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ABSTRACT

The formation of massive galaxies remains a fundamental question in astrophysics, with recent JWST observations suggesting that
intense star formation occurred earlier than previously expected. We used the prototypical massive relic galaxy NGC 1277 as a fossil
record to probe the chemical signatures of early star formation. With a stellar mass of 1.2 ± 0.4 × 1011 M� and a compact structure
(half-light radius of 1.2 kpc), NGC 1277 is representative of massive relic galaxies – systems that formed rapidly at high redshifts
(‘red nuggets’ at z > 2) and have since undergone largely passive evolution, preserving the imprint of their earliest stellar populations.
Using deep near-infrared spectroscopy, we identified unusually strong silicon (Si) absorption features in this galaxy. We measure
[Si/Fe] = 1.05+0.45

−0.27 and [Mg/Fe] = 0.36+0.27
−0.24, corresponding to a significantly enhanced silicon-to-magnesium ratio ([Si/Mg] = 0.67+0.45

−0.27),
which cannot be reproduced by current stellar population models or typical core-collapse supernova yields. This enhancement suggests
a contribution from very massive, metal-poor progenitors during the earliest phases of star formation. Such conditions are consistent
with nucleosynthetic yields from pair-instability supernovae or other enrichment channels associated with extremely massive stars,
whose chemical signatures are expected to remain less diluted in systems like NGC 1277 due to their rapid formation timescales and
minimal late-time accretion. This result provides rare chemical evidence of early massive-star enrichment preserved in a local relic
galaxy and opens a new observational window into the chemical evolution of the Universe.
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1. Introduction

Recent discoveries with the James Webb Space Telescope
(JWST) have revolutionised our understanding of the early for-
mation of massive galaxies, revealing massive, quiescent red
galaxies at unexpectedly high redshifts (z ∼ 7–10; Duan et al.
2024; Weibel et al. 2025). These findings suggest that the first
phase of massive galaxy formation may have occurred much
earlier than previously thought, potentially pushing the initial
burst of star formation into an epoch when the first generation of
stars may have contributed significantly to the chemical enrich-
ment of the Universe. This emerging picture aligns with the
increasingly accepted two-phase formation scenario for massive
galaxies (Oser et al. 2010; van Dokkum & Conroy 2010). In this
modern framework, the first phase involves a rapid and intense
formation of compact, massive galaxies, commonly referred to
as ‘red nuggets’, occurring by z > 2 (Damjanov et al. 2009). Fol-
lowing this brief (<1 Gyr) initial phase, these systems undergo
substantial evolutionary growth over cosmic time, primarily in
size, and to a lesser extent in mass, through mergers and gas
accretion. The giant early-type galaxies (ETGs) observed in the
local Universe are the massive end products of this process. Cru-
cially, the compact red nugget formed during the initial phase
with the earliest generation of stars is not destroyed but can sur-
vive, remaining buried in the central regions of ETGs. Subse-
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quent star formation from recycled and accreted material was
layered over this core, making it increasingly difficult to dis-
entangle and reconstruct the pristine chemical conditions of the
first phase of galaxy formation.

Because merger-driven evolution in the second phase
is a stochastic process, it is believed that, in very rare
instances, some of these high-z red nuggets remained untouched,
mostly avoiding the subsequent accretion that characterises
this second phase. They thus survived in their compact
state until nowadays (Naab et al. 2009). These ancient, undis-
turbed systems are known as ‘massive relic galaxies’ or
‘local red nuggets’ (Trujillo et al. 2009; Ferré-Mateu et al. 2017;
Spiniello et al. 2024). What makes these galaxies particularly
valuable is that they retain the structural and dynamical proper-
ties of their high-redshift counterparts, preserving key imprints
of their early formation history.

Beyond their structural properties, massive relic galaxies
offer a rare window into the chemical enrichment processes that
took place during the earliest phases of galaxy buildup. Because
their stellar populations formed rapidly and have remained
largely undisturbed, their chemical abundances can retain sig-
natures of the nucleosynthetic processes that took place in the
earliest stage of their formation. In this sense, relic galaxies can
be viewed as ‘chemical fossils’, allowing us to probe the nature
of the first generations of stars through their imprint on later stel-
lar populations.
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Identifying relic systems is challenging due to their extreme
rarity (Quilis & Trujillo 2013), but a handful of confirmed exam-
ples exist. Among them, NGC 1277 stands out as the proto-
typical case. First noted for hosting one of the most massive
supermassive black holes known (van den Bosch et al. 2012;
Ferré-Mateu et al. 2015), NGC 1277 is a massive (M∗ = 1.2 ±
0.4 × 1011 M�), extremely compact (Re = 1.2 kpc), rapidly
rotating system whose internal structure and stellar popula-
tion properties closely resemble the compact objects at z ∼
2 (Trujillo et al. 2014; Ferré-Mateu et al. 2017). Surprisingly, it
is strikingly deficient in dark matter (Comerón et al. 2023). The
unique evolutionary history of NGC 1277 is further supported by
its remarkably old and metal-rich globular cluster system, which
lacks the typical blue, metal-poor subpopulation often associated
with later accretion events (Beasley et al. 2018).

Chemical abundance ratios provide key insights into the
star formation histories (SFHs) of galaxies. Since different
elements are produced by stars of varying masses and life-
times, their abundance ratios can act as cosmic clocks, trac-
ing the timescales of star formation (Carretero et al. 2004;
Baumgartner et al. 2005). In particular, α-elements (such as Mg
and Si) are synthesised in massive stars and ejected through core-
collapse supernovae (CCSNe), while Fe is primarily contributed
by Type Ia supernovae (SNe Ia) over timescales &1 Gyr. There-
fore, these abundance ratio measurements serve as a crucial diag-
nostic for understanding how rapidly a galaxy formed the bulk
of its stellar populations. However, to date, the assessment of
α-enhancement in massive galaxies, in particular massive relic
ones, has largely relied on measurements of Mg, which is the pri-
mary tracer used in optical studies. While Mg plays a key role, it
is not the sole contributor to a galaxy’s overall α-enhancement.
Moreover, it is well established that, unlike in the Milky Way,
the various α-elements in massive galaxies are not enhanced in
lockstep (Vazdekis et al. 1997). Given that different α-elements
are produced in different proportions by various nucleosynthetic
channels and in stars of different masses, constraining multiple
α-elements is necessary for a deeper understanding of chemi-
cal enrichment history and the nature of the stellar populations
responsible for it.

Unfortunately, constraining certain α-elements, such as Si
or O, remains challenging in the optical spectral window, as
there are no individual absorption features with strong sensi-
tivity to these elements that can be properly measured (see
e.g. Johansson et al. 2012). This limitation is particularly pro-
nounced in pressure-supported systems such as massive galax-
ies, which exhibit high velocity dispersions that significantly
broaden and smear the observed spectral features. A prime
example is NGC 1277, whose central region reaches a velocity
dispersion of σ ∼ 440 km s−1 (Trujillo et al. 2014).

The near-infrared (NIR) spectral range offers a promising
alternative, as it contains prominent absorption features for sev-
eral α-elements, including Si, as well as iron-peak elements. By
exploiting these features, it becomes possible to access strong
and relatively clean diagnostics of elements that are otherwise
difficult to constrain in the optical, providing complementary
insight into the chemical enrichment history of massive galax-
ies. In particular, silicon exhibits prominent absorption features
in the NIR, making it especially well suited for abundance stud-
ies in this wavelength range. In this work, we used deep NIR
spectroscopy to investigate the chemical abundances of the mas-
sive relic galaxy NGC 1277. Our goal was to explore whether its
abundance patterns provide insight into the nature of the earliest
stellar populations and the chemical conditions present during
the initial phase of galaxy formation.

This paper is organised as follows. In Sect. 2 we describe
the observational data, including the NIR spectroscopy of
NGC 1277 and the comparison sample of massive ETGs.
Section 3 presents the stellar population synthesis (SPS) models
used to interpret the spectral features, while Sect. 4 introduces
the supernova (SN) yield models adopted to explore the origin
of the observed abundance patterns. The measurement of spec-
tral indices is detailed in Sect. 5, followed by the estimation of
elemental abundances in Sect. 6. Our main observational results
are presented in Sect. 7. In Sect. 8 we discuss the implications
of the derived abundance ratios in the context of nucleosynthetic
enrichment and galaxy formation, and we summarise our main
conclusions in Sect. 9.

2. Samples and data

2.1. NGC 1277

For this study, we utilised deep spectroscopic observations of the
prototypical massive relic galaxy NGC 1277, targeting the J and
H bands in the NIR. The data were obtained using the EMIR, the
NIR multi-object spectrograph at the 10.4 m Gran Telescopio de
Canarias (GTC), under programme GTC3-17B (PI: M. Beasley).
Observations were conducted over five nights in 2017, using a
0.6′′ wide long-slit aligned along the major axis of the galaxy.

Light was dispersed using the J and H grisms, covering
wavelength ranges of 1.2–1.3 µm and 1.5–1.8 µm, with spec-
tral resolutions of R ∼ 5200 and ∼4300, respectively. An
ABBA nodding pattern with A and B positions offset by 90′′
was employed to enable accurate sky subtraction. Each 120 s
exposure was repeated across multiple cycles, resulting in 48
exposures in J (12 ABBA cycles) and 36 exposures in H (9
cycles). To correct for telluric absorption, A0V and F- and G-
type standard stars were observed throughout the observing run.
Telluric correction was then performed using the Molecfit
software (Smette et al. 2015; Kausch et al. 2015), which fits syn-
thetic atmospheric transmission models to the observed stellar
spectra. Telluric corrections were applied row by row, account-
ing for molecular absorption features such as H2O, CO2, and
CH4 (see Appendix A for more details).

Due to degradation introduced by EMIR dome flats, flat-
fielding was omitted. This had no impact on the analysis since
the extraction focused on a small 18-pixel region around the pho-
tometric centre of the galaxy, where large-scale flat-field effects
are negligible. Bad pixels and cosmic rays were removed using
the L.A.Cosmic routine (van Dokkum 2001). Wavelength cal-
ibration was performed using OH airglow lines, and in the J
band, Xe arc lines were used to supplement calibration at wave-
lengths <12 000 Å where OH coverage was sparse. The spectra
were geometrically rectified by aligning the spatial centroid of
each column with the galaxy centre. Co-addition of the 2D spec-
tra and standard deviation maps was performed using the IRAF
imcombine task. The accuracy of the standard deviation maps
was validated by measuring noise levels in continuum windows,
yielding scale factors of 1.03 (J) and 1.00 (H), indicating con-
sistency without the need for rescaling.

Final 1D spectra were extracted symmetrically about the
galaxy centre using a 18-pixel aperture (corresponding to 1 Re, or
1.2 kpc). We achieved signal-to-noise ratios (S/Ns) of ∼160 Å−1

in the J band and ∼70 Å−1 in the H band, which are sufficient
for reliable stellar population analysis (Eftekhari et al. 2021).
We derived the radial velocity and velocity dispersion of the
extracted spectra within 1 Re using the pPXF code (Cappellari
2023) in combination with the E-MILES SPS models. These
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kinematic parameters were used to shift the spectra to the rest
frame and to convolve the two bands to a common velocity
dispersion of σ = 440 km s−1 (the highest value in the central
regions).

2.2. Massive ETGs

As a comparison sample, we used observations of a sample of
massive ETGs from La Barbera et al. (2019), consisting of seven
nearby ETGs. All galaxies in this sample lie at the high-mass
end of the ETG population, with central stellar velocity disper-
sions in the range of 280–320 km s−1. Five are brightest clus-
ter galaxies while two others are satellites. The data of these
galaxies consist of high-S/N spectra (>170 Å−1 in optical) from
the X-shooter spectrograph on the Very Large Telescope (VLT)
(Vernet et al. 2011), covering a wide wavelength range from the
ultraviolet (3000 Å) to the NIR (2.5 µm), with a spectral reso-
lution of R ∼ 5500 in the NIR arm. 1D spectra were extracted
along the slit after carefully rectifying and combining 2D expo-
sures.

To enable a direct comparison with NGC 1277, we con-
structed a stacked spectrum from the sample with two different
extractions: one was extracted within an aperture of 1.2 kpc, i.e.
matching the central aperture of NGC 1277; the other was within
1 Re. The effective radius adopted corresponds to the bulge com-
ponent of the galaxies, with an average value of Re ∼ 3.9 kpc
(see Appendix C of La Barbera et al. 2019). To ensure a consis-
tent spatial sampling, spectra were extracted within a width of
1.3′′ (∼1.65 kpc) around the photometric centre of each galaxy,
equivalent to 1.5 times the mean seeing full-width at half max-
imum of the observations. All extracted spectra were re-binned
adaptively in the dispersion direction to achieve a uniform min-
imum S/N of 50 Å−1 across the NIR wavelength range, ensur-
ing reliable measurement of absorption features. The resulting
stacked spectrum serves as a representative benchmark for typi-
cal massive ETGs in the local Universe.

3. Stellar population synthesis models

3.1. Updated E–MILES

We employed the updated E-MILES SPS models (Röck et al.
2015, 2016; Vazdekis et al. 2016; Vazdekis et al., in prep.)
to interpret the observed spectral features. These models
extend into the NIR by both the original (Cushing et al. 2004;
Rayner et al. 2009) and the Extended IRTF (E-IRTF) stellar
library (Villaume et al. 2017), covering wavelengths from 1680
to 50 000 Å. These models utilise theoretical isochrones from the
BaSTI (Pietrinferni et al. 2004) and Padova (Girardi et al. 2000)
databases, which are converted into the observational plane
using extensive photometric stellar libraries (see Vazdekis et al.
2016). The NIR predictions are reliable for stellar populations
older than 1 Gyr. The spectral predictions of the SPS models
have a resolution of R ∼ 1400–3500 in the optical and R =
2000 in the NIR. The E-MILES models offer a range of initial
mass functions (IMFs), including universal and revised Kroupa,
Chabrier, and both unimodal (i.e. single power-law) and bimodal
(i.e. low-mass tapered) IMFs.

In this study, we utilised the updated E-MILES model pre-
dictions based on the BaSTI isochrones, considering ages from 1
to 14 Gyr and total metallicities from solar up to the +0.26 dex.
We adopted a low-mass tapered bimodal IMF with a logarith-
mic slope of 1.3, closely resembling a standard Kroupa IMF
(Vazdekis et al. 1996), as well as a bottom-heavy IMF with a

slope of 3.0 to better match the IMF measured in the centres
of massive galaxies (La Barbera et al. 2019) and of NGC 1277
(Martín-Navarro et al. 2015).

3.2. Conroy et al. (2018) models

To quantify the sensitivity of spectral features to elemental abun-
dances, we used the stellar population models of Conroy et al.
(2018). These models provide flexible and comprehensive pre-
dictions of stellar spectra across a range of ages between 1 and
13.5 Gyr and metallicities between [Fe/H] = −1.5 and +0.3 dex.

The Conroy et al. (2018) models use empirical spectral
libraries (based on MILES and IRTF) and theoretical isochrones
(MIST; Choi et al. 2016; Dotter 2016) to generate synthetic
spectra and adopt a Kroupa IMF. These models cover a broad
wavelength range, extending from 0.37 to 2.4 µm, and include
detailed treatment of various stellar atmospheric parameters and
elemental abundances. In particular, they allow for variations in
individual element abundances, including α-elements and other
important contributors to stellar opacity and absorption features.
The publicly available model simple stellar population (SSP)
spectra are provided at a spectral broadening of σ ∼ 100 km s−1

In this study, we used the models with an age of 13 Gyr
and metallicity [Fe/H] = +0.2 dex, exploring three different
abundance patterns: (i) models with [Mg/Fe] = ±0.3 dex while
keeping other elements fixed at solar values, (ii) models with
[Si/Fe] = ±0.3 dex with all other elements fixed, and (iii) solar-
scaled models.

4. Supernova yield models

To interpret the observed [Si/Mg] abundance ratios in NGC 1277
and in the sample of local massive ETGs, we compared our mea-
surements with theoretical SN nucleosynthetic yields as a func-
tion of progenitor mass and metallicity. These yield models are
taken from the compilation of Nomoto et al. (2013), and include
predictions for several SN types, each contributing differently to
the chemical enrichment of galaxies. Their relative yields of Si
and Mg provide key diagnostics for the origin of the abundance
patterns observed.

– CCSNe: These explosions originate from stars in the mass
range 10–40 M�, and their nucleosynthesis patterns depend
strongly on the progenitor mass and initial metallicity. These
yields are taken from Kobayashi et al. (2006).

– Hypernovae (HNe): These energetic explosions of mas-
sive stars (>25 M�) with significantly larger explosion
energies than standard CCSNe produce enhanced yields
of α-elements such as Si and Mg. The HN yields used
in our work are based on the models of Umeda et al.
(2002), Umeda & Nomoto (2005), and are included in the
Kobayashi et al. (2006) framework.

– Pair-instability supernovae (PISNe): These explosions result
from very massive metal-free stars (140-260 M�) and are
characterised by an overproduction of intermediate-mass ele-
ments, particularly Si. The PISN yields adopted in this work
are from Umeda & Nomoto (2002). These models are partic-
ularly relevant for probing the chemical enrichment by Pop-
ulation III (Pop III) stars.

The SN yield metallicities used in this study were: Z = 0.0000,
0.0010, 0.0040, 0.0080, 0.0200, and 0.0500. To classify SN
types, we followed the progenitor mass and explosion energy
criteria of Nomoto et al. (2013). Specifically, SNe were catego-
rized as: (i) PISNe for progenitor masses ≥140 M�; (ii) HNe
for selected mass-energy pairs [20,10], [25,10], [30,20], [40,30],
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Table 1. Definition of spectral indices.

Index λblue1 λblue2 λcenter1 λcenter2 λred1 λred2 Reference
(Å) (Å) (Å) (Å) (Å) (Å)

MgI1.18 11 740 11 810 11 810 11 850 11 905 11 935 Eftekhari et al. (2021)∗
SiI1.20 11 900 11 940 11 955 12 005 12 135 12 165 Röck (2015)∗
SiI1.59 15 840 15 860 15 870 15 910 15 925 15 950 Gasparri et al. (2021)∗

Notes. ∗The wavelengths are adjusted.

[100,60], with each pair denoting [mass in M�, energy in
1051 erg]; and (iii) CCSNe for explosion energies of 1.0×1051 erg
and progenitor masses <140 M� not falling into the HN combi-
nations.

For each SN model, total elemental yields were computed by
summing over all stable isotopes. The [X/Fe] ratios were derived
for each progenitor by comparing the logarithmic yield ratios,
log(X/Fe) against solar reference values from Asplund et al.
(2009). These yield predictions provide a physically motivated
framework to understand the origin of the observed elemental
abundance ratios and to explore the possible contribution of dif-
ferent stellar populations to the earliest chemical enrichment.

5. Spectral index measurement

To quantify the absorption strengths of NIR features, we mea-
sured Si and Mg spectral indices. The initial index defini-
tions were drawn from Eftekhari et al. (2021), Röck (2015), and
Gasparri et al. (2021). However, due to specific artefacts in the
observed spectra such as residuals from imperfect telluric cor-
rection, we refined several of these definitions to mitigate the
impact of spectral shape peculiarities and local flux calibration
uncertainties. The adopted index definitions used in this study
are presented in Table 1. We verified that all clean, artefact-free
definitions lead to consistent and robust measurements.

In particular, we modified the blue pseudo-continuum band
of the MgI 1.18 µm feature to avoid a structured bump and dip
in the NGC 1277 spectrum that distorted the local continuum
estimate. Similarly, the red pseudo-continuum of the SiI 1.20 µm
feature was redefined, as the original band from Röck (2015) was
located too far from the absorption line centre, increasing sus-
ceptibility to systematic errors from broad-band flux calibration.
For the SiI 1.59 µm feature, we also adjusted the blue pseudo-
continuum. To improve robustness, the red pseudo-continuum
band of the same index was broadened to enhance the S/N and
better anchor the local continuum level.

To quantify uncertainties on the measured indices, we pro-
vided both the flux and corresponding error spectra as input
to the indexf code1 (Cardiel 2010). The error estimates are
derived through analytical propagation of flux uncertainties, fol-
lowing standard first-order error propagation. Specifically, the
uncertainty in each index is calculated by considering both the
noise in the flux within the feature band-pass and the propagated
uncertainty in the interpolated pseudo-continuum. The latter is
based on the uncertainties in the blue and red continuum regions
used to estimate the local continuum level across the feature.
All index values reported in this study are measured on flux-
calibrated, rest-frame spectra smoothed to a common velocity
dispersion of 440 km/s, matching the central velocity dispersion
of NGC 1277 (the highest in our galaxy sample) to ensure con-
sistent comparison across models and datasets. The resulting

1 https://indexf.readthedocs.io/

index measurements form the basis for the elemental abundance
analysis in Sect. 6.

6. Elemental abundance estimation

We estimated [Si/Fe] and [Mg/Fe] for both NGC 1277 and the
sample of massive ETGs by using a set of four measured spec-
tral indices: two NIR Si features (SiI1.20 and SiI1.59) and two
Mg features (MgI1.18 and Mgb51772) from both optical and
NIR. Given the limited accuracy of current SPS models in the
NIR, particularly for elemental abundance response functions,
our goal is not to derive precise elemental abundances, but to
provide a plausible range for [Si/Fe], [Mg/Fe], and their ratio.
The NIR response models remain underdeveloped compared to
those in the optical, and the absolute calibration of element-
sensitive features in this regime is still uncertain.

We used E-MILES SPS models and incorporated the abun-
dance response functions from Conroy et al. (2018), which are
computed assuming a Kroupa IMF, to simulate ±0.3 dex varia-
tions in [Si/Fe] and [Mg/Fe]. These responses were applied to
E-MILES model grids with a bimodal IMF slope of 3.0 (rep-
resentative of the IMF in the central regions of massive galax-
ies) to track how the four indices respond to abundance changes.
For consistency, we adopted models with fixed stellar population
parameters: age = 13 Gyr and [M/H] = +0.2 dex, and evaluated
three abundance configurations: [Si/Fe] = ±0.3 dex, [Mg/Fe] =
±0.3 dex, and solar-scaled.

We caution that the abundance response functions used
here are computed for abundance variations of only ±0.3 dex,
whereas the Si-sensitive indices measured in NGC 1277 require
extrapolation beyond this range when interpreted under a linear-
response approximation. The resulting absolute [Si/Fe] val-
ues should therefore be regarded as model-dependent estimates
rather than precise abundance measurements. At such high
inferred Si levels, the response of the Si features can become
non-linear due to line saturation, changes in the pseudo-
continuum, and opacity effects in cool stellar atmospheres.
For this reason, our most robust conclusion is the differential
one: NGC 1277 exhibits significantly stronger NIR Si-sensitive
absorption than the comparison massive ETG sample.

To estimate abundances, we employed two complementary
techniques. With Method 1, we estimated [Si/Fe], [Mg/Fe],
and [Si/Mg] by projecting the observed indices onto a model
response plane defined by solar-scaled, Si-enhanced, and Mg-
enhanced predictions. A Monte Carlo sampling of n = 1000
realisations was performed to determine the associated uncer-
tainties, obtaining a mean [Si/Fe], [Mg/Fe], and [Si/Mg].

With Method 2, we adopted a local linear relation calibrated
over the [−0.3, 0.0, +0.3] dex abundance range to estimate the
abundance values that best reproduce the observed line strengths.
For NGC 1277, this procedure involves extrapolation beyond
the calibrated response-function range, particularly for the

2 Definition from Worthey et al. (1994).
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Table 2. Individual abundance measurements for NGC 1277 and the massive ETG sample.

Galaxy Method Si index Mg index [Si/Fe] [Mg/Fe] [Si/Mg]

NGC 1277

1 SiI1.20 Mgb5177 0.77 0.27 0.49
2 SiI1.20 Mgb5177 0.71 0.33 0.38
1 SiI1.20 MgI1.18 0.85 0.45 0.40
2 SiI1.20 MgI1.18 0.71 0.48 0.23
1 SiI1.59 Mgb5177 1.70 0.21 1.49
2 SiI1.59 Mgb5177 1.93 0.33 1.60
1 SiI1.59 MgI1.18 1.55 0.44 1.11
2 SiI1.59 MgI1.18 1.93 0.48 1.45

Posterior median ± 68% credible interval 1.05+0.45
−0.27 0.36+0.27

−0.24 0.67+0.45
−0.27

XSGs

1 SiI1.20 Mgb5177 0.22 0.24 −0.02
2 SiI1.20 Mgb5177 0.10 0.26 −0.16
1 SiI1.20 MgI1.18 0.25 0.30 −0.05
2 SiI1.20 MgI1.18 0.10 0.31 −0.21
1 SiI1.59 Mgb5177 0.48 0.22 0.26
2 SiI1.59 Mgb5177 0.60 0.26 0.34
1 SiI1.59 MgI1.18 0.47 0.30 0.17
2 SiI1.59 MgI1.18 0.60 0.31 0.29

Posterior median ± 68% credible interval 0.34+0.27
−0.25 0.27+0.26

−0.25 0.07+0.27
−0.25

Notes. Individual abundance measurements are derived from eight combinations of Si and Mg spectral indices and abundance-estimation methods.
The posterior rows report the median values and 68% credible intervals from the Bayesian hierarchical analysis, providing a statistical summary
of the inferred abundance ratios for each galaxy.

Si-sensitive indices. Error propagation was carried out analyti-
cally from the interpolation slope and index uncertainty.

Combining two Si indices (SiI1.20 and SiI1.59) with two
Mg indices (MgI1.18 and Mgb5177), we formed four distinct
Si–Mg index pairs. For each pair, we applied two independent
estimation methods, resulting in a total of eight abundance mea-
surements per galaxy for [Si/Fe], [Mg/Fe], and [Si/Mg]. These
values are listed in Table 2.

To obtain representative abundance ratios from these inde-
pendent determinations, we employed a Bayesian hierarchical
model that accounts for both measurement uncertainties and pos-
sible intrinsic scatter among the estimates. In this framework,
each measured value (and its associated uncertainty) is treated
as an independent realisation drawn from a parent distribution
characterised by a true mean and dispersion. The resulting pos-
terior distributions provide a statistically consistent summary
of the abundance estimates obtained from the different index
combinations, while retaining the systematic caveat associated
with the response-function extrapolation discussed above. The
median values and 68% credible intervals of these posteriors are
reported in Table 2.

7. Results

We analysed key NIR absorption features of the massive relic
galaxy NGC 1277 and compared them with those of massive
ETGs. The focus is placed on MgI1.18, SiI1.20, and SiI1.59
spectral indices, which are highlighted by yellow regions in
the top row of Fig. 1, zooming into the spectra around the
absorption lines. The spectrum of NGC 1277 is shown with
its corresponding error spectrum to illustrate the observational
uncertainties. We compare these absorption features with those
from the stacked spectrum of a sample of local massive ETGs
(within 1.2 kpc to match the size of NGC 1277). For compari-
son, predictions from updated E-MILES SPS models with old
age, super-solar metallicity, and a dwarf-rich stellar IMF (fol-

lowing the results of Martín-Navarro et al. 2015) are also shown
in the top panels. The panels clearly show that the Mg and Si
absorptions features in NGC 1277 are deeper than both the local
massive galaxies and the model.

We measured the line-strength indices in all galaxies, as
shown in the bottom panels of Fig. 1. The indices are presented
as a function of age. We first confirm that the Mg line strength in
NGC 1277 is significantly stronger than in normal massive ETGs,
consistent with optical results (lower-left panel; Trujillo et al.
2014; Martín-Navarro et al. 2018). However, a striking difference
emerges when examining the Si indices (middle and right lower
panels): this rare, ultra-compact massive relic galaxy exhibits
exceptionally strong Si absorption, exceeding that of normal mas-
sive galaxies by approximately 25%.

To explore the origin of this contrasting behaviour between
the two α-elements, we compared our measurements with SPS
models: E-MILES models with a standard Kroupa-like IMF (i.e.
a bimodal IMF with slope Γb = 1.3) and a dwarf-enriched (or
bottom-heavy) IMF, implemented as a bimodal IMF with slope
Γb = 3.0, where a larger fraction of stellar mass is in low-mass
stars. We show the response of line-strength indices to different
abundance variations based on the Conroy et al. (2018) mod-
els: (i) a +0.3 dex enhancement in [Mg/Fe] and (ii) a +0.3 dex
enhancement in [Si/Fe]. Each arrow is placed at the model cor-
responding to the average stellar population parameters derived
for their galaxy centres, illustrating the index variation. While
the enhanced Mg line strength in NGC 1277 can be attributed to
its higher [Mg/Fe] ratio, which is robustly established through
optical studies, the Si line strengths in NGC 1277 cannot be
explained by any modelled abundance variation3. Remarkably,

3 We also examined the response of these indices to all other elemen-
tal abundance variations available in the Conroy et al. (2018) models.
These responses are generally subtle compared to the observed offsets
and to the Mg and Si response arrows, suggesting that contamination
by another single element is unlikely to drive the strong Si absorption
in NGC 1277.
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Fig. 1. NIR Mg and Si absorption line strengths in NGC 1277 and massive ETGs. Top: zoomed-in view of the spectra of NGC 1277 (pink line) and
the stacked massive ETGs (cyan) around the MgI1.18, SiI1.20, and SiI1.59 features, with their corresponding error spectra. Yellow bands highlight
these key absorption features, and light blue regions show the pseudo-continuum bands used for their index measurements. As reference, we show
in grey an E-MILES model spectrum for an old, metal-rich, dwarf-enhanced population. Bottom: measured line-strength indices of MgI1.18,
SiI1.20, and SiI1.59 plotted as a function of stellar population ages. Model predictions are shown for E-MILES assuming different IMF shapes
(Milky Way-like in black, bottom-heavy in grey) and metallicities (solar as solid lines, super-solar as dotted lines). Arrows show index responses to
+0.3 dex enhancements in [Mg/Fe] (blue) and [Si/Fe] (orange) using response functions from Conroy et al. (2018), attached to models representing
the average stellar population of massive galaxy centres. The observed values are overlaid as pink circles (NGC 1277) and cyan diamonds (local
massive ETGs). The Mg enhancement in NGC 1277 confirms previous results in the optical, while the stronger Si absorption (∼25% higher than
in typical ETGs) cannot be matched by current models, even when varying IMF or metallicity, suggesting a distinct chemical enrichment.

this marks the first detection of such strong NIR Si absorption
lines in a galaxy.

To assess the robustness of our results, we explored a
range of potential systematic effects and alternative explana-
tions. These include variations in the stellar population mod-
elling, such as different IMF parameterisations beyond those
considered in the main analysis, as well as the use of independent
SPS models (E-MILES and X-shooter Spectral Library). We also
inspected the behaviour of the relevant line strengths within the
empirical stellar library feeding the models, tested the possi-
ble contribution of metal-poor populations and aperture effects.
In addition, we compared our NIR-based abundance estimates
with optical determinations of [Si/Fe] and [Mg/Fe] derived using
independent methods. Overall, these analyses support the robust-
ness of the unusually strong NIR Si absorption in NGC 1277 and
its enhanced [Si/Mg] relative to massive ETGs. At the same time,
the optical analysis yields a much less extreme [Si/Fe] enhance-
ment, showing that the absolute Si abundance depends on the
adopted spectral diagnostics. Our main conclusion is therefore
that NGC 1277 exhibits a distinctive Si-enhanced chemical sig-
nature most clearly revealed in the NIR, while the absolute

[Si/Fe] value should be interpreted with caution (see Appen-
dices B–E for details of these tests).

8. Discussion

The elemental abundance pattern observed in NGC 1277 reveals
a clear departure from that of typical massive ETGs. In particu-
lar, the elevated [Si/Mg] ratio hints that silicon and magnesium,
although both α-elements, do not necessarily share the same
enrichment history in this system, a difference that could be tied
to the specific timing of star formation during its early stages.

The abundance estimates presented in Sect. 6 show that
NGC 1277 exhibits both enhanced [Si/Fe] and moderately ele-
vated [Mg/Fe], with a clear excess of silicon relative to mag-
nesium compared to massive ETGs. While these ratios provide
complementary information, their difference ([Si/Mg]) offers a
more direct diagnostic of the relative nucleosynthetic contri-
butions from different enrichment channels. Because [Si/Mg]
does not depend on the level of iron enrichment, it is largely
insensitive to the delayed contribution of Fe from Type Ia SNe,
which operate on longer timescales. Instead, it isolates variations
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Fig. 2. [Si/Mg] as a function of SN progenitor mass.The measured
[Si/Mg] abundance ratios are compared to theoretical nucleosynthetic
yields from SN models across a range of progenitor masses. Circles,
squares, and diamonds denote the predicted yields for CCSNe, HNe,
and PISNe, respectively, based on Nomoto et al. (2013). The shaded
bands represent the 68% credible intervals of the inferred [Si/Mg] ratios
for NGC 1277 (pink) and the sample of local massive XTGs (cyan),
derived from the Bayesian hierarchical analysis (Table 2). The solid
lines mark the corresponding posterior medians.

among α-elements produced predominantly by massive stars,
making it a more direct probe of the relative nucleosynthetic
contributions from different high-mass progenitors. We therefore
focused on [Si/Mg] as the key quantity for interpreting the origin
of the observed abundance pattern.

The Si excess presents a challenge for current stellar pop-
ulation models, which fail to reproduce such a pattern. Since
different types of SNe yield different ratios of α-elements
depending on their progenitor mass, explosion energy, and
metallicity, we turned to nucleosynthetic yield predictions as
a physically motivated framework to trace the likely origin of
the observed abundance pattern. We thus estimated the relative
abundance of [Si/Mg] in both NGC 1277 and massive ETGs, and
compared these values with the predicted yields from CCSN,
HN, and PISN models. These events represent the dominant
enrichment channels for massive stars at different initial mass
regimes and metallicities.

Figure 2 shows [Si/Mg] as a function of the main-sequence
mass of SN progenitors, plotted on a logarithmic scale to bet-
ter visualise the wide mass range of stellar masses spanning
CCSNe, HNe, and PISNe; the progenitor metallicity ranges from
metal-free (Z = 0) to super-solar values (Z = 0.05). According to
Heger & Woosley (2010), stars more massive than ∼140 M� are
expected to explode as PISNe, while lower-mass stars undergo
CC. These two SN types have markedly different nucleosyn-
thetic yields, as illustrated in this figure.

We also show the 68% credible intervals of the inferred
[Si/Mg] ratios for NGC 1277 and the massive ETGs sample,
respectively, derived from our Bayesian hierarchical analysis
(Table 2). Despite the larger spread in the NGC 1277 values,
the two regions are clearly separated, indicating a distinct chem-
ical signature for NGC 1277. The [Si/Mg] values observed in
NGC 1277 partially overlap with yields from CCSNe (Z =
0.00−0.05), HNe (Z = 0.000, 0.050), and PISNe, although all
of these channels show significant scatter and their theoretical
yields carry substantial uncertainties.

Importantly, when considered as a function of progenitor
mass and metallicity, only yields associated with the most mas-
sive, metal-poor progenitors consistently extend into the upper
end of the observed [Si/Mg] distribution. Theoretical studies
show that such extreme [Si/Mg] ratios arise under specific explo-
sion conditions: PISNe from very massive stars are predicted to
produce large amounts of intermediate-mass elements such as Si
relative to Mg, often reaching [Si/Mg] & 0.5 (Takahashi et al.
2018), while more energetic explosions of massive stars (HNe)
can also enhance Si through explosive nucleosynthesis, albeit
typically over a more limited range (Heger & Woosley 2010). In
contrast, metal-rich CCSNe and HNe predominantly yield near-
solar [Si/Mg] ratios, similar to those inferred for typical massive
ETGs.

Taken together, these results suggest that, while multiple
enrichment pathways may plausibly contribute to the chemical
evolution of NGC 1277, the high [Si/Mg] values require a non-
negligible contribution from very massive progenitors charac-
terised by disproportionately high silicon production relative to
magnesium. In the nucleosynthetic yield models adopted here,
such progenitors are associated with PISNe.

For completeness, we also examined the behaviour of
[Si/Fe] and [Mg/Fe] separately as a function of progenitor
mass (Appendix F). While these quantities follow similar over-
all trends, they show larger degeneracies between different
enrichment channels, further supporting that [Si/Mg] provides
a cleaner diagnostic of the relative contribution of massive pro-
genitors.

Implications for early chemical enrichment

The distinctive abundance pattern observed in NGC 1277 is best
understood within the two-phase galaxy formation scenario for
massive galaxies. As illustrated schematically in Fig. 3, the early
Universe is populated by metal-free stars. The most massive of
these, Pop III stars are expected, in current models, to explode
as PISNe, while lower-mass metal-free stars produce CCSNe.
These explosions enrich the ISM, forming new generations of
stars. Massive galaxies thus start forming rapidly and very early
on from very massive, metal-poor or even metal-free progen-
itors. During these initial stages, the ISM is enriched primar-
ily by very massive, metal-poor progenitors – well represented
by PISN models – yielding exceptionally high [Si/Mg]. As the
first phase continues, CCSNe and HNe begin to contribute to the
chemical enrichment, gradually diluting the [Si/Mg] ratio, even
before external processes start occurring in the second phase.
During this second phase, marked by accretion and merger
events, the stars are being incorporated and enriched by metal-
rich CCSNe and Type Ia SNe, further diluting [Si/Mg] (shown
by the gradient line evolving from the red nugget phase to a reg-
ular massive ETG).

However, NGC 1277 follows a different enrichment track.
Firstly, its extremely intense initial star formation rates
(∼1000 M�/yr; Trujillo et al. 2014) made the early enrichment of
[Si/Mg] particularly pronounced. This was followed by a rapid
decline in the star formation rate, which minimised the dilution
compared to the normal track. Thus, when NGC 1277 reached
its red nugget stage, it already presented more elevated [Si/Mg].
Given its relic nature, NGC 1277 then evolves over a quiescent
track (dotted line), experiencing only passive evolution, with
minimal accretion over the second phase. The colour gradient
from dark to lighter pink conveys this subtle chemical evolution,
in contrast to the drastic [Si/Mg] flattening shown for massive
ETGs.

A270, page 7 of 15



Eftekhari, E., et al.: A&A, 711, A270 (2026)

Fig. 3. Schematic illustration of early chemical enrichment and galaxy evolution under the two-phase formation scenario. In the early Universe
(top left), metal-free stars, including both massive Pop III stars (large stars) and less massive ones (smaller stars), form from pristine gas. Pop III
stars end as PISNe (orange bursts), while lower-mass metal-free stars produce CCSNe (blue bursts). The stars that form from this enriched
material inherit the colour of the enriching SN type. They populate an early compact massive galaxy, or ‘red nugget’ (pink background), with high
[Si/Mg]. In normal massive galaxies, a second phase brings mergers and accretion, together with additional enrichment by CCSNe and SNe Ia
(blue and green bursts), significantly diluting [Si/Mg]; they then evolve into massive ETGs (greenish background). In contrast, relic galaxies like
NGC 1277 do not experience significant mergers over the second phase, passively evolving with only minor additional enrichment (the lighter pink
background exemplifies such a minimal dilution). The bottom-middle tracks show the schematic [Si/Mg] evolution for each formation pathway.

Thanks to its unique relic nature, the stars we observe in
NGC 1277 today predominantly formed during the earliest, most
intense phase of its SFH. As a result, their chemical abundance
pattern retains the imprint of enrichment from very massive pro-
genitors formed at the earliest stages, before subsequent chem-
ical dilution. The exceptionally high [Si/Mg] values seen in
NGC 1277 indicate a galaxy that formed the majority of its stars
extremely rapidly and experienced little subsequent chemical
evolution in comparison to typical massive ETGs. Notably, such
a short star formation timescale (.1 Gyr) is comparable to those
inferred for the compact quiescent galaxies now being identified
at z > 3 with JWST (Carnall et al. 2024). This fossil-like preser-
vation of NGC 1277’s chemical signature is what makes it such a
powerful probe of primordial stellar populations, as summarised
in Fig. 3: a single pathway branching early, with relic galaxies
like NGC 1277 preserving the memory of their first-generation
progenitors, while typical massive ETGs accumulate layers of
chemical complexity over time.

We thus conclude that the distinctive chemical proper-
ties observed today in NGC 1277 result from both the tim-
ing and intensity of star formation and the subsequent mod-
est evolution. These considerations highlight that the distinc-
tive [Si/Mg] signature in NGC 1277 likely traces nucleosyn-
thetic yields from very massive stars (>150 M�), which pro-

duce Si in disproportionately large amounts compared to Mg.
This strongly supports a scenario in which the chemical com-
position of NGC 1277 was imprinted by the earliest, most
massive stars. While the exact identity of these progenitors
remains uncertain, several early-Universe channels associated
with extremely massive, metal-poor stars may contribute, includ-
ing PISNe and related pair-instability outcomes, such as pul-
sational pair-instability events and near-threshold massive star
endpoints (Heger & Woosley 2002, 2010; Woosley et al. 2007;
Whalen et al. 2014). PISN models provide a well-developed the-
oretical framework that naturally reproduces the high [Si/Mg]
ratios observed here. Regardless of the specific explosion mech-
anism, the observed abundance pattern in NGC 1277 provides
compelling evidence that the chemical composition of this
galaxy was imprinted by the earliest and most massive stars. This
represents the first identification of such a preserved [Si/Mg] sig-
nature in such massive galaxies.

While our analysis relies on stellar population models with a
dwarf-rich IMF, which is appropriate for describing the observed
stellar populations in NGC 1277, the derived chemical pattern is
best understood in the context of a time-varying IMF. In this
scenario, an initial top-heavy phase dominated by massive stars,
which include Pop III and earliest generations of stars contribut-
ing to the enrichment of the interstellar medium (ISM), followed
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by a transition to a bottom-heavy mode (Vazdekis et al. 1996,
1997; Jeřábková et al. 2018; Yan et al. 2019).

To further assess the plausibility of this picture, we computed
IMF-weighted nucleosynthetic yields across a range of power-
law IMF slopes. For a standard Salpeter IMF (α = 2.35), the
integrated [Si/Mg] ratio is ∼0.05 dex, while in the extreme case
of a top-heavy IMF (α = 0), the ratio increases to ∼0.33 dex.
Within the framework of the yield models explored here, very
high [Si/Mg] values are attained only when the contribution of
the most massive progenitors – represented by PISN yields –
is combined with a top-heavy IMF during these first stages of
galaxy evolution. Thus, the [Si/Mg] excess in NGC 1277 reflects
the chemical memory of its earliest, most massive stellar gener-
ations. A fully quantitative assessment of whether such an early
very-massive-star contribution can reproduce both the enhanced
[Si/Mg] ratio and the overall high metallicity of NGC 1277
requires dedicated chemical-evolution modelling; we are cur-
rently developing such models, which will be presented in a
follow-up study.

The unusually high [Si/Fe] and [Si/Mg] ratios found here
should also be viewed in the broader context of the well-known
abundance and IMF anomalies in the centres of massive ETGs.
These systems have been shown to host bottom-heavy IMFs
and strong Na-sensitive absorption features, often interpreted as
very high [Na/Fe] (e.g. La Barbera et al. 2017; Röck et al. 2017;
Alton et al. 2018). Recent work has further highlighted the con-
nection between Na enhancement and IMF variations in massive
ETGs, reinforcing the view that the central regions of mas-
sive galaxies formed under extreme physical conditions, likely
involving very rapid, high-density star formation and non-solar
abundance patterns. However, we caution against interpreting Na
as a direct tracer of the same enrichment channel responsible for
the high [Si/Mg] ratio. Unlike Si and Mg, Na is an odd-Z element
whose production is strongly sensitive to progenitor metallicity
and neutron excess, and it may also receive contributions from
asymptotic giant branch stars (e.g. Kobayashi et al. 2006).

The unusually high [Si/Mg] in NGC 1277 also aligns with
predictions from theoretical and observational studies of early
enrichment scenarios. Takahashi et al. (2018) modelled non-
rotating Pop III progenitors and found that [Si/Mg] ratios in
the range 0.33–0.92 dex can result from zero-metallicity SNe,
consistent with our derived values in NGC 1277 (0.67+0.45

−0.27; see
Table 2). Additionally, Sodini et al. (2024) analysed the chemi-
cal composition of neutral gas in damped Lyman-α systems at
z ∼ 6, finding signatures of early silicon enrichment in the ISM
of primordial galaxies. Their study provides independent gas-
phase evidence of early Pop III nucleosynthesis.

Although our analysis focuses on Mg and Si, other elemental
abundances (e.g. Al and Zn) are also known to carry additional
information on chemical enrichment. In particular, abundance
patterns involving odd- and even-Z elements can provide fur-
ther constraints on nucleosynthetic pathways and the nature of
the enriching sources. However, their measurement in the NIR is
currently subject to larger modelling uncertainties and degenera-
cies. A comprehensive multi-element analysis, combining opti-
cal and NIR diagnostics, is beyond the scope of this work and
will be addressed in future studies.

9. Conclusions

We have presented a detailed analysis of NIR spectral features
in the massive relic galaxy NGC 1277 and compared them with
those of a representative sample of massive ETGs. Our main
findings can be summarised as follows:

– NGC 1277 exhibits significantly stronger silicon absorption
features than typical massive ETGs, with Si line strengths
exceeding those of the comparison sample by ∼25%.

– The derived abundance ratios for NGC 1277 indicate
enhanced [Si/Fe] (1.05+0.45

−0.27) and moderately elevated [Mg/Fe]
(0.36+0.27

−0.24), resulting in a high [Si/Mg] ratio (0.67+0.45
−0.27) that is

clearly distinct from that of normal massive ETGs.
– The observed Mg and Si absorption features in NGC 1277

are not readily explained by standard chemical enrichment
scenarios, indicating a distinct abundance pattern compared
to typical massive ETGs.

– Comparison with SN yield models indicates that the high
[Si/Mg] values are consistent with enrichment involving
a significant contribution from very massive progenitors
(>150 M�), although multiple enrichment channels likely
contribute.

– The observed abundance pattern can be understood in the
context of the relic nature of NGC 1277, whose rapid and
early SFH, combined with the absence of significant late-
time accretion, allowed it to retain chemical signatures that
are significantly diluted in more typical massive galaxies.

Our discovery of an unusually strong Si absorption in NGC 1277,
reported in this work for the first time, provides a rare oppor-
tunity to probe the conditions of early galaxy formation. This
is accessible not through direct observations at extreme red-
shifts, but through the fossil record preserved in local massive
relics. While recent JWST observations have revealed mas-
sive, quiescent galaxies at unexpectedly high redshifts (z ∼

7–10), the stellar populations in these early systems are too
young for a reliable measurement of detailed chemical abun-
dances, even with very high-quality data. In contrast, massive
relic galaxies like NGC 1277 contain evolved stellar populations
that encode the chemical signatures of primordial star forma-
tion episodes. Measuring detailed abundance ratios in relics not
only constrains early star formation conditions, but also provides
observational leverage to estimate the initial masses of Pop III
stars, whose predicted yields, especially of Si, are highly mass-
dependent (Heger & Woosley 2002; Beasley et al. 2003). These
results highlight the utility of NIR spectroscopy in unveiling the
elemental imprints of early cosmic history. By using NIR spec-
tral indices to trace elemental abundances in local massive relic
galaxies, our work opens a new pathway to study the earliest stel-
lar generations and chart the enrichment history of the cosmos.
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Appendix A: Telluric correction

To correct for telluric absorption, we used the software Molec-
fit (Smette et al. 2015; Kausch et al. 2015), which constructs
a synthetic telluric transmission model directly from the sci-
ence spectrum. Given that the spectral resolution of EMIR varies
slightly with wavelength, we ran Molecfit on multiple spectral
windows across the J and H bands and then combined the result-
ing models to produce a full telluric correction. This method
allowed us to accurately remove absorption features from atmo-
spheric H2O, O2, and CH4, which are particularly prominent
in the NIR. The correction was applied row-by-row on the 2D
galaxy spectra prior to 1D extraction. We verified the perfor-
mance of the correction by comparing spectra before and after
Molecfit application, confirming that telluric features were
removed to better than the 2% level across both bands (see
Eftekhari 2021).

Appendix B: Detailed look at the stellar library

To investigate the source of the discrepancies between SPS mod-
els and observations, we examined the stellar library used for E-
MILES and Conroy et al. (2018) SPS modelling, i.e. E-IRTF4.
Figure B.1 displays the line-strength values of MgI1.18, SiI1.20,
and SiI1.59 indices as functions of stellar effective temperature
(Te f f ), surface gravity (log(g)) and metallicity ([Fe/H]). The stel-
lar types (for stars cooler than 3900 K) are drawn from Table 2 of
Röck et al. (2015). M-dwarf stars are defined here as dwarf stars
cooler than 4500 K.

These plots indicate that M-dwarf stars have the highest
values of MgI1.18 index while the highest values of SiI1.20
and SiI1.59 correspond mostly to giant stars. The exception-
ally strong Si line strength observed in NGC 1277 (SiI1.20 ∼
1.8 and SiI1.59 ∼ 1.5) corresponds to a regime in the stellar
library populated only by a few cool giant stars (grey and blue
points), with no stars exhibiting higher Si absorption at lower
temperatures (except a few M dwarfs and one carbon star in the
case of SiI1.20). This suggests that the observed strength can-
not be attributed to a particular stellar evolutionary phase (e.g.
asymptotic giant branch stars in the case of CO band heads;
Eftekhari et al. 2022), as there is no population in the library
with higher Si. Therefore, the Si enhancement in NGC 1277 is
best explained by a genuine increase in [Si/Fe], rather than being
an artefact of a poorly modelled stellar phase.

We caution that the SPS models used are based on empirical
stellar spectra of Milky Way stars, assuming similar abundance
patterns and evolution in other galaxies such as NGC 1277. Devi-
ations from this—such as poorly modelled evolutionary phases
or chemical peculiarities—could impact the interpretation of
spectral features.

Appendix C: Effects of IMF shape on line-strength
indices

To explain the higher line-strength indices observed in
NGC 1277 compared to massive ETGs, it is necessary to
enhance the contribution of stars with the highest Si and Mg
strengths while reducing the influence of stars with lower index
values. This can be achieved by modifying the shape of the IMF.
Figure C.1 illustrates various possible IMF shapes. For refer-
ence, we also show the Salpeter IMF and bimodal IMFs with
4 Note that the Conroy et al. (2018) model does not include the com-
mon stars among the IRTF and E-IRTF libraries while E-MILES uses
all stars in the E-IRTF library.

slopes of 1.3 and 3.0. The bimodal IMF is parameterised as a
two-segment function (Vazdekis et al. 1996). Below 0.2M� and
above 0.6M�, the bimodal IMF is characterised by a power-law
distribution. Between 0.2M� and 0.6M�, it is a spline func-
tion that satisfies some boundary conditions. Below 0.2M�, the
bimodal IMF follows one power-law slope of zero, and above
0.6M�, it follows a varying slope.

As mentioned, M-dwarf stars have the highest values of
MgI1.18 index. Therefore, increasing the slope of a bimodal
IMF would enhance the number of M-dwarf stars with respect
to giant stars, increasing the MgI1.18 absorption. In the case of
Si indices, since most of the M-dwarf stars have lower values
than giant stars, by increasing the slope of a bimodal IMF, the
overall value of the Si indices decrease. These are shown quanti-
tatively in Fig. B.1 where indices are measured on SSPs that are
constructed based on the IMFs shown in Fig. F.1.

We modified the definition of the bimodal IMF for low-mass
stars by considering a slope of 0.3 for stellar masses below
0.2M�5. This aimed to reduce the emphasis on the very cool
stars that weaken the Si absorptions. The results are shown in
Figs. C.1 and C.2. The effect of this IMF shape on line-strength
indices is almost negligible.

We also attempted to change the mass range of the turning
point for the bimodal IMF. The turning point mass range was
reduced from 0.6M� to 0.4M�. The result for a bimodal IMF
with a slope of 3.0 is shown in Figs. C.1 and C.2. In this case,
only the contribution of M-dwarf stars that most affect the Si is
emphasised, although the effect on the line-strength indices of Si
is negligible.

We also note that a unimodal IMF with the same slope as
bimodal IMF with Γb = 1.3 does not flatten at masses lower
than 0.2M�, meaning that cooler dwarf stars (with lower MgI
values) outnumber stars near the peak of the MgI strength. Con-
sequently, the MgI1.18 line strength on SSPs built based on a
unimodal IMF is similar to the ones built based on a bimodal
IMF with Γb = 1.3 (see the solid orange line in Fig. C.2). All in
all, none of these adjustments adequately address the discrepan-
cies in Si indices.

Appendix D: Role of metal-poor populations

Further inspection of Fig. B.1 reveals a trend in dwarf stars (red
symbols) where Si line strengths increase with higher [Fe/H].
This suggests that the elevated Si absorption in NGC 1277 results
from a lower fraction of metal-poor stars compared to the mas-
sive ETGs. Si, synthesised via the α-process in massive stars,
is released into the ISM by Type II SNe, enriching the gas that
forms subsequent generations of stars (∼200 Myr after the Big
Bang and later).

Chemo-evolutionary population synthesis models
(Vazdekis et al. 1996, 1997) suggest that massive ETGs
contain two stellar populations: a dominant old, metal-rich
population and a minor, metal-poor population formed during
rapid early chemical enrichment. The enhanced Si indices in
NGC 1277 indicate a more rapid and efficient early star forma-
tion phase, leading to fewer metal-poor stars than in massive
ETGs. We tested this hypothesis by constructing two-component
SSP models, combining metal-rich ([M/H] = +0.26 dex) and
metal-poor ([M/H] = −1.49 dex) populations. As shown in Fig.
C.1, increasing the mass fraction of the metal-poor component
(blue star symbols) affects the line strength indices. A 20%

5 This slope is chosen to be similar to the slope of the Kroupa IMF for
very low-mass stars.
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Fig. B.1. Line-strength measurements for MgI1.18, SiI1.20, and SiI1.59 index dependences across the E-IRTF stellar library as functions of stellar
effective temperature (Te f f ), surface gravity (log(g)), and metallicity ([Fe/H]). Different stellar types are colour-coded (see the legend).

metal-poor fraction lowers the SiI1.20 index to values seen in
massive ETGs, but this level is inconsistent with optical and
surface brightness fluctuation studies of massive ETGs, which
limit this fraction to .5% (Vazdekis et al. 1997; Blakeslee et al.
2001; Ferreras et al. 2015; Vazdekis et al. 2020). Moreover, this
adjustment does not reproduce the SiI1.59 index.

Appendix E: Robustness tests

E.0.1. Index variations with aperture

To study aperture effects, we repeated our analysis using spec-
tra extracted within one effective radius of the X-shooter indi-
vidual galaxies (i.e. not in the stacked spectrum). This aperture
plus the one that we used throughout the paper (matching the
aperture for NGC 1277, i.e. 1.2 kpc) are shown in Fig. C.1.
We find that MgI1.18 and SiI1.59 values are indistinguishable
within the measurement uncertainties. For SiI1.20, a lower value
is observed in the 1Re aperture, yet it remains significantly below
the value measured for NGC 1277. This confirms that the strong
Si and Mg features observed in NGC 1277 compared to massive
ETGs are not the result of aperture effects.

E.0.2. Abundance estimates with SPS models

We repeated the abundance estimation using SPS models con-
structed based on the empirical X-shooter Spectral Library
(XSL; Verro et al. 2022) to assess the impact of model systemat-
ics. XSL provides a wide wavelength coverage (3000–25,000 Å)
at a resolution of R ∼ 10, 000, enabling consistent modelling of
both optical and NIR spectral features.

These models are available with two different sets of
isochrones: Padova00 (Girardi et al. 2000) and PARSEC-
COLIBRI (PC). The latter combines PARSEC v1.2S evolutionary
tracks (Bressan et al. 2012;Chen et al. 2014,2015)withCOLIBRI
thermally pulsing asymptotic giant branch models (Marigo et al.
2013; Rosenfield et al. 2016; Pastorelli et al. 2019), improving the
treatment of the thermally pulsing asymptotic giant branch phase,
crucial for accurate modelling of the NIR. They span a wide range
of ages from 1 to 13.5 Gyr and metallicities from [M/H] = −1.5 to
+0.3, adopting a Kroupa-like IMF.

In this study, we exclusively used the XSL SSP models con-
structed with the PC isochrones. Our selected model grid spans
five ages (1.0, 2.5, 5.0, 10.0, and 12.6 Gyr) and three metallici-
ties ([Fe/H] = 0.0, +0.1, +0.2).
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Fig. C.1. Illustration of alternative IMF parameterisations used in the
stellar population modelling. The standard Salpeter IMF is shown in
orange. Solid black and grey lines represent bimodal IMFs with loga-
rithmic slopes of 1.3 and 3.0, respectively. Dotted versions of these lines
modify the low-mass slope below 0.2 M� to 0.3, mimicking the Kroupa
IMF in that regime. The dashed red line corresponds to a bimodal IMF
(slope = 3.0) with a reduced turning point mass range of 0.4–0.6 M�.
Finally, the solid orange line also doubles as a unimodal IMF with slope
= 1.3 for comparison.

The overall trends in [Si/Fe] and [Si/Mg] remain stable.
Although the XSL models produce slightly different abso-
lute index strengths due to differences in spectral library and
IMF, the relative differences between NGC 1277 and mas-
sive ETGs persist: the [Si/Mg] ratio remains significantly ele-
vated in NGC 1277 (centred at ∼0.67 dex) compared to mas-
sive ETGs (centred at ∼0.16). This further confirms that the
Si-enhancement in NGC 1277 is not an artefact of the adopted
stellar population model.

E.0.3. Optical estimates of Si and Mg

To assess the consistency of our NIR-based abundance results,
we analysed optical spectra of NGC 1277 and the stacked sam-
ple of massive ETGs. The optical spectrum of NGC 1277 was
obtained with the ISIS spectrograph on the William Herschel
Telescope (WHT) (see Trujillo et al. 2014 for observational
details). Spectral fitting was carried out using both full index fit-
ting and full spectral fitting methods, following the procedures
outlined in La Barbera et al. (2025).

Each fit incorporated a two-component stellar population
model (2SSP), consisting of an old and a younger SSP, to
account for potential age variations. Abundance ratios of sev-
eral elements (Mg, Na, C, Ca, N, Ti, Si, and O) were simultane-
ously fitted using response functions from Conroy et al. (2018)
theoretical stellar population models, with the same methodol-
ogy across NGC 1277 and stacked spectra of massive ETGs.

This analysis yielded four independent [X/Fe] estimates per
element (2 fitting methods × 2 isochrones), with means and
standard deviations computed to quantify uncertainties. For Si
in particular, the [Si/Fe] in NGC 1277 was found to be mod-
estly enhanced (by ∼0.05 dex) relative to massive ETGs, con-
sistent in sign but smaller in amplitude than our NIR-derived
estimate.

As an additional optical consistency check, we compared
two full-spectrum fits: one in which [Si/Fe] was allowed to vary
freely, and one in which [Si/Fe] was fixed to a high value of
+0.6 dex, representative of the NIR-inferred enhancement, while
the remaining stellar-population and abundance parameters were

refitted. The free-[Si/Fe] fit favours a lower abundance, around
[Si/Fe] (' 0.2) dex. The fixed-high-[Si/Fe] model provides a
somewhat poorer fit and introduces localised residuals in some
spectral regions, particularly around blended CN and metal-line
complexes. However, the mismatch is not severe, with resid-
uals remaining comparable to the observational uncertainties.
We therefore interpret the optical spectrum as favouring a lower
absolute [Si/Fe] value, while not decisively ruling out the higher
value inferred from the NIR.

As a complementary theoretical sensitivity check, we also
inspected theoretical optical SSP spectra, which we computed
with the ISPy3 code (Larsen 2020) using two different Si abun-
dances, [Si/Fe] = +0.3 and +1.0. Both SSPs assume an old age of
12 Gyr (α-enhanced BaSTI isochrones; Pietrinferni et al. 2004),
a bottom-heavy IMF, and a metal-rich baseline composition of
[M/H] = +0.2. The abundances of O, Ne, Mg, S, Ar, Ti, and
Na were fixed at +0.3 dex, while Ca was kept solar. The models
were computed using MARCS atmospheres for the coolest stars,
with (Teff <4000,K), and ATLAS12 atmospheres for the remain-
ing stars, allowing the atmospheric structure and opacities to be
computed consistently for the adopted abundance mixture. After
smoothing the SSPs to the velocity dispersion of NGC 1277,
(σ = 440 km/s), we find that the strongest optical response to
increasing Si occurs in the blue, particularly around SiI4102.
For this feature, the index increases from 1.07 Å for [Si/Fe] =
+0.3 to 1.79 Å for [Si/Fe] = +1.0. However, the observed differ-
ence between NGC 1277 and the X-shooter galaxy (XSG) stack
is very small, (0.831±0.029) Å versus (0.807±0.022) Å. Con-
versely, SiI4513 is slightly stronger in NGC 1277 than in the
XSG stack, (2.078±0.027) Å versus (1.990±0.027) Å, but the
SSPs predict only a weak response in the opposite direction,
decreasing from 2.47 Å to 2.40 Å. This confirms that the opti-
cal Si-sensitive features do respond to changes in Si abundance,
but not in a clean or uniquely interpretable way at the velocity
dispersion of NGC 1277.

The discrepancy likely stems from a critical limitation of
optical spectra at the velocity dispersions typical of massive
galaxies: the absence of clean, isolated features with strong sen-
sitivity to Si. While Si-sensitive indices are formally included in
optical index libraries (e.g. Serven et al. 2005), they are dom-
inated by blended contributions from multiple elements, par-
ticularly in smoothed spectra with high velocity dispersion.
Specifically, the commonly used SiI3905 Å line is significantly
blended with CH molecular features, especially problematic
in cool giants (Cayrel et al. 2004), while the SiI4102 Å line
lies on the wing of the strong Hδ absorption, further compli-
cating accurate abundance determinations (Cohen et al. 2004).
We also inspected the red Si-sensitive windows at 5661–5671,
5685–5695, 5767–5777, 6150–6160, and 6232–6250 Å. How-
ever, in the NGC1277 spectrum, several of these regions are
affected by broad continuum distortions and residual struc-
tures that are not present in either the XSG stack or the stel-
lar population models. We therefore did not use these narrow
optical windows to derive additional quantitative Si abundance
constraints.

These limitations likely contribute to contradictory results in
the literature. For example, Worthey et al. (2014) report [Si/Fe]
abundances that are systematically higher than [Mg/Fe] in their
galaxy sample. However, their estimates rely heavily on blue
SiH molecular features, which are not well isolated in index-
based analyses and are difficult to model reliably with synthetic
spectra. As a result, their [Si/Fe] values are particularly sensi-
tive to subtle systematics in the input data, leading to potentially
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Fig. C.2. Si and Mg line-strength indices as a function of stellar population age for different IMF shapes and stellar metallicity components.
Each curve represents a SSP built using the IMF shapes from Fig. C.1, with line styles and colours matched. Star symbols denote two-component
SSP models that include a metal-rich population ([M/H] = +0.26 dex) combined with a varying fraction of a metal-poor component ([M/H] =
−1.49 dex). Star sizes increase with the metal-poor fraction: 0%, 5%, 10%, and 20% by mass. We also show the impact of different aperture effects,
with the two aperture extractions from massive ETGs shown as filled circles for central (1.2 kpc) apertures and open squares for spectra extracted
within 1Re.

unstable or uncertain abundance determinations. In contrast,
Conroy et al. (2014), employing full spectral fitting with flexible
IMFs and high-resolution synthetic models, often report higher
[Mg/Fe] than [Si/Fe] (e.g. their Fig. 19). Yet because full spectral
fits optimise the entire spectrum simultaneously without directly
evaluating the quality of Si-dominated regions, it is not always
clear how well constrained the [Si/Fe] values are in these analy-
ses.

Altogether, these uncertainties emphasise the limitations of
optical diagnostics for silicon. The optical analysis recovers
a relative Si enhancement in NGC 1277 compared to massive
ETGs, but with a smaller absolute amplitude than inferred
from the NIR. We therefore regard the optical–NIR differ-
ence as a systematic uncertainty in the absolute abundance
scale. In contrast, the NIR features used in our analysis are
stronger, less blended, and more sensitive to Si abundance
variations. These advantages make the NIR regime the pre-
ferred spectral window for tracing Si enrichment in stellar
populations.

Appendix F: Elemental abundance trends: [Si/Fe]
and [Mg/Fe] versus progenitor mass

Complementing Fig. 2 in the main text, we present in Fig. F.1
the predicted [Si/Fe] and [Mg/Fe] values as a function of SN
progenitor mass and metallicity. These plots provide the underly-
ing elemental abundance trends from which the [Si/Mg] ratio is
derived, enabling a more complete interpretation of our results.

One can see that the [Mg/Fe] values for both galaxy sam-
ples fall within the range of predictions from all types of SNe
. The [Mg/Fe] values are also consistent with estimates from
optical studies (Trujillo et al. 2014), with NGC 1277 showing
a slightly higher [Mg/Fe] enhancement than massive ETGs. In
contrast, the [Si/Fe] panel shows a clear divergence: the high
[Si/Fe] values inferred for NGC 1277 are best matched by mod-
els of metal-free SN progenitors, in particular a subset of PISNe
with initial masses above ∼150 M�. A few of these PISN mod-
els predict [Si/Fe] values even higher than those observed in
NGC 1277.
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Fig. F.1. Measured galaxy abundances compared with predicted [Si/Fe]
and [Mg/Fe] yields from SN models as a function of progenitor mass
and metallicity. As in Fig. 2, circles indicate CCSNe, squares HNe, and
diamonds PISNe. Symbol colours indicate metallicity from Z=0 (black)
to Z=0.05 (light grey). The shaded bands show the 68% credible inter-
vals of the inferred abundances for NGC 1277 (pink) and the massive
ETG sample (cyan), with solid lines marking the corresponding poste-
rior medians. While the [Mg/Fe] abundance is broadly consistent with
several enrichment channels, the high [Si/Fe] inferred for NGC 1277 is
best matched, within the adopted yield grid, by very massive, metal-
poor progenitors, including PISN models.

These results reinforce the interpretation that the unusually
high [Si/Mg] ratio in NGC 1277 originates from the combined
effect of elevated [Si/Fe] and modest [Mg/Fe], both shaped by
enrichment from early, massive, and likely metal-free progeni-
tors.
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