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A B S T R A C T 

Taking advantage of the near-infrared calcium triplet lines, we determine metallicities for a sample of more than 3500 red giant 
stars in the field of the Small Magellanic Cloud. We find a median metallicity of [Fe/H] = −1.05 ±0.01 dex with a negative 
metallicity gradient of −0.064 ±0.007 dex deg−1 between 1.◦2 and 6.◦0 consistent with an outside-in evolution scenario. For the 
first time, we detect hints of a positive metallicity gradient within 1.◦2, likely reflecting radial migration or centralized chemical 
enrichment. Azimuthal metallicity asymmetries are detected, with flatter gradients in the eastern and southern quadrants and 

steeper ones in the north and west. They are consistent with tidal interaction effects from the Large Magellanic Cloud. Finally, 
in spite of a clear distance and velocity bifurcations in the east, they seem to share a common chemical origin, in agreement with 

other studies. 

Key words: stars: abundances – galaxies: dwarf – galaxies: individual: SMC – galaxies: interactions – Magellanic Clouds –
galaxies: stellar content – galaxies: structure. 
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 I N T RO D U C T I O N  

ituated at a distance of only ∼ 62 . 44 ±0.47 kpc from us (e.g. D.
raczyk et al. 2020 ), the Small Magellanic Cloud (SMC) provides

n unparalleled opportunity to study stellar populations in exquisite
etail. As the less massive counterpart to the Large Magellanic Cloud
LMC; R. P. der Marel et al. 2002 ; M. De Leo et al. 2024 , hereafter
aper I ), the SMC has experienced substantial tidal disruption due

o gravitational interactions with its larger neighbour (N. E. D.
oël et al. 2013 , 2015 ; R. Carrera et al. 2017 ). These interactions,

long with the combined influence of the Milky Way (MW; G.
esla et al. 2010 ; E. Patel, G. Besla & K. Mandel 2017 ; B. L.
atton et al. 2021 ), have shaped the SMC’s structure, triggering the
ormation of the Magellanic Bridge, Stream, and Leading Arm (e.g.
. Hatzidimitriou & M. R. S. Hawkins 1989 ; M. E. Putman et al.
003 ; D. L. Nidever, S. R. Majewski & W. Butler Burton 2008 ; D.
. Nidever et al. 2010 ; J. Diaz & K. Bekki 2011 ; K. A. G. Olsen
t al. 2011 ; G. Besla et al. 2012 ; D. L. Nidever et al. 2013 ; N. E. D.
oël et al. 2013 , 2015 ; E. D’Onghia & A. J. Fox 2016 ; R. Carrera

t al. 2017 ; V. A. Belokurov & D. Erkal 2019 ; B. L. Tatton et al.
021 ; D. El Youssoufi et al. 2021 ). These dynamical encounters
ave also profoundly influenced the SMC’s star formation history,
hich exhibits an episodic, burst-like pattern (e.g. N. E. D. Noël

t al. 2009 ; J. D. Sakowska et al. 2024 ). Such bursts imprint distinct
hemical signatures on the galaxy’s stellar populations, offering
ritical insights into its evolutionary trajectory. 
 E-mail: m.navabi@surrey.ac.uk 
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Published by Oxford University Press on behalf of Royal Astronomical Societ
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
Despite extensive study, the SMC’s chemical evolution remains
ncompletely understood. Investigations using stellar clusters (e.g.
. E. Piatti et al. 2007 ; M. C. Parisi et al. 2009 ) reveal a complex

nrichment history: an early rise in metallicity, followed by non-
onotonic variations, including a possible dip between 10 and 3 Gyr

go and a renewed increase in the last 2–3 Gyr (e.g. M. C. Parisi et al.
015 , 2022 ; B. J. De Bortoli et al. 2022 ). However, discrepancies
ersist between cluster and field star populations. While clusters
xhibit a bimodal metallicity distribution (e.g. M. C. Parisi et al.
015 ; B. J. De Bortoli et al. 2022 ), field stars do not (e.g. R. Carrera
t al. 2008 ; S. Choudhury et al. 2018 ). Additionally, field stars display
 radial metallicity gradient (e.g. −0.075 ±0.011 dex deg−1 within
.◦0 P. D. Dobbie et al. 2014 , hereafter D14 ), whereas clusters show
 flat trend (e.g. A. E. Piatti et al. 2007 ; M. C. Parisi et al. 2015 ).
ecent work suggests these gradients may vary regionally, likely due

o LMC interactions (e.g. Y. Li, B. Jiang & Y. Ren 2024 ). 
A comprehensive understanding of the SMC’s chemical evolu-

ion requires detailed abundance studies across multiple elements,
ach tracing different nucleosynthetic pathways and time-scales.
owever, high-resolution spectroscopic analyses remain challeng-

ng at the SMC’s distance, limiting most studies to clusters (e.g.
. Mucciarelli et al. 2023b ) or small field-star samples (e.g. M.
an der Swaelmen et al. 2013 ), including those from the Apache
oint Observatory Galactic Evolution Experiment (APOGEE; S. R.
ajewski et al. 2017 ; D. L. Nidever et al. 2020 ). 
The infrared Ca II triplet (CaT, around 850 nm) offers a powerful

lternative, enabling metallicity measurements for large stellar sam-
les (e.g. R. Carrera et al. 2007 ). Leveraging this method, we present
 homogeneous analysis of SMC stars spanning the entire galaxy in
rder to improve our knowledge of the chemical evolution of this
© The Author(s) 2025.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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alaxy linking it with the interactions with its larger companion. The 
aper is structured as follows. In Section 2 , we describe the data
ets used in our analysis. In Section 3 , we outline our process for
eriving stellar metallicities. We present the measured metallicity 
istribution function of the SMC and examine regional variations, 
articularly focusing on potential radial and azimuthal gradients of 
he SMC in Section 4 . These findings are discussed in conjunction
ith distance and kinematic trends in Section 5 , offering insights

nto the effects of SMC–LMC interactions. Additionally, we present 
 map of the metal-poor stellar population in the SMC and compare
ts kinematic distribution with that of the overall stellar population. 
inally, in Section 6 , we summarize our key results and conclusions.

 OBSERVATIONA L  M AT E R I A L  

he starting data set for the present analysis is the sample studied in
aper I in which we obtained medium resolution spectra, R ∼8500, 

n the CaT region, ∼850 nm for 2680 stars in the line of sight of the
MC. These spectra were acquired using the grating 1700D in the red
rm of the AAOmega spectrograph (W. Saunders et al. 2004 ) fibre-fed 
y the Two Degree Field (2dF) multi-object system installed at the 
nglo-Australian 4 m telescope (AAT, Siding Spring Observatory, 
ustralia). The target stars were selected from the expected position 
f the upper red giant branch in the colour–magnitude diagrams 
rom the Two Micron All Sky Survey Two Micron All Sky Survey
2MASS; M. F. Skrutskie et al. 2006 ). The raw data were processed
hrough the 2dF data reduction pipeline (2dfdr2; R. Sharp & M. N.
irchall 2010 ), which performs the initial data reduction steps such as 
ias subtraction, flat-field normalization, fibre tracing and extraction, 
nd wavelength calibration. The sky subtraction and stacking were 
erformed following the procedure described by R. Carrera et al. 
 2017 ). Finally, we considered the stars’ radial velocities obtained in
aper I (see their table A1). Our sample was complemented with that
ublished by D14 , who obtained spectra for 4197 stars in the SMC
ine of sight using the same instrumental configuration and similar 
election function as Paper I . For this work, we downloaded the raw
ata directly from the AAT data archive. 1 The spectra were processed 
ollowing the same procedure conducted in Paper I but considering 
he radial velocities obtained by D14 . A detailed comparison between 
oth sets of radial velocities can be found in Paper I . 
All together, our extended sample contains spectra for 6877 stars. 
e removed low-quality spectra with signal-to-noise ratio (S/N) 

ower than 15 pix−1 and conducted a visual inspection, excluding 
tars which are likely to be asymptotic giant branch (AGB) stars.
n the case of the D14 sample, we took into account the classi-
cation provided by these authors. We then discarded foreground 
ontaminants, selecting only stars with radial velocities in the range 
5 ≤ vrad [ km s−1 ] ≤ 230. The final sample contains 3697 spectra 
1291 from Paper I and 2332 from D14 ) with fourteen stars targeted
y both data sets, which will be used for homogeneity checks (see
ection 3 ). Fig. 1 illustrates the spatial distribution of our final
ample. 

In this work, we also take advantage of the Gaia EDR3 catalogue
Gaia Collaboration 2021 ). To cross-match our sample with the Gaia 
ne, we use two different methods. The first approach employs 
STROPY (Astropy Collaboration 2013 , 2018 ) for cross-matching 
oth catalogues within an initial search radius of one arcsecond, 
rogressively increasing the radius to two and three arcseconds 
o identify potential additional matches. However, no additional 
 https://archives.datacentral.org.au/ 2
atches were identified beyond the initial radius. There are 6843 
tars in our catalogue found in Gaia one. The second method utilizes
he Gaia Archive’s cross-matching functionality 2 based on 2MASS 

dentifiers. Although this method could not find matches for all stars
n our sample, it served as a verification tool for the results obtained
hrough ASTROPY . Of the 6877 stars in our initial data set, the Gaia
rchive identified 4234 stars with corresponding 2MASS IDs. A 

omparison of the 2MASS IDs from the two methods revealed that
hey are consistent for all but 79 stars. Therefore, we use the first

ethod to have the Gaia parameters for most stars. 

 META LLICITY  DETERMI NATI ON  

e determined the metallicity of stars in our sample from the strength
f CaT lines using the revised calibration obtained by Navabi et al. (in
reparation) which relates both quantities taking into account also the 
uminosity of the stars. The procedure we followed is fully described
y R. Carrera et al. ( 2007 , 2013 ) and Navabi et al. (in preparation).
he strength of each line is determined from its profile, which is
haracterized by a combination of a Gaussian and a Lorentzian 
unctions within a given band-pass (G. A. Rutledge et al. 1997a ;
. A. Rutledge, J. E. Hesser & P. B. Stetson 1997b ; A. A. Cole et al.
004 ). The continuum is also measured in band-passes specifically 
elected for this purpose. 

Navabi et al. (in preparation) obtained their calibration for 
everal luminosity indicators, of which we use here the absolute 
agnitude in the 2MASS Ks and G bands. For this purpose, we

e-redden the apparent magnitudes using the values E( B − V )
nd their respective uncertainties for each star provided by the 
USTMAPS package (Planck Collaboration XIII ( 2016 ). These values 
re converted into extinctions in both bands, Aλ, using an extinction
oefficient of 0.114 mag (J. A. Cardelli, G. C. Clayton & J. S. Mathis
989 ). We assume a distance modulus for the SMC of ( m − M)0 

 18.86 ±0.11 mag (C. E. Martı́nez-Vázquez, R. Salinas & A. K.
ivas 2021 ). 
Following the prescriptions from Navabi et al. (in preparation) and 

. Starkenburg et al. ( 2010 ), the metallicity of stars as a function of
he strengths of the CaT lines and the absolute magnitude in each λ
and, Mλ, is given by: 

Fe / H] = a + b × Mλ + c × �Ca + d × �Ca −1 . 5 + e × Mλ�Ca , 

here �Ca is the sum of the strengths of the three CaT lines for
ach star. The coefficients a , b , c , d , and e have been computed using
he reference metallicities listed in Table 1 from Navabi et al. (in
reparation). The metallicity for each star is determined from the 
bove equation using a Monte Carlo approach, which also provides a
ealistic estimation of its uncertainty. In short, we consider each 
nput variable as a Gaussian probability distribution centred on 
ts nominal values, with a standard deviation corresponding to its 
ncertainties. The considered variables are: �Ca , Mλ, reddening, 
nd distance modulus. The value for each of them is selected
andomly within this probability distribution in order to derive the 
orresponding metallicity. This procedure is repeated 10 000 times, 
nd the resulting metallicities for each star are distributed following 
 Gaussian function again. The mean of this distribution for a given
tar is the derived metallicity, while the width of the distribution
rovides an estimation of its uncertainty. 
There are fourteen common stars between the initial sample from 

aper I and D14 . To validate our results, we calculated the metallicity
MNRAS 544, 3980–3993 (2025)
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Figure 1. Spatial distribution of our sample (blue points) overimposed to the H I map (P. M. W. Kalberla & U. Haud 2015 ). The location of the objects studied 
by C08: R. Carrera et al. ( 2008 , in green) and P10 and P16: M. C. Parisi et al. ( 2010 , 2016 , in red and yellow, respectively). The four quadrants and the two 
example ellipses used in our analysis are also shown as references (see the text for details). 

Table 1. The distance modulus, reddening, and reference [Fe/H] values for the four clusters are listed. The CaT metallicities for these clusters are derived from 

absolute magnitudes in four bands: K , G , V , and I . The column labelled NK,G,V ,I indicates the number of stars observed in each respective band. 

Cluster ( m–M )0 E ( B–V ) Ref. [Fe/H]ref Ref. [Fe/H] [Fe/H] [Fe/H] [Fe/H] NK,G,V ,I 

name mag mag dex K band G band V band I band 

NGC 7099 14.50 ±0.21 0.05 ±0.02 1 −2.33 ±0.02 5 −2.34 ±0.14 −2.33 ±0.13 −2.31 ±0.13 −2.36 ± 0.14 22,22,22,22 
NGC 362 14.77 ±0.01 0.03 ±0.01 2 −1.09 ±0.01 6 −1.02 ±0.16 −1.08 ±0.17 −1.07 ±0.09 −1.07 ±0.16 13,12,11,12 
NGC 104 13.21 ±0.09 0.03 ±0.01 3 −0.76 ±0.02 C13 −0.78 ±0.20 −0.79 ±0.19 −0.75 ±0.23 −0.75 ±0.24 36,36,31,31 
Melotte 66 13.40 ±0.30 0.15 ±0.02 4 −0.33 ±0.03 4 −0.49 ±0.14 −0.52 ±0.12 −0.56 ±0.12 −0.52 ±0.13 34,34,26,25 

Note. References: (1) M. T. Smitka & A. C. Layden ( 2010 ); (2) G. A. Gontcharov et al. ( 2021 ); (3) K. Brogaard et al. ( 2017 ); (4) E. Carretta et al. ( 2009 ); (5) 
G. A. Gontcharov et al. ( 2024 ); (6) C. Vargas et al. ( 2022 ) 
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f these stars before removing one of the duplicate entries from our
atalogue. We follow the same procedure for the 86 stars targeted
wice within Paper I ’s fields. In both cases, the histograms of the

etallicity differences follows a Gaussian distribution, peaking near
ero with a standard deviation of approximately 0.3 dex. For each
NRAS 544, 3980–3993 (2025)
air of duplicates, the star with superior spectral quality or higher
ignal-to-noise ratio is retained in the final sample. 

To check the reliability of the metallicity determination presented
ere, we study four stellar clusters, which cover a broad range
n metallicities, observed by D14 using the same instrumental
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Figure 2. Residual metallicities of each cluster across the four bands. The 
cross symbols illustrate the discrepancies between the metallicities in this 
work and those of D14 , both using the Ks band. The blue dashed lines are the 
standard deviation of the differences of the CaT calibration (fig. 3 of Navabi 
et al. (in preparation). 
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Figure 3. The metallicity distribution of our sample with both Ks (red 
solid line) and Gaia G (blue dashed line) magnitudes. The details of these 
distributors are summarized in Table 2 . 

Table 2. Metallicity distributions of SMC field stars derived in this study. 
The values include the median metallicity [Fe/H], 10th and 90th percentiles 
(P10, P90), and the standard deviation ( σ ). 

Sample < [Fe/H] > (P10, P90) σ

Ks -band −1.05 ±0.01 ( −1.46, −0.70) 0.33 
G -band −1.03 ±0.01 ( −1.41, −0.70) 0.31 

Azimuthal regions 
East −1.07 ±0.01 ( −1.46, −0.74) 0.33 
South −1.09 ±0.02 ( −1.59, −0.79) 0.35 
West −1.04 ±0.02 ( −1.48, −0.59) 0.35 
North −1.12 ±0.02 ( −1.62, −0.76) 0.34 
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Table 3. Comparison of median metallicities ([Fe/H]) and standard devia- 
tions ( σ ) from previous studies. Where available, uncertainties are included. 

Study < [Fe/H] > σ

R. Carrera et al. ( 2008 ) ∼ −1 –
M. C. Parisi et al. ( 2010 ) −1 . 00 ± 0 . 02 0 . 30 ± 0 . 01 
P. D. Dobbie et al. ( 2014 ) −0 . 99 ± 0 . 02 –
M. C. Parisi et al. ( 2016 ) −0 . 97 ± 0 . 01 0 . 30 ± 0 . 01 
B. J. De Bortoli et al. ( 2022 ) ∼ −1 0.3 
A. Mucciarelli et al. ( 2023a ) ∼ −1 –
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onfiguration as the SMC targets. We reduced these stars from scratch 
sing the same procedure as the case of the SMC data, applying
imilar quality constraints to the SMC spectra. For each system, the 
embers are selected from their radial velocities within ±10 km s−1 

rom the mean value provided by D14 for each of them. Once more,
he metallicity of each cluster star has been derived following the 
ame procedure as for the SMC stars: the metallicity is the median of
he values obtained for all the members of each cluster after applying
 3–σ clipping rejection. The obtained values, together with their 
espective uncertainties, are listed in Table 1 . This is important to
ote that, within the uncertainties, the values are in good agreement. 
Fig. 2 presents the residual metallicity values (i.e. the differences 

etween the high-resolution reference and our results) for the 
lobular clusters across four magnitudes: MI , MK 

, MV , and MG 

. 
hese residuals generally fall within the typical uncertainties of the 
aT method obtained by fig. 3 in Navabi et al. (in preparation),

ndicating good agreement. Melotte 66, however, stands out due to its
igh-resolution reference value being derived solely from G. Carraro 
t al. ( 2014 ), as it has not been included in surveys like OCCASO
Open Clusters Chemical Abundances from Spanish Observatories; 
. Carbajo-Hijarrubia et al. 2024 ), APOGEE (N. Myers et al. 2022 ),
r GES (Gaia-ESO Survey; S. Randich et al. 2022 ). Consequently, 
his cluster shows the largest discrepancy, exceeding ∼ 0 . 2 dex in
he V band. However, the Ks band is particularly significant for this
tudy and demonstrates the best agreement with the high-resolution 
eference values. Also, D14 derived the CaT metallicity in the Ks 

and for these clusters M30, NGC 362, NGC 104, and Melotte 66,
ith reported values of −1.91 ±0.07, −1.13 ±0.08, −0.75 ±0.07, and 
0.47 ±0.09 dex, respectively. The cross symbols in Fig. 2 represent 

he discrepancies between our results and the D14 values in the Ks 

and. Those discrepancies are less than 0.06 dex for NGC 104, NGC
62, and Melotte 66, while for NGC 7099 is about 0.43 dex. None
he less, our results show minimal deviation from the high-resolution 
pectroscopy determinations for the latter cluster. 

 T H E  META LLICITY  C O N T E N T  O F  T H E  SMC  

ig. 3 presents the derived metallicity distributions for our sample, 
omputed using Ks (red solid histogram) and Gaia G (blue dashed 
istogram) magnitudes. Both distributions are unimodal and exhibit 
 high degree of similarity. A Kolmogorov–Smirnov (KS) test 
ielded a statistic of 0.6 and a p -value of zero, indicating no
ignificant differences between the two distributions and confirming 
he consistency of our metallicity determinations. Their medians, 
0th (P10) and 90th (P90) percentiles, and the standard deviations 
re listed in the first two rows of Table 2 . Since the metallicities
erived from both Ks and Gaia G -band magnitudes are very similar,
e base our analysis solely on the values obtained from the Ks 

agnitudes, due to the greater number of stars in this band. However,
e have verified that using the G -band yields nearly identical results.
or a comparison of the median metallicities ([Fe/H]) and standard 
eviations derived here with values from prior studies, see Table 3 . 
MNRAS 544, 3980–3993 (2025)
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Table 4. Statistics of the metallicity distribution in each elliptical annulus 
studied as a function of distance with the standard deviation in each bin. 

d Ntot < [Fe/H] > (P10, P90) σ

0.◦3 49 −1.02 ± 0.06 ( −1.44, −0.76) 0.3 
0.◦6 178 −0.99 ± 0.03 ( −1.32, −0.66) 0.3 
0.◦9 294 −0.99 ± 0.01 ( −1.34, −0.65) 0.3 
1.◦2 338 −0.97 ± 0.02 ( −1.30, −0.60) 0.3 
1.◦5 405 −1.03 ± 0.02 ( −1.41, −0.63) 0.3 
1.◦8 392 −1.00 ± 0.02 ( −1.36, −0.64) 0.3 
2.◦1 377 −1.05 ± 0.02 ( −1.39, −0.68) 0.3 
2.◦4 292 −1.05 ± 0.02 ( −1.44, −0.73) 0.3 
2.◦7 251 −1.08 ± 0.02 ( −1.59, −0.76) 0.3 
3.◦0 218 −1.08 ± 0.03 ( −1.66, −0.73) 0.4 
3.◦3 208 −1.18 ± 0.02 ( −1.59, −0.82) 0.3 
3.◦6 176 −1.12 ± 0.02 ( −1.63, −0.76) 0.4 
3.◦9 178 −1.15 ± 0.02 ( −1.72, −0.81) 0.4 
4.◦2 132 −1.10 ± 0.03 ( −1.58, −0.82) 0.3 
4.◦5 73 −1.21 ± 0.04 ( −1.69, −0.88) 0.4 
4.◦8 46 −1.24 ± 0.08 ( −2.04, −0.92) 0.4 
5.◦1 33 −1.24 ± 0.08 ( −1.61, −0.78) 0.3 
5.◦4 10 −1.37 ± 0.12 ( −1.72, −1.14) 0.3 
5.◦7 4 −1.52 ± 0.19 ( −1.86, −1.21) 0.3 
6.◦0 3 −1.23 ± 0.24 ( −1.40, −0.88) 0.3 
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.1 Radial metallicity gradient 

o determine whether a radial metallicity gradient exists in our
ample and further investigate the spatial distribution of metallicities,
e first de-project the positions of the stars in our sample following
. R. L. Cioni ( 2009 ). In short, we first calculate the position angle

 φ) and the angular distance ( ρ) in the sky for each star from the
MC centre, and subsequently convert these values into Cartesian
oordinates using the following equations: 

x( α, δ) = ρ sin φ

y( α, δ) = ρ cos φ
. 

We then rotate the stars’ coordinates with respect to the position
f the SMC’s line of nodes that corresponds to PASMC = 130◦ (S.
ubramanian & A. Subramaniam 2012 ): 

x ′ = x cos PASMC + y sin PASMC 

y ′ = −x sin PASMC + y cos PASMC 
. 

To calculate the projected distance, we utilize the equation: 

 =
√ 

x ′ 2 + y ′ 2 . 

ote that we only consider the projected coordinates of x ′ and y ′ and
eglect the depth of the puzzling line of sight of the SMC (see e.g. J.
. Sakowska et al. 2024 ). 
To obtain the SMC’s radial metallicity distribution we overlay

wenty concentric ellipses with an axial ratio of a/b = 1.5 (S.
ubramanian & A. Subramaniam 2012 ) centred on the red clump
entre of the SMC (S. Subramanian & A. Subramaniam 2012 ) with
oordinates (RA, Dec) = (13.◦143, −73.◦05), and the semimajor axis,
, increasing incrementally by 0.◦3. Two such ellipses are shown in
ig. 1 as a reference. Within each elliptical annulus, we apply a
ootstrap sampling method to estimate the median metallicity and
ts associated uncertainty. The results of this procedure are presented
n Table 4 , which also lists the 10th and 90th percentiles for each
f them. The last column is the standard deviation of the [Fe/H]
istribution in each bin. 
Fig. 4 illustrates the variation of the metal content of our field

tars’ sample as a function of the semimajor axis. For each annulus,
NRAS 544, 3980–3993 (2025)
he box (blue rectangles) goes from the 1st to the 3rd quartiles with
he red line representing the median (see Table 4 ). The whiskers
xtend to the minimum and maximum values, excluding outliers.
he figure reveals a distinct break in the SMC’s metallicity gradient.
he profile is nearly flat or slightly positive from the centre out

o a radius of approximately 1.◦2, beyond which it transitions to
 clear negative gradient. This pattern is mirrored by the 1st and
rd quartile values, underscoring the feature’s robustness. To test
he statistical significance of this break, we performed a piecewise
inear fit, treating the breakpoint as a free parameter. An Markov
hain Monte Carlo (MCMC) analysis robustly locates this break at
.◦2 ± 0.◦3. The slopes for the inner and outer regions are listed in
able 5 . An F-test comparing this broken model to a single linear fit
ields F = 2.9 ( p = 0.02), confirming that the two-segment model
s a statistically better description of the data. This result provides
trong evidence for a genuine transition in the SMC’s metallicity
istribution at this radius. 
To statistically validate the significant positive metallicity gradient

ithin the central 1.◦2, we applied a bootstrap sampling. In brief, from
ll the stars inside 1.◦2, we randomly select half of them. The objects in
his subsample are distributed in the same elliptical annuli as before
ccording to their distances, determined by the median, standard
eviation, etc. of the derived metallicity distributions for each of
hem. Finally, we perform a weighted linear fit in order to estimate
he slope of the gradient. This procedure is repeated 500 times, and
he median of the derived slopes suggests, at a two σ level, the
xistence of a positive gradient in the central part of this galaxy. This
nding agrees with the MCMC result within the uncertainties. 
Outside 1.◦2, the metallicity clearly decreases as we move away

rom the centre in the innermost ∼3.◦5, which several fluctua-
ions from there off probably related to azimuthal variations (see
ection 4.2 ). In order to investigate the nature of this trend,
e parametrize it with two linear functions, considering also the

ransition point. To do that we implement chi-square residual
inimization using LMFIT package (M. Newville et al. 2014 ). We
nd that inside 5.◦0 ±0.◦2 there is a shallow decrease of metallicity
ith a rate of −0.06 ±0.01 dex deg−1 ( −0.06 ±0.01 dex kpc−1 ), while
utside this value the gradient is more steeper, with a slope of
0.4 ±0.7 dex deg−1 , although this value is based only on three
edian points. The outermost distance analysed, at 6.◦0, exhibits
 slight increase in metallicity, but this result is based only on three
tars. 

.2 Azimuthal metallicity variations 

s commented above, the metallicity distribution shows some
uctuations between 3.◦5 and 6.◦0. In order to investigate whether

hey are related to azimuthal variations of metallicity, which is
ossible due to the spatial coverage and size of our sample, we
ivide the SMC into quadrants as shown in Fig. 1 : North, East,
est, and South. The central region, inside 1.◦2, is excluded from

his analysis to minimize potential biases caused by the strong
entral concentration of stars, as well as the outskirts ( > 3.◦5),
here more significant differences can be observed. The normalized
etallicity distributions for all quadrants are presented in Fig. 5 We

pply a bootstrap sampling method to determine the statistics for
ach quadrant listed in Table 2 . The northern quadrant, in green,
xhibits a distinct excess of stars with metallicities between −1.5
nd −2 dex and a smaller 10th percentile (see Section 5.3 for a
urther discussion). In contrast, the western region has an excess of
etal-rich stars, −0.5 ≤[Fe/H] ≤0 dex, and a higher 90th percentile

y at least 0.15 dex. 
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Figure 4. The metallicity gradient across semimajor axis of the ellipses as described in Section 4.1 . For comparison, we include the median metallicities of 
field stars from C08, P10, P16: R. Carrera et al. ( 2008 ), M. C. Parisi et al. ( 2010 ), M. C. Parisi et al. ( 2016 ), D14 and clusters from P09, P15, P22, B22: M. C. 
Parisi et al. ( 2009 ), M. C. Parisi et al. ( 2015 ), M. C. Parisi et al. ( 2022 ), and B. J. De Bortoli et al. ( 2022 ), respectively (see inset). The top of the x-axis shows 
the corresponding distance in kpc. 

Table 5. The metallicity gradient of the azimuthal regions of the SMC. 

Region Range (deg) Metallicity gradients (dex deg−1 ) 

All < 1.2 0.06 ±0.05
All 1.2–5.0 −0.06 ±0.01

West 1.2–3.8 −0.09 ±0.02
North – −0.08 ±0.02
East – −0.05 ±0.01
South – −0.04 ±0.01

Figure 5. Normalized [Fe/H] distributions for RGB stars in the four 
quadrants of the SMC: East (blue), South (red), West (black), and North 
(green). A bootstrap sampling method was applied here to determine the 
statistics for each quadrant listed in Table 2 . 
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Fig. 6 illustrates the radial metallicity distribution within each 
uadrant following the methodology described in Section 4.1 . Table 6 
hows the number of stars in each radial bin for every quadrant. A
lear distinction is observed between the inner ( < 3.◦8) and outer
 > 3.◦8) regions relative to the SMC tidal radius, which has been
eported as 3.◦4 and 4.◦5 by P. Massana et al. ( 2020 ) and B. Dias
t al. ( 2021 ), respectively. In the inner region, the radial metallicity
radient exhibits a nearly identical pattern in the four azimuthal 
egions up to 3.◦2. Between 1.◦2 and 3.◦8, the gradient is steeper in the
estern and northern quadrants compared to the overall trend, while 

he eastern and southern quadrants show a more gradual decline (see
able 5 ). Beyond 3.◦8, the eastern, northern, and southern regions
isplay a similar pattern with a peak before undergoing a sudden
ecline up to 5.◦6. In contrast, the western region, located opposite the
MC, spans a smaller area, extending only to 3.◦8, a trend consistent
ith the behaviour of western halo clusters (e.g. M. C. Parisi et al.
022 ). 

 DI SCUSSI ON  

.1 Outside-in formation with central inversion? 

ur measurements confirm a negative radial metallicity gradient in 
he SMC between 1.◦2 and 6.◦0, consistent with previous findings. The
edian gradient of −0 . 064 ± 0 . 007 dex deg−1 aligns with expecta-

ions for dwarf irregular galaxies undergoing outside-in formation 
e.g. A. Aparicio & N. Tikhonov 2000 ; C. Gallart et al. 2008 ; K. B.

. McQuinn et al. 2017 ). The outermost regions ( > 5.◦0) lack stars
ith [Fe/H] > −0 . 6 dex, implying an older stellar population formed
12 Gyr ago (R. Carrera et al. 2008 ), whereas intermediate-age and

ounger stars with [Fe/H] ∼ −0 . 6 to −0 . 5 dex are more centrally
oncentrated, associated with a star formation burst around ∼1 Gyr 
A. Mucciarelli et al. 2023a ). This gradient and the progressive
entral concentration of more metal-rich populations reflect a broader 
utside-in chemical evolution scenario, consistent with studies of 
ther irregular systems such as WLM, IC 1613, Aquarius, NGC 6822,
MNRAS 544, 3980–3993 (2025)
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Figure 6. Radial metallicity distribution within each quadrant following the methodology described in Section 4.1 . The inner 1.◦2 region is omitted due to low 

star counts in some quadrants; gradients within this region are analysed globally in Section 4 . Table 6 lists the bin size and the number of stars contributing to 
each radial bin in each quadrant. 

Table 6. The number of stars contributing to each radial bin per quadrant. 
The value of d represents the average of the radial measurements across the 
different quadrants. 

d East South West North 

1.◦3 2 0 3 1 
1.◦8 188 70 97 140 
2.◦1 120 94 86 116 
2.◦4 92 78 66 97 
2.◦8 85 64 44 83 
3.◦1 105 39 46 62 
3.◦5 97 42 39 50 
3.◦8 57 44 33 41 
4.◦2 34 28 0 34 
4.◦5 11 15 0 17 
4.◦8 11 9 0 18 
5.◦1 5 1 0 3 
5.◦5 0 1 0 4 
5.◦9 0 0 0 3 
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nd Leo A (E. N. Kirby et al. 2013 ; R. Leaman, D. A. VandenBerg &
. T. Mendel 2013 ; E. N. Kirby et al. 2017 ; S. Taibi et al. 2022 ). 

However, perhaps the most remarkable result is that, within the
entral ≤ 1.◦2, we detect a positive metallicity gradient – the first
uch evidence reported using field stars in the SMC. This central
nversion contrasts with the expected outside-in trend and resembles
henomena observed in the inner regions of the LMC and M33 (M.
. Barker et al. 2007 ; B. F. Williams et al. 2009 ; M. K. Barker

t al. 2011 ). These inner metallicity inversions are often attributed to
tellar radial migration, a process supported by simulations of both
MC- and MW-mass discs (R. Roškar et al. 2008 ; D. J. Radburn-
NRAS 544, 3980–3993 (2025)
mith et al. 2012 ; R. Roškar et al. 2012 ). The statistical significance
f this positive central gradient is marginal, and the result should
e interpreted as tentative. Additional spectroscopic data in the
nner regions of the SMC will be needed to confirm or refute this
rend and to properly quantify its impact on the SMC’s chemical
tructure. 

We also examined the 2D metallicity distribution across four
zimuthal sectors. The inner 1.◦2 region is excluded due to low star
ounts in certain quadrants. This is illustrated in Figs 5 and 6 , which
how the median metallicity profiles and corresponding gradients in
ach quadrant. Although steeper radial gradients are observed in the
estern and northern quadrants out to ∼ 3.◦8 – potentially due to tidal

ffects from the LMC on the eastern side of the SMC (D. L. Nidever
t al. 2013 ; M. De Leo et al. 2020 ; S. Choudhury et al. 2020 ) – this
nding is not statistically significant. A Kolmogorov–Smirnov test
eveals no significant difference compared to the other quadrants at
he 95 per cent confidence level. 

Our findings reinforce earlier cluster-based results showing a
onsistent western gradient with no inversion (M. C. Parisi et al.
022 ). Taken together, these results reveal a complex evolutionary
arrative: the SMC exhibits a dominant outside-in formation pattern,
verprinted by central migration-driven inversion and external tidal
isturbances that have shaped its metallicity structure in both radial
nd azimuthal dimensions. This 2D chemical map emphasizes
he need to interpret metallicity gradients not as simple linear
rends but as dynamic, interaction-modulated signatures of galactic
volution. 

A key contribution of our study is the detailed examination of
zimuthal variations in the metallicity gradient. By dividing the SMC
nto quadrants, we identify a significant asymmetry: the western
egions show a pronounced metallicity decline with radius, whereas
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Figure 7. Distance histograms of the HEALPIX subsamples of SMC RGB stars, with red dashed lines showing Gaussian functions based on the mean and 
standard deviation of each distribution. The Eastern subsample displays a double-Gaussian profile, indicated by green lines. 

t
fl
r  

t
r
l  

e  

e  

t
s  

e
m
i
a

5

M
o
c
t  

Z  

a
m
w  

o

3 http://healpix.sourceforge.net

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/3980/8313646 by D
ip Psicologia BO

 user on 25 February 2026
he eastern side – facing the Magellanic Bridge – maintains a nearly 
at profile out to ∼4.◦0. This finding spectroscopically confirms the 
adial asymmetry reported by S. Choudhury et al. ( 2020 ), and points
o population mixing caused by tidal interactions with the LMC. The 
emoval or redistribution of metal-rich stars from the eastern SMC, 
ikely through tidal stripping (D. L. Nidever et al. 2013 ; M. De Leo
t al. 2020 ; J. Grady, V. Belokurov & N. W. Evans 2021 ; A. Almeida
t al. 2024 ), may have diluted any underlying gradient. In contrast,
he western SMC – less affected by such interactions – retains a 
teeper and uninterrupted gradient (B. Dias et al. 2022 ; M. C. Parisi
t al. 2022 ). This azimuthally resolved perspective provides a richer, 
ore complete understanding of the SMC’s evolution, reinforcing the 

mportance of combining radial and angular diagnostics in galactic 
rchaeology. 
.2 Decoupling of kinematics and chemistry in the eastern SMC 

otivated by the extensive spatial coverage and high sample size 
f our spectroscopic survey, we explored the SMC’s structural 
omplexity by dividing the data set into spatial subsamples using 
he HEALPIX 

3 pixellization scheme (K. M. Górski et al. 2005 ; A.
onca et al. 2019 ). This allowed for uniform sky partitioning and
nalysis of variations in three dimensions: distance, velocity, and 
etallicity. Each HEALPIX cell contains more than twenty stars, and 
e focus our analysis on 16 representative subregions across a range
f Right Ascensions (RA) and Declinations (Dec). 
MNRAS 544, 3980–3993 (2025)

http://healpix.sourceforge.net
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Figure 8. Like Fig. 7 but for the radial velocities of the HEALPIX subsamples. 
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To probe the 3D nature of the SMC, we estimate distances ( d)
sing Gaia EDR3 proper motions and the relation from A. Almeida
t al. ( 2024 ): 

 = νtan 

4 . 74 μ
, 

 where μ is the total Gaia proper motion (in mas yr−1 ) and νtan 

s the systematic tangential velocity of the SMC, adopted here as
98 km s−1 . 
With this method, we accept those distances ranging from 30 to

0 kpc. The distributions of distance, velocity, and metallicity for
ach subsample are shown in Figs 7 , 8 , and 9 , respectively, with
ummary statistics provided in Table 7 . Fig. 7 reveals a pronounced
patial variation in line-of-sight depth. The eastern SMC exhibits
NRAS 544, 3980–3993 (2025)
loser mean distances (down to ∼50 kpc), while the western regions
xtend out to nearly 60 kpc. Notably, the eastern subsample shows a
lear bimodal distance distribution, with two Gaussian components
entred at approximately 47 and 56 kpc, respectively. The observed
istance bimodality is consistent with previous findings (D. L.
idever et al. 2013 ; A. Almeida et al. 2024 ) and has been interpreted

s a consequence of a past interaction between the LMC and SMC.
ased on the simulations, the foreground structure is thought to

epresent a tidal extension of the SMC, likely formed through
he stripping of material from its disc (J. D. Diaz & K. Bekki
012 ). This scenario aligns with suggestions that both the stellar
ubstructures and the gaseous features associated with the Magellanic
louds originate from tidal forces induced during their mutual

nteraction. 
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Figure 9. Like Fig. 7 , but for the metallicity of the HEALPIX subsamples. The eastern region does not show two separate components; the green and blue dashed 
profiles correspond to two vrad components in the same subsample of Fig. 8 . 
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Fig. 8 supports this interpretation by revealing corresponding 
imodal structures in radial velocity. In the eastern subregions with 
ouble-peaked distances, we also observe two vrad components at 129 
nd 173 km s−1 , suggesting kinematically distinct populations. These 
ndings strengthen the case for the existence of two separate stellar
omponents in the eastern SMC – possibly a foreground structure and 
 more extended background population – both shaped by dynamical 
nteractions. 

Fig. 9 shows that the mean metallicity across the subsamples 
emains relatively uniform, ranging from [Fe/H] ∼ −1 . 1 dex near 
he centre to ∼ −1 . 3 dex at the edges. Importantly, despite the spatial
nd kinematic substructures in the east, the metallicity distributions 
o not show significant bimodality. Gaussian fits to velocity-selected 
ubsets ( Vr > 150 versus Vr < 150 km s−1 ) reveal nearly identical
eak metallicities, suggesting no strong chemical differentiation 
etween the kinematic components. This result is in agreement with 
. Almeida et al. ( 2024 ), who also found that eastern near and far

ubpopulations share similar enrichment histories. The same result 
s obtained if the global metallicity gradient is removed from the
ndividual [Fe/H] values. 

Overall, our 3D analysis shows the eastern SMC’s struc- 
ural bifurcation in distance and velocity is not mirrored by a
hemical one. Within our measurement precision, these compo- 
ents are chemically homogeneous, suggesting a common ori- 
in rather than the accretion of an external system. These fea-
ures are therefore more likely attributable to internal dynamics 
riven by Magellanic interactions, as predicted by simulations. 
owever, a definitive confirmation awaits more precise abun- 
MNRAS 544, 3980–3993 (2025)
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Table 7. A table summarizing the properties of histograms for the subsam- 
ples in Figs 7 , 8 , and 9 . 

(RA,Dec) (deg,deg) 21.9, −69.4 14.9, −69.4 9.4, −69.4 
22.6, −70.9 16.3, −70.9 10.8, −70.9 
23.8, −72.4 17.8, −72.4 11.4, −72.4 4.1, −72.4

20.3, −73.9 12.9, −73.9 5.9, −73.9
21.3, −75.3 14.4, −75.3 5.8, −75.3

< d > (kpc) 55 ±6 58 ±8 61 ±6 
53 ±7 58 ±5 60 ±6 
52 ±5 58 ±6 60 ±5 61 ±6

56 ±7 60 ±6 62 ±7
53 ±7 59 ±6 62 ±5

<vrad > (km s−1 ) 135 ±22 133 ±25 142 ±25 
140 ±27 139 ±23 140 ±29 
152 ±28 155 ±24 139 ±24 138 ±24

161 ±25 155 ±25 141 ±23
162 ±31 162 ±24 157 ±21

< [Fe/H] > (dex) −1.14 ±0.19 −1.33 ±0.34 −1.34 ±0.33 
−1.14 ±0.28 −1.12 ±0.30 −1.17 ±0.32 
−1.11 ±0.28 −1.03 ±0.26 −0.99 ±0.30 −1.10 ±0.35 

−1.12 ±0.27 −1.00 ±0.27 −1.05 ±0.33 
−1.28 ±0.36 −1.08 ±0.29 −1.17 ±0.25 

Figure 10. Map of metal-poor stars with [Fe/H] ≤−1.7 dex, where the colour 
bar represents stellar number across different regions. The black star shows 
one region corresponding to the NGC 339 globular cluster. 
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Figure 11. Histogram showing metal-poor stars with [Fe/H] ≤−1.7 dex in 
red, compared to the full SMC stellar population in filled blue. 
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ance analyses incorporating a wider suite of elemental trac-
rs. 

.3 Metal-poor map 

ur sample includes 161 stars with [Fe/H] < −1 . 7 dex, several of
hich are classified as very metal-poor ([Fe/H] < −2 dex), including
ne extremely metal-poor object ([Fe/H] < −3 dex). Given the role
f metal-poor stars as tracers of early star formation and chemical
volution, we examine their spatial and kinematic properties to
ssess whether they represent a distinct population compared to
he dominant SMC field stars. To investigate whether these stars
ay be associated with known globular clusters, we cross-matched

ur sample with the catalogue of E. Bica et al. ( 2020 ). Only one
bject, NGC 339, an intermediate-age cluster (6 ± 0 . 5 Gyr; K. Glatt
t al. 2008 ), aligns spatially with one of these metal-poor stars.
NRAS 544, 3980–3993 (2025)
ecent high-resolution spectroscopy by A. Mucciarelli et al. ( 2023b )
rovides a metallicity of [Fe/H] = −1 . 24 ± 0 . 02 dex, consistent with
he SMC average and significantly more metal-rich than the stars in
ur metal-poor sample. Thus, we conclude that our metal-poor stars
re not associated with known clusters, including NGC 339. 

Fig. 10 displays the spatial distribution of these metal-poor stars.
hey are found throughout the SMC, but with a relative enhancement

n the outer regions – particularly towards the east. It is important
o clarify the expectations of the outside-in formation scenario: it
redicts that metal-poor stars, being older, should be widespread
cross the galaxy, while metal-rich stars, formed later, are expected
o be centrally concentrated (e.g. S. L. Hidalgo et al. 2013 ). Thus,
he presence of metal-poor stars in both the inner and outer SMC
s consistent with this scenario. The spatial asymmetry we observe,
otably the eastern enhancement, may reflect tidal effects from the
MC rather than intrinsic chemical gradients. Indeed, D. L. Nidever
t al. ( 2013 ) demonstrate that the SMC has a tidally stretched stellar
omponent extending eastward towards the Magellanic Bridge. More
ecently, A. Almeida et al. ( 2024 ) find kinematic and distance bifur-
ations in this region without accompanying chemical differences,
uggesting a common origin that has been dynamically disturbed. 

To assess whether the metal-poor stars are kinematically distinct,
e compare their radial velocity distribution to that of the full
GB sample in Fig. 11 , showing metal-poor stars in red and the

ull sample in blue shading. Both distributions broadly overlap, but
 significant difference appears as an excess of metal-poor stars
etween 65 and 100 km s−1 . In contrast, there is a notable deficit
etween 180 and 190 km s−1 , which enhances the appearance of
 peak around 210 km s−1 . However, this latter feature coincides
ith the main RGB population and is not considered independently

ignificant. The primary kinematic distinction is the low-velocity
xcess, which may hint at a distinct substructure within the metal-
oor component. Since the 65–100 km s−1 velocity range can overlap
ith that of Milky Way halo stars, we assessed potential foreground

ontamination using Gaia EDR3 proper motions. The distances we
erived for these stars, as described in Section 5.2 , fall between those
f the MW halo and the SMC. This overlap suggests that these stars
re likely foreground contaminants. 
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Figure 12. Map of metal-poor stars in the azimuthal quadrants, with 
histograms of their radial velocities ( vrad ) overlaid. The background-filled 
blue histograms represent the general stellar population in each region. 

Table 8. Properties of metallicity distributions after applying ±0.14 mag on 
the distance modulus ( μ). 

Distribution [Fe/H](Q1,Q3) σ

Ks -band ( μ − 0 . 14) −1.03 ±0.01 ( −1.22, −0.84) 0.34 
G -band ( μ − 0 . 14) −1.00 ±0.01 ( −1.18, −0.83) 0.31 
Ks -band ( μ + 0 . 14) −1.08 ±0.01 ( −1.27, −0.89) 0.33 
G -band ( μ + 0 . 14) −1.05 ±0.01 ( −1.23, −0.88) 0.30 
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To explore potential spatial variations within the kinematics of 
etal-poor stars, we obtain the radial velocity distribution in the 

ame quadrants studied before (Fig. 12 ), comparing with the full
ample of each of them (blue shadow). The low radial velocity excess
65–100 km s−1 ) is everywhere because all regions show an excess of
ow- vrad stars compared to the whole population. This reinforces our 
ypothesis that they are foreground MW contamination. However, 
he peak around 210 km s−1 can be seen just in the Northern and

estern regions (green and black histograms). These high radial 
elocity stars with values well above the main peak may belong 
o a dynamically distinct substructure, such as an early accreted 
omponent or a stellar stream resulting from SMC–LMC interaction. 

Overall, we find that the metal-poor stars are not confined to 
lusters and are more frequent in the SMC outskirts – particularly 
oward the east. While we initially identified an excess of metal- 
oor stars with radial velocities between 65 and 100 km s−1 , further
nalysis suggests that these are likely foreground contaminants 
rom the Milky Way. Excluding this velocity range, the spatial 
nd kinematic distribution of the remaining metal-poor stars is 
roadly consistent with an outside-in formation scenario. The spatial 
symmetries – especially the eastern concentration – are likely the 
esult of tidal interactions with the LMC, which have reshaped the 
MC’s outer stellar populations without introducing clear chemical 
iscontinuities. 

.4 Impact of line-of-sight depth 

n this section, we assess whether variations in the line-of-sight depth 
f the SMC could significantly influence our derived metallicities 
nd, by extension, our results. The SMC is known to exhibit a
ubstantial line-of-sight depth, ranging from a few kiloparsecs to up 
o ∼14 kpc depending on stellar population and location, as estimated 
sing red clump stars by S. Subramanian & A. Subramaniam ( 2012 ).
his corresponds to a dispersion in distance modulus between 0.03 
nd 0.46 mag, though for the purpose of this analysis we adopt a
onservative average depth variation of 3–4 kpc, or ±0.14 mag in
istance modulus. 
We recomputed the metallicities using adjusted distance moduli, 

hifting the absolute magnitudes by ±0.14 mag and recalculating 
Fe/H] values accordingly. The results are presented in Table 8 .
hese adjusted distributions show no significant change in the overall 
etallicity: the median shifts by less than 0.05 dex and the dispersion

emains within the original uncertainty. 
To visualize any potential spatial impact, we regenerated the metal- 

oor map using the updated metallicities. Applying a reduction 
f 0.14 mag in the distance modulus results in a higher median
etallicity of [Fe/H] = −1 . 03 ± 0 . 01 dex, decreasing the number

f stars falling below our metal-poor threshold. Consequently, 
egions originally containing a single metal-poor star may fall below 

etection, though denser groupings, with two or three stars, persist, 
lbeit with reduced densities. The highest density region, four stars, 
emains unchanged. 

Conversely, increasing the distance modulus by 0.14 mag lowers 
he median metallicity to [Fe/H] = −1 . 08 ± 0 . 01 dex, leading to
n increase in the number of stars classified as metal-poor. This
reates additional low-density groupings across the map, including 
wo regions with four stars – one in the north and one in the south.
otably, no new metal-poor concentrations appear in the western 
uadrant. The effect of this shift is to make the northern SMC appear
lightly more metal-poor than in the original map. 

Overall, the spatial distribution of metal-poor stars is only 
arginally affected by plausible line-of-sight depth variations. High- 

ensity features remain in place, and the global trends, including the
astern enhancement, are preserved. We conclude that the line-of- 
ight depth does not significantly impact our metallicity determina- 
ions or the resulting interpretation of the metal-poor population. 

 C O N C L U S I O N S  

his work presents the most spatially extended and homogeneous 
pectroscopic study of field stars in the SMC to date. Using
nfrared Ca II triplet (CaT) spectroscopy of 3697 red giant stars
rom AAOmega, we have constructed a 2D metallicity map and 
nvestigated the chemical and kinematic structure of the galaxy. 

Our results provide new insights into the formation and dynamical 
volution of the SMC, which we summarize below: 

(i) Outside-in formation and central inversion: We confirm a 
egative metallicity gradient ( −0 . 064 ± 0 . 007 dex deg−1 ) out to 6.◦0,
onsistent with an outside-in chemical evolution scenario. For the 
rst time, we detect hints of a positive metallicity gradient within 1.◦2,

ikely reflecting radial migration or centralized chemical enrichment. 
(ii) Azimuthal metallicity asymmetries: We find flatter gradients 

n the eastern and southern quadrants and steeper ones in the north
nd west. These asymmetries are consistent with tidal interaction 
ffects from the LMC, which appear to have redistributed stars and
ltered the chemical structure of the SMC. 

(iii) Coherent structure in the eastern SMC: Despite clear 
istance and velocity bifurcations in the east, no corresponding 
etallicity differences are found. This supports the view that the 

ear and far eastern structures share a common chemical origin, in
greement with recent findings from A. Almeida et al. ( 2024 ). 
MNRAS 544, 3980–3993 (2025)
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(iv) Metal-poor population structure: We identify 161 stars with
Fe/H] < −1 . 7 dex, mostly located in the outskirts – especially the
astern SMC. One extremely metal-poor star ([Fe/H] < −3 dex) is
lso found. These stars are not associated with known clusters and
nclude a kinematically distinct high-velocity component that may
epresent an early substructure. 

(v) Robustness to depth effects: Shifting the distance modulus
y ±0.14 mag does not significantly change the median [Fe/H] or
ffect the location of high-density metal-poor regions, confirming
hat our results are robust against line-of-sight depth variations. 

In summary, the SMC exhibits a rich and complex chemical
tructure shaped by both internal evolution and external tidal influ-
nces. The combination of metallicity gradients, asymmetries, and
uter-halo substructure paints a picture of a dwarf galaxy in active
ransformation, retaining signatures of its early star formation history
hile responding to its interaction with the LMC. 
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