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ABSTRACT

We applied the barred population-orbit superposition method developed and validated in our previous 2025 papers to construct 3D
chemo-dynamical models for the barred SO galaxy NGC 1381 (FCC 170) in the Fornax cluster. Based on the properties of stellar
orbits in the models, we decomposed NGC 1381 into six components with distinct kinematics and morphologies: (1) a dynamically
warm nuclear disc; (2) a rigidly rotating, boxy, peanut, or X-shaped bar; (3) a dynamically hot, spheroidal bulge; (4) a dynamically
cold thin disc; (5) a vertically extended thick disc with slightly slower rotation than the thin disc; and (6) a dynamically hot, spatially
diffuse stellar halo. The luminosity fractions of the dynamical components indicate that the luminosity of NGC 1381 is dominated by
the bar ( fyar ~ 30%) and thin disc (fiin ~ 28%), with notable contributions from the thick disc ( finick ~ 16%) and bulge (fouge ~ 17%)
and only minor contributions from the nuclear disc (fiua ~ 5%) and halo (fiue ~ 5%). The nuclear disc, bar, and thin disc are metal-
rich ([Z/H] =z 0), a-poor ([Mg/Fe] < 0.2), and old (~13 Gyr), consistent with in situ formation in the early Universe. The bulge,
thick disc, and stellar halo are metal-poor ([Z/H] < 0), a-rich ([Mg/Fe] 2 0.2), and younger than or comparable in age to the in situ
components, suggesting that they are related to ex situ formation through the accretion of minor mergers. Further analysis of stellar
population gradients for these ex situ-related components reveals that the thick disc and stellar halo, with their flat metallicity and
[Mg/Fe] gradients, are likely dominated by a similar ex situ population. In contrast, the bulge exhibits a negative metallicity gradient
(VIZ/Hlpuige < 0), which might originate from either predominantly ex situ stars or a mixture of in situ and ex situ stars; the bulge’s

ex situ fraction cannot be quantified with the current data. Our modelling also reveals the presence of a slow bar (R = 2.40*93%), with

a bar pattern speed of Q, = 34f‘7‘ kms™! kpc'], a bar length of Ry, = 2.24

which is consistent with its ancient formation time.
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043 kpe, and a corotation radius of Rer = 5.38%)3 kpc,
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1. Introduction

The classifications of galaxy structures originated from their
morphologies and colours. For instance, the central regions
of galaxies were initially classified as either red, spheroidal
‘classical bulges’ or blue, flat ‘pseudobulges’ linked to secu-
lar evolution (e.g. Kormendy & Kennicutt 2004; Athanassoula
2005). However, later detailed morphological analyses have
revealed the complexity of bulge regions (e.g. Buta et al. 2015).
Recent observations have uncovered composite bulges in some
galaxies, where distinct structures such as a classical bulge,
a bar, and a nuclear disc can coexist (e.g. Erwin et al. 2021;
Tahmasebzadeh et al. 2024).

In standard models of galaxy formation, bars, nuclear
discs, and classical bulges have distinct origins: bars can form

* Corresponding authors: jyp199333@163.com;
1zhu@shao.ac.cn

through internal instabilities in rotation-dominated discs (e.g.
Hohl 1971; Ostriker & Peebles 1973; Efstathiou et al. 1982) or
external tidal perturbations (e.g. Noguchi 1996; Lokas 2018;
Yoon et al. 2019); nuclear discs assemble from gas inflow
towards galaxies’ centres channelled by bars (e.g. Athanassoula
2003; Kormendy & Kennicutt 2004; Gadotti 2011); and classical
bulges likely originate from dissipationless collapse or mergers
(e.g. Bournaud et al. 2007; Fisher & Drory 2008; Gadotti 2009;
Hopkins et al. 2010). However, how these formation mecha-
nisms collectively influence the assembly history of galaxies,
including the roles of in situ star formation and external accre-
tion, remains poorly understood.

A key to understanding different structures lies in decompos-
ing them using line-of-sight information. The traditional pho-
tometric decomposition techniques have been widely used over
the past few decades. These techniques rely on strong assump-
tions such as bulges described by Sersic (1968) profiles, discs
modelled by exponential profiles, and bars approximated as
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prolate Ferrers bars (see Binney & Tremaine 2008). However,
these assumptions often deviate from reality. Previous studies
have shown that the surface brightness profiles of discs can
be down-bending or up-bending in their inner or outer regions
(e.g. Méndez-Abreu et al. 2017; Breda et al. 2020; Ding et al.
2023), while real bars can be triaxial, exhibiting boxy, peanut, or
X-shaped (hereafter BP/X-shaped) structures (e.g. Shaw 1987,
Liitticke et al. 2000; Erwin & Debattista 2017; Li et al. 2017). A
recent study by Gadotti (2026) demonstrated that whether photo-
metrically decomposed bulges are identified as classical bulges
or nuclear discs depends on both the optimisation algorithms
used and the imaging data quality. All these findings indicate
that traditional photometric decomposition techniques struggle
to reliably distinguish between structures of different physical
origins.

Compared to traditional photometric decomposition, dynam-
ical decomposition can better trace the physical origins of
different galaxy structures, as demonstrated in cosmological
simulations (e.g. Duetal. 2019, 2020; Pulsoni et al. 2020;
Ortega-Martinez et al. 2022; Zana et al. 2022; Cristiani et al.
2024). In recent years, multiple integral field spectroscopy (IFS)
surveys (e.g. Baconetal. 2001, 2017; Cappellari et al. 2011;
Sénchez et al. 2012; Bryant et al. 2015; Bundy et al. 2015) have
delivered spatially resolved spectra for thousands of nearby
galaxies. From these spectra, one can derive stellar kinematic
and population maps, enabling both the dynamical decomposi-
tion of real galaxies and the subsequent analysis of their chemi-
cal properties.

The dynamical decomposition of real galaxies can be
performed using Schwarzschild’s orbit-superposition method
(Schwarzschild 1979, 1982, 1993), in which 3D galaxy mod-
els are constructed via fitting of the luminosity distributions
and stellar kinematic maps. This method has multiple imple-
mentations (e.g. van den Bosch et al. 2008; Long & Mao 2018;
Vasiliev & Valluri 2020; Neureiter et al. 2021; Quenneville et al.
2022; Dattathri et al. 2024). The triaxial implementation devel-
oped by van den Bosch et al. (2008) (see also the publicly avail-
able version DYNAMITE'; Jethwa et al. 2020) was initially
designed without accounting for bars. It has been validated in
simulations (e.g. Zhu et al. 2018a; Jin et al. 2019) and has been
used to analyse dynamical structures of galaxies in IFS sur-
veys (e.g. Zhuetal. 2018a,b,c; Jin et al. 2020; Santucci et al.
2022, 2023; Thater et al. 2025). Subsequently, this implementa-
tion was updated to support the modelling of stellar populations
(e.g. Poci et al. 2019, 2021; Zhu et al. 2020, 2022a,b; Ding et al.
2023; Jin et al. 2024) and to include bar structures for non-edge-
on cases (inclination angle 6 < 80°; Tahmasebzadeh et al. 2021,
2022,2024). The combination of dynamical modelling with stel-
lar populations enables a powerful way to uncover the assem-
bly history of galaxies (van de Ven et al. 2025). In recent work
(Jin et al. 2025a,b), we further enhanced this method by simul-
taneously incorporating bars and stellar populations in the mod-
elling and extending it to handle edge-on (6 > 80°) galaxies. This
improved method was validated using simulated galaxies from
the Auriga simulations (Grand et al. 2017, 2024) and can esti-
mate the bar pattern speeds with a relative uncertainty of <15%
for both side-on and end-on bars (Jin et al. 2025a). This method
can also reliably characterise the luminosity distributions, ages,
and metallicities of various dynamical structures, including bars,
bulges, discs, and stellar halos (Jin et al. 2025b).

NGC 1381 (FCC 170) is an edge-on disc galaxy located
in the central dense region of the Fornax cluster, with an

I https://dynamics.univie.ac.at/dynamite_docs/
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estimated stellar mass of 2.25 x 10'°M, (Todice et al. 2019a)
and a distance of 19.57 Mpc (Spriggs et al. 2021; see also
Blakeslee et al. 2009 for a slightly different value). This galaxy
was classified as an SO galaxy (Ferguson 1989). Subsequently,
both optical and near-infrared images (e.g. Liitticke et al. 2000;
Bureau et al. 2006; Venhola et al. 2018) revealed an obvious
boxy bulge in its central region, which indicates the possible
existence of a bar. The stellar kinematic maps confirm the pres-
ence of a bar by presenting an anti-correlated, correlated, and
anti-correlated again h3—V relation along the galaxy’s major
axis (Fig. 2; see also Pinna et al. 2019a; Poci et al. 2021). The
positive h3—V correlation is recognised as a robust bar diag-
nostic (e.g. Bureau & Athanassoula 2005; Molaeinezhad et al.
2016; Lietal. 2018), while the negative h3—V correlation at
the innermost regions is the signature of a bar-induced nuclear
disc (e.g. Chung & Bureau 2004; Bureau & Athanassoula 2005;
Gadotti et al. 2020; Fraser-McKelvie et al. 2025). This galaxy
likely fell into the Fornax cluster approximately 8—12 Gyr ago
(e.g. Iodice et al. 2019b; Ding et al. 2023). During the galaxy’s
infall, interactions with the intracluster medium stripped the hot
ionised gas from its stellar halo, cutting off the gas supply for
star formation and resulting in strangulation-dominated quench-
ing (e.g. Morokuma-Matsui et al. 2022; Martig et al. 2026) and,
consequently, old stellar populations in the BP/X-shaped regions
nowadays (e.g. Pinna et al. 2019a; Martin-Navarro et al. 2021).
This implies that NGC 1381 probably formed its bar in the early
Universe before falling into the cluster, with its internal struc-
tures preserved as fossil records until the present day.

The structures of NGC 1381 have been studied in pre-
vious works, but the different components in the galaxy’s
inner regions were not accurately distinguished. For example,
based directly on the projected 2D morphology, kinematics,
and stellar populations, Pinna et al. (2019a) divided the galaxy
into distinct regions, each dominated by a different structure:
a nuclear disc, a boxy structure, a thin disc, and inner and
outer thick discs. Dynamical decompositions based on orbit-
superposition modelling were later performed by Poci et al.
(2021) and Ding et al. (2023); however, their models did not
explicitly include a non-axisymmetric bar and did not con-
centrate much on the nuclear disc. In this work, we mod-
elled NGC 1381 using the barred population-orbit superposition
method (Jin et al. 2025a,b), which can effectively disentangle the
bar and the dynamically hot bulge. This enabled a full dynam-
ical decomposition of the galaxy into a nuclear disc, a bar, a
bulge, a thin disc, a thick disc, and a stellar halo. We derived
the 3D spatial distributions, kinematics, and chemical proper-
ties of these components, including the bar pattern speed and
bar length.

The paper is organised as follows. In Sect. 2, we introduce
the photometric and spectroscopic data we used. In Sect. 3, we
describe how we constructed barred population-orbit superpo-
sition models for NGC 1381, including the stellar-orbit-based
dynamical decomposition. In Sect. 4, we characterise the bar,
including its pattern speed, length, and corotation radius, as well
as the luminosity distributions and chemical properties of all
decomposed components. We discuss our results in Sect. 5 and
summarise our conclusions in Sect. 6.

Throughout the paper, the coordinate system (x’,y’) repre-
sents the observing plane, with the galaxy’s major axis aligned
with the x’-axis. The intrinsic bar’s rotating frame is denoted
as (x,y,z), where the x-axis and y-axis coincide with the bar’s
major and minor axes, respectively. The inertial frame (xo, yo, 2)
coincides with (x, y, z) at the initial time but deviates from it at
later times due to the figure rotation about the z-axis.
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Fig. 1. Imaging and MUSE coverage of NGC 1381 (FCC 170). The
image shows the deep r-band imaging from FDS, with its major axis
rotated to the x’-axis and its surface brightness indicated by the colour
bar. The red and green squares represent the central and halo MUSE
pointings from F3D, respectively.

2. Photometric and spectroscopic data
2.1. The Fornax deep survey and the Fornax3D project

The Fornax Deep Survey (FDS; Iodice et al. 2016) is a deep
multiband optical imaging survey covering the entire Fornax
cluster out to the virial radius (~0.7 Mpc; Drinkwater et al.
2001). The observations were conducted using the 2.6-meter
Very Large Telescope (VLT) Survey Telescope located at Cerro
Paranal, Chile. We used the r-band deep imaging from FDS,
which reaches a surface brightness level of ~27 mag arcsec™>
(Venhola et al. 2018).

The Fornax3D project (F3D; Sarzi et al. 2018) is an IFS
survey targeting the 33 brightest galaxies within or near the
virial radius of the Fornax cluster (Ferguson 1989). The obser-
vations were conducted using the wide-field mode of the Multi-
Unit Spectroscopic Explorer (MUSE) instrument on the VLT
(Bacon et al. 2010). MUSE provides a field of view of 1 X
1 arcmin?® with a spatial sampling of 0.2 x 0.2 arcsec?. The wave-
length coverage is 4650-9300 A with a spectral resolution of
2.5 A (full width at half maximum) at 7000 A. NGC 1381 is
one of the 33 target galaxies and was observed with two MUSE
pointings. Fig. 1 displays its r-band image and the regions cov-
ered by MUSE.

2.2. Stellar kinematics and populations

The stellar kinematic maps we adopted were derived fol-
lowing the same approach as lodice et al. (2019b) but with
an improved signal-to-noise ratio (§/N) of 100. These maps
were generated by applying the full spectral fitting software
pPXF (Cappellari & Emsellem 2004; Cappellari 2017) to spec-
tra binned with the Voronoi 2D method (Cappellari & Copin
2003). The maps include the mean velocity (V), velocity dis-
persion (o), higher-order velocity moments parametrised by
the Gauss-Hermite coefficients (k3 and hy; Gerhard 1993;
van der Marel & Franx 1993; Rix et al. 1997), and their corre-
sponding errors. Since our dynamical modelling is triaxial, we
further point-symmetrised the kinematic maps and their error
maps to reduce noise and presented them in Fig. 2.

We employed three versions of stellar population maps:
Version A originates from Martig et al. (2026), using Voronoi-
binned spectra with S /N = 60; version B is based on Pinna et al.
(2019a) but with S /N improved to 100 (S /N = 40 in the original
work); version C is from Martin-Navarro et al. (2021), also with
S/N = 100. All versions were derived by applying the pPXF fit-
ting to Voronoi-binned spectra, with stellar population synthesis
models (Vazdekis et al. 2010, 2015) based on the MILES stellar
libraries (Sanchez-Blazquez et al. 2006) and BaSTI isochrones
(Pietrinferni et al. 2004, 2006). Versions A and B are mass-
weighted and assume a constant Kroupa (2001) initial mass
function (IMF), using spectra covering 4750-5500 A and a fixed
regularisation parameter of 0.05, with the spatial coverage of the
maps similar to that of the kinematic maps. In contrast, version
C is light-weighted, allows for the variation in the IMF, and uses
spectra covering 4800-6400 A. Version C has a smaller spatial
coverage because pixels with S/N < 5 were not included dur-
ing the Voronoi-binning process. Compared to versions A and B,
version C has an offset of ~—0.3 dex in metallicity and ~0.05 dex
in [Mg/Fe] abundance due to different settings when fitting the
spectra, but the spatial trends in the maps are similar.

Figure 2 shows the maps of stellar age, metallicity, and
[Mg/Fe] abundance for version A, with their error maps derived
from the Monte Carlo simulations of perturbed spectra. The stel-
lar population maps for versions B and C are presented in the
left panels of Figs. A.1 and A.2, respectively. Versions B and
C did not include error maps, and we thus adopted fixed uncer-
tainties of 1 Gyr for age, ~0.05 dex for metallicity, and ~0.03 dex
for [Mg/Fe] abundance. These uncertainties generally agree with
those of version A, as well as with estimates from previous stud-
ies of NGC 1381 and other galaxies with similar MUSE data
(e.g. Pinna et al. 2019a,b; Martig et al. 2021; Sattler et al. 2023,
2025). We treated data version A as the default version in our
analysis. It will be shown later that the fixed uncertainties in ver-
sions B and C do not affect our main findings.

3. Constructing barred population-orbit
superposition models

We constructed the barred population-orbit superposition mod-
els in three major steps. First, we built barred orbit-superposition
models by simultaneously fitting the stellar luminosity distribu-
tions and kinematic data (Sect. 3.1). Then, we categorised the
stellar orbits in our models into different dynamical structures
based on their orbital properties (Sect. 3.2). Finally, we assigned
ages and metallicities to the orbits by fitting the stellar age and
metallicity maps (Sect. 3.3). Our methodology for the first step
follows Jin et al. (2025a), but has been modified to include a
supermassive black hole. For the second and third steps, it fol-
lows Jin et al. (2025b), with updated orbit classification criteria
during the decomposition. The model uncertainties we adopted
throughout the paper are introduced in Sect. 3.4.

3.1. Constructing barred orbit-superposition models

To construct a barred orbit-superposition model, the gravita-
tional potential is first built from four components: (1) a triaxial
stellar bar with constant figure rotation, €,; (2) an axisymmetric
stellar disc aligned with the bar’s major axis; (3) a spherical dark
matter halo; and (4) a central supermassive black hole.

The stellar potential calculation begins with fitting the
galaxy’s surface brightness (r-band deep imaging from
FDS) using the multi-Gaussian expansion (MGE) formal-
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Fig. 2. Stellar kinematic and population maps
(left panels) and their corresponding error maps
(right panels) for NGC 1381. From top to
bottom: Mean velocity, V; velocity disper-
sion, o; third-order Gauss-Hermite coefficient,
hs; fourth-order Gauss-Hermite coefficient, /y4;
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ism (Emsellem et al. 1994; Cappellari 2002), where each 2D
Gaussian is assigned to either the triaxial bar component or
the axisymmetric disc component. The MGE fitting results for
NGC 1381, along with their corresponding contours, are pre-
sented in Table B.1 and Fig. B.1. These 2D Gaussians are
then separately deprojected into 3D luminosity density using the
viewing angles: the inclination 6 (where 6 = 90° corresponds to
an edge-on view) and the bar azimuthal angle ¢ (where ¢ = 0°
corresponds to an end-on bar view and ¢ = 90° to a side-on
view). By multiplying the 3D luminosity density by a constant
mass-to-light ratio, M, /L, and solving Poisson’s equation, the
potentials of both the stellar bar and the stellar disc are derived.
We note that the bar and disc mentioned here are used to con-
struct the stellar potential and are not necessarily the same as the
dynamically decomposed bar and disc discussed later.

The dark matter potential follows a three-parameter gener-
alised Navarro-Frenk-White profile (Navarro et al. 1996; Zhao
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x' [arcsec]

stellar age, f; stellar metallicity, [Z/H]; and
[Mg/Fe] abundance.

1996; see also Barnabe et al. 2012; Cappellari et al. 2013). The
central black hole’s contribution is modelled using a Plum-
mer potential (van den Bosch et al. 2008) with a fixed soften-
ing length r; = 0.001 arcsec, while the black hole mass Mgy
is treated as a free parameter. Overall, the gravitational poten-
tial is determined by eight free parameters in the modelling:
the inclination angle, 6; the bar azimuthal angle, ¢; the stellar
mass-to-light ratio, M, /L; the bar pattern speed, €,; the dark
matter concentration, c; the virial mass, M»gy; the inner den-
sity slope of dark matter, y; and the black hole mass, Mpy.
We note that adopting a constant M, /L in the modelling does
not influence our main results, although Martin-Navarro et al.
(2021) reported the presence of an M, /L gradient in this galaxy
(see Appendix C).

In the given gravitational potential determined by a set of
free parameters, initial conditions for ~10° orbits are sampled
from the phase space and then integrated. After the integration,
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Fig. 3. Surface brightness, stellar kinematic data, stellar population data, and best-fitting model for NGC 1381. From left to right: Observations,
model fittings, and residuals. From top to bottom: Logarithmic normalised surface brightness, log Z; mean velocity, V; velocity dispersion, o; third-
order Gauss-Hermite coefficient, 43; fourth-order Gauss-Hermite coefficient, 4y; stellar age, ¢; stellar metallicity, [Z/H]; and [Mg/Fe] abundance.
The residual maps represent the relative deviations for surface brightness, the standardised residuals for stellar kinematics, and absolute differences

for stellar populations.

the weights of these orbits are solved through the non-negative
least squares method (Lawson & Hanson 1974), by matching
the MGE-fitted 2D surface brightness, the MGE-deprojected 3D
luminosity density, and the observed kinematic data. The good-

ness of the model (y?) is evaluated by computing the sum of
squared residuals between model-fitted and observed kinematic
maps, including the velocity (V), velocity dispersion (o), third-
order and fourth-order Gauss-Hermite coefficients (k3 and hy),
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The best-fitting model with the minimum y? is
found by iteratively searching the free parameter space
(0,0, My /L, c, Mago,y, Mpn). Starting with initial guesses,
models with lower y? are selected and new models are generated
by exploring nearby regions in the parameter space. This
process repeats until the minimum y> (szin) is reached, ensuring

all surrounding models are calculated. The model with anin is
identified as the best-fitting model, which is taken as the default
model in our analysis.

We present the surface brightness and stellar kinematic maps
of the best-fitting model for NGC 1381 in Fig. 3. The features
of the stellar kinematics are well recovered, including the anti-
correlated, correlated, and anti-correlated again h3—V relation
along the galaxy’s major axis, which correspond to the signa-
tures of the nuclear disc, bar, and main disc, respectively. The
parameter space we explored and the model-predicted enclosed
mass profiles are displayed in Figs. C.1 and C.2, respectively.

3.2. Decomposing galaxies based on stellar orbits

Based on the kinematic and morphological properties of stellar
orbits, we decomposed the galaxy into six components: a nuclear
disc, a bar, a bulge, a thin disc, a thick disc, and a stellar halo.
These properties include: (1) orbital circularity, A;; (2) time-
averaged orbital radius, R; (3) axis ratio, poyp in the x-y plane
(bar’s rotating frame); (4) axis ratio, gm0 in the xo-z plane (iner-
tial frame); and (5) vertical height, zy.

The circularity, A, quantifying the orbit’s angular momen-
tum L, in the inertial frame (x, yo, 2), is defined as

/lz = L_z/(R X Vrms)a (2)
where L_Z = XoUy — Yolxo, R = wlx% + y(2) +z7%, and
Vims = \/ v, + 050 + 02 + 205000 + 20500, + 20,00,. Dynamically

cold orbits with 4, ~ 1 (rotation-dominated) mainly contribute
to the disc components, while dynamically hot orbits with 4, ~ 0
(dispersion-dominated) or 4, < 0 (retrograde) usually belong to
the bulge or stellar halo. A discussion of the influence of the
cross terms in Vi is provided in Appendix D.

In a typical barred galaxy, the circularity increases with
radius in the bar-dominated inner region, whereas it remains
dynamically cold at all radii in the disc-dominated outer regions
(see the left panel of Fig. 5). Therefore, the dynamical bar length,
Ryar, s defined as the radius where dynamically cold orbits (4, >
0.8) begin to dominate. For NGC 1381, we calculated the cold
orbit fraction, f,oq, Within a 0.5 kpc moving average and identi-
fied Ry, as the smallest radius at which fiqq > 0.5. In our mod-
els, we treat Ry, as a boundary to distinguish the galaxy’s inner
regions (nuclear disc, bar, and bulge) from the outer regions (thin
disc, thick disc, and stellar halo), where Ry, equals 23.6 arcsec
(2.24 kpc) for the best-fitting model. The bar length (Ry,.) pro-
vides a natural separation of the bar and the nuclear disc embed-
ded within it from the outer thin disc, whereas the radial division
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Orbit classification criteria
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Fig. 4. Orbit classification criteria used in our dynamical decomposi-
tion. Each box represents a criterion. Five properties are adopted to
classify the orbits: (1) circularity, 4,; (2) time-averaged radius, R; (3)
axis ratio, pom, in the x-y plane (the bar’s rotating frame); (4) axis ratio,
Gorb0, 10 the xp-z plane (the inertial frame); and (5) vertical height, Zo.
The dynamical bar length, Ry, and the radius of the inner Lindblad
resonance, Ry r, are determined from our model results, while the sep-
aration threshold of vertical height, zgisc = 7 arcsec, is estimated from
Fig. 4 of Pinna et al. (2019a). Six components were derived from the
decomposition: a nuclear disc, a bar, a bulge, a thin disc, a thick disc,
and a stellar halo.

between the bulge, thick disc, and halo remains somewhat uncer-
tain. For simplicity, in this work we adopt Ry, as a divider for
the bulge, thick disc, and halo, and the halo here can be under-
stood as the less bound part of the bulge. We note that the time-
averaged radius of the orbits (R) scales with the orbital binding
energy (Eping)- The rationale for using this boundary is further
discussed in Appendix E.

The radius of the inner Lindblad resonance, Ry R, is defined
as the radius at which a star’s epicyclic frequency (x) and
azimuthal frequency (€(R)) satisfy Q(R) — /2 = €. This res-
onance radius can be calculated directly from the gravitational
potential and is consistently smaller than the bar length (Rpr <
Ryar). The orbits inside Ryr, which can be dynamically cold
and/or perpendicular to the bar (e.g. Contopoulos & Mertzanides
1977; Athanassoula 1992a,b; Binney & Tremaine 2008), make
up the nuclear disc in our modelling. For the best-fitting model,
we derived Ry g = 16.6 arcsec (1.57 kpc).

Based on the time-averaged amplitudes of orbital trajecto-
ries, three orbital quantities are calculated: (1) the axis ratio, porb,
in the bar’s rotating frame; (2) the axis ratio, gom0, in the iner-
tial frame; and (3) the vertical height, z,. These quantities are
expressed as

|z —Z|
> Gorb = ——,
|xo — ol

Zorb = m 3

The axis ratio, pow, is adopted to distinguish bar orbits, which
are elongated with the bar, from nuclear disc and bulge orbits.
The axis ratio, gomb0, together with A, is used to separate the
disc components from the bulge and stellar halo. The vertical
height, zop, distinguishes between the thin and thick discs, using
a separation threshold of z4s. = 7arcsec (0.66kpc) estimated
from Pinna et al. (2019a).

Combining these properties, we present the detailed orbit
classification criteria in Fig. 4, and thus the dynamical
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Fig. 5. Probability density distributions of stellar orbits in the 1,—R phase space for the best-fitting model of NGC 1381. The leftmost panel shows

the stellar orbit distribution for the entire galaxy. The three remaining

panels each display two dynamical components, separated by a vertical

dashed line indicating the bar length (Ry,, = 2.24 kpc): (1) the bar and thin disc; (2) the bulge and halo; and (3) the nuclear disc and thick disc. The
dotted line in the rightmost panel represents the radius of the inner Lindblad resonance (R g = 1.57 kpc). The probability densities of all orbits

within R < 70 arcsec (6.64 kpc) are normalised to unity, with their value
bulge, halo, nuclear disc, and thick disc are indicated.

decomposition of the galaxy can be achieved. Fig. 5 displays the
decomposed stellar orbit distributions in the 1,—R phase space
for the best-fitting model of NGC 1381 (see Appendix F for a
comparison with the stellar orbit distributions of the unbarred
model from Ding et al. 2023). Other models within the 1o~ con-
fidence level were decomposed using the same criteria (see
Sect. 3.4 for the definition of uncertainties). This galaxy is
divided into six components: a rigidly rotating bar (A1, strongly
correlated with R); a dynamically hot bulge and halo (1, =
0.057993 and 0.17%13, respectively); a dynamically cold thin

-0.07 -0.08°

disc (1, = 0.87:’8:8%); a thick disc with slightly slower rota-

tion than the thin disc (1, = 0.76*09%); and a dynamically
+0.12

warm nuclear disc (1, = 0.577517)- The spatial distributions of
luminosity-weighted mean velocity and velocity dispersion for
each component are shown in Fig. G.1.

3.3. Tagging the stellar orbits with stellar populations

Following Jin et al. (2025b), we separated the orbits belonging
and not belonging to the bar into two distinct 4,—R phase spaces.
We then used the Voronoi 2D binning method to divide orbits
in each A,—R phase space into different orbit bundles, assuming
that each orbit bundle & has a simple stellar population with age
(tx), metallicity ([Z/H]i), and [Mg/Fe] abundance ([Mg/Fe];) to
be determined.

By projecting the orbits onto the observation plane, the
model-recovered, luminosity-weighted stellar population in the
i-th aperture can be expressed as

N, .

P 2 PRy

model — N, ;o0
k=1 flj

“

where the quantity p represents age, metallicity, or [Mg/Fe]
abundance. Here, N, denotes the total number of orbit bundles,
while fk" represents the luminosity contribution from the k-th
orbit bundle within the i-th aperture.

s indicated by the colour bar. The mean circularities (/l_z) of the thin disc,

Similar to the kinematics, the chi-square difference between
model-fitted maps and observed data is given by

Nobs

zz(

i=1

i

i 2

Pops ~ pmodel)
Perr

We solved the stellar population parameter of each orbit bun-

dle, px, by minimising Xﬁ for age, metallicity, and [Mg/Fe]

abundance independently via the bounded-variable least squares

method (implemented in Python’s SciPy?), with the boundaries
of stellar population parameters set as

2

Xp (&)

i

i ), 14Gyrl,
) < [Z/H), < max([Z/H]}, ) + A(Z/H],),

min(#,.) < # < min[max(r, ) + At

min([Z/H]

i
obs
i

obs

min([Mg/Feli, ) — A(Mg/Feli,)) < [Mg/Fe]; < max([Mg/Feli,)),

(6)

where A represents the standard deviation of the observed data.
This A term is added because the galaxy’s central region is a
mixture of multiple stellar populations, allowing for the possi-
ble presence of intrinsically older, more metal-rich, and a-poor
stellar populations than the observed data. In contrast, no such
A is needed for the younger, more metal-poor, and a-rich stellar
populations in the galaxy’s outer regions, which are dominated
by the thick disc. Moreover, the stellar populations there have
larger uncertainties compared to the inner regions, so setting the
minimum or maximum values of the observed maps already pro-
vides sufficient tolerance. The recovered stellar population maps
of the best-fitting model are shown in Figs. 3 (version A), A.1
(version B), and A.2 (version C).

3.4. Model uncertainties

In our models, we estimated the uncertainties by perturbing the
observed data maps. For purely kinematic properties, the uncer-
tainties originate from the stellar kinematic maps; for properties

2 https://scipy.org/
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related to stellar populations, the uncertainties are estimated by
considering the contributions from both stellar kinematics and
stellar populations.

The kinematic confidence level of the modelling is
used to estimate the uncertainties of the free parameters
0,0, My |L,Qp, c, Moy, y, Mpu), as well as of the proper-
ties presented in Sects. 3.2, 4.1, and 4.2. This confi-
dence level was calculated by perturbing the kinematic maps
(Vi o, h’3 ober 1 ope) 1000 times, adding Gaussian noise based
on their error maps (Vi,, 0%, hi .k, ) estimated from the
pPXF fitting. The perturbed kinematic maps were then point-
symmetrised in the same way as the original maps. Fixing
the best-fitting gravitational potential, we recomputed the orbit
weights for each perturbed kinematic map and obtained 1000
new x? values, whose distribution is approximately Gaussian.
The kinematic confidence levels were defined based on this dis-
tribution: the 1o, 20, and 30 confidence levels correspond to X2
variations within the =10 (68%), +20 (95%), and +30 (>99%)
regions of this distribution, respectively. We took the 1o confi-
dence level (y* — x2. < AyZ,) as the uncertainties. Approx-
imately 1400 models (1400 combinations of free parameters)
were located within the 1o~ confidence level and were adopted
to estimate the uncertainties.

The 1o uncertainties of the model-predicted stellar ages
incorporate contributions from two sources: the observed stellar
kinematic maps and the observed stellar age maps. To quantify
the uncertainties arising from kinematics (A#,), we first fixed
the observed stellar age maps and calculated the stellar ages of
each component for all models within the kinematic 1o confi-
dence level. We then took the standard deviation of these ages
across different models as A#,. To estimate the uncertainties
from the stellar age maps (At,g.), we fixed the orbit libraries
and weights of the best-fitting model. We then perturbed the
observed stellar age maps 1000 times according to their error
maps (in the same way as we perturbed the kinematic maps) and
recalculated the stellar ages for each component. The standard
deviations of the resulting age distributions were taken as At,ge.
Assuming that the uncertainties from kinematics and age maps
are independent, the total 10 uncertainties for stellar ages (Aty))
were derived using error propagation: Ay, = A, + Atz... The
uncertainties of stellar metallicities ([Z/H]) and [Mg/Fe] abun-
dances were estimated similarly. These uncertainties are used in
Sect. 4.3 (Figs. 12 and 13).

4. Dynamical structures and their chemical
propetrties

In this section, we analyse the properties of NGC 1381’°s dynam-
ical components derived from our barred population-orbit super-
position models, including the bar pattern speed, bar length, and
corotation radius (Sect. 4.1); the 3D luminosity distributions of
the different structures (Sect. 4.2); and the stellar populations of
each component (Sect. 4.3).

4.1. Bar pattern speed, bar length, and corotation radius

From the gravitational potential ® derived from the modelling,
the angular velocity profile Q(R) of the galaxy on the disc plane
(z=0)is

Ucire(R) _ l oo

AR =" ROR

@)

z=0
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Fig. 6. Analysis of corotation resonance for NGC 1381. The black solid
line, red dashed line, blue dashed line, and green dotted line represent
the angular velocity profile (Q(R)), bar pattern speed (€2,), bar length
(Rvar), and corotation radius (Rcg) of the best-fitting model, respec-
tively. The corresponding shaded regions indicate uncertainties calcu-
lated from models within the 1o confidence level. The dimensionless
bar rotation rate, R = Rcr/Rpar, 1S labelled.

For each model within the 1o~ confidence level, the bar pat-
tern speed (£2,), being a free parameter of the potential, was
already determined. We further calculated the dynamical bar
length (Rypar; see Sect. 3.2) and Q(R). The corotation radius,
Rcr, defined as the radius where the angular velocity matches
the bar pattern speed (Q(R) = ), was then derived accord-
ingly. Finally, we computed the dimensionless bar rotation rate,
R = Rcr/Rpar, which is adopted to distinguish fast bars (1.0 <
R < 1.4), slow bars (R > 1.4), and ultrafast bars (R < 1.0;
Debattista & Sellwood 2000; Buta & Zhang 2009; Aguerri et al.
2015). All these ?uantities are illustrated in Fig. 6. We derived
Q, = 34" kms ™" kpc™', Rpar = 23.6%%3 arcsec (2.2470:43 kpc),
and Rcr = 56.7%1%7 arcsec (5.38*)30 kpe). These yield a slow

-0.28
bar with R = 2.407034.

4.2. Luminosity distribution of dynamical components

Using the orbital weights and trajectories from the best-fitting
model, we reconstructed the 3D luminosity distributions for the
six dynamical components. Fig. 7 displays these distributions
projected onto the x-y, x-z, and y-z planes. The 3D morpholo-
gies of different components are well distinguished: the nuclear
disc occupies the galaxy’s inner regions (<20 arcsec); the bar is
BP/X-shaped; the thin disc dominates the galaxy’s outer regions
(225 arcsec); the bulge is spheroidal; the thick disc is vertically
extended; and the stellar halo is radially diffuse. We note that
the ‘holes’ in the thin and thick disc components arise from
our dynamical classification criteria: orbits with R < Rpa (1)
follow the bar’s rigid rotation, (ii) belong to the dispersion-
dominated bulge, or (iii) are rotation-dominated orbits within
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Fig. 7. Luminosity distributions of dynamical components in the best-fitting model of NGC 1381. From top to bottom: Logarithmic surface
brightness on the x-y (face-on), x-z (edge-on and bar side-on), and y-z (edge-on and bar end-on) planes, respectively. From left to right: Entire
galaxy, nuclear disc, bar, thin disc, bulge, thick disc, and stellar halo. The luminosity fraction of each component is labelled.
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Fig. 8. Surface brightness profiles for the dynamical components in the models of NGC 1381. From left to right: Surface brightness profiles on

the x-y (ry, = VX2 +y?), x-z (r,y = Vx> +22), and y-z (r, =

\y? + 22) planes. The solid curves represent the best-fitting profiles of different

components: nuclear disc (magenta), bar (black), bulge (red), thin disc (blue), thick disc (orange), and stellar halo (green). The corresponding
shaded regions indicate uncertainties calculated from models within the 10 confidence level. The luminosity fraction of each component, together

with its uncertainty, is shown.

the inner Lindblad resonance that belong to the nuclear disc (see
Fig. 5). Such ‘holes’ also emerged in our previous simulation
tests, where our model results match the truth well (Jin et al.
2025b). The substructures, including the BP/X-shaped structure
in the nuclear disc and the ring-like structure in the thick disc,
are artefacts of model fluctuations, and they change within the
1o confidence level across different models.

Similarly, we derived the luminosity distributions of each
component for each model within the 1o~ confidence level and
plotted their surface brightness profiles on the x-y, x-z, and y-
z planes in Fig. 8. The profiles of the galaxy’s inner compo-
nents (nuclear disc, bar, and bulge) exhibit similarly steep radial
declines. In contrast, the thin and thick discs display more com-

plex trends: The inner regions of both discs (r < 20 arcsec;
2 kpc) exhibit ‘holes’ in the x-y plane, while they display approx-
imately constant gradients in the x-z and y-z planes, with the thin
disc being less vertically extended compared to the thick disc.
The stellar halo profiles are approximately exponential across all
projections. These complex surface brightness profiles derived
from our dynamical models indicate that the underlying struc-
tures (with different physical origins) might deviate significantly
from the assumptions adopted in traditional photometric decom-
position methods.

We calculated the luminosity fractions of all components in
the entire galaxy, which are displayed in Fig. 8: the nuclear disc
with fra = 4. Sff?% the bar with fi,, = 30.2”_’2:3%; the bulge
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Fig. 9. Spatial distributions of luminosity-weighted stellar ages for dynamical components in the best-fitting model of NGC 1381, projected
onto the x-y (top) and x-z (bottom) planes. From left to right: Entire galaxy, nuclear disc, bar, thin disc, bulge, thick disc, and stellar halo. For
each component, only pixels above specified brightness thresholds are plotted. The mean stellar ages of the entire galaxy and its components are

labelled.
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Fig. 10. Same as Fig. 9 but for luminosity-weighted stellar metallicities ([Z/H]).

with fouge = 17.1730%; the thin disc with finin = 27.5*22%;

the thick disc with finiex = 15.57}7%; and the stellar halo with

Jhalo = 4.9ﬁ§%. These results demonstrate that the galaxy is
dominated by the bar and thin disc, with some contributions from
the thick disc and bulge, while the nuclear disc and halo account
for minor fractions.

4.3. Stellar populations of dynamical components

As mentioned in Sect. 3.3, we derived the stellar age for each
orbit in our models. We therefore calculated the 3D luminosity-
weighted stellar age distributions for each decomposed compo-
nent in the best-fitting model. Fig. 9 presents these distributions
through their projections onto the x-y and x-z planes. We also
show the mean stellar age for each component in the figure. All
components are old, with the nuclear disc, bar, thin disc, and
bulge sharing similar ages, while the thick disc and stellar halo
are slightly younger.

Following our analysis of stellar ages, we similarly derived
the luminosity-weighted stellar metallicity ([Z/H]) and [Mg/Fe]
abundance distributions in the best-fitting model and presented
them in Figs. 10 and 11, respectively. The corresponding metal-
licity and [Mg/Fe] abundance profiles are shown in Fig. H.1.
Based on the mean [Z/H] and [Mg/Fe] values, the six dynam-
ical components can be separated into two groups with distinct
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stellar populations: (1) the metal-rich ([Z/H] > 0) and a-poor
([Mg/Fe] < 0.2) nuclear disc, bar, and thin disc; and (2) the
metal-poor ([Z/H] < 0) and @-rich ([Mg/Fe] > 0.2) bulge, thick
disc, and stellar halo. These results indicate distinct physical ori-
gins for the two groups.

For each model within the 1o confidence level, we cal-
culated the luminosity-weighted mean stellar ages, metallic-
ities, and [Mg/Fe] abundances of all dynamical components
and presented them in Fig. 12. For each data version (A, B,
and C), obvious differences are revealed in the mean metallic-
ities and [Mg/Fe] abundances: The bulge, thick disc, and stel-
lar halo are consistently metal-poor and a-rich compared to the
nuclear disc, bar, and thin disc within the 1o~ confidence level.
Although version C has systematic offsets in stellar metallicity
and [Mg/Fe] abundance compared to versions A and B, the rel-
ative differences in stellar populations between different com-
ponents are consistent across all versions. This indicates that
our main findings are not affected. All dynamical components
are generally old (8-14 Gyr), with the thick disc and stellar
halo being slightly younger than the nuclear disc, bar, and thin
disc. The bulge is either younger than (version C) or compa-
rable in age to (versions A and B) the nuclear disc, bar, and
thin disc.

To better investigate the origins of different structures, we
further computed their stellar metallicity gradients (V[Z/H]) and
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Fig. 11. Same as Fig. 9 but for luminosity-weighted [Mg/Fe] abundances.
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derived from the three data versions: A (black), B (red), and C (blue). To facilitate a direct comparison, the results for version C have been shifted
by 0.3 dex in metallicity and —0.05 dex in [Mg/Fe] abundance to account for systematic offsets relative to versions A and B. In each panel, the
x-axis labels (from left to right) represent the nuclear disc, bar, bulge, thin disc, thick disc, and stellar halo. The dots represent the values of the
best-fitting model, and the error bars indicate the 1o~ confidence level. The horizontal dashed lines in the middle and right panels represent the

reference values ([Z/H] = 0.0 and [Mg/Fe] =

[Mg/Fe] abundance gradients (V[Mg/Fe]). These gradients were
determined by applying a luminosity-weighted linear regression
to the radial profiles, and are shown in Fig. 13. We note that the
age gradients are not shown due to their large uncertainties. For
metallicity gradients, only the bulge exhibits a significant negative
gradient (V[Z/H]pug < O for all data versions), while all other
components show no significant trends (uncertainties encompass
zero). For [Mg/Fe] abundance gradients, none of the components
display any significant positive or negative gradients.

5. Discussion
5.1. An ancient slow bar with R > 2

We derived a bar rotation rate of R = 2.40*037 for NGC 1381,
corresponding to a slow bar. This rate depends directly on the bar
length, Ry, the bar pattern speed, €2,,, and the angular velocity
profile, Q(R). In this subsection, we discuss the possible reasons
for such a slow bar in NGC 1381.

Statistical studies have reported that most bars in nearby
galaxies are fast bars (1.0 < R < 1.4), with average
bar pattern speeds of approximately 20-50km s~ kpc™!, aver-
age bar lengths of roughly 3-6kpc, and average corota-
tion radii of around 4-—10kpc (e.g. Rautiainen etal. 2008;

0.2 for versions A and B; and [Z/H] =

—0.3 and [Mg/Fe] = 0.25 for version C).

Aguerri etal. 2015; Guoetal. 2019; Cuomoetal. 2020;
Garma-Oehmichen et al. 2022; Ruiz-Garcia et al. 2024). The
discrepancies in mean values among these studies arise from
differences in sample selection and methodology, with both
bar lengths and corotation radii strongly correlated with stellar
masses. However, because measuring bar pattern speeds requires
high-quality data, most galaxies in these samples (M, > 3 X

10'M,) are more massive than NGC 1381 (M, = 1. 65*8 X

10'°M, from our models and 2.25 x 10'°M, reported by
Todice et al. 2019a). Compared to these statistical averages, our
modelling indicates that NGC 1381, with a smaller stellar mass,

hosts a relatively short bar (Rp,r = 2. 24*8 ‘2‘3 kpc), but its pattern

speed (£ = 34f‘7‘ kms™! kpc’l) and corotation radius (Rcr =
5.38%433 kpc) are comparable to the typical values.

According to the current paradigm of bar dynamics, the
formation of nuclear discs is driven by gas inflow that is chan-
nelled by bars (e.g. Athanassoula 2003; Kormendy & Kennicutt
2004; Gadotti 2011). Therefore, the stellar age of the nuclear
disc, fnyl, is a good tracer of the bar formation time, fyyr form (€.2-
de Sa-Freitas et al. 2023, 2025). The nuclear disc of NGC 1381
is very old (fyucl 13 Gyr), indicating its formation in the
early Universe. After the galaxy entered the cluster approx-
imately 8-12Gyr ago (e.g. lodiceetal. 2019b; Ding et al.
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Fig. 13. Stellar metallicity gradients (left) and
[Mg/Fe] abundance gradients (right) of differ-
ent components derived from the three data ver-
sions: A (black), B (red), and C (blue). The
x-axis labels (from left to right) represent the
nuclear disc, bar, bulge, thin disc, thick disc,
and stellar halo. The dots represent the values
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2023), the star formation of the galaxy might have ceased
due to strangulation-dominated environmental quenching (e.g.
Morokuma-Matsui et al. 2022; Martig et al. 2026), which has
led to an ancient (fpy; ~ 13 Gyr and #yar form ~ 13 Gyr) bar in the
present day.

Theoretical studies have indicated that bars formed in
rotation-dominated discs typically exhibit high pattern speeds
during their early evolution, as demonstrated in simulations
(e.g. Semczuk et al. 2024; Habibi et al. 2024). As shown in
Fig. C.2, the dark matter in NGC 1381 becomes dominant
at radii comparable to or smaller than the bar length. There-
fore, dynamical friction between the bar and dark matter
could transfer the bar’s angular momentum to the dark mat-
ter halo (e.g. Tremaine & Weinberg 1984b; Weinberg 1985;
Debattista & Sellwood 2000), significantly reducing the pat-
tern speed, €2,. This scenario is also supported by studies
of individual galaxies that contain slow bars (e.g. UGC 628,
Chemin & Hernandez 2009; NGC 4277, Buttitta et al. 2022;
NGC 4371, Tahmasebzadeh et al. 2024; NGC 6951, Lee et al.
2025). The effect of dynamical friction might have been
enhanced after the galaxy’s infall into the cluster, when the bar
could no longer gain angular momentum from gas inflows. Fur-
thermore, Q(R) in NGC 1381°s outer regions is mainly affected
by dark matter, leading to an Rcgr comparable to that of nearby
massive galaxies despite the galaxy’s lower stellar mass.

In practice, we cannot fully exclude the influence of model
uncertainties on the rotation rate, R, but our conclusion that the
galaxy hosts a slow bar remains robust. The angular velocity pro-
file, Q(R), was well constrained in our modelling, as the observed
kinematic maps were fully utilised to constrain the gravitational
potential. The bar pattern speed, Q,, can be recovered with a rel-
ative uncertainty of <15%, as demonstrated in our previous sim-
ulation tests (Jin et al. 2025a). The dynamical bar length, Ry, is
degenerate with the bar azimuthal angle, ¢, since we observe only
the projected bar (projected length ~Ry,, sin |¢]). Consequently, a
smaller |¢| leads to a longer inferred Ry, In this work, we derived
lo| = 30f‘1‘4°, corresponding to an end-on bar. The BP/X-shaped
structure in the galaxy, as shown in Fig. 1, is difficult to detect
from an extremely end-on view (|¢| < 15°), which indicates that
the model-predicted |¢]| is unlikely to be overestimated and Ry, is
unlikely to be underestimated. The robustness of Q(R), €, and
Ry.r ensures the accuracy of the derived R in our analysis.

5.2. The assembly history of NGC 1381

We analysed the physical origins of different structures to inves-
tigate the assembly history of NGC 1381. The mean metallicities
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of the best-fitting model, and the error bars indi-
cate the 1o confidence level.

and [Mg/Fe] abundances shown in Fig. 12 demonstrate two dis-
tinct stellar populations in NGC 1381: (1) the metal-rich, a-poor,
and old nuclear disc, bar, and thin disc; and (2) the metal-poor
and a-rich bulge, thick disc, and stellar halo, which are younger
than or comparable in age to the first group.

The stellar populations of the nuclear disc, bar, and thin disc,
which are similarly metal-rich and a-poor, support their in situ
origins. The bar likely formed through the dynamical reshaping
of the thin disc, while the nuclear disc might be the result of in situ
star formation from gas inflow driven by the bar or other clumpy
instabilities (e.g. Neumayer et al. 2020). For NGC 1381, the bar-
driven scenario is a reasonable explanation (e.g. Debattista et al.
2004; Athanassoula 2013) and would produce a dynamically cold
nuclear disc at its early stage. We note that the nuclear disc at

present is dynamically warm (1, = 0.57”_’8'3), which might be
caused by long-term dynamical heating from the bar, or simply by
mixing with the dynamically hot bulge, given the relatively loose
kinematic constraint we adopted (1, > 0.5; see Fig. 4).

In contrast, the metal-poor and a-rich stellar populations in
the bulge, thick disc, and stellar halo may have either formed
in situ at an early epoch through a rapid process — similar to
the thick disc formation scenario proposed for the Milky Way
(e.g. Lehnert et al. 2014; Helmi et al. 2018; Yu et al. 2021) — or
have been accreted later via minor mergers. However, unlike in
the Milky Way, the thin disc and bar in NGC 1381 are older
than or comparable in age to the bulge, thick disc, and halo. The
presence of the bar and the strangulation-dominated (rather than
rapid) quenching of NGC 1381 (e.g. Morokuma-Matsui et al.
2022; Martig et al. 2026) indicate that the thin disc has experi-
enced a sustained period of secular evolution and star formation.
Therefore, early in situ components should be substantially older
than the thin disc and bar; the observed age relationships do not
support an early in situ origin for the bulge, thick disc, or halo.

We therefore suggest that a non-negligible fraction of the
stars in the bulge, thick disc, and halo of NGC 1381 were
accreted through minor mergers that occurred after the forma-
tion of the thin disc and bar. Their low metallicity and enhanced
a-element abundances are consistent with an origin in lower-
mass systems like dwarf galaxies. Moreover, the fact that these
accretion events did not disrupt the pre-existing thin disc and bar
further supports their interpretation as minor mergers.

The similarly old ages of all six components suggest that
NGC 1381 may have fallen into the Fornax cluster early, con-
sistent with previous works (e.g. Iodice et al. 2019b; Ding et al.
2023). The cluster environment has therefore influenced the
galaxy’s subsequent evolution. In addition to strangulation-
dominated quenching, other processes such as dynamical
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harassment or tidal interactions may have dynamically heated the
galaxy’s structures, especially the loosely bound outer regions.
However, the clear difference in stellar populations between the
thin and thick discs (see Fig. 12) argues against the scenario in
which the thick disc was built through the dynamical heating of
the thin disc. The similar radial extents of the thin and thick discs
(see Figs. 7 and 8), together with the lack of obvious metallicity
and [Mg/Fe] gradients in the thick disc (see Fig. 13), also argue
against the outer regions of the thin disc having been transformed
into thick disc stars via dynamical heating. Instead, the stellar
population in the thick disc is highly similar to that in the halo,
suggesting that their origins differ from that of the thin disc.

InFig. 13, only the bulge shows a negative metallicity gradient
(V[Z/H]puige < O for all data versions). The metallicity gradients
of other components, as well as all [Mg/Fe] abundance gradi-
ents, are not significant. These results indicate that, apart from the
bulge, stars in each component share similar stellar populations,
suggesting similar physical origins (in situ for the bar, thin disc,
and nuclear disc; ex situ for the thick disc and halo). In contrast,
the bulge’s negative gradient can arise either from the main galaxy
or from the accreted dwarf galaxies; its precise origin remains
ambiguous given the limitations of the current data. Due to this
negative gradient and the uncertainties in stellar age, we cannot
fully rule out the possibility of a primordial bulge predating the
bar formation, nor can we quantify the ex situ fraction of the bulge.

Our findings are consistent with Pinna et al. (2019a), who
defined the thick disc of NGC 1381 directly from the projected
2D image and attributed its origin to the accretion of ex situ
stars. Compared to their results, our study performs a more phys-
ically motivated 3D decomposition, successfully distinguishing
structures with different origins, particularly the bar, bulge, and
nuclear disc. We further reveal that ex situ stars are present not
only in the outer regions (thick disc and stellar halo) but also in
the inner regions (bulge) of the galaxy.

Based on the analysis in this subsection and Sect. 5.1, we
propose the following assembly history for NGC 1381: The
galaxy likely formed its bar from a rotation-dominated disc
approximately 13 Gyr ago. Then, the nuclear disc formed from
gas inflow and/or radial migration of disc stars driven by the
bar. The bar was fast initially but gradually slowed down due
to dynamical friction with dark matter. The galaxy experienced
a series of minor mergers, which built up its thick disc and stel-
lar halo. These mergers also led to the formation (or growth) of
the dynamically hot bulge. After the galaxy fell into the Fornax
cluster 8—12 Gyr ago, the gas supply in the outer regions of the
galaxy was cut off (strangulation), resulting in the galaxy being
finally quenched but with its internal structures well preserved.
This environmental quenching might have further enhanced the
bar’s slowdown by halting the supply of angular momentum,
leading to a slow bar with R > 2 at present.

6. Summary

We constructed 3D chemo-dynamical models for the barred
SO galaxy NGC 1381 in the Fornax cluster, using the barred
population-orbit superposition method developed and validated
in Jin et al. (2025a,b). We decomposed this galaxy into six com-
ponents based on stellar orbits, namely a nuclear disc, a bar, a
bulge, a thin disc, a thick disc, and a stellar halo. We analysed
the stellar kinematics, luminosity distributions, and stellar pop-
ulations of each component and inferred their physical origins.
The main conclusions are as follows.
1. We decomposed NGC 1381 into six components with dis-
tinct kinematics and morphologies: (1) a dynamically warm

nuclear disc (fuuer = 4.8%77%); (2) a rigidly rotating, BP/X-

shaped bar (four = 30.2'37%); (3) a dynamically hot,

spheroidal bulge (fouge = 17.1%39%); (4) a dynamically
cold thin disc (fipin = 27.52%%); (5) a vertically extended
thick disc with slightly slower rotation than the thin disc
(fthick = 15.53:(2)%); and (6) a dynamically hot, spatially dif-
fuse stellar halo (fhao = 4.9”_’?:2%).

2. Our modelling reveals the presence of a slow bar (R

2.4Ofg:§‘7‘) in NGC 1381, with a bar pattern speed of €,

34*3kms™' kpc™', a bar length of Ry, = 2.247043 kpc, and a

corotation radius of Rcg = 5.38;1):32 kpe.

3. The stellar metallicities and [Mg/Fe] abundances exhibit
clear differences between components: The nuclear disc, bar,
and thin disc are metal-rich ([Z/H] = O for versions A and
B; [Z/H] 2z —0.3 for version C) and a-poor ([Mg/Fe] < 0.2
for versions A and B; [Mg/Fe] < 0.25 for version C),
while the bulge, thick disc, and stellar halo are metal-poor
([Z/H] < O for versions A and B; [Z/H] < —0.3 for ver-
sion C) and a-rich ([Mg/Fe] > 0.2 for versions A and B;
[Mg/Fe] > 0.25 for version C). The bulge shows a negative
metallicity gradient (V[Z/H]puge < 0), while the metallicity
gradients of other components and the [Mg/Fe] abundance
gradients of all components are not significant. All compo-
nents in NGC 1381 are generally old (8—14 Gyr). Compared
to the nuclear disc, bar, and thin disc, the bulge, thick disc,
and stellar halo are either younger or of comparable age.

Based on these results, we infer that the nuclear disc, bar, and
thin disc of NGC 1381 formed in situ in the early Universe. The
bar was likely fast initially but gradually slowed due to dynami-
cal friction with the dark matter halo and the lack of gas supply
after the galaxy’s infall into the cluster. In contrast, the thick disc
and stellar halo likely formed via minor mergers. These mergers
also contributed to the formation or growth of the dynamically
hot bulge.

As a fossil record from the early Universe, NGC 1381 pro-
vides valuable insights into early galaxy evolution. This par-
ticular galaxy serves as a non-trivial local descendant of the
barred galaxies at z > 2 discovered by JWST observations (e.g.
Le Conte et al. 2024; Guo et al. 2025). A valuable next step will
be to statistically study barred galaxies in both cluster and non-
cluster environments and to compare them with future IFS obser-
vations of high-redshift galaxies. Such a comparative analysis
will advance our understanding of the evolution of barred galax-
ies from high redshifts to the present day.
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Appendix A: Stellar population maps for data versions B and C
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Fig. A.1. Same as the bottom three panels of Fig. 3 but for data version B.
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Fig. A.2. Same as the bottom three panels of Fig. 3 but for data version C.

12

10

0.4

0.0

-0.4
0.4

0.2

-0.7

0.45

0.25

0.05

) (trqodel ._tob.s) [Gyr]

([Mg/Fe]model —[Mg/Fe]obs) [dex]

([Z/Hmode1 ~[Z/Hgps) [dex]
o -
s, & y “
’ ‘ ' . [ A

-

—60 —40 —20 0 20 40 60 80

x' [arcsec]

) (tmodel ._tob.s) [Gyr]

(IZ/H]mode1—[Z/Hlons) [dex]

([Mg/Fe] model — [Mg/Fﬂ?] obs). [de.X]

—60 —40 —20 0 20 40 60 80
x' [arcsec]

0.2

0.0

—0.2
0.2

0.0

—0.2

0.2

0.0

-0.2
0.2

0.0

-0.2

The stellar population data and model fittings based on data version B (Pinna et al. 2019a) are shown in Fig. A.1, while those from
version C (Martin-Navarro et al. 2021) are presented in Fig. A.2. Compared to versions A and B, version C has systematic offsets
in the stellar metallicity and [Mg/Fe] abundance, which originate from their different settings when fitting the spectra. Nevertheless,
the overall trends in the maps are consistent, ensuring the robustness of our main conclusions.

Appendix B: MGE fitting results

The r-band surface brightness of NGC 1381 was fitted by the MGE formalism (Cappellari 2002), which can be expressed as

N
Iy = Z sz , XP [_ 1:2 (X’Z "
= 2n0’ g, 207,

q;

(B.1)
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Table B.1. MGE fitting parameters for NGC 1381.

’

Component L;[Lo] 0';. [arcsec] q;
5.8514e+09 0.6156 0.9399
2.3452e+09 0.8111 0.2924
4.8630e+09 1.5880 0.8384
Triaxial bar 4.9462e+09 3.6569 0.5827
-2.8594¢+09 4.4236 0.4186
1.0836e+09 6.9692 0.5614
4.5652e+08 7.9081 0.8153
7.9384e+08 13.8476 0.1330
4.7452e¢+08 16.0688 0.5392
-1.9755e+10 17.3858 0.1379
1.9177e+10 17.8108 0.1352
Axisymmetric disc | 1.6929e+07 19.4488 0.9399
-1.0310e+09 20.1765 0.3888
7.9930e+08 23.5237 0.2900
7.5981e+07 38.0095 0.2818
8.7859¢e+06 58.4657 0.6147

Notes. From left to right: (1) the component to which each Gaussian belongs; (2) luminosity L;; (3) dispersion 0';.; (4) axis ratio q}. These MGE
parameters were calculated from Eq. (B.1).
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Fig. B.1. Observed surface brightness contours (black) and MGE-fitted contours (red) for NGC 1381. The red contours represent the triaxial bar
component, the axisymmetric disc component, and the sum of the two components in the MGE fitting results, respectively (see Table B.1). The
contour interval is 0.5 magnitude.

where N is the number of Gaussians, the subscript j denotes the j-th Gaussian, L; is the total luminosity, q} = b;. / a} is the axis ratio,
and o"j is the dispersion along the major axis x’. Negative Gaussians are allowed (L; < 0) in order to fit the BP/X-shaped structure.
The fitted MGE parameters are listed in Table B.1, with the corresponding surface brightness contours shown in Fig. B.1.
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Appendix C: Parameter space and mass profiles
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Fig. C.1. Parameter space we explored for NGC 1381. The eight free parameters are the disc axis ratio, ggisc (transformed from the inclination
angle, 6); the bar azimuthal angle, ¢; the stellar mass-to-light ratio, M, /L; the bar pattern speed, Q,; the dark matter concentration, c; the virial
mass, Mag; the inner density slope of dark matter, ; and the black hole mass, Mgy. The blue star marks the best-fitting model with minimum y?
(anin), and the coloured dots indicate models that fall within the 30~ confidence level, with their x? values indicated by the colour bar. The small

black dots correspond to models outside the 30~ confidence level. For formal definitions of ¥ and confidence levels, see Sects. 3.1 and 3.4.

The parameter space explored in our dynamical modelling is presented in Fig. C.1. The derived values of the free parameters

are: (1) a disc axis ratio of ggisc = 0.192f8:88§ (corresponding to an inclination angle of 8 ~ 87-88°); (2) a bar azimuthal angle of

lp] = 30”"1‘40; (3) a stellar mass-to-light ratio of M, /L = 1.56*%12 (corresponding to a stellar mass of M, = 1.65t8:;§ x 109 M,);

-0.36
(4) a bar pattern speed of Q, = 34*7kms™" kpc™'; (5) a dark matter concentration of log ¢ = 1.24*01%; (6) a virial mass of Mag =

3.45M21 x 10" Mo; (7) a dark matter inner density slope of y = 1.4870-1%; and (8) a black hole mass of Mgy = 2.0*]2 x 10° M.
In our dynamical modelling, the gravitational potential comprises contributions from stellar mass, dark matter, and a super-
massive black hole. This leads to a degeneracy between these three components, especially in the innermost regions (< 5 arcsec).

Martin-Navarro et al. (2021) reported that the IMF becomes more bottom-heavy towards the innermost regions, leading to a higher
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Fig. C.2. Enclosed mass profiles for NGC 1381. The black, red, and blue solid lines represent the profiles of total mass, stellar mass, and dark
matter mass from the best-fitting model, respectively, while the shaded regions denote the model uncertainties within the 1o~ confidence level. The
green dashed line with error bars corresponds to the total mass profile from orbit-superposition models without considering the bar (Ding et al.
2023).

M, /L there. Therefore, assuming a constant M, /L likely results in an underestimation of the stellar mass in the central regions.
However, this bias could be masked by models that adopt a more cuspy dark matter halo and/or a more massive black hole.

The enclosed stellar, dark matter, and total mass profiles are shown in Fig. C.2. We compared our total mass profile with the
result from Ding et al. (2023), who constructed orbit-superposition models without considering the bar. Regardless of whether the
bar is included in the models, the total mass profiles, which are directly constrained by the kinematic data, are consistent.

Appendix D: Circularity, A,: Definitions with and without cross terms in Vi

In this work, we adopted the circularity (1,) defined in Eq. (2) following previous works on orbit-superposition models (e.g.
Zhu et al. 2018a; Tahmasebzadeh et al. 2022; Jin et al. 2025a). This definition of A, employs a root-mean-square velocity that

includes cross terms (Vigs = \/ vio + U;O + vg + 20,000 + 20500, + 2v,00;). For comparison, we also considered an alternative def-

inition that excludes these cross terms (Vims nocross = \/uio + 050 + vf). The corresponding circularity is then written as

Az nocross = L_z/(R X Vrms,nocross)- D.1)

Figure D.1 presents a one-to-one comparison of the circularity for each orbit in the best-fitting model under two definitions: A,
and A, nocross- FOr most orbits, the two circularities have very similar values, especially for orbits with A, > 0. Only a small fraction
of orbits, which account for 0.4% of all orbits and contribute 0.1% of the total luminosity, have a difference of |A; — A nocross| = 0.05.
Since the orbit classification criteria we adopted use a threshold of 2, = 0.5 (see Fig. 4), the definition of circularity does not affect
our dynamical decompositions.

Appendix E: Stellar orbit distributions in the 1,—Ep;q phase space

As mentioned in Sect. 3.2, we adopted the bar length (Ry,;) to separate the inner components (nuclear disc, bar, and bulge) from the
outer components (thin disc, thick disc, and stellar halo) of the galaxy. The reasons for this classification are as follows. First, the
bar redistributes angular momentum within Ry,.; for example, there is a lack of dynamically cold orbits at ~ 1.5kpc (see Fig. 5),
which clearly separates the inner (nuclear) disc from the outer (thin and thick) discs. Second, the time-averaged radius is highly
correlated with the orbital binding energy. Therefore, for dynamically hot components, using a radius criterion is similar to using a
binding-energy criterion. Fig. E.1 illustrates this: the separation in normalised binding energy (& = Eving/|Emin| = —0.46) is generally
consistent with that based on Rp,,.
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Fig. D.1. One-to-one comparison of the circularity for each orbit under two definitions. The default circularity A, adopted in this work (Eq. 2) is
defined using the Vs containing cross terms, while A, nocross (Eq. D.1) is based on the Vi nocross Where cross terms are excluded. Each orbit is
represented by a dot. Red (blue) dots indicate orbits with |, — A, nocross] < 0.05 (= 0.05). The orbits with |, — A, nocross] = 0.05 only account for
0.4% of all orbits and contribute 0.1% of the total luminosity. The dashed line represents equality between the two definitions, and the dotted lines
correspond to A, = 0.5 and A, yocross = 0.5.

Furthermore, we did not find an obvious bimodal distribution of dynamically hot orbits in the 1,—Eyi,q plane, so it is hard to
derive a distribution-based classification as Du et al. (2019, 2020) did. Using a fixed value to separate the different components is
therefore a reasonable choice, and the value of Ry, = 2.24j8:‘2‘§ kpc is generally consistent with the physical scale of dynamical
bulges (~ 2-3.5kpc) found in simulations (e.g. Du et al. 2020, 2021) and adopted in previous dynamical models (e.g. Zhu et al.
2022a,b; Wu et al. 2025). Since the bulge and halo have similar metallicities and [Mg/Fe] abundances, using a separating radius
different from Ry, will not affect our main conclusion that both the bulge and halo are likely related to early minor mergers.

Appendix F: Stellar orbit distributions in the 1,—R phase space for barred and unbarred models

Figure F.1 shows a comparison between the stellar orbit distributions derived from the barred (this work) and unbarred (Ding et al.
2023) models. Since Ding et al. (2023) did not analyse the orbital morphological parameters (por, Gorb0, and Zorp) adopted in this
work, we directly compared different components using only the criteria based on A, and R.

In the galaxy’s outer regions (R > Ryp,), the results from the barred and unbarred models are generally consistent: cold orbits
(4; = 0.8) dominate, while warm (0.25 < A, < 0.8) and hot (1, < 0.25) orbits account for moderate and small fractions, respectively.
For each component, the fraction is slightly lower in the unbarred model than in the barred model.

In the galaxy’s inner regions (R < Ry,), the unbarred model cannot reproduce the dynamical signature of a rigidly rotating bar
(the strong A,—R correlation), resulting in a mixture of bar and bulge orbits. Nevertheless, the fractions of cold, warm, and hot orbits
remain generally consistent, with the unbarred model yielding slightly higher fractions than the barred model.

Appendix G: Spatial distributions of mean velocity and velocity dispersion

Using the orbital information from the best-fitting model, we derived the 3D spatial distributions of luminosity-weighted mean
velocity and velocity dispersion for each decomposed component. We then projected them onto the x-z plane and presented the
resulting 2D distributions in Fig. G.1. The bulge and stellar halo are dominated by random motions, while the other components are
dominated by rotation.

Appendix H: Stellar metallicity and [Mg/Fe] abundance profiles

Using the orbital information from the best-fitting model, we calculated the luminosity-weighted stellar metallicity and [Mg/Fe]
abundance profiles and presented them in Fig. H.1. For the best-fitting model, the bulge exhibits a negative metallicity gradient and
a positive [Mg/Fe] gradient, while the gradients of other components are not significant.
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Fig. E.1. Probability density distributions of stellar orbits in the A,—Ey;,q phase space for the best-fitting model of NGC 1381. Top left: Relation
between the orbital binding energy (Ey;ng, normalised by its minimum value over all orbits in the model) and the time-averaged radius (R), with
each orbit represented by a blue dot. The vertical dotted line represents the bar length (Ry,), which is adopted to separate the inner components
(nuclear disc, bar, and bulge) from the outer components (thin disc, thick disc, and stellar halo) of the galaxy. The horizontal dotted line indicates
the average binding energy (€ = Eping/|Emin| = —0.46) at Ry,,. Other panels: Stellar orbit distributions of the entire galaxy and of each dynamical
component, corresponding to Fig. 5 but with the x-axis changed from radius (R) to normalised binding energy (¢ = Eping/|Emin|)- The vertical

dashed line represents € = —0.46.
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Fig. F.1. Probability density distributions of
stellar orbits in the A,—R phase space for the
best-fitting barred (/eft; this work) and unbarred
(right; Ding et al. 2023) models of NGC 1381.
The vertical dashed lines represent the dynam-
ical bar length (R,,, = 2.24kpc), which sepa-
rates the orbits in the galaxy’s inner (R < Rpy)
and outer (R > Ry,) regions. The horizontal
dotted lines denote A, = 0.8 and A, = 0.25, fur-
ther classifying the orbits into cold (1, > 0.8),
warm (0.25 < A, < 0.8), and hot (1, < 0.25)
components. This results in six distinct compo-
nents in total, with the luminosity fraction of
each component labelled.
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Fig. G.1. Spatial distributions of luminosity-weighted mean velocities (fop) and velocity dispersions (bottom) on the x-z planes for dynamical
components in the best-fitting model of NGC 1381. From left to right: Entire galaxy, nuclear disc, bar, thin disc, bulge, thick disc, and stellar halo.

For each component, only pixels above specified brightness thresholds are plotted.
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Fig. H.1. Stellar metallicity (left) and [Mg/Fe]
abundance (right) profiles for the dynami-
cal components in the best-fitting model of
NGC 1381. The difterent colours represent dif-
ferent components: the nuclear disc (magenta),
bar (black), bulge (red), thin disc (blue), thick
disc (orange), and stellar halo (green).
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