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ABSTRACT

Context. Classical Cepheids are fundamental primary distance indicators and crucial tracers of the young stellar population in the
Milky Way and nearby galaxies. While most chemical abundance studies of Cepheids have been carried out in the optical domain,
near-infrared (NIR) spectroscopy offers unique advantages in terms of reduced extinction and access to new elemental tracers.
Aims. Our goal is to validate NIR abundance determinations against well-established optical results and to explore the diagnostic
power of previously unexplored NIR lines. NIR spectroscopy is far less hampered by interstellar extinction than optical observations,
which allows us to probe Cepheids at larger distances and in highly obscured regions of the Galaxy. Moreover, the H and K bands
provide access to diagnostic lines of elements (e.g., P, K, and Yb) that are not available in the optical domain.
Methods. We acquired high-resolution (R ≈ 45 000) spectra of 21 Galactic and 2 Large Magellanic Cloud (LMC) classical Cepheids
with the high-resolution Immersion Grating Infrared Spectrometer (IGRINS) in the H and K bands. Effective temperatures were
derived from a photometric approach and line-depth ratios, and the gravities and microturbulent velocities were estimated using
empirical calibrations and statistical constraints. The abundances of 16 elements were determined through a full spectral synthesis in
local thermodynamic equilibrium. We performed an extensive error analysis and compared our results with previous optical studies
of the same stars.
Results. Our NIR abundances and the optical literature values agree very well (∆[Fe/H]≤ 0.02 dex and σ ≈ 0.07 dex), which confirms
the reliability of IGRINS-based measurements. The derived abundance gradients in the Galactic disk are fully consistent with previous
optical determinations, with slopes of −0.06, −0.05, and −0.05 dex kpc−1 for Fe, Mg, and Si, respectively. We provide homogeneous
determinations of P, K, and Yb abundances from NIR lines for classical Cepheids for the first time, and we report trends that are
consistent with Galactic chemical evolution models. Moreover, the two LMC Cepheids included in our sample that were previously
analyzed in the optical provide a direct benchmark that confirms the accuracy of NIR abundance determinations in extragalactic
metal-poor environments.
Conclusions. Our study demonstrates that high-resolution NIR spectroscopy of Cepheids yields robust abundances that are fully
compatible with optical results and provides access to additional elements of nucleosynthetic interest. These results pave the way
for future large-scale NIR surveys of Cepheids with facilities such as MOONS, ELT, and JWST, which are crucial for tracing the
chemical evolution of the Milky Way and nearby galaxies in heavily obscured regions.
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1. Introduction

A detailed understanding of classical Cepheids (Cepheids here-
after) is crucial in several astrophysical contexts. First, they are
the most important primary distance indicators in the extragalac-
tic distance scale owing to the Leavitt law (Leavitt & Pickering
1912), which establishes a period-luminosity (PL) relation.
? Corresponding author: giovanni.catanzaro@inaf.it

When they are calibrated using independent geometric dis-
tances, for instance, trigonometric parallaxes, eclipsing bina-
ries, or water masers, these relations form the first step of the
cosmic distance ladder. This primary rung supports the calibra-
tion of secondary distance indicators, such as Type Ia super-
novae, which enables distance measurements to galaxies in the
Hubble flow (see, e.g. Freedman et al. 2011; Riess et al. 2016,
2021).
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Cepheids are also excellent tracers of young stellar pop-
ulations. They enable detailed studies of metallicity gradi-
ents along the disk and spiral arms of the Milky Way
(MW; see, e.g., Andrievsky et al. 2002; Luck & Lambert
2011; Pedicelli et al. 2009; Genovali et al. 2015; Lemasle et al.
2018; Luck 2018; Ripepi et al. 2022a; da Silva et al. 2023;
Trentin et al. 2023, 2024, and reference therein) and investiga-
tions into the three-dimensional geometry, age, and kinematics
of the Galactic disk and the Magellanic Clouds (e.g., Chen et al.
2019; Skowron et al. 2019; Subramanian & Subramaniam 2015;
Ripepi et al. 2017; De Somma et al. 2021; Poggio et al. 2021;
Lemasle et al. 2022; Ripepi et al. 2022b; Drimmel et al. 2025;
De Somma et al. 2025). Moreover, from theoretical studies of
their stellar pulsation, independent constraints on the stellar
masses can be derived (see, e.g., Marconi et al. 2020, and ref-
erence therein).

While most chemical abundance studies of Cepheids have
been performed in the optical, near-infrared (NIR) spectroscopy
offers distinct advantages. The significantly reduced interstellar
extinction in the NIR (e.g., the K-band absorption is roughly ten
times lower than in the V band; Cardelli et al. 1989) makes it
possible to observe Cepheids in highly obscured regions, such
as the inner Galactic disk or dust-embedded star-forming com-
plexes. Furthermore, the NIR spectral window provides access
to unique diagnostic lines of elements such as phosphorus (P),
potassium (K), and ytterbium (Yb), which are challenging to
measure in the optical. High-resolution spectrographs such as
the Immersion GRating INfrared Spectrometer (IGRINS), which
cover the H and K bands simultaneously, allow precise atmo-
spheric and abundance analyses for Cepheids in regions in which
optical observations are not possible.

We present high-resolution IGRINS spectra of 23 classi-
cal Cepheids and perform the first homogeneous abundance
analysis of P, K and Yb in the NIR for this sample. The tar-
gets of this proposal are composed of 21 well-known Galactic
Cepheids and two Large Magellanic Cloud (LMC) Cepheids.
The former are part of the sample observed photometrically
by the Hubble Space Telescope (HST) and used in the local
calibration (using the Gaia mission parallaxes) of the period–
Wesenheit1 relation in the F160W, F555W, F814W bands (see
Riess et al. 2021; Bhardwaj et al. 2023). The two LMC Cepheids
were included as a first-step test of the reliability of NIR-based
abundance measurements in extragalactic low-metallicity envi-
ronments. Twelve stars from the full sample (reported in Sect. 5)
were also observed by us in the optical bands with the 3.6 m
Canada-France-Hawaii Telescope (CFHT; see Bhardwaj et al.
2023 and below) to allow for a direct cross-validation of the
NIR-optical results on the same objects.

In this respect, this work can be regarded as a pilot project
that demonstrates the potential of high-resolution NIR spec-
troscopy of Cepheids for distance-scale applications and as
tracers of young stellar populations. While previous NIR stud-
ies of Cepheids have been carried out, such as those by
Inno et al. (2019, R ≈ 3000, covering up to the K band) and
Matsunaga et al. (2023, R ≈ 28 000, limited to the J and H
bands), none has reached the spectral resolution and simulta-
neous H–K coverage provided by IGRINS (R ≈ 45 000). For
the first time, high-resolution spectra of classical Cepheids in
the full H and K bands allow us detailed abundance determina-
tions and robust comparisons with optical results. In the context

1 The Wesenheit magnitude is reddening-free by construction, as long
as the reddening law is known (Madore 1982).

of the C-MetaLL project2 (Cepheid – Metallicity in the Leavitt
Law; see Ripepi et al. 2021; Trentin et al. 2023; Bhardwaj et al.
2024; Trentin et al. 2024; Ripepi et al. 2025, for details), we aim
to measure chemical abundances for a large number of Galac-
tic classical Cepheids (DCEPs) using HiRes spectroscopy, and
specifically, to extend the iron abundance range into the metal-
poor regime, in particular, [Fe/H] < −0.4 dex. The most metal-
poor Cepheids are located at large galactocentric radii, often in
regions in which interstellar extinction significantly dims these
objects in the optical, while they are still bright in the NIR
regime and within reach of instruments such as IGRINS.

The structure of the paper is the following: We present in
Sect. 2 our data and observations, and in Sects. 3 and 4, we
describe the data analysis and abundance estimation, respec-
tively. The results of our analysis are presented in Sect. 5. They
demonstrate that NIR spectroscopy can complement and extend
optical studies in tracing Galactic chemical evolution and are dis-
cussed in Sect. 6. We conclude in Sect. 7.

2. Observations and data analysis

We present high-resolution NIR spectroscopic observations of
23 classical Cepheids, 21 of which are located in the Milky
Way, and 2 lie in the Large Magellanic Cloud. The targets are
listed in Table 1, together with the observation log. All data
were acquired using the IGRINS instrument (see Yuk et al. 2010;
Gully-Santiago et al. 2012; Moon et al. 2012; Park et al. 2014;
Jeong et al. 2014, for a detailed description), which is mounted
on the Gemini South telescope3.

The IGRINS is a compact high-resolution spectrograph that
employs a silicon immersion grating for primary dispersion, cou-
pled with individual volume-phase holographic (VPH) gratings
as cross-dispersers in separate optical arms. This configuration
enables the simultaneous coverage of the H (1.49–1.80 µm) and
K (1.96–2.46 µm) bands across a continuous wavelength range
of 1.49–2.46 µm in a single exposure and achieves a spectral res-
olution of R = 45 000. The absence of moving cryogenic com-
ponents ensures consistent spectral formatting and instrumental
stability in all observations (Mace et al. 2016, 2018).

The data were reduced using the IGRINS pipeline package
(PLP; Lee et al. 2017), which includes flat-fielding, sky subtrac-
tion, wavelength calibration (via OH airglow lines and Th-Ar
arcs), and optimal extraction of 1D spectra. The final signal-to-
noise ratios (S/N) ranged from 80 to 160 per pixel across the
sample as assessed in continuum regions free of telluric or stel-
lar absorption features.

Telluric contamination was rigorously mitigated using obser-
vations of A0V standard stars obtained at airmasses that closely
matched (±0.1) to those of the target Cepheids.

3. Atmospheric parameters

The effective temperatures (Teff) for our sample of classical
Cepheids were derived through two independent methods: A
photometric approach leveraging the intrinsic stellar variability,
and a spectroscopic technique based on line-depth ratios (LDRs)
of selected absorption features.

The photometric method relies on phase-resolved photom-
etry from the Gaia BP and RP bands, calibrated against
established color–temperature relations for Cepheids from
Mucciarelli et al. (2021). The E(B − V) values were taken

2 https://sites.google.com/inaf.it/c-metall/home
3 PI: Bhardwaj, GS-2021-Q-218.
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Table 1. Logbook for our sample of classical Cepheids.

ID α δ V H K RGC Periods Epoch
(Kpc) (days)

AQ Car 10:21:22.97 −61:04:26.74 8.84 6.81 6.62 7.998 9.769 1672.97679
AQ Pup 07:58:22.09 −29:07:48.34 8.54 5.33 5.09 9.711 30.159 1686.22330
DR Vel 09:31:40.98 −49:39:18.02 9.25 5.95 5.73 8.398 11.198 1639.20392
RV Sco 16:58:19.74 −33:36:32.77 6.61 4.82 4.63 7.465 6.061 1694.21204
S Nor 16:18:51.84 −57:53:59.26 6.49 4.50 4.22 7.537 9.754 1677.96602
SS Cma 07:26:07.19 −25:15:26.44 9.84 6.96 6.72 7.572 12.352 1727.20348
S Tra 16:01:10.71 −63:46:35.53 6.41 4.78 4.59 10.385 6.323 1687.38298
SV Vel 10:44:56.35 −56:17:22.39 7.91 5.85 5.65 7.958 14.096 1664.47433
SV Vul 19:51:30.91 +27:27:36.84 6.74 3.93 3.81 7.630 44.914 1648.77206
T Mon 06:25:13.00 +07:05:08.56 5.98 3.69 3.58 9.496 27.030 1534.74614
U Aql 19:29:21.36 −07:02:38.66 6.61 4.12 3.98 7.711 7.023 1738.58760
U Car 10:57:48.19 −59:43:55.88 6.11 3.94 3.79 7.900 38.791 1689.19045
U Sgr 18:31:53.33 −19:07:30.26 6.68 4.13 4.00 7.660 6.745 1658.94643
V0636 Sco 17:22:46.48 −45:36:51.40 6.74 4.69 4.47 7.460 6.797 1649.66280
VZ Pup 07:38:35.23 −28:29:58.60 10.15 6.66 6.46 10.947 23.172 1706.60561
W Gem 06:34:57.45 +15:19:49.70 6.54 4.77 4.58 9.279 7.911 1698.55659
WX Pup 07:41:59.01 −25:52:34.25 9.09 6.71 6.54 9.850 8.936 1740.15958
WZ Sgr 18:16:59.71 −19:04:32.99 7.45 5.05 4.78 6.451 21.847 1659.64400
X Pup 07:32:47.04 −20:54:34.88 8.46 5.41 5.22 9.494 25.971 1726.99566
XX Car 10:57:09.22 −65:08:05.12 9.42 6.90 6.69 7.747 15.714 1698.91765
YZ Car 10:28:16.84 −59:21:00.68 8.24 5.95 5.79 8.025 18.172 1655.42586
OGLE LMC-CEP-0512 04:58:10.80 −69:56:58.78 13.13 11.04 10.64 39.446 1613.85833
OGLE LMC-CEP-0992 05:07:15.98 −68:53:00.55 12.30 10.32 10.22 52.875 1576.47483

Notes. The columns list the name of the star in the literature (ID), coordinates referred to 2000.0 equinox (α and δ), magnitudes in the V , H, and
K band, the galactocentric radius (RGC, see Gaia Collaboration 2023), pulsational periods, and epochs from Gaia DR3.

from the literature (Trentin et al. 2024). Based on the light
curves in the BP and RP bands, we estimated the phase-
dependent de-reddened color and calculated the temperature.
The spectroscopic method is based on the LDR calibrations of
Kovtyukh et al. (2022) and Afşar et al. (2023), which exploit the
temperature sensitivity of line pairs (e.g., Ti/Fe blends versus V
I lines) in the H and K bands. This technique provides direct
reddening-insensitive Teff measurements tied to the stellar atmo-
sphere.

The two temperature sets are compiled in Table 2, with
uncertainties of 50–300 K (spectroscopic) and 50–190 K (photo-
metric). Figure 1 shows that the methods agree across the sam-
ple, with a mean residual ∆Teff = −90 ± 200 K (photometric
minus spectroscopic) and no systematic trends. Considering that
the spectroscopic method is less affected by extinction uncertain-
ties, we used the spectroscopically derived Teff values for our
subsequent chemical and dynamical analyses. This agreement
confirms that line-depth ratios (LDRs) reliably trace Cepheid
temperatures in the near-infrared.

To further validate our adopted temperatures, we compared
our spectroscopic Teff estimates with values from optical spec-
troscopic studies for a subset of stars in common with the works
by Kovtyukh et al. (2005), Luck (2018), and Luck & Andrievsky
(2004). For each comparison, we selected the literature value
corresponding to the pulsation phase closest to our observation,
taking into account differences in period and epoch definitions
among the various datasets. The comparison is shown in Fig. 2,
where we plot the temperature differences (this work minus the
literature) for each star. The agreement is generally good across
the sample, which confirms the reliability of our spectroscopic
determinations. The only noticeable deviation is derived for X
Pup, which shows a larger discrepancy, but still within ∼2σ from

literature values. This offset may stem from residual uncertain-
ties in the phase alignment between our observations and those
from the literature, as small shifts in pulsation phase can signifi-
cantly affect Teff estimates in Cepheids.

The determination of surface gravity (log g) and microtur-
bulent velocity (ξ) in our NIR analysis presents specific chal-
lenges. In the optical domain, log g is typically constrained
by enforcing ionization equilibrium between Fe I and Fe II
lines. The NIR spectral window lacks suitable Fe II lines, how-
ever, making this direct method unfeasible. Similarly, a reliable
spectroscopic determination of ξ from NIR spectra is com-
promised by the prevalence of saturated lines, which weak-
ens the sensitivity of the line strength to the microturbulence
parameter.

To overcome these limitations, we adopted well-established
empirical and statistical approaches. For log g, we used the cali-
brated relation from Elgueta (2021) and Matsunaga et al. (2023),

log g = 6.483 log10(Teff/5800) − 0.775 log10 P + 2.475. (1)

This relation is based on a large sample of well-characterised
Cepheids from Luck (2018) and shows minimal dispersion
(0.108 dex), providing a robust and consistent estimate. For the
microturbulence, we employed a statistical constraint derived
from the full C-MetaLL sample of 538 spectra of classical
Cepheids analyzed so far by us (Ripepi et al. 2021; Trentin et al.
2023, 2024). The distribution of ξ measurements was fit with
a Gaussian profile, which yielded a characteristic value of ξ =
3.3 ± 0.6 km s−1 (see Fig. 3), which we adopted for all stars in
the sample.

To assess the effect of this assumption, we recalculated the
iron abundances for two representative stars (SV Vul and X Pup)
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Table 2. Derived atmospheric parameters for the sample of classical Cepheids.

ID HJD Phase T Phot
eff

T Spec
eff

log g Vrad vbr
(2400000.+) (K) (K) (km s−1) (km s−1)

AQ Car 59576.853883 0.043 5547± 67 5500± 100 1.5± 0.1 58.3± 0.2 13.0± 0.7
AQ Pup 59488.888079 0.379 4639± 73 5000± 110 0.9± 0.1 121.0± 0.2 7.0± 0.5
DR Vel 59505.861295 0.350 5048± 75 5200± 80 1.3± 0.1 94.8± 0.2 8.0± 1.2
RV Sco 59695.690020 0.610 5238± 67 5100± 50 1.5± 0.1 53.8± 0.2 12.0± 0.6
S Nor 59656.791525 0.135 5382± 45 5300± 50 1.5± 0.1 51.5± 0.2 12.0± 0.8
SS Cma 59482.854633 0.099 5583± 67 5650± 80 1.8± 0.1 126.1± 0.2 14.0± 0.8
S Tra 59651.740433 0.565 5261± 54 5050± 80 1.2± 0.1 74.3± 0.2 15.0± 2.0
SV Vel 59436.455912 0.643 4963± 86 5150± 60 1.2± 0.1 121.4± 0.3 13.0± 2.2
SV Vul 59705.903788 0.669 4731± 75 5050± 75 0.8± 0.1 77.4± 0.3 15.0± 0.6
T Mon 59651.514273 0.941 5592± 193 5700± 125 1.3± 0.1 117.2± 0.3 18.0± 1.0
T Mon 59694.465267 0.529 4769± 129 4850± 75 0.9± 0.1 147.5± 0.3 14.0± 1.2
U Aql 59695.852863 0.935 5987± 144 6200± 75 2.0± 0.1 39.4± 0.2 14.0± 0.7
U Car 59603.788465 0.045 5524± 114 6000± 300 1.3± 0.2 49.4± 0.4 17.0± 1.5
U Sgr 59695.837884 0.949 5912± 111 5950± 135 1.9± 0.1 45.0± 0.2 15.0± 0.9
V0636 Sco 59692.696240 0.657 5244± 69 4950± 90 1.4± 0.1 97.5± 0.3 16.0± 0.5
VZ Pup 59488.882649 0.546 4873± 77 5000± 80 1.0± 0.1 138.2± 0.2 7.0± 0.5
W Gem 59641.518548 0.025 6045± 135 6150± 160 1.9± 0.2 96.1± 0.2 14.0± 0.4
WX Pup 59488.866445 0.486 5270± 69 5300± 110 1.5± 0.1 117.7± 0.2 7.0± 0.5
WZ Sgr 59695.870539 0.934 5971± 157 5650± 70 1.4± 0.1 13.6± 0.3 18.0± 0.8
X Pup 59488.859321 0.738 4742± 73 4800± 120 0.8± 0.2 157.0± 0.4 21.0± 0.6
XX Car 59438.455383 0.764 5153± 82 5600± 65 1.5± 0.1 85.0± 0.2 14.0± 1.4
YZ Car 59578.864370 0.009 5573± 147 5900± 140 1.6± 0.1 67.5± 0.2 14.0± 0.6
YZ Car 59582.821720 0.227 5129± 119 5500± 60 1.3± 0.1 70.6± 0.2 10.0± 0.6
OGLE LMC-CEP-0512 59491.680453 0.948 5645± 122 5550± 190 1.1± 0.2 334.2± 0.8 30.0± 2.0
OGLE LMC-CEP-0992 59588.610443 0.232 5310± 70 5300± 70 0.9± 0.1 355.2± 0.2 11.0± 0.6

Notes. The columns include the star identifier (ID), the heliocentric Julian date (HJD), the phase, the effective temperature and uncertainties from
photometry (T Phot

eff
) and spectroscopy (T Spec

eff
), the surface gravity (log g), the radial velocity (Vrad), and the broadening velocity (vbroad).

using alternative values of ξ equal to 2.3 and 4.3 km s−1. Figure 4
shows that the resulting abundance differences are always below
0.1 dex and fall within the typical uncertainties of our mea-
surements. This confirms that adopting a fixed microturbulent
velocity does not significantly affect our abundance results and
supports the validity of our approach in the context of NIR
analyses.

We acknowledge that these indirect approaches are a limita-
tion of NIR-based analyses compared to the more direct methods
available in the optical. The consistency of our final atmospheric
parameters and the resulting abundances with extensive optical
studies (see Sect. 5) validates our method, however. The excel-
lent agreement in the derived abundance gradients and individ-
ual element trends demonstrates that these adopted values for
log g and ξ do not introduce significant systematic biases and
are appropriate for a homogeneous NIR abundance analysis of
Cepheids.

Finally, we determined the spectral broadening (vbroad)
through synthetic spectral fitting of multiple Fe I features. The
synthetic spectra were convolved with Gaussian profiles of vary-
ing widths and compared to the observed line shapes. The result-
ing atmospheric parameters (Teff , log g, vbroad) for all program
stars are compiled in Table 2.

4. Abundances

To mitigate spectral line blending and broadening effects, we
employed spectral synthesis techniques. Synthetic spectra were
generated through a three-step process:

Fig. 1. Upper panel: comparison between effective temperatures
derived from spectroscopy and photometry. The solid red solid repre-
sents the bisecting line. Bottom panel: residuals, computed as ∆Teff =

T Phot
eff
− T Spec

eff
. They show a mean offset of −90 ± 200 K. The solid red

line represents the null difference (∆Teff = 0), and the dashed blue line
shows the mean residual (−90 K). The region of ±1σ scatter is delimited
by dotted blue lines.
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Fig. 2. Comparison between the effective temperatures derived in this
work (via LDRs) and those from optical spectroscopic studies available
in the literature for selected Cepheids. The plot shows the difference
∆Teff = T this work

eff
− T literature

eff
star by star. Each color corresponds to a

different source: black shows Luck (2018), blue shows Kovtyukh et al.
(2005), and red shows Luck & Andrievsky (2004). Each star is labeled
with the corresponding phase.

0 1 2 3 4 5 6 7
Microturbulence (km s

-1
)

0.0

0.5

1.0

0 1 2 3 4 5 6 7
Microturbulence (km s

-1
)

0.0

0.5

1.0 3.3 ± 0.6 km s
-1

Fig. 3. Distribution of microturbulence velocities for the sample of 538
classical Cepheids from the C-MetaLL survey. The Gaussian fit to the
distribution yields ξ = 3.3± 0.6 km s−1, as labeled.

1. Atmospheric modeling: Plane-parallel local thermodynamic
equilibrium (LTE) atmospheric structures were computed
using atlas9 (Kurucz 1993), initialized with stellar param-
eters from Table 2.

2. Spectral synthesis: Synthetic spectra were generated with
synthe (Kurucz & Avrett 1981). The line lists and
atomic parameters we adopted mainly originate from
Castelli & Hubrig (2004), which provides updated oscillator
strengths (log g f ) and damping constants for the compila-
tion of Kurucz (1995). These were supplemented with data
from vald3 (Piskunov et al. 1995) and cross-verified against
the APOGEE DR16 line list (Smith et al. 2021). This multi-
source approach ensured completeness for NIR diagnostics
and consistency in damping treatments. Finally, the spectral
lines we selected together with their atomic parameters are
provided in Table 3, available in electronic form at the CDS.

3. Broadening convolution: Synthetic spectra were convolved
with Gaussian kernels to match instrumental resolution (R ∼
45 000) and velocity broadening (including rotational and
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Fig. 4. Effect of microturbulent velocity on the derived FeI abundances
for two representative stars in the sample, SV Vul and X Pup. Each panel
shows the abundance distributions obtained by adopting three different
values of ξ: 3.3 km s−1 (pink histogram with the black Gaussian fit),
2.3 km s−1 (red), and 4.3 km s−1 (blue). In all cases, the resulting dif-
ferences are smaller than 0.1 dex and lie within the typical abundance
uncertainties, supporting the robustness of using a fixed ξ in our analy-
sis.

macroturbulent velocities), optimized by fitting unblended
metal lines.
The abundances were derived for 16 elements (C, N, Na, Mg,

Al, Si, P, S, K, Ca, Ti, Mn, Fe, Ni, Ce, and Yb) using a χ2 min-
imization. In particular, the spectra were divided into 25–50 Å
intervals, and the abundance solutions were obtained by mini-
mizing

χ2 =

n∑
i=1

w2
i

[
Fobs(λi) − Fsynth, (λi, A)

]2
,

where A is the elemental abundance and wi = 1/σi are
the weights associated with the Fobs(λi) (i.e., signal-to-noise
ratio S/N). The IDL implementation of the amoeba algorithm
(Press et al. 1992) performed the optimization. The final abun-
dances represent the median of all valid solutions per element.

The uncertainties were estimated via Monte Carlo simula-
tion, perturbing the continuum placement (±0.5%) and atmo-
spheric parameters within the errors (Teff ± 150 K, log g ±
0.15 dex). The 1σ dispersion of the resulting abundance distri-
butions defined our reported errors. These simulations indicate
a typical uncertainty contribution of ± 0.1 dex. Then, the total
errors were evaluated by summing the value obtained by the
error propagation and the standard deviations obtained from the
average abundances in quadrature. For elements with only one
measurable spectral line (e.g., phosphorus), we were unable to
estimate the dispersion from multiple lines. In these cases, we
conservatively adopted the maximum uncertainty derived from
the error propagation on the stellar parameters, which amounts
to ≈0.15 dex. The final list of LTE abundances for all stars is
provided in Table 4, available in electronic form at the CDS. All
abundances are referred to the solar value (Grevesse et al. 2011).

Our abundance analysis was based on the assumption
of local thermodynamic equilibrium (LTE). While non-LTE
(NLTE) effects can impact certain elements, particularly in the
infrared (IR) domain, this assumption remains justified for our
study based on several lines of evidence. The Cepheids in our
sample span effective temperatures of Teff ≈ 4800 – 6200 K
and metallicities −0.4≤ [Fe/H]≤ 0.3 dex, which is well within
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Fig. 5. Representative subsample of 13 observed spectra (black) in the region between λ= 22 450 and 22 750 Å. The best-fitting synthetic spectra
are overplotted in red. The spectra are ordered from top to bottom by decreasing effective temperature (see Table 2). The main spectral lines are
identified at the top and are highlighted with dotted vertical black lines.

the stellar parameter range explored in recent NLTE studies of
cool giants.

In particular, Amarsi et al. (2020) and Lind et al. (2022)
showed that NLTE corrections for elements such as Si, Ca,
Ti, and Fe are negligible (≤0.05 dex) in this regime. For Na,
Mg, and Al (elements for which we used NIR transitions par-
tially in common with the lines analyzed in Lind et al. (2022)),
the reported NLTE–LTE abundance differences for solar metal-
licity stars and mild subgiants mostly remain below 0.1 dex.
Stronger NLTE effects (up to ≈0.3 dex) are found for some Al
lines beyond 2.1 µm, which we flagged as less reliable. Simi-
larly, Korotin et al. (2020) quantified NLTE corrections for a set
of IR transitions in Na, Mg, Al, S, and K for stars with metallic-
ities similar to our targets. They reported typical corrections of
≤0.07 dex for all elements except K, for which NLTE effects can
reach ≈0.2 dex.

Based on these findings, and because our analysis is
based on differential abundances with respect to the Sun,
the systematic impact of NLTE effects on our overall abun-
dance patterns and Galactic gradients is expected to be
limited. This is also supported by the strong agreement
found between our IGRINS-based abundances and those
derived from optical often NLTE-corrected analyses (see
Sect. 5).

We therefore conclude that the LTE approximation, while not
perfect, remains appropriate within the scope and precision of
our analysis. A more detailed NLTE treatment will be explored
in a forthcoming paper. Figure 5 shows a representative example
of our observed (black) and best-fit synthetic (red) spectrum that

illustrates some of the identified lines in the range λ 22 450–
22 750 Å.

5. Results

We present the chemical abundance results derived from the
high-resolution IGRINS spectra of 23 classical Cepheids. The
analysis focused on elements that are commonly studied in the
optical domain (e.g., Fe, Mg, and Si), which enable a direct com-
parisons, and on species that are primarily accessible in the NIR
(e.g., P, K, and Yb).

Figure 6 shows the radial Galactocentric gradients. The dis-
tances were estimated following the procedure described by
Gaia Collaboration (2023) and Ripepi et al. (2022a) and used in
other works of the C-MetaLL project. We calculated the appar-
ent Wesenheit magnitude W = G − 1.90× (GBP −GRP) using the
Gaia photometry (Ripepi et al. 2019) and the absolute W mag-
nitude from the PWZ relation W = (−5.988 ± 0.018) − (3.176 ±
0.044)(log P − 1) − (0.520 ± 0.09)[Fe/H] (Ripepi et al. 2022a).
From these two relations, we obtained the distance modulus and
then the distance. The new measurements broadly follow the
trends established by previous optical studies, which confirms
the negative abundance gradients across the Galactic disk. In
particular, the slopes derived by Trentin et al. (2024) for [Fe/H],
[Mg/H], and [Si/H] are −0.064, −0.055, and −0.049 dex kpc−1,
respectively, and our data are fully consistent with these values.
Although the radial coverage is comparable to that of previous
studies, our analysis provides an independent validation of these
trends based on near-infrared H- and K-band spectroscopy with
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The colors are the same as in Fig. 6.

IGRINS. This supports the reliability of abundance determina-
tions in different spectral ranges.

The chemical abundance patterns of our stellar sample are
also presented in Fig. 7, where we plot [X/Fe] ratios against
metallicity [Fe/H]. The gray points, taken from the C-MetaLL
sample, provide a valuable baseline for comparison and establish
the general chemical evolution trends in the stellar population.

Our analysis reveals several key features. The overall trend
shows the characteristic decline in [X/Fe] with increasing
[Fe/H], consistent with the established scenario of Galactic
chemical evolution where Type Ia supernovae begin to contribute
significantly to iron production after the initial enrichment by
core-collapse supernovae (SNeII). The red points, representing
our specific measurements, agree very well with the C-MetaLL
trends, which validates our analysis method.

Notably, the spread in [X/Fe] ratios at low metallicities
in our data and the C-MetaLL sample reflects the inhomoge-
neous nature of chemical enrichment in the early Galaxy. The

consistency between our results and the optical measurements
strengthens the interpretation that these patterns represent gen-
uine features of Galactic chemical evolution and are not analysis
artifacts.

To further assess the reliability of our abundance determi-
nations based on NIR spectra, we compared our results with
independent measurements available in the literature for the
same stars. Figure 8 presents a direct comparison for 12 stars
between the abundances derived in this work and those published
by Bhardwaj et al. (2023, Fe only) and Trentin et al. (2024,
11 chemical species) based on optical high-resolution spec-
tra obtained with the Echelle SpectroPolarimetric Device for
the Observation of Stars (ESPaDOnS4), mounted at the CFHT.
ESPaDOnS operates with a spectral resolution of R = 81 000 and
covers the wavelength range from 3700 to 10 500 Å.

4 https://www.cfht.hawaii.edu/Instruments/
Spectroscopy/Espadons/
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Fig. 8. Differences between elemental species (on the x-axis) derived in this work from near-infrared IGRINS spectra (black dots) and those
published by T24 using optical high-resolution spectra obtained with ESPaDOnS at the CFHT (red dots). On the y-axis, the difference is expressed
in the [X/H] form. Each panel corresponds to a star in common in the two samples.

The two datasets agree very well in general, with a mean
absolute scatter of ≈0.07 dex that is consistent with the typi-
cal measurement uncertainties. For iron, we find a negligible
median offset of less than 0.02 dex, and the dispersion remains
within 0.06 dex. The α-elements magnesium, silicon, and cal-
cium also agree well, with mean differences of 0.05 dex or
less and no significant systematic trends. These results confirm
that the abundances derived from IGRINS H- and K-band spec-
tra are fully compatible with those obtained from optical spec-
troscopy, thereby validating the reliability of our near-infrared
line selection, model atmospheres, and analysis procedures.
This agreement is particularly encouraging for future large-scale
abundance studies in the NIR domain, especially where optical
data may be inaccessible.

We complemented the comparison shown in Fig. 8 by com-
paring our abundance determinations with those available in
the literature outside the C-MetaLL project. We retrieved abun-
dances from different sources, which implemented indepen-
dent analyses (e.g., Luck et al. 2011; Luck & Lambert 2011;
Genovali et al. 2014, 2015). Figure 9 shows this comparison.
These literature studies differ in terms of spectroscopic reso-
lution, wavelength coverage, line selection, and analysis tech-
niques. Despite this methodological diversity, our results agree
at 1σ with the published values. Most data points lie close to
the null difference line, without significant systematic offsets.
This confirms the reliability of our IGRINS-based near-infrared
abundance measurements. This agreement, even in an inhomo-
geneous comparison, reinforces the robustness of our results and
their compatibility with optical literature data.

In Fig. 10 we compare the nitrogen abundances we derived
with near-infrared IGRINS spectra with those published by
Luck et al. (2011) for a subset of 18 stars in common. Despite

the differences in wavelength domain, instrumentation, and line
selection (our abundances are based on the spectral line N I
15852.287 Å and those of Luck et al. (2011) were derived from
optical atomic lines), the agreement between the two datasets is
remarkably good. The median difference is only +0.03 dex, with
a standard deviation of 0.07 dex, well within the expected com-
bined uncertainties. Most points lie close to the one-to-one rela-
tion, and no significant trend with abundance level is observed.
This level of consistency confirms that reliable nitrogen abun-
dances can be obtained from near-infrared spectra and further
supports the robustness of the methodology adopted in this work.

6. Discussion

Our study demonstrates that near-infrared spectroscopy with
IGRINS provides reliable chemical abundances for well-studied
elements and species that are largely inaccessible in the optical
domain. The derived α-element gradients (Mg, Si, Ca, and Ti)
confirm the well-established negative slopes across the Galac-
tic disk that agrees very well with optical studies. These gradi-
ents are a fundamental prediction of inside-out galaxy formation
models (e.g. Spitoni et al. 2019; Grisoni et al. 2018), in which
the inner disk forms stars more rapidly and efficiently, which
leads to earlier and more pronounced enrichment by SNeII. The
consistency of our NIR-based gradients with those from optical
studies and with chemo-dynamical models provides an indepen-
dent validation of these theoretical frameworks. It also under-
scores that NIR spectroscopy is a powerful and reliable tool for
probing Galactic chemical evolution, even in regions in which
optical data are limited by extinction.
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Fig. 9. Comparison between elemental abundances derived in this work from IGRINS near-infrared spectra (black circles) and values available in
the literature for the same stars. The red asterisks correspond to Luck et al. (2011), blue diamonds to Luck & Lambert (2011), orange squares to
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Fig. 10. Comparison between nitrogen abundances derived in this work
from IGRINS near-infrared spectra (y-axis) with those published by
Luck et al. (2011) (x-axis) from optical spectroscopy for 18 stars in
common. The solid red line indicates the one-to-one relation.

In addition to the α-elements, our IGRINS spectra enable
the study of potassium, which occupies an intermediate position
between the light α-elements and the heavier neutron-capture
species. The [K/H] abundances derived from the NIR lines
are mildly correlated with [Fe/H], consistent with the behavior
expected for an element that is mainly produced in massive stars
and is released into the interstellar medium by SNeII. The lack
of significant deviations from the solar-scaled trend suggests that
Cepheids accurately trace the present-day potassium content of
the Galactic thin disk. This behavior supports theoretical predic-
tions that K nucleosynthesis is sensitive to the progenitor mass
and explosion energy, with possible contributions from explosive

burning in oxygen- and neon-rich layers (e.g. Kobayashi et al.
2011). Our results identify potassium as a valuable diagnostic
element that bridges the information provided by α-elements and
heavier r- and s-process tracers such as Yb.

A key advancement of this work is the first homoge-
neous determination of phosphorus and ytterbium abundances
in Cepheids from NIR lines. Our phosphorus measurements,
obtained from the P i line at 16482.92 Å in the H band, are
consistent with the method of recent high-resolution NIR stud-
ies. The work on K giants by Nandakumar et al. (2022), who
also used IGRINS, revealed a clear decreasing trend of [P/Fe]
with increasing [Fe/H] for disk stars. This behavior is simi-
lar to that of α-elements such as Mg and Si and supports a
primary nucleosynthetic origin in SNeII that is likely associ-
ated with the α-rich freeze-out process (Timmes et al. 1995;
Cescutti et al. 2012). Recent calibrations of YJ-band P lines in
Cepheids (Elgueta et al. 2024) further highlight the potential of
NIR diagnostics for this element. The successful measurement
of phosphorus in our Cepheid sample, despite challenges such as
telluric contamination and line blending, validates the use of this
infrared feature for reliable abundance determinations in lumi-
nous pulsating stars.

Ytterbium exhibits a more complex behavior. The derived
[Yb/Fe] ratios indicate a dominant r-process contribution
(≈60%), as suggested by their similarity to the [Eu/Fe] trend
(Montelius et al. 2022). The relatively high [Yb/H] values
observed in some disk stars imply a non-negligible s-process
component from asymptotic giant branch stars, however. This
dual origin makes Yb a powerful diagnostic for disentangling
the relative contributions of rapid (neutron star mergers or core-
collapse SNe) and slow (AGB) neutron-capture processes to the
chemical enrichment of the young Galactic disk. The agreement
between our Cepheid Yb abundances and those measured in K
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giants (Montelius et al. 2022) confirms that NIR lines can reli-
ably trace this complex element in different stellar populations.

By combining the classical α-elements, which trace the
yields of core-collapse supernovae, with P (a specific SNeII
product), K (a transitional element with explosive nucleosyn-
thetic origin), and Yb (a mixed r- and s-process tracer), our
NIR study provides a holistic view of nucleosynthesis in the
Galactic disk. The fact that the chemical patterns of Cepheids,
which are representatives of the young stellar population, are
consistent with those of older K giants suggests that the main
production channels for these elements have remained relatively
stable throughout the recent history of the disk. Subtle differ-
ences in the [Yb/Fe] trend at high metallicity might offer future
constraints on the delay-time distribution of r-process events,
however.

Finally, the IGRINS observations of the two Cepheids in
the LMC, OGLE LMC-CEP-0512 and OGLE LMC-CEP-0992,
represent the first high-resolution NIR spectroscopic analysis
of these fundamental variables in an external galaxy. These
two stars were also analyzed in the optical by Romaniello et al.
(2022), allowing for a direct and robust comparison between
NIR and optical abundance determinations. The [Fe/H] values
we derived (−0.39 and −0.31 dex, respectively) are fully consis-
tent with their optical metallicities, which provides a strong val-
idation of the reliability of NIR-based abundance measurements
in low-metallicity extragalactic environments.

7. Conclusions

We presented a detailed chemical analysis of 23 classi-
cal Cepheids observed in the H and K bands with the
high-resolution spectrograph IGRINS. From these data, we
derived atmospheric parameters and abundances for 16 chemical
species. The effective temperatures obtained from near-infrared
line-depth ratios agree very well with photometric estimates and
confirm the reliability of this method for pulsating variable stars.

The abundances derived from the near-infrared spectra are
fully consistent with those obtained from optical high-resolution
studies, with negligible offsets and dispersions within the obser-
vational uncertainties. The α-elements (Mg, Si, Ca, and Ti)
display negative radial gradients across the Galactic disk that
are consistent with previous optical results and with chemo-
dynamical models predicting an inside-out formation of the
Milky Way. This agreement validates the use of near-infrared
spectroscopy as a robust tool for tracing the chemical structure
of the Galaxy, even in regions in which optical observations are
hampered by extinction.

A main outcome of this work is the first homogeneous deter-
mination of phosphorus, potassium, and ytterbium abundances
in Cepheids from near-infrared spectra. The behaviors of phos-
phorus and potassium are compatible with production in massive
stars and SNeII, while ytterbium traces a combination of r- and
s-process enrichment, as expected for neutron-capture elements
in the Galactic disk. The ability to measure these elements,
which are poorly accessible in the optical range, highlights the
unique diagnostic potential of high-resolution NIR spectroscopy.

Overall, our analysis demonstrates that IGRINS is a power-
ful and reliable instrument for abundance studies in Cepheids.
Near-infrared spectroscopy not only confirms large-scale chem-
ical trends previously established in the optical, but also extends
these studies to additional nucleosynthetic tracers and to highly
obscured regions of the Milky Way and nearby galaxies. This
capability paves the way for future large-scale NIR surveys with
facilities such as MOONS, ELT, and JWST, which will be essen-

tial for mapping the chemo-dynamical evolution of our Galaxy
fully.

Data availability

Tables 3 and 4 are available at the CDS via https://cdsarc.
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