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ABSTRACT

Context. In the near-infrared (NIR) region, a large number of absorption features may be used to constrain the properties of unresolved
stellar populations of galaxies.

Aims. We present the results of a pilot project assessing the feasibility of measuring the distribution and radial trends of NIR line-
strength indices on spatially resolved spectra. We used the ESO/KMOS multi-object spectrograph to observe the massive, nearby
elliptical galaxy IC 4296.

Methods. We analysed the distribution of the NIR line-strength indices that are most sensitive to the age and metallicity of the galaxy
stellar populations both on 2D maps and on stacked spectra of five radial bins. This allowed us to build the radial profiles of the
line-strength indices out to 0.80 R, and compare them to those measured in the optical range.

Results. For the particular case of IC 4296, we find that the metal indices have negative radial trends. The results are in agreement
with literature radial profiles obtained from the analysis of the optical Lick/IDS indices and favour in situ galaxy formation over
multiple merging events.

Conclusions. The obtained results demonstrate the usefulness of the NIR wavelength domain to unveil the processes of galaxy

formation and evolution.

Key words. infrared: galaxies — galaxies: abundances — galaxies: stellar content — galaxies: formation

1. Introduction

Galaxies are dynamical systems containing a mix of stars, gas,
and dust, which is the result of a complex formation history and
evolution process. The vast majority of external galaxies are un-
resolved. Their integrated spectra contain sufficient information
to recover the kinematic and chemical properties that can be used
to study the structure, dynamics, and stellar populations.

The massive early-type galaxies are thought to be assembled
through two main processes: a dissipative collapse that gener-
ates strong metallicity gradients (Pipino et al.|2010) or merging
(Cole et al.|[2000; Maiolino & Mannucci|[2019) after which the
stellar population gradients should be very weak or even ab-
sent. A combination of both these processes is also possible (e.g.
Naab et al.|2009; |Oser et al.|2010) with an early collapse of gas
forming the bulk of the stellar component, followed by minor
and major mergers with other galaxies. In this case, the gradients
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of the stellar population properties could be strong or weak de-
pending on the amount of accreted mass in the subsequent merg-
ing events. Therefore, an invaluable piece of information to un-
derstand the processes of formation and evolution of galaxies is
imprinted in the spatial distribution of their stellar populations.

The presence of radial variations in the strengths of
the absorption lines of galaxy spectra and, hence, in
the stellar properties, was probed since the 1970s (e.g.
Welch & Forrester| [1972). In the last couple of decades,
major observational efforts have been carried out to in-
vestigate the gradients of the stellar populations in a large
number of bulges (e.g. [Jablonka et al| 2007; Morelli et al.
2008}, [2012; |Gonzalez Delgado et al.| |2014; [Seidel et al.| 2015}
Wilkinson et al.[|2015) to be compared with those of elliptical
galaxies (e.g. |Sanchez-Blazquez et al.| 2006; |Annibali et al.
2007; |Kuntschner et al. 2010; McDermid etal. 2015
Corsini et al.| 2018) and galaxy discs (Sanchez-Blazquez et al.
2014; Morelli et al.|[2015]).
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For many years the long-slit spectroscopy sampled the kine-
matics and stellar populations only along the radial extension
of galaxies (e.g. Morelli et al.|[2016) and today the 2D spec-
troscopy maps these properties all over the galaxies. For this
reason, integral field spectroscopy (IFS) and multi-object spec-
troscopy (MOS) studies in the optical range have been per-
formed with increasing samples of galaxies (Sarzi et al.| 2006
Sanchez et al.|2012; [Fogarty et al.| 2015} |[Konstantopoulos et al.
2015; [Bundy et al.| 2015} |Sarzi et al.| 2018). IFS is now con-
sidered essential as it is giving an unprecedented view of the
kinematic, chemical, and dynamical properties of galaxies (e.g.
Cuomo et al.|2022, 2024} |Coccato et al.|[2024).

The traditional optical range is not the only useful window
for studying the stellar population properties of galaxies. The
main reason to look at different wavelengths is that different
generations of stars dominate the different spectral ranges. Dur-
ing the very early stages of star formation (7 ~ 10° yr), mas-
sive stars are responsible for strong UV emission. In subsequent
phases (T ~ 107 yr to a few gigayears), the infrared (IR) and
near-infrared (NIR) emission increases due to the growing con-
tribution from red supergiant (RGB) and asymptotic giant branch
(AGB) stars. In these wavelength ranges, the integrated spectra
of galaxies show significant evolution up to ~ 13 Gyr, in contrast
to the optical range, which remains nearly unchanged between 4
and 13 Gyr (Bruzual & Charlot|2003)). Maraston| (2005) showed
that, in the K band, RGB and AGB stars account for 60 to 80%
of the total luminosity. [Kotilainen et al.| (2012)) asserted that in
the K band, the contribution from stars outside the RGB-AGB
phases is negligible for all galaxies, regardless of their Hubble
type. Another reason to turn to the NIR is its lower sensitivity
to dust extinction compared to the optical range. This character-
istic allows us to study the stellar population properties even in
heavily dust-obscured galaxies or in globular clusters embedded
within galactic bulges (Stephens & Frogel|2004).

Early studies of the most prominent NIR spectral absorp-
tion features date back to the 1970s, focussing on the strong CO
absorption band at ~ 2.3 um in the central regions of massive
early-type galaxies (Frogel et al.|[1975)). These studies explored
the relationship between NIR features and the overall metallicity
content of galaxies and globular clusters (Aaronson et al.|1978)
and asserted their potential to trace giant star contributions in
integrated spectra (e.g. Rieke et al.||[1980).

The technological advancement of NIR spectrographs has
enabled a more detailed exploration of the potential of this spec-
tral window to constrain the properties of stellar populations
in the central regions of galaxies (Cenarro et al. 2001} 2003}
Silva et al.| [2008; [Marmol-Queralté et al.| [2009; Cesetti et al.
2013; Baldwin et al.| 2018; [Riffel et al.| 2019), leading to the
definition of new age and metallicity indicators (Riffel et al.
2019; |Gasparri et al.| 2021} [2024), with accuracies comparable
to those achieved in the optical range, and based on a novel NIR
line-strength system (Cesetti et al.| 2013; Morelli et al.| [2020;
Eftekhari et al.|[2021)).

The multiplexing capabilities of the K-band Multi-Object
Spectrograph (KMOS; Sharples et al.|[2013)) enable for spatially
resolved spectroscopy across galaxies and have greatly improved
our ability to investigate stellar population properties in the NIR.
Spatially resolved studies of NIR line-strength indices in galax-
ies, however, remain limited. [La Barbera et al.| (2019, 2024)) fo-
cussed on absorption features initial mass function (IMF) that
are sensitive in the K atmospheric window using long-slit spec-
troscopy. |Alton et al.| (2017, 2018) used KMOS to investigate the
gradients of IMF-sensitive features in the K band, finding no sig-
nificant radial gradients in their sample galaxies. Finally, a more
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comprehensive multi-wavelength stellar population analysis of
the central regions of an early-type galaxy was conducted by
Dahmer-Hahn et al.| (2019), comparing the NIR data with opti-
cal observations and state-of-the-art models.

In this work, we exploited the multiplexing capabilities of
KMOS by deriving 2D maps of Mg, Al, Fe, Na, Ca, Si, CO,
and H spectral features in the H and K atmospheric windows
(1.5 < 1 < 2.3 um), along with their radial profiles out to 0.8
R,, for the massive elliptical galaxy IC 4296, which has been
extensively studied in the optical range. For this pilot project,
we collected approximately 2.5 hours of observations in the H
and K atmospheric windows, sampling 21 distinct regions out
to 0.8 R,, with the aim of placing additional constraints on the
formation and evolution of this galaxy. The primary objective
of this work is to assess the feasibility of using the strongest
NIR line-strength indices as tracers of a galaxy’s evolutionary
history, in a manner analogous to what is routinely performed in
the optical.

This paper is structured as follows. In Section [2] we present
the data. In Section [3] we describe the data reduction process. In
Section ] we report the measurements of nine line-strength in-
dices as defined by Cesetti et al.|(2013)) and|Morelli et al.|(2020),
six in the H atmospheric window and three in the K atmospheric
window, including the prominent Na and CO band-heads. The
results are discussed in Section E} Finally, our conclusions are
summarised in Section

2. IC 4296 and spectroscopic observations

The target of this pilot project is the massive early-type galaxy
IC 4296 My = —23.3 according to the NED databasq')). Located
in the Southern constellation of Centaurus, it is a bright object
with H =7.776 mag and K = 7.502 mag. It extends over approx-
imately 2 arcmin on the sky (Skrutskie et al.|2006), making it an
ideal candidate for spatially resolved observations with KMOS
within a limited observing time.

IC 4296 is the brightest member of the 18-galaxy assem-
bly known as the Nearby Optical Galaxy Group 722, which is
part of the galaxy cluster A3565 (Giuricin et al.[2000). Morpho-
logically, it is classified as a pure elliptical galaxy (Younis et al.
1985)), with an effective radius R, = 57 arcsec (Burstein et al.
1987), a surface brightness distribution that is well described by
a Sérsic profile. There is no evidence for an embedded exponen-
tial disc component that would be indicative of ongoing or recent
star formation (Donzelli et al.[2011).

Its IR colours are consistent with those of a passively evolv-
ing, gas-poor system. In particular, the lack of excess emission in
the mid-infrared (MIR) suggests the absence of warm dust typi-
cally associated with star-forming regions, supporting the classi-
fication of IC 4296 as a ‘red and dead’ galaxy (Temi et al.|2009).
This makes it an excellent laboratory for isolating and studying
the effects of long-term stellar population evolution, without any
contamination from recent star formation episodes.

IC 4296 has been the subject of extensive studies, which
provide a solid reference for comparative investigations in the
NIR regime. It has a flat velocity dispersion profile with o~ ~ 300
km s‘l(Efstathiou et al.[1980; |[Franx et al.[1989)) and it is consid-
ered to be a fast rotator, with a counter-rotating inner core (|R| <5
arcsec) and a flat rotational velocity profile (Franx et al.|[{1989;
Saglia et al.|1993; |Rubino et al.[2021). It is a strong radio source

I The NASA/IPAC Extragalactic Database (NED) is funded by the Na-
tional Aeronautics and Space Administration and operated by the Cali-
fornia Institute of Technology.
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with a complex morphology due to the central active galactic
nucleus activity (Condon et al.|2021, and references therein).

Optical line-strength index radial profiles and gradients were
measured by |Efstathiou et al.| (1980), |Saglia et al.| (1993), and
Rampazzo et al.| (2005). All these studies found negative Mg2
and Fe gradients and slightly positive HB gradients out to 1
R.. They concluded that IC 4296 is dominated by an old pop-
ulation, with no on-going star formation, which was assembled
in the early stages of the Universe with a main formation pro-
cess consistent with an in situ assembly. Its relatively low red-
shift (z ~ 0.012) ensures high spatial resolution in physical units,
which is essential for probing gradients out to large fractions of
the effective radius.

Observations of IC 4296 were performed with the KMOS
instrument with the HK grating that simultaneously covers both
H and K atmospheric windows (1.5 < pym A <2.3 ym, PI. L.
Morelli, Programme ID: 099.B-0575(A)). KMOS has 24 config-
urable fs (IFUs) that sample an area of 2.8 x 2.8 arcsec®. The
observation strategy was performed as follows: one IFU was su-
perimposed to the centre of the galaxy. Twenty of them were
arranged to uniformly map regions out to 0.8 R, following the
nearly circular isophotes of IC 4296 (Fig. [I). Two IFUs were
targeting an external region (~ 8 R, from the centre) to sample
the sky. One IFU was not active. The exposure time was 428s
X 4 (DIT x NDIT) for five exposures (NINT), where DIT is the
detector integration time, NDIT is the number of DIT exposures
averaged out within the same frame, and NINT is the number of
frames. The mean airmass of the observations was 1.3 and the
average seeing was FWHM = 1.5 arcsec. The total observation
time dedicated to this project was ~ 2.5 hours which proved to
be enough to build maps out to ~ 0.5 R, with a S/Nx> 10 for
the strongest NIR line-strength indices in the H and K atmo-
spheric windows. Considering the surface-brightness radial pro-
file of IC 4296 (Younis et al.||1985)), this threshold corresponds
to a surface brightness of ~ 21 magarcsec™ in the J band and
~22.5 mag arcsec™ in the R band.

3. Data reduction and line-strength index
measurements

We reduced the data within the ESOREFLEX environment
(Freudling et al.| 2013)) using the KMOS pipeline and with the
Molecfit recipe (Smette et al.|2015)) to correct the telluric absorp-
tion. The output of the ESOREFLEX process are 2D spectra of
the 23 active IFUs for any exposure. We extracted 1D spectra
for each IFU targeting the galaxy by summing the signal from
the 14 x 14 pixel area, then we co-added the 1D spectra of each
exposure. The final 21 1D spectra of the galaxy were cleaned
of cosmic rays and residual sky with a 30 rejection algorithm.
The spectral resolving power is R ~ 1800, and the wavelength
sampling is A1 =4.6 A pix~L.

The mean S/N per pixel of the bins is strongly dependent on
the galactocentric distance. The central IFU has the highest S/N
(~ 150 per pixel in the H band), whereas the most distant ones
have typically S/N < 5 per pixel, which is too low to perform
any reliable measure. Therefore, we considered only the 13 IFUs
with a mean S/N > 10 per pixel in the H atmospheric window. In
Fig.[T] we show the distribution of the IFUs. The red dots mark
IFUs with S/N > 10.

We measured the line-of-sight velocity and velocity disper-
sion of the stellar component using a modified version of the
penalized pixel fitting algorithm (pPXF;|Cappellari & Emsellem
2004; [Cappellari|2023). The mean velocity dispersion results

to be o =316 +76 km s~!. This value is in excellent agree-
ment with the literature data (Efstathiou et al.|1980; |Saglia et al.
1993).

In the observed spectral range, there are 21 line-strength
indices among those defined by |Cesettietal.| (2013) and
Morelli et al.| (2020), and tested in the central regions of galaxies
by |Gasparri et al.| (2021} [2024). We select the twelve strongest
metallicity indices and the hydrogen Br10 index. The definitions
of the measured indices are reported in Section [6] As done in
Gasparri et al.|(2021), we measure the equivalent width (EW) of
the line-strength indices using a dedicated Python routine after
de-redshifting the spectra.

Morelli et al.|(2020) showed that at low signal-to-noise ratios
(S/N ~ 10 per pixel), the EWs of some NIR indices may suf-
fer from non-stochastic effects, introducing a systematic bias to-
wards lower values. This issue could significantly affect our mea-
surements, particularly the derivation of reliable radial profiles.
To quantify this effect, we perform a set of dedicated simula-
tions. We select the central spectrum of IC 4296 and we fit it us-
ing pPXF, adopting the E-MILES BASTI simple stellar popula-
tion models (Vazdekis et al.[|2016) with a Kroupa IMF. From the
best-fitting model, we generated 1000 mock spectra by adding
Poissonian noise across a range of S/N values, from 100 down
to 5 per pixel. For each S/N level, we measured the EWs of our
NIR indices across all realisations. In Fig. [2] we plot both the
individual and mean values as a function of S/N.

The results highlight a systematic decrease in the mean EW
at low S/N levels. At S/N = 5 per pixel, deviations up to 30% are
observed for several indices. In particular, FeH1, CO2, and All
show declining trends already from S/N = 20 per pixel, though
the variation remains within 5%. Mg2h and FeB display fluc-
tuations within +5% starting from S/N = 30 and 60 per pixel,
respectively. Notably, Nadk and CO12 exhibit robust behaviour,
with systematic deviations below 2.5%, even at the lowest S/N
values. Based on these results, we conservatively adopt a thresh-
old of S/N > 20 per pixel in the pseudo-continuum regions to
consider our EW measurements as reliable for the subsequent
analysis.

Finally, the raw EWs measured to the spectral bins of
IC 4296 within the given S/N constraints, are corrected to the
common zero velocity dispersion frame by applying the velocity
dispersion correction coefficients of |Gasparri et al.| (2021). We
added the uncertainties in the coefficients in quadrature to the
errors in the EW estimated via Monte Carlo simulations.

4. Results

As a first sanity check, we compared the EW of the central IFU
of IC 4296 with literature data. The line-strength indices in the
K atmospheric window were measured by |Cesetti et al.| (2009).
The EWs of our Nadk index and those of the corresponding Nal
index by |Cesetti et al.| (2009) are in excellent agreement within
the uncertainties.

To further test the values of the indices measured for
IC 4296, we compared them with the measurements obtained
by |Gasparri et al.| (2021) for a sample of galaxies with a mor-
phological type ranging from ellipticals to spirals. In Fig.[3] we
reproduce the distribution of the central values of the indices
measured by |Gasparri et al.|(2021) and we overplot for compar-
ison the position of line-strength indices measured in the central
IFU of 1C4296 (black square symbol). The upper panel of Fig.
shows the index—o correlations for the All, CO1, and CO4 in-
dices, the linear fits, and the Pearson correlation coefficients as
given by |Gasparri et al.[(2021). The different number of galaxies
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in the different plots depends on the S/N constraints set by the
authors in the original paper. IC 4296 lies in the locus of mas-
sive galaxies and its position is consistent with the correlations
obtained by the authors in the All-o and COl-o planes (red
line). Only in the CO4-o plane, IC 4296 is significantly lower
than expected. After a careful inspection of the spectrum of the
central bin of IC 4296, we can confirm this is not due to low S/N
or contamination.

The lower panels of Fig. [3] present relations between All—
COl and All-FeH1, where the symbol sizes scale with galaxy
velocity dispersion. IC 4296 lies in the locus of most massive
galaxies and its position is consistent with the correlations ob-
tained by [Gasparri et al.| (2021) in the A11-CO1 and All-FeH1
plane (red line). These comparisons support the reliability of
NIR line-strength indices measured for IC 4296 and confirm
their consistency with previously published results for similar
galaxies.

The spatial distribution of the line-strength indices Mg2h,
FeH]1, Sih, CO, All, and Br10 in the H atmospheric window and
Nadk, FeB, and CO12 in the K atmospheric window are shown
in Fig. [ and their values are tabulated in Table[2] The CO index
is the sum of the CO1, CO2, CO3, CO4, and COS5 band-head
indices spanning the 1.56 < A < 1.66 um range. Their EWs are
reported in Table[A.T] To homogeneously compare the plots, we
normalise the EW of each index to its central value, which is
marked in green. Bluish hues indicate a fractional decrease rel-
ative to the central value, whereas reddish hues indicate a frac-
tional increase. Black dots indicate no data due to low S/N, as
measured in the index pseudo-continuum bands.

The distribution of the EWs indicate that the values of sev-
eral line-strength indices are larger in the centre than in the outer
parts of IC 4296. The most notable exception is the FeB index,
for which the outer regions (> 15 arcsec) display larger EW val-
ues than the central IFU. This could be due to the combination of
low S/N of the pseudo-continuum bands of the FeB index with
the weak intensity of the absorption line.

The advantage of this method with respect to map the stellar
population properties along the major axis of the galaxy is that,
in addition to their radial gradients, we can also highlight local
variations. A deeper insight of Fig.@]reveals that the distribution
of the EWSs of the CO, All, and FeH1 indices is similar to each
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-1.0 -1.5

Fig. 1. V-band isophotal contours of IC 4296
with distribution and ID number of the KMOS
IFUs. Red squares are the inner IFUs with S/N
> 10 per pixel used to measure the EW of the
strongest line-strength indices. Black points are
the outer IFUs with lower S/N. The shaded an-
nuli are the radial bins considered to average
the IFUs and construct the radial gradients of
the line-strength indices. Image courtesy of the
Carnegie-Irvine Galaxy Survey (CGS,
2011).

204.14

other. They have larger EWs (green and light blue squares) for
the IFUs roughly positioned along the equatorial plane of the sky
(6 Dec ~ 0 arcsec, -40 < 6 RA < 30 arcsec). This could indicate
local variation in the stellar population properties.

To derive the radial profile of the EW measurements, we
stack together the spectra of the IFUs contained in four concen-
tric annuli with a mean radius of 0.23, 0.40, 0.58, and 0.82 R.,
respectively and amplitude 0.1 R,. This process increases the
mean S/N of the spectra to S/N ~ 40 per pixel for the H atmo-
spheric window and S/N ~ 20 per pixel for the K atmospheric
window.

In Fig. 3| the 1D spectra obtained for each radial bin and the
central IFU are shown along with the indication of the galacto-
centric distance. For each binned spectrum, we measure the EW
of the line-strength indices as described in Section [3] and their
values are tabulated in Table 3] The EW of the single CO indices
in the H band used to build the composite CO index are reported
in Table [A2] The radial trend of the values of the line-strength
indices measured for all the radial bins are shown in Fig. [6] and
Fig. [7] together with the linear regression through all the data
points considering the uncertainties.

The Sih, CO, All, and Nadk indices show robust negative
gradients along the galaxy radius, being the CO index the steep-
est. These results are consistent with the literature
1993;[Rampazzo et al[2005)) that targeted the optical Mg2 index.
There is more uncertainty with respect to the cases of Mg2h,
FeH1, and CO12, where the negative trend is largely driven
from the outermost or innermost data points. The strong CO12
band-head in the K atmospheric window has a nearly constant
or slightly increasing trend for all the radial bins, except for the
most external one. This behaviour is different from the compos-
ite CO index in the H atmospheric window.

The only hydrogen line-strength index measured, which can
trace the age of the stellar populations, the Br10 index, is nearly
constant with the radial distance. This is consistent with the re-
sults of[Rampazzo et al.| (2005]), where a nearly flat radial profile
was found for the optical age indicator, HS.

The FeB is the only line-strength index with a weak posi-
tive or flat (considering the larger error bars of the two external
bins) radial trend. This is peculiar in general for an iron-based
index and in particular for this galaxy, for which the other NIR
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Fig. 2. Relative variation of the EW of the 13 NIR indices measured in this paper as a function of the S/N for 1000 simulated spectra for each S/N
value. Black points represent the single EW for each simulated spectrum. Red points represent the mean values.
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iron-based FeH]1 index, and the results obtained for metal indices
in the optical range, show negative gradients (Saglia et al.|[1993]
Rampazzo et al.[[2005). However, the FeB index is very weak,
even for the high S/N spectra of the central bin, and we were not
able to draw a strong conclusion.

In Fig.[6] we show that the composite CO index, defined as
the sum of five individual CO indices shows the steepest gradient
along the radius. However, summing indices in the NIR, where
sky contamination is significant, could introduce biases. For this
reason, in Fig. [7] we show the radial profiles of the five individ-
ual CO indices within the H atmospheric window that have been
used to construct the composite CO index shown in Fig. [6] The
COl1, CO2, CO3, and CO4 indices exhibit a clear and monotonic
decrease with increasing galactocentric distance across all radial
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bins, supporting a well-defined negative gradient and only the
CO2 shows a slightly higher scatter with respect to the others.
The COS index has the weakest negative trend since it is driven
from the high value of the first bin. The results of the individual
indices confirm the gradient shown by the composite CO absorp-
tion features in IC 4296.

5. Discussion

As general results traced by Fig. 4] we found that, with the ex-
ception of FeB, all the measured indices in IC 4296 have higher
values in the central than in the outer regions, with composite
CO showing negative gradient along the radius (Fig. [6). This is
also confirmed when the individual CO indices in the H and K at-
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Fig. 4. Maps of nine NIR line-strength indices measured within the 13 internal IFUs with S/N > 10 per pixel. EWs are normalised to their central
values. Relative variation of £90% are shown. Black squares indicate no data due to low S/N in the index pseudo-continuum bands.

mospheric windows are plotted as function of the galactic radius
(Fig.[7). The similar spatial distribution of the metal-sensitive in-
dices CO, All, FeHI, and the CO indices (Fig. ) suggests that
they might be targeting common properties of the stellar popu-
lations.

The role of the CO features in the NIR is still debated.
The CO absorptions in the H and K atmospheric windows
are expected to show different behaviours as a function of the
stellar population properties (Origlia et al.|[ 1993} [Eftekhari et al.
[2022a) and few observational studies have been conducted
for the H atmospheric window CO features of galaxies (e.g
Riffel et al[2019). A number of authors (e.g.[Mobasher & James|
1996; [Davidge et al.| 2008}, [Marmol-Queralto et al.| 2009) have
connected the strong CO absorption band-heads (especially in
the K atmospheric windows) with the presence of younger,
evolved (AGB and RGB) stars whose light dominates the

NIR spectra (Kotilainen et al.|2012). However, the presence of
stronger CO line strengths in more massive early-type galax-

ies (Gasparri et al|2021}; [Eftekhari et al[2022b) have challenged
this interpretation. The detected CO absorption in early-type
galaxies may be due more to a carbon overabundance than to the
presence of a young stellar population (Eftekhari et al.|2022a).
Eftekhari et al.| (2022b) documented this for NGC 1277, which
exhibits strong CO absorption in both H and K bands, despite its

well-established old stellar population. These authors concluded
that intermediate-age stellar populations in massive early-type
galaxies are not the culprit of the strong CO absorptions.

Other authors did not find a direct connection between the
metallicity gradients and CO line-strengths
2024) in H and K atmospheric windows. On the other
hand, observational studies of the central regions of galaxies,
Cesetti et al.| (2009); [Gasparri et al.| (2021) found that the All,
FeH1, and CO1 indices have strong correlations with the optical
Lick Image Dissector Scanner (Lick/IDS) indices used as metal-
licity indicators (e.g. Fig. 2 of |Gasparri et al.[2024)).

The results obtained for the elliptical galaxy IC 4296 confirm
the presence of this trend between the NIR indices, the Lick/IDS
indices and the metallicity. In fact based on the radial analysis of
the line-strength indices in the optical range, [Saglia et al.| (1993)

and[Rampazzo et al.|(2005)) found that IC 4296 has a pronounced
radial gradient of metallicity. The radial negative gradients we

found for the metal indices in the H atmospheric window and
the Nadk in the K atmospheric window, confirm this picture and
the reliability of the NIR line-strength indices to study the stellar
populations.

Current theoretical frameworks consider both in situ

dissipative collapse (e.g. [Eggen et al| [1962; [Sandage| [1990;
Gilmore & Wyse|[1998)) and external mechanisms such as merg-
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Fig. 5. Smoothed spectra for the five radial bins used to analyse the vari-
ations of the NIR line-strength indices. The central bands of the mea-
sured indices are reported as red shaded areas, as defined in|Cesetti et al.
(2013)) and |Morelli et al.|(2020).

ing and accretion events (e.g./Cole et al.|2000) as viable channels
for the formation of massive classical spheroids like IC 4296.
Among the various stellar population indicators, the metallicity
gradient is generally regarded as the most robust tracer for con-
straining the role of gas dissipation and the impact of merger his-
tories. In the context of dissipative collapse, stars are expected
to form throughout the protogalactic cloud and largely retain
their original orbital radii, experiencing minimal inward migra-
tion. This scenario leads to the development of steep negative
radial gradients in metallicity, as both star formation activity and
feedback-driven galactic winds act to accentuate any initial spa-
tial variations (e.g. Arimoto & Yoshii||1987; |Creasey et al.[2013]
Hirschmann et al.[2015)). Conversely, hierarchical models offer a
more nuanced perspective. Some studies suggest that clustering
processes and merging, either gas-rich (wet) or gas-poor (dry),
can effectively flatten or erase pre-existing metallicity gradients
(e.g.|Bekki & Shioyal|1999; |Di Matteo et al.|2009).

Our finding that IC 4296 exhibits pronounced radial trends of
metallicity sensitive indices supports an in situ formation process
of the galaxy over multiple merging events (Méndez-Abreu et al.
2012, [2018)), at least within the radial distance studied in this
work. Merging events seem to be the dominant assembling
mechanism in the outskirts of massive early-type galaxies, as
pointed out by |[Oyarzuin et al.| (2019); [Lacerna et al.| (2020);
Ibarra-Medel et al.| (2022). Indeed, the EW maps of the avail-
able IFUs at higher spatial resolution reveal that there might be
inhomogeneities in the distribution of the stellar populations of
the galaxy.
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6. Conclusions

In this paper we presented the results of a pilot project to study
the stellar populations in the NIR wavelength range for the mas-
sive early-type galaxy IC 4296.

We used IFS observations performed with the ESO/KMOS
multi object spectrograph in the H and K atmospheric windows
(1.5 < 21 <2.3 um). We measured the strongest NIR indices and
build their maps out to ~ 0.5 R, for 13 IFUs and radial profiles
for five bins out to ~ 0.80 R,. We found enhanced central values
for several metal indices in agreement with the EWs measured
for the central regions of elliptical galaxies, as well as hints for
different distribution of the stellar populations. We also found ra-
dial profiles of metal and hydrogen indices consistent with litera-
ture findings in the optical atmospheric window (e.g./Saglia et al.
1993; Rampazzo et al.|2005).

With this pilot project, we probe the feasibility of using
KMOS to derive NIR spatially resolved spectra with the state-
of-the-art MOS to gather valuable data within the effective ra-
dius of nearby and bright galaxies. Longer exposure times are
needed to achieve higher S/N for regions beyond 0.50 R, and/or
smaller uncertainties in the inner regions. A ten-hour observa-
tion improves the S/N of ~ 2 times, which corresponds to an
improvement of ~ 1.5 mag arcsec™? in the limiting surface mag-
nitude. This exposure time also allows us to measure the fainter
line-strength indices in the H and K atmospheric windows.

An investigation across a wider NIR wavelength range is rec-
ommended. Overall, we cannot measure the newly defined age
and metallicity NIR indicators of |Gasparri et al.| (2024) because
some of the line-strength indices (e.g. Pag, Al, and CaT) are out-
side the observed wavelength range. KMOS has five available
gratings, but it cannot provide the required wide wavelength cov-
erage, which should be focussed mainly in the Y, J, and H atmo-
spheric windows.

Considering the increasing availability of multi-object NIR
spectrographs, such as EMIR mounted at the GTC telescope
(Garzon et al.| 2004) and the future HARMONI of the ELT
(Thatte et al.|2021), the NIR regime can be considered as a com-
plementary tool to the optical atmospheric window to study the
stellar content of local galaxies throughout spatially resolved
spectroscopy.
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Table 1. NIR line-strength indices measured in this work.

Index Dominated by Line limits Blue continuum Red continuum Main Additional
name (um) (um) (um) Reference Reference
Mg2h Mg1 1.5000-1.5080 1.4910-1.5000 1.5100-1.5120 1 6,3
COl1 12C0(2,0) 1.5570-1.5635 1.5480-1.5500 1.5930-1.5940 1 6
FeH1 FeH 1.5820-1.5860 1.5480-1.5500 1.5930-1.5940 1 3,6,7
Sih Sit 1.5870-1.5910 1.5480-1.5500 1.5930-1.5940 1 3,6,7
CO2 2C0(2,0) 1.5950-1.6000 1.5930-1.5940 1.6160-1.6180 1 6
CO3 2C0(2,0) 1.6180-1.6220 1.6160-1.6180 1.6340-1.6370 1 7
CO4 12C0(2,0) 1.6390-1.6470 1.6340-1.6370 1.6585-1.6605 1
CO5 12C0(2,0) 1.6605-1.6640 1.6585-1.6605 1.6775-1.6790 1
All Al1 1.6705-1.6775 1.6585-1.6605 1.6775-1.6790 1
Bryg H1 1.7350-1.7390 1.7250-1.7280 1.7440-1.7480 1
Nadk Na1 2.2000-2.2140 2.1934-2.1996 2.2150-2.2190 5
FeB Fe1 2.2368-2.2414 2.2133-2.2176 2.2437-2.2497 4
CO12 12C0(2,0) 2.2910-2.3070 2.2516-2.2590 2.2716-2.2888 2

References. (1) Morelli et al.| (2020); (2) |Cesetti et al.| (2013); (3) |Ivanov et al.| (2004); (4) |Silva et al.| (2008); (5) |Cesetti et al.

Riffel et al.|(2019); (7) Origlia et al.|(1993).

Table 2. KMOS IFU properties and NIR line-strength measurements.

(2009); (6)

IFU RA Dec R (arcsec) o (km/s) Mg2h FeH1 Sih CcO All Brl0 Nadk FeB CO12

2 204.165 -33.957 305 205+ 61 0.073+0.684 -0.635+0.551 -0.191 +0.456 - - 0.090 £ 0.445  0.185+2.074 0971 +1.439 16.423 +2.536
4 204.162  -33.960 21.0 379+ 61  2.905+0.773 - 0952 +1.505 9.151 £2.860 1.650 +1.419 0.819 +0.331 4.430+1.673 1.664+1.898 9.574 +2.118
5 204.157 -33.958 31.7 298 £ 119 1.027+0.950 1.869+0.970 1.801+0.614 5.849+2.354 3.213+1.631 0.057 +0.413 - 3.556 + 1.385  35.463 +3.825
6 204.162  -33.966 0.0 326+ 13 4.321+0317 2579+0.322 4.086+0.168 17.834 £0.616 4.482+0.646 1.429+0.160 5292+0.341 0.886+0.168 20.288 +0.383
8 204.156  -33.966 249 327+51  1.503+0.530 2.322+0.583 3.676 £0.391 19.178 £ 1.791 4943 £0.922 1458 £0.293 0.068 + 1.147  2.806 + 0.824  17.174 + 1.638
10 204.152  -33.969 38.1 381 £65 2023 +1.377 4312+1.027 4374+0.733 13979 £2.975 4.932+2310 1.025+0.720 - -0.262 +£1.940 11911 +3.155
12 204.160 -33.968 13.2 217+30 1.139+0419 0.315+0.177 2279 +0.149 10.957 £0.985 1.204 +£0.472 0.657 £0.257 3.554+0.496 1.362+0.373 18.275 + 0.766
14 204.162  -33.971 21.0 279 +75 3.044+1.760 1207 £0.500 2936 +0.426 9.858 +0.802 1.353 £0.656 1.027 £0.353 3.664 + 1.123  0.685 £ 0.576  26.663 + 1.657
16 204.166 -33.973 30.7 234 + 44 - - -0.437 + 0.789 - - -0.580 + 1.058  1.522 +0.546 -0.338 + 1.682  17.993 + 3.279
18 204.170 -33.971 33.7 416 £91 0527 +1.364 0.742+1.372 5764 + 1.272 - - 0.122 +0.586  2.432+3.148 7.324 +2.658 20.682 + 4.352
20 204.169  -33.965 254 373+£43  1.417+0923 2530+ 1.161 6.817+0.880 19213 +£2.308 4.175+1.103 0908 +0.416 1.523 +1.451 0.120 +1.103  24.450 + 2.181
21 204.169 -33.959 32.6 233 +58 1.414+0932 0916+0.907 4574 +0.630  8.400+1.292 0.701 +0.934  0.444 + 0.681 - 1.876 + 1.559  27.358 +3.013
22 204.165 -33.963 13.2 410+40 1.785+0.387 2.391 £0.838 5497 +0.727 14.927 +1.968 0.622 +1.306  0.727 +0.245 4302 + 0.882 1.464 +0.648  19.684 + 1.020

Notes. IFU number, coordinates, galactocentric distance, velocity dispersion, and equivalent widths (in A) of NIR line-strength indices for the 13
KMOS IFUs considered. Only values measured in pseudo-continuum bands with S/N > 20 per pixel are included.

Table 3. EWs in A of the four radial bins and the central IFU.

R (arcsec) R/R, Mg2h FeH1 Sih CO All Brl10 Nadk FeB CO12

0 0.000 4.321+0.329 2579+0.322 4.086+0.163 17.834+0.628 4.482+0.617 1.429+0.167 5.292+0.347 0.886+0.155 20.288 + 0.409
13 0228 1.344+0.169 0853 +0.198 2.815+0.194 11.139+£0.667 0.949 +0.585 0.662 +0.155 3.650£0.552 1.231 £0.271 18.415 + 0.600
23 0.404 2.139+£0.600 0.664 +0.371 3.158 £0.268 12.855+0.919 2484 +0.710 1.027 +0.193 2.305+0.822 1.163 +£0.324 19.493 + 0.867
33 0.579 0.445+0.668 0.829 +0.444 2304 +0.385 6.019+1.209 0.584+0.989 0.512+0.333 -1.643+0.905 1.908 +0.696 21.666 + 1.749
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635 Appendix A: Equivalent widths of the individual CO indices in the H band

Table A.1. KMOS IFU properties and NIR line-strength measurements of the single CO indices in the H band.

IFU RA Dec R (arcsec) COl1 CcO2 CO3 CO4 CO5

2 204.165 -33.957 30.5 0.658 + 0.440 - 1.517 £ 1.379  1.366 = 1.313  0.141 + 0.202
4 204.162  -33.960 21.0 3.861 £1.240 0.529 £2410 1.126 £0.594 2.772 +£0.433 0.864 + 0.539
5 204.157 -33.958 31.7 0.384 +0.778 2.687 +1.362 -0.803 +1.191 1.812+1.131 1.769 £+ 0.619
6 204.162  -33.966 0.0 5.759 £ 0.284 3.310+0.397 3.595+0.292 3.003+0.176 2.168 +0.159
8 204.156  -33.966 24.9 5.612+0.460 5.509 +£1.516 3.700+0.743 2.155+0.245 2.202 + (0.293
10 204.152  -33.969 38.1 0.660 = 0.585 2.489 +1.733 3421 +1.880 3.830+ 1.181 3.579 +0.760
12 204.160 -33.968 13.2 2.600 £ 0.175 1.603 £0.633 3.201 £ 0.601 2.458 +0.339 1.096 + 0.253
14 204.162 -33.971 21.0 2588 +0.435 2.010+0476 1.375+0.276 2337 +0.242 1.549 +0.305
16 204.166 -33.973 30.7 1.337 £ 0.799 - -0.134 £ 0.267 0.801 = 0.507 -

18 204.170 -33.971 33.7 2.735+£0.959 4.616 +2.481 - 5.142 £ 0.893  0.687 + 0.248
20 204.169  -33.965 254 3.903 £0.828 9.752+1.732 0.723 +0.950 3.904 +0.737 0.932 +0.440
21 204.169 -33.959 32.6 2901 £0.768 3.338 £+0.748 -0.725+0.317 2.509 + 0.432 0.376 + 0.484
22 204.165 -33.963 13.2 4284 +0.515 4289+ 1580 1.110+0.831 3.709 +0.442 1.536 +0.473

Notes. IFU number, coordinates, galactocentric distance, and equivalent widths (in A) of NIR line-strength indices for the 13 KMOS IFUs
considered. Only values measured in pseudo-continuum bands with S/N > 20 per pixel are included.

Table A.2. EWs in A of the four radial bins and the central IFU of the CO indices in the H band.

R (arcsec) R/R, COl1 CcO2 CO3 CO4 CO5

0 0.000 5.759+0.285 3310+ 0.410 3.595+0.283 3.003+0.186 2.168 +0.172
13 0.228 3.125+0.206 1.897 +0.421 2.286 +0.324 2.728 +0.208 1.104 = 0.277
23 0.404 3.779 £0.347 3.620 £ 0.662 1.612 +0.417 2.579 £0.154 1.266 + 0.298
33 0.579 1.452+0.344 1.127+£0.514 0.089 £ 0.674 2.448 + 0.697 0.903 + 0.372
46.5 0.816 -1.062 +0.828 1.606 + 1.604 -1.534 +1.068 2.041 +0.673 0.905 + 0.659
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