these variations being far smaller
han the deviations between MW-like IMF E-MILES models and the
SGs stack, corresponding to ∼0.9 Å and ∼0.5 Å for CO1.58 and
O1.60, respectively. Note also that indices, such as CO1.56, for
hich the effect of abundance ratios is smaller (compared to e.g. the

ffect of varying the IMF) do not show smaller deviations of data
ompared to models. In other terms, also a qualitative comparison
f data and model predictions seems to point against the effect of
bundance ratios as the main culprit of the CO mismatch problem.
o we ver, one should bear in mind that the effect of abundance ratios
n SSP models relies completely on theoretical stellar spectra, as well
s on molecular/atomic line lists, that are notoriously affected by a
umber of uncertainties, particularly in scarcely explored spectral
egions, such as the NIR. Hence, we cannot exclude that the effect
f [ α/Fe] and [C/Fe] is underestimated by current SPS models.
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Figure 5. Same as Fig. 4 but for H -band indices. 
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lternatively, one should seek for other possible explanations, as 
iscussed in the following section. 

.2 Intermediate-age stellar populations 

ince stars in AGB phase contribute most to the K -band lumi-
osity of stellar populations with ages between 0.3 and 2 Gyr 
 ∼30 per cent in E-MILES models, with M05 models having the
argest contribution from AGB stars among other models, i.e. > 70 
er cent), it has been suggested that the deep CO band-heads
f ETGs in the K band are due to the presence of AGB stars,
rom intermediate-age stellar populations (e.g. Mobasher & James 
996 , 2000 ; James & Mobasher 1999 ; Davidge, Beck & McGregor
008 ; M09 ). It is important to assess, in a quantitative manner,
f this hypothesis can account for the observed high CO line-
trength values. To this effect, we first fit the observed XSG stacked
pectrum with different SSP models, assuming a non-parametric 
tar formation history (SFH), and then simulate the effect of 
MNRAS 512, 378–400 (2022) 
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Figure 6. The upper panel shows the stacked spectrum of XSGs (black) in H band, together with the best-fitting spectra obtained with E-MILES SSPs (pink) 
and IRTF stars (lime), running the spectral fitting code STARLIGHT (see the text). CO features, with central absorptions and their pseudo-continua, are plotted 
as grey and orange shaded areas. All spectra have been normalized to their median flux. The lower panel shows the relative residuals of the stack with respect 
to each best-fitting spectrum. Notice the impro v ement in the matching of CO features when using IRTF stars, despite the fact that only four stars received a 
non-negligible weight in the STARLIGHT best-fitting mixture (see the text). 
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ntermediate-age populations by constructing ad hoc two-component 
odels. 
To fit the XSG stack, we use the software STARLIGHT (Cid

ernandes et al. 2005 ), a full spectral fitting code that allows us
o fit a galaxy spectrum with a generic linear combination of input
odel spectra, i.e. the so-called ‘base’ spectra. First, we use scaled-

olar E-MILES SSPs as a base, including models with different ages
nd metallicities, and a Kroupa-like IMF. 7 Note that this approach
oes not make any assumption about the SFH, which is treated in a
on-parametric way. Hence, the effect of young populations is taken
nto account in the most general manner, without any restriction
rom the optical range. The STARLIGHT fitting was carried out in
he H band, as CO absorptions dominate this spectral range. Fig. 6
ompares the stacked spectrum of XSGs (black line), with the best-
tting composite stellar population model of E-MILES SSPs (pink

ine). The best-fitting model shows deviations at a level of ∼2 per cent
rom the stacked spectrum in the region of the CO bandpasses. Note
hat this is similar to what was found when comparing individual
-MILES SSPs to the XSGs’ stack (see the fiducial model, plotted
s a pink line, in Fig. 1 ). Since in the STARLIGHT fits, there is no
onstraint on the age of the best-fitting SSPs, these results show
hat young populations do not help to resolve the tension between
bservations of CO lines and model predictions. 
Based on near -ultra violet (NUV) photometric data, Yi et al. ( 2005 )

ound that roughly 15 per cent of bright ETGs at z < 0.13 show signs
f young ( � 1 Gyr) populations at the level of 1 per cent–2 per cent
ass fractions. Also, Schia v on ( 2007 ) generated two-component
odels, showing that a mass fraction of the young component of
0.5 per cent–1 per cent provides a reasonably good match to the

lue indices of nearby ETGs. This result has been recently confirmed,
ased on a combination of NUV and optical absorption lines for the
SGs, by Salvador-Rusi ̃ nol et al. ( 2021 ), who found that the centre
f massive ETGs are populated by a 0.7 per cent mass fraction of
tars formed within the last 1 Gyr. 
NRAS 512, 378–400 (2022) 

 Including bottom-heavy SSPs does not impro v e the STARLIGHT fits signifi- 
antly, as expected by the fact that CO line-strengths get weaker for 	 b = 3 
see Section 4 ). 

m  

e  

e  

t  

C  
To test this scenario, we contaminated the light of an old (10 Gyr)
-MILES SSP by a small fraction (3 per cent in mass) of an

ntermediate-age (1.5 Gyr) E-MILES SSP. The effect is shown
or a solar metallicity and MW-like IMF population by the green
rrows at ∼10 Gyr in Figs 4 and 5 . Indeed, the arrows are small
or all CO indices and, for CO1.58, CO1.60, and CO1.66, they also
oint in the ‘wrong’ direction, i.e. that of decreasing (rather than
ncreasing) model line-strengths. Ho we ver, when considering an E-

ILES model with age of 1.5 Gyr, solar metallicity, and an MW-
ike IMF, AGB stars contribute by approximately one-third to its
olometric luminosity, while such fraction is larger for M05 models.
ence, one might attribute the small effect of the intermediate-age
opulation to the less emphasized contribution of AGB stars to E-
ILES, compared to M05 , young SSP models. To address this issue,
e used the AGB-enhanced version of E-MILES SSPs constructed
y R ̈ock et al. ( 2017 ). They calculated an AGB-enhanced E-MILES
odel of 1.5 Gyr, solar metallicity, and Kroupa-like IMF using

partial SSPs’, i.e. computing two SSPs, one by integrating stars
long the isochrone without the AGB phase, and the other one
y integrating only AGB stars, and combining the two models by
ssigning 70 per cent luminosity-weight to the model made up of
GB stars only. This synthesized AGB-enhanced stellar population

s added on top of an old population of 10 Gyr assuming a 3 per cent
ass fraction. The effect on CO line-strengths is shown by the blue

rrows at 10 Gyr in Figs 4 and 5 . Although the blue arrows are
arger than the green ones, they are not large enough to fit the median
alues for the F19 and B18 samples, except for CO2.35, CO1.60, and
O1.66. In the case of CO2.35 (see Fig. 4 ), the median value of the
19 sample could be matched with a metal-rich and MW-like IMF
-MILES model, if one assumes that the effects of the blue, violet,
nd brown arrows (i.e. AGBs + [C/Fe] + [ α/Fe]) sum up to ∼0. For
O1.60 and CO1.66, the comparison is limited by the small number
f galaxies available for the F19 and B18 samples. As a further test,
e added a 3 per cent mass fraction of a 1.5 Gyr M05 SSP with solar
etallicity and Kroupa-like IMF to an old (10 Gyr) M05 SSP. The

f fect is sho wn by the black arro ws at ∼10 Gyr in Figs 4 and 5 . The
ffect of adding an emphasized-AGB intermediate-age population on
op of an old one turns out to be negligible, and for the CO1.60 and
O1.66 indices, it goes also into the opposite direction compared to
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Table 1. Properties of four IRTF stars that best fit the XSG stacked spectrum 

in H band. Columns 1 and 2 give the name of each star and its weight in light 
to the best-fitting STARLIGHT model (see the text). The ef fecti ve temperature, 
surface gravity, and metallicity of the stars are given in Columns 3, 4, and 5, 
respectively. 

Star Weight T eff log g [Fe/H] 
(%) (K) (dex) (dex) 

(1) (2) (3) (4) (5) 

HD 219734 43 3730 0 .9 0 .27 
HD 36003 18 4465 4 .61 0 .09 
HD 187238 17 4487 0 .8 0 .177 
HD 10465 14 3781 0 .5 − 0 .458 
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8 Note that for CO1.58 and CO1.64, a double-branch sequence is not so clear. 
Ho we ver, this might result from some sky residuals in the wavelength range of 
the CO lines, or some contamination of the CO lines from different absorbers. 
According to panel (a) in fig. A2 of Eftekhari et al. ( 2021 ), the central bandpass 
of CO1.58 is severely contaminated by telluric absorption lines and its red 
bandpass is contaminated by a strong emission line at ∼15 844 Å. Moreo v er, 
a magnesium line contributes to this absorption feature. In the same figure, in 
panel (b), the presence of two strong emission lines can be seen in both blue 
and red bandpasses of the CO1.64 index. The central feature also has some 
contribution from atomic silicon lines. 
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he data. Note also that there is no way the AGB-enhanced models
an consistently match the strong CO line-strengths of the XSGs, in 
he H and K bands. 

As a final remark, we emphasize that our analysis does not rule
ut the presence of intermediate-age populations in ETGs, but it 
oints against a scenario where the observed strong CO absorptions 
re mainly due to the presence of intermediate-age populations (i.e. 
GBs) in these galaxies. 

 A N  EMPIRICAL  M O D E L L I N G  APPROACH  

.1 Searching for stars that match the strong CO lines 

n order to identify the stars that might be responsible for the strong
O absorption observed in massive ETGs, we fitted the stacked 

pectrum of XSGs with STARLIGHT (see abo v e), using as an input
ase all the 180 individual stars of the IRTF library that are used
o construct E-MILES models in the NIR. As for the fitting with
-MILES SSPs (see Section 5.2 ), we fitted only the H -band region,
here the signal from CO features is prominent with respect to 

hat of other absorptions. The best-fitting mixture of IRTF stars is
hown in Fig. 6 , as a lime-coloured curve. The relative residuals
etween observed and model spectrum are shown in the bottom 

anel of the same figure. By comparing the residuals for the best fit
f IRTF stars with that for E-MILES SSPs (pink curve), it can be
een that using the stars impro v es significantly the fit to the observed
pectrum, with residuals in the CO lines at the level of ∼1 per cent,
.e. about half of those for the E-MILES best-fitting model. Although 
ome impro v ement in the fitting may be actually expected when
mploying the IRTF stars, given that this band is populated with 
o many CO absorptions, it is still remarkable how much smaller 
he obtained residuals are. Indeed, no impro v ement at all would
e achieved in the case where the input stellar library completely 
acked those stars responsible for CO absorption. STARLIGHT also 
eturns the weight (in light) of each star in the best-fitting mixture.
urprisingly, we found that only four (out of 180) stars received 
 significant weight ( > 0 . 5 per cent ) in the best-fitting spectrum,
amely HD 219734, HD 10465, HD 36003, and HD 187238. The 
ight-weighted contribution of these stars from STARLIGHT and their 

ain stellar parameters from R ̈ock et al. ( 2016 ) are summarized in
able 1 . HD 36003 is a dwarf star (low-mass star), while the other

hree stars are giants (massive stars). Hereafter, we refer to these stars
s the H -band best-fitting stars. 

Since the XSG stack is best fit by only four stars, these stars
ave to be ‘special’ somehow, and their properties might help up 
o shed light on the nature of the CO absorptions. To address this
oint, we measured the line-strength of CO indices for the spectra 
f all IRTF stars, and marked the position of the H -band best-fitting
tars in the CO versus ef fecti ve temperature (T eff ) plots in Fig. 7 . In
his figure, different colours show different types of stars, according 
o the classification provided in table 2 of R ̈ock et al. ( 2015 ), with
lue and orange colours corresponding to AGB and M-dwarf stars, 
espectiv ely. The fiv e carbon stars in the IRTF library are shown in
ink colour. Note that this classification is only available for stars
ooler than 3900 K. The remaining IRTF stars are plotted with grey
olour. Fig. 7 suggests that those stars with T eff < 5500 K, which are
ot classified as carbon stars and M-dwarfs, seem to split into two
equences. Most of the stars trace a well-defined, narrow sequence, 
hich we call the ‘normal’ CO sequence throughout the paper, where

he star HD 219734 (one of the H -band best-fitting stars, see abo v e)
an be actually found, for all CO plots. Along this sequence, the CO
ine-strengths increase with decreasing T eff . Ho we ver, some stars do
ot fall on to this sequence, but form a sort of ‘CO-strong’ sequence
where two of the H -band best-fitting stars, namely HD 10465 and
D 187238, can be found in all CO plots). 8 To guide the eye, we
erformed a linear fit to the CO-strong sequence (see Appendix A for
etails), and marked such a sequence with black segments in Fig. 7 .
n all panels, we show the CO line-strengths for the XSG stack as
orizontal red dashed lines. These lines intersect the locus of stars
t an ef fecti ve temperature of about 4000 K. This is the temperature
here stars in the CO-strong sequence deviate the most from those

n the normal sequence. 
We also attempted to fit the spectrum of the H -band best-fitting

tars with the MARCS (Gustafsson et al. 2008 ) library of very cool
tellar spectra, and tried to extract additional information regarding 
heir α abundance ratio. Ho we ver, the best-fitting models do a poor
ob of predicting the shape of the spectra of such cool stars and CO
ndices; therefore the derived parameters are less reliable. Here, we 
nly mention that the results point to a lower α abundance for stars in
he CO-strong sequence compared to the one in the normal sequence
see Appendix B for details of this experiment). 

As noted abo v e, two stars that were assigned the highest weight
n the STARLIGHT best-fitting spectrum (HD 10465 and HD 187238; 
ee Table 1 ) occupy the CO-strong sequence, while the other two
HD 219734 and HD 36003) follow the normal sequence. This 
uggests that in order to match the observed spectrum of ETGs,
 significant contribution from the CO-strong sequence might be 
equired. Ho we ver, as a general caveat, one should notice that
assive ETGs might contain different stars than the few CO-strong- 

equence stars in the IRTF library. An interesting point is that the two
tars in the higher sequence have almost the same T eff as the two other
tars. This may explain why SPS models do actually fail to reproduce
O features. A nominal SSP model a verages the a vailable stellar

pectra along the isochrones. Since stars in the normal sequence are
n larger number compared to those in the CO-strong sequence, the
ontribution from the latter is diluted in the synthesized models. The
TARLIGHT fitting results are suggesting instead that it should be the
ther way around, with a large weight from the CO-strong sequence.
MNRAS 512, 378–400 (2022) 
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Figure 7. Index strength of CO indices for IRTF stars as a function of ef fecti ve temperature. Indices have been measured on spectra smoothed at the common 
resolution of σ = 360 km s −1 . The blue, orange, and pink colours correspond to AGB, M-dwarf, and carbon stars at T eff < 3900 K, respectively. Remaining 
stars are shown with grey colour. The four stars that contribute most to the net flux of the STARLIGHT best-fitting model (see the text) are marked with filled star 
symbols of different colours (see labels in the top-right panel). The black lines are the linear fit to the CO-strong sequence of giant stars, with T eff < 5500 K (see 
the text for details). In each panel, the CO line-strength for the XSG stack is marked with a dashed red line. The light green arrows mark the increase caused by 
a [C/Fe] enhancement of 0.25 dex, from the theoretical stars of Knowles ( 2019 ), all having solar metallicity and log g = 1.5. 
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Figure 8. Comparison of empirical CO responses (light through dark green curves) with [C/Fe] (violet), [O/Fe] (blue), and [ α/Fe] (brown) responses from 

CvD12 models. The light to dark green spectra are defined as the ratio between mean spectra of stars in the CO-strong and normal CO sequences, for stars with 
different temperature. The definition of indices are o v erplotted with gre y (central bandpasses) and orange (pseudo-continua bandpasses) areas. The left- and 
right-hand panels refer to H and K bands, respectively. All spectra have been smoothed to σ = 360 km s −1 . 
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n order to remedy this situation, we constructed ad hoc SPS models,
s detailed below. 

.2 Empirical corrections to E-MILES models 

e modified E-MILES stellar population models by shifting stars 
n the normal CO sequence to those in the upper (CO-strong)
ne. The procedure is described in detail in Appendix A . In short,
e systematically separated giant stars into the two sequences 

according to all the available CO indices), and for stars that share
imilar stellar parameters, we divided the mean spectrum for the 
O-strong sequence with that for the normal sequence, to obtain 
 (multiplicative) differential response of ‘CO-enhancement’, as 
llustrated in Fig. 8 (see light through dark green spectra). We point
ut that this procedure is possible because a number of stars are in
he upper sequence for all the CO indices, i.e. there is actually a
opulation of stars, with strong lines, that can be singled out from
he normal sequence, which e xtend o v er a range of temperatures.
he responses obtained in this way were interpolated at different 

emperatures, and applied to the giant star spectrum in the normal 
equence. New SSP models were synthesized accordingly, using 
he ‘empirically corrected’ giant stars, for an age of 11 Gyr, [M/H]
 + 0.06 and + 0.26, and 	 b = 1.3 and 3.0, respectively, over a
avelength range 15 400 to 23 800 Å. 
We measured the CO line-strengths on the empirically corrected 
odels. In Figs 4 and 5 , we show the variation of CO indices,

ompared to the reference E-MILES models, as khaki and orange 
rrows, for IMF slopes of 	 b = 1.3 and 3.0, respectively. The solid
nd dotted arrows correspond to solar and supersolar metallicity mod- 
ls, respectively. The empirically corrected SSPs have significantly 
arger CO indices. In the case of CO2.30, CO1.60, and CO1.66, the
haki arrows would allow one to fit the stacked spectrum of XSGs.
o we ver, since the IMF has been shown to be bottom-heavy for these
alaxies, it should be looked at the orange arrows, whose size is not
nough to match the data. For some H -band indices, i.e. CO1.56,
O1.60, and CO1.66, the khaki arro ws predict e ven larger CO v alues

hat the median line-strengths for the samples of B18 and F19 . In
he case of CO1.58, CO1.64, and CO1.68, although the empirically 
orrected models impro v e the predictions of CO indices, they cannot
atch those of massive ETGs (even for an MW-like IMF). 
We note that the dotted arrows have approximately the same 
ize as solid arro ws, i.e. the ef fect of the empirical correction
oes not depend on metallicity. Perhaps, this is not surprising, as
tars of the IRTF stellar library are biased towards solar metal-
icities (see R ̈ock et al. 2017 and references therein). Also, khaki
nd orange arrows have approximately similar size, implying that 
he empirical CO response is not coupled to that of IMF, as it
s the case for Na-enhanced E-MILES models (see La Barbera 
t al. 2017 for details). This stems from the fact that the CO
orrection is only performed on giant stars, while a bottom- 
eavy IMF increases the number of dwarf, relative to giant, 
tars. 

.3 What is driving the empirical corrections? 

he empirically corrected models provide closer predictions to 
bserved CO indices compared to E-MILES models, although still 
ar from a perfect match. In order to make further progress, we tried
o understand the physical drivers behind the empirical corrections, 
o possibly tune the models further. 

Fig. 8 shows the CO-response functions of five selected stars, with
ifferent T eff but otherwise similar stellar parameters, that we used 
o construct the empirically corrected models (see Appendix A for 
etails). The violet, blue, and brown lines in the figure plot responses
orresponding to a carbon enhancement of 0.15 dex, an oxygen 
nhancement of 0.2 dex, and an α enhancement of 0.2 dex, based
n CvD12 SSP models (with an age of 13.5 Gyr, [Fe/H] = 0.0,
nd Chabrier IMF), respectively. Indeed, the empirical responses 
ook more similar to those for carbon enhancement, although the 
ifferences in the depth of CO indices are quite significant. On
he contrary, the response to oxygen enhancement is very different 
rom the empirical responses, being almost flat in the regions of CO
bsorptions. The effect of α enhancement is even more dissimilar, as 
t shows bumps in the regions of the CO central passbands, consistent
ith the fact that CO line-strengths anticorrelate with [ α/Fe] (see
ection 5.1 ). 
Therefore, we speculate that the empirical corrections might be 

eflecting the effect of carbon enhancement on (cool) giant stars. 
o further test this hypothesis, the [C/Fe] of stars in the CO-
trong and normal sequences should be compared. Unfortunately, 
MNRAS 512, 378–400 (2022) 
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arbon abundances for giant stars in the IRTF library have not
een measured yet. Hence, we relied on theoretical C-enhanced
tars from Knowles ( 2019 ) to see if an enhancement in carbon
bundance might explain the difference between CO line-strengths
n the two CO sequences. In Fig. 7 , we show the effect of a [C/Fe]
nhancement of 0.25 dex on theoretical cool giant stars with light-
reen arrows. Interestingly, the size of the arrows increases with
ecreasing T eff . Ho we ver, one should bear in mind that theoretical
tellar spectra are rather uncertain for very cool stars, and these
odels stop at 3500 K. Indeed, we may expect that this trend

ontinues at lower T eff , with CO absorptions getting even stronger.
ocusing only on the difference due to enhancement and neglecting

he starting point, we see that the arrows are comparable to the CO
ine-strengths difference between normal and CO-strong sequence
tars. For CO1.58, CO1.60, and CO2.32 indices, the arrows can
ring the stars from the normal to the CO-strong sequence, while
or other indices, the arrows can explain only part of the difference
etween the two sequences, with a larger gap for cooler stars. For
nstance, the arrow at 3500 K for CO1.68 is too small, and it is unable
o reach a group of three stars, with T eff ∼3500 K and CO1.68 as high 
s ∼4.4 Å. 

As shown in Figs 4 and 5 , increasing [ α/Fe] abundance causes
he CO absorptions to weaken. Ho we ver this prediction, which
s qualitatively similar in both E-MILES α-enhanced and CvD12

odels, is in contrast with predictions of A-LIST SSP models
Ashok et al. 2021 ). According to their fig. 6, CO absorptions get
tronger by increasing [ α/Fe]. A-LIST provides fully empirical SSP
odel predictions, based on the APOGEE stellar library, while α-

nhanced E-MILES SSPs are semi-empirical models (i.e. the relative
ffect of α-enhancement is estimated through the aid of theoretical
tar spectra). Unfortunately, [ α/Fe] abundance ratios have not been
easured for all IRTF stars. Ho we ver, we further assessed the effect

f [ α/Fe] on CO indices by looking at elemental abundance ratios
or the APOGEE stellar library, as computed with ASPCAP. To this
ffect, we selected a set of APOGEE stars as described in Section 3.2 .
e attempted to single out the effect of surface gravity , metallicity ,

nd carbon enhancement by only selecting stars within a narrow
ange of stellar parameters (0 . 35 < log g < 0.55, −0.1 < [M/H] < 0.1,
nd 0 < [C/Fe] < 0.05). Since the wavelength coverage of APOGEE
pectra is divided across three chips with relati vely narro w ranges
blue chip from 1.51 to 1.581 μm, green chip from 1.585 to 1.644 μm,
nd red chip from 1.647 to 1.7 μm), we were able to measure
ine-strengths for only three CO indices (i.e. CO1.56, CO1.60, and
O1.66, respectively). Fig. 9 shows CO line-strengths for APOGEE

tars as a function of T eff , log g , and [M/H] (left-, mid, and right-hand
anels), respectively, with stars being colour-coded according to their
 α/Fe]. According to the figure, stars with higher CO do not show a
igher value of [ α/Fe]. In many cases, stars with high CO seem to
ave lower (rather than higher) [ α/Fe]. In the plot of CO1.60 versus
 eff , only one star (in red) has high α-enhancement and high CO1.60.
or CO1.66, a correlation (anticorrelation) of the index with surface
ravity (metallicity) is actually observed. Note that these results
re in disagreement with predictions from the A-LIST models of
shok et al. ( 2021 ), with the origin of such disagreement remaining 
nclear. 
Overall, our analysis shows that it is very unlikely that α en-

ancement is the missing piece of the CO puzzle. On the other
and, the effect of carbon on low-temperature giant stars seems
o be the most likely candidate to explain the strength of CO
ines. Ho we ver, the predictions from theoretical models should be
mpro v ed, and e xtended to stars with lower temperatures ( � 3500 K)
t high metallicity, in order to draw firm conclusions. 
NRAS 512, 378–400 (2022) 

o

 DI SCUSSI ON  

t is instructive to look at the mismatch between models and data
sing CO–CO diagrams, i.e. plotting one CO index against CO
ine-strengths for other features. In Fig. 10 , we show two such
iagrams, based on three CO indices (CO1.58, CO1.60, and CO2.30,
espectively) as measured for IRTF stars (star symbols), the stacked
pectrum of XSGs (red point), and E-MILES models with ages
rom 1 to 14 Gyr (see the pink and purple lines, corresponding
o solar-metallicity models for MW-like and bottom-heavy IMF,
espectiv ely). In the CO v ersus CO plots, the locus of stars is well
efined, forming a relatively narrow strip. Interestingly, the point of
assive galaxies falls off the main strip: for values of CO1.60 ∼ 2 Å

nd CO2.30 ∼ 12 Å, stars have CO1.60 ∼ 2.4 Å, while the XSG
tack has CO1.60 ∼ 3.2 Å. As expected, E-MILES model predictions
ollow the locus of stars, predicting lo wer CO v alues compared to
he data. Ho we ver, to be able to match the XSG stack, the models
hould not only increase the CO line-strengths but, also, mo v e a way
rom the main strip of IRTF stars. 

Note that in both panels of Fig. 10 , some dwarf stars (see the
range stars in the figure) do not share the same locus as the rest of the
RTF stars, but they are actually shifted to higher values of CO1.58
 ∼1.4 Å), at gi ven v alues of CO1.60 ( ∼0.2 Å) and CO2.30 ( ∼6 Å),
espectively. The result is that predictions of models with a bottom-
eavy IMF (orange arrows in the figure) are slightly abo v e the main
tar locus. Ho we ver, at the same time, these models predict lo wer v al-
es of CO ( � CO1.58 ≈−0.2 Å, � CO1.60 ≈−0.5 Å, and � CO2.30
−2 Å, comparing the tips of the orange and khaki arrows in the fig-

re). Therefore, while bottom-heavy models worsen the gap between
bserved and model line-strengths, on the other hand, the CO–CO
lots suggest that IMF variations might help to reconcile models and
ata by producing greater CO1.58 line-strengths than CO2.30. 
In Fig. 10 , we also show, with blue arrows, the effect of an AGB-

nhanced population (based on AGB-enhanced E-MILES SSPs; see
ection 5.2 ), trying to mimic the presence of an intermediate-age pop-
lation. The AGB-enhanced models increase CO1.58 by only 0.1 Å,
hile the discrepancy between the red point (i.e. the XSG stack) and

he pink line (fiducial E-MILES model) is about eight times larger.
oreo v er, the change in CO1.60 (CO2.30) line-strength due to the

lue arrow is ∼0.1 ( ∼0.5) Å, i.e. one-fifth (one-forth) of the offset
etween the models and data. We conclude, as already discussed in
ection 5.2 , that while AGB stars might have a rele v ant contribution

o the NIR light of (massive) galaxies, they are likely not responsible
or the strong CO line-strengths in the H and K bands. 

The khaki and orange arrows in Fig. 10 are the same as in
igs 4 and 5 , plotting the increase of CO line-strengths caused
y the empirical correction on giant stars, for both MW-like and
ottom-heavy IMF models, respectively. Both arrows increase the
O1.58, CO1.60, and CO2.30 line-strengths by ∼0.4, 0.4, and 1.5 Å,

espectively. While the khaki arrow (compared to the orange one)
rings the model indices closer to the XSG stack, the orange arrow is
ot able to reach the data, but it is slightly off the star sequence, similar
o the XSG stack. This suggests that in order to match the CO line-
trengths, one would need an effect similar to that of the empirical
orrections, plus the slight offset due to a bottom-heavy IMF. 

The effect of carbon enhancement from CvD12 models is also
hown in Fig. 10 (violet arrows), to be compared with the empirical
esponses. In the CO1.58 versus CO1.60 diagram, the violet arrow,
lthough increasing the CO indices (by ∼0.4 Å for CO1.58, and
0.4 Å for CO1.60), it is along the stellar locus, while in the CO1.58

ersus CO2.30 plot, the arrow seems to point to the correct direction
o match the XSG stack (though with a small o v erall variation of
nly � CO2.30 ≈ 0.5 Å). 
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Figure 9. CO indices measured on the spectra of APOGEE stars as a function of stellar parameters, namely T eff (left), log g (middle), and [M/H] (right). The 
stars are coloured according to [ α/Fe], as shown from the colourbar on the top. 

s  

o  

t  

c  

H  

s  

m  

t
a  

t
i
t

 

fi  

A  

o  

f  

t  

l
t  

i  

a  

i  

c  

(
s  

a  

e  

T  

p  

c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/378/6534922 by U
niversity of C

entral Lancashire user on 24 M
arch 2022
Similar to the effect of carbon enhancement, it seems that carbon 
tars (pink stars in Fig. 10 ) might also be able to bring the models
ut of the stellar locus in the CO1.58 versus CO2.30 diagram, while
his is not the case for the CO1.58–CO1.60 plot, as in the latter
ase, pink stars are somehow aligned to the sequence of blue stars.
o we ver, according to Fig. 7 , for most CO versus T eff panels, carbon

tars are not in the CO-strong sequence, i.e. they would not help in
atching all the H - and K -band CO line-strengths. Again, this shows

he importance of combining the largest available set of CO features, 
s we do in our analysis, and gives further support to our conclusion
hat adding an intermediate-age stellar population (that would also 
nclude carbon stars) to an underlying old component does not solve 
he issue with NIR CO spectral features. 

Using optical and J - and K -band absorption features, including the
rst two CO bandheads in K band, Alton, Smith & Lucey ( 2017 ) and
lton et al. ( 2018 ) studied stellar population gradients in the spectra
f eight massiv e ETGs. The y showed that models that do not account
or the effect of [C/Fe] variations underpredict the CO bandheads in
he K band. Moreo v er, the y showed that to fit H β , in the optical, a
arge enhancement in carbon abundance is also required. In other 
erms, an o v erabundance of carbon seems to have a prominent role
n matching CO lines, in agreement with the suggestions from our
nalysis. Ho we ver, Alton et al. ( 2017 , 2018 ) also used CO features
n the K band to conclude in fa v our of an MW-like IMF in the
entre of (some) massive ETGs, in contrast to studies based on
optical) spectral features. Indeed, our analysis shows that current 
tellar population models in the NIR are still not accurate enough to
llow for a quantitative matching of CO lines to be performed, and an
 ven smaller ef fect to be constrained, such as that of a varying IMF.
he results presented here demand a new generation of NIR stellar
opulation models, after a significant effort to mo v e be yond the
urrent limitations of theoretical star spectra is made, particularly 
MNRAS 512, 378–400 (2022) 
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Figure 10. A selected pair of CO versus CO plots (CO1.58 versus CO1.60 on the left; CO1.58 versus CO2.30 on the right), showing IRTF stars (star symbols), 
the XSG stacked spectrum (filled red circle), and predictions for solar-metallicity E-MILES SSP models having ages from 1 to 14 Gyr, for an MW-like and 
bottom-heavy IMF (see pink and purple lines), respectively. The violet arro ws sho w the ef fect of increasing carbon abundance for CvD12 models, while the 
(small) blue arrows plot the increase of CO indices when accounting for AGB-enhanced intermediate-age population on top of an old stellar component. The 
effect of our empirical corrections on SSP model predictions is shown with khaki and orange arrows, for an MW-like and a bottom-heavy IMF, respectively. 
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or the predictions of abundance ratio effects in low-temperature
giant) stars. Along the same lines, we point out that while our ad
oc empirically corrected SPS models do not match the observations
et, they tend to significantly reduce the discrepancy with respect to
he observed CO strengths. Admittedly, the interpretation of our
mpirical corrections as an effect of [C/Fe] for low-temperature
iants remains rather speculative, but urges for their study and opens
p new avenues for improving SPS models in the NIR spectral range.

 SUMMARY  A N D  C O N C L U S I O N S  

e have shown, in a comprehensive manner, that a whole set of CO
ines in the spectra of massive ETGs, from H through to K band, lie
ignificantly abo v e the predictions of widely used state-of-the-art
PS models. We hav e e xplored different possible reasons for this
CO-mismatch’ problem, finding that an individual enhancement of
arbon abundance might be the most likely explanation, compared to
ther scenarios (such as an enhanced contribution of AGB stars from
ntermediate-age populations). In general, our study highlights the
mportance of improving SPS models in the NIR, in the following
spects: 

(i) Non-solar chemical abundances: we need substantial progress
n the modelling of the response of stellar spectra to elemental
bundance variations. In particular, the effect of varying abundance
atios for cool stars (T eff < 4000 K) is far from being well understood,
nd might be crucial to explain the current issues with NIR spectral
ines. In addition, since current SPS modelling for varying abundance
atios is based on scaled-solar isochrones, we need a significant
mpro v ement on isochrones with non-solar abundances to create
ully consistent SSP models with varying abundances. Moreo v er,
he interplay between C, N, and O elements and their effects on CO
ndices are not yet fully understood. As some of the current models
onsider O as one of the α-elements, a different treatment of O from
-elements may be an interesting avenue for further investigation. 
NRAS 512, 378–400 (2022) 
(ii) Very cool stars: current (theoretical) models struggle to re-
roduce atomic and molecular bands for stars with T eff < 3500 K.
oreo v er, SPS would benefit from an impro v ed treatment of evolved

tellar evolution phases, such as those of red giants and supergiants,
nd the AGB, which have a prominent contribution to the NIR light
f a stellar population in various age regimes. 
(iii) High-metallicity stars: empirical stellar libraries, used to

onstruct SPS models, are based on MW stars, having an un-
 v oidable bias towards solar metallicity. Based on current SPS
odel predictions, CO indices do not depend significantly on
etallicity, but from the study of individual stars and clusters

Aaronson et al. 1978 ; Oli v a et al. 1995 ), CO indices are found
o increase with increasing metallicity. Therefore, models with a
ood co v erage of stars in the supersolar metallicity regime might
ield further important clues to understand the CO-mismatch prob-
em. 

As a final remark, we would like to emphasize that a revision
f SPS models in the directions suggested by the NIR CO indices
hould take carefully into account the constraints provided by other
pectral ranges, such as the optical and the UV. F or e xample, fitting
ust a single CO line or a number of them could lead to misleading
eri v ations of stellar population properties. 
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ATA  AVAILABILITY  

he E-MILES SSP models are publicly available at the MILES 

ebsite ( http://miles.iac.es ). The updated version of Na-enhanced 
odels of La Barbera et al. ( 2017 ) are also available from the

ame website (under ‘Other predictions/data’). The Conroy & 

an Dokkum ( 2012 ) SSP models are available upon request to
he authors (see https:// scholar.harvard.edu/ cconroy/ projects ). The 
onroy et al. ( 2018 ) models are available for download at https:

/ scholar.harvard.edu/ cconroy/ sps-models . The Maraston ( 2005 ) are 
ownloaded from ht tp://www.icg.port .ac.uk/ ∼maraston/Claudia’s S 

ellar Population Model.html . Observations of La Barbera et al. 
 2019 ) sample made with ESO Telescope at the Paranal Observatory
nder programmes ID 092.B-0378, 094.B-0747, 097.B-0229 (PI: 
LB). The central spectra and stacked central spectrum are available 
rom FLB upon request. The spectra of Baldwin et al. ( 2018 ) sample
ere taken using the Gemini Near-Infrared Spectrograph on the 
emini North telescope in Hawaii through observing program GN- 
012A-Q-22. The reduced spectra (FITS files) are available via https: 
/github.com/cbaldwin1/Reduced- GNIRS- Spectra . Observations of 
ran c ¸ois et al. ( 2019 ) sample made with ESO Telescopes at the
a Silla Paranal Observatory under programme ID 086.B-0900(A). 
he reduced spectra (FITS files) are available via http://cdsarc.u-s 

rasbg.fr/ viz-bin/ qcat?J/A+A/621/A60 . Observations of Silva et al. 
 2008 ) sample performed at the European Southern Observatory, 
erro Paranal, Chile; ESO program 68.B-0674A and 70.B-0669A. 
bservations of M ́armol-Queralt ́o et al. ( 2008 ) sample performed at

he European Southern Observatory, Cerro Paranal, Chile, as well. 
 ̈ock et al. ( 2017 ) corrected the data of these two samples to restframe
nd convolved them to a resolution of σ = 360 km s −1 and they
re available from EE upon request. The IRTF Spectral Library 
s observed with the SpeX spectrograph, at the NASA Infrared 
elescope Facility on Mauna Kea and the spectra are publicly avail- 
ble at http://irtf web.if a.hawaii.edu/ ∼spex/IRTF Spectral Library/. 
heoretical stars are computed by ATK specifically for this project 
nd are available from ATK upon request. APOGEE stars can be 
ownloaded through the https:// www.sdss.org/dr16/ website. 
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Table A1. Different sets of stars with similar stellar parameters selected for 
deriving empirical response functions as a function of temperature. Columns 1 
and 2 indicate the group and sequence of stars to which they belong. Column 3 
presents the ID of stars, and columns 4, 5, and 6 give the ef fecti ve temperature, 
surface gravity, and metallicity, respectively. 

Group Sequence Star T eff log g [Fe/H] 
(K) (dex) (dex) 

(1) (2) (3) (4) (5) (6) 

CO-strong HD 14488 3509 − 0 .16 − 0 .77 
Group 1 HD 14469 3551 − 0 .16 − 0 .69 

normal HD 40239 3349 0 .47 0 .03 

CO-strong HD 35601 3617 0 .06 − 0 .20 
Group 2 HD 14404 3640 0 .32 − 0 .07 

normal HD 4408 3571 0 .99 − 0 .51 

CO-strong HD 10465 3781 0 .50 − 0 .46 
Group 3 

normal HD 23475 3863 0 .78 − 0 .63 

CO-strong HD 16068 4296 1 .80 − 0 .03 
Group 4 HD 164349 4446 1 .50 0 .39 

HD 35620 4367 1 .75 − 0 .03 
normal HD 161664 4405 1 .63 − 0 .03 

HD 179870 5246 1 .96 0 .11 
CO-strong 

HD 42454 5238 1 .10 0 .03 
Group 5 HD 3421 5383 2 .45 − 0 .17 

normal HD 74395 5250 1 .30 − 0 .05 
HD 39949 5240 1 .23 − 0 .10 
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PPENDIX  A :  CONSTRUCTING  EMPIRICALLY  

O R R E C T E D  M O D E L S  

e explain here the procedure of identifying stars in the CO-strong
equence and the deri v ation of spectral response functions to bring
iant stars in the normal sequence to this CO-strong sequence. We
dentified for each index the CO-strong giants through a sigma
lipping procedure within temperature intervals of 200 K. Those
tars that were flagged in the CO-strong sequence for at least five CO
ndices were definitely classified as CO-strong, which are shown as
lled cyan star symbols in Fig. A1 . Then we selected five sets of stars,
haring similar T eff , log g , and [Fe/H], within these two sequences,
NRAS 512, 378–400 (2022) 
.e. normal and CO-strong. These sets of stars are indicated with
ime open circles in Fig. A1 , and their parameters are given in 
able A1 . 
These sets of stars allowed us to compute a ‘response function’ by

ividing the mean spectrum of stars in the CO-strong sequence by
he mean spectrum of stars in the normal sequence. These responses
ere interpolated to co v er the temperature range of the giant stars

n the normal sequence. Finally, we applied these response functions
o all the giants in the normal sequence to correct them into the
O-strong sequence. 
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Figure A1. CO index-strengths for the IRTF stars plotted as a function of temperature, all measurements performed at resolution of σ = 360 km s −1 . The 
blue, orange, and pink colours represent AGB, M-dwarf, and carbon stars for T eff < 3900 K, respectively. Stars with higher temperatures are shown in grey 
colour. Giant stars belonging to the CO-strong sequence are shown as filled star cyan symbols. The open lime circles show different sets of stars sharing similar 
parameters in the normal and CO-strong sequences, which were used to derive the empirical responses (see the text). 
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M

Figure B1. The upper panel shows the spectrum of one of the H -band best-fitting stars, HD 10465, (black) in H and K bands, together with the best-fitting 
spectrum from MARCS library of very cool stars (red). CO features, with central absorptions and their pseudo-continua, are plotted as grey and orange shaded 
areas. The lower panel shows the relative residuals of the observed spectrum with respect to the best-fitting spectrum. 
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PPENDIX  B:  C U R R E N T  LIMITATIONS  O F  

TELLAR  M O D E L S  IN  T H E  LOW  

EMPERATURE  R E G I M E  

ne way to get information on the H -band best-fitting stars is
y analysing their individual abundance ratios. For this, we need
o derive the parameters of these stars using spectral template
tting with a synthetic spectral grid. Ho we v er, at the v ery coolest

emperatures, constructing stellar atmosphere models in the NIR is
ot a trivial task, because of the multiplicity of atomic lines and
olecules. The MARCS (Gustafsson et al. 2008 ) models provide a

ood representation of the atmospheres of late-type stars down to
f fecti ve temperatures of about 3000 K. These models have been
hosen for the APOGEE surv e y (Majewski et al. 2017 ), and provide
ood agreement with the IR data, particularly for giant stars. We used
he low-resolution spectra included with this collection of models to
reate a spectral library with a resolving power of 2000, matching
hat of the IRTF library. 

We built two regular libraries, with equidistant steps in the
tmospheric parameters. The first library spans 2500 K ≤ T eff ≤
000 K in steps of 100 K, and −0.5 ≤ log g ≤ 5.5 in steps of 0.5 dex.
he second library spans 3500 K ≤ T eff ≤ 6000 K in steps of 250 K,
nd 0.0 ≤ log g ≤ 5.5 in steps of 0.5 dex. In addition to T eff and log g
oth libraries include two more parameters and [Fe/H], which spans
2.5 ≤ [Fe/H] ≤ 1.0 in steps of 0.5 dex. Both libraries span the full
avelength range of the IRTF spectra (8000–50 000 Å). 
We fit the spectra of the stars in Table 1 using FERRE, 9 deriving

he optimal set of parameters that best represented the observations.
e preserved the SED in the observations and simply normalized

 ht tp://github.com/callendepriet o/ferre 
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able B1. Derived parameters of the H -band best-fitting stars from MARCS
rid for cool stars. Column 1 gives the name of each star. The derived α
bundance, ef fecti ve temperature, surface gravity, and metallicity of the stars
re given in Columns 2, 3, 4, and 5, respectively. 

tar [ α/Fe] T eff log g [Fe/H] 
(dex) (K) (dex) (dex) 

1) (2) (3) (4) (5) 

D 219734 0 .26 3720 0 .15 − 0 .35 
D 36003 0 .00 4578 5 .02 − 0 .57 
D 187238 − 0 .05 3604 1 .77 0 .77 
D 10465 − 0 .01 3590 0 .50 0 .60 

he fluxes to have an average flux of 1, and fitted nearly the spectra
etween 8150 and 27 187 Å, where there is most information. An
ttempt to include longer wavelengths returned significantly poorer
ts. 
Fig. B1 shows the best-fitting spectrum (red line) to one of the

tars (black line), in CO-dominated regions, as an example. It is
lear that the best fit is relatively poor, with residuals at a level of
25 per cent in the regions of CO absorption. The derived parameters

f the stars are listed in the Table B1 . The two stars in CO-strong
equence (HD 10465 and HD 187238) have lower α abundances
han their counterparts (with the same T eff ) in the normal sequence
HD 36003, HD 219734); this is consistent with the behaviour of
O line-strengths in the α-enhanced E-MILES SSP models that
ecrease with increasing [ α/Fe]. Ho we ver, the deri ved parameters of
hese stars with MARCS models are significantly different than the
nes from the literature (Table 1 ), ( � T eff ∼−243 K, � log g ∼0.2,
 [Fe/H] ∼0.1). This experiment clearly shows the current limitations

f stellar atmospheric models in the low-temperature regime. 
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