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A B S T R A C T 

We analyse the assembly history of the edge-on lenticular galaxy NGC 3957 using deep integral-field spectroscopic 
MUSE data from the GECKOS survey. By applying a dust-corrected multi-Gaussian expansion and a population-orbit 
superposition model, we disentangle the galaxy’s stellar kinematics, age, and metallicity. We dynamically decompose 
the galaxy and identify three distinct components: a dynamically cold main disc, a compact nuclear stellar disc (NSD), 
and a hot component. The NSD emerges as the youngest and most metal-rich component ( t = 6 . 9 ± 0 . 4 Gyr; [ Z/H] = 

0 . 49 ± 0 . 06 dex), implying that the stellar bar is a long-lived structure that formed at least ∼ 7 Gyr ago. The main stellar disc 
is dynamically cold ( σz ∼ 20−30 km s−1 ), precluding any significant mergers over the last ∼ 8 Gyr, and exhibits a strong 
positive age gradient (younger inside, older outside) beyond the bar radius. Synthesizing these dynamical fossil records, 
NGC 3957 likely evolved as a ‘faded spiral’ in a small-to-medium group environment. Its outer disc might passively fade 
due to mild gas starvation, while the bar fuelled prolonged central star formation. Comparison with lenticular galaxies in 

the Fornax cluster reveals that this combination of internal secular evolution and mild starvation produces ‘outside-in’ 
fading signatures that could mimic the environmental stripping typically seen in dense clusters. 

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation – galaxies: kinematics and 
dynamics – galaxies: structure. 
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 INTRODUCTION  

enticular galaxies (S0s) are a ubiquitous galaxy population in 
he local universe, yet their exact formation pathways remain a 
ubject of active debate. The transformation from star-forming 
piral galaxies to quiescent S0s is generally attributed to a com- 
ination of environment-driven processes (‘nurture’) and inter- 
al secular evolution (‘nature’). In dense environments such as 
assive galaxy clusters, external mechanisms like ram-pressure 
tripping (J. E. Gunn & J. R. Gott 1972 ) are highly efficient
t rapidly removing gas and quenching star formation (e.g. A. 
ressler 1980 ; K. Bekki, W. J. Couch & Y. Shioya 2002 ). In less
ense environments, such as loose groups or the field, the sup-
ly of fresh cosmological gas may simply be cut off (strangu- 
ation, e.g. M. L. Balogh, J. F. Navarro & S. L. Morris 2000 ; A.
ekel & Y. Birnboim 2006 ; D. Kawata & J. S. Mulchaey 2008 ;
. Peng, R. Maiolino & R. Cochrane 2015 ). As the remaining
as is consumed, the young, bright stellar populations die out, 
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ausing the extended disc to passively fade. This passive evolution 
aturally increases the apparent bulge-to-disc luminosity ratio 
ithout dynamically growing the bulge, producing a quiescent S0 
alaxy commonly referred to as a ‘faded spiral’ (e.g. S. M. Croom
t al. 2021a ; J. Falcón-Barroso, M. Lyubenova & G. van de Ven
015 ). 
In such field or group environments, galaxy mergers also repre- 
ent a prominent formation channel for S0s (e.g. S. Deeley et al.
021 ; L. Coccato et al. 2022 ). Mergers can drive morphological
ransformation by kinematically heating the stellar disc, growing 
he central bulge, and triggering central starbursts that rapidly 
eplete gas reservoirs (e.g. K. Bekki 1998 ; F. Bournaud, C. J. Jog &
. Combes 2005 ). While it is often assumed that mergers destroy
otating discs (e.g. Á. Villalobos & A. Helmi 2008 ; P. M. Galán-de
nta et al. 2023 ), simulations have shown that merger remnants
an still retain significant rotation. In particular, gas-rich mergers 
an allow a dynamically cold, thin disc to rapidly reform via the
ooling of the accreted gas (S. Yu et al. 2023 ), successfully repro-
ucing the kinematic properties of fast-rotating S0s observed in 
arge integral-field spectroscopic (IFS) surveys (e.g. M. Querejeta 
t al. 2015 ). 
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In the absence of frequent high-speed encounters, internal
ecular processes shape the evolution of field and group galax-
es. Stellar bars, for instance, play a crucial role in redistributing
ngular momentum and driving gas inflows towards the galactic
entre (e.g. E. Athanassoula 2003 ; J. Kormendy & R. C. Kenni-
utt 2004 ). This continuous funnelling of gas can fuel prolonged
tar formation, potentially building compact central structures
ike nuclear stellar discs (NSDs; M. Schultheis, M. C. Sormani
 D. A. Gadotti 2025 ) while the outer disc may gradually fade.
onsequently, the evolutionary history of field S0s remains com-
lex, heavily dependent on their specific assembly histories rather
han their environment alone (S. Deeley et al. 2021 ; S. M. Croom
t al. 2021a ). For instance, spatially resolved studies suggest that
he distinct structural components within S0s follow different
ormation pathways: dynamically hotter and thicker components
re predominantly built via early mergers, whereas dynamically
old thin discs are largely shaped by prolonged secular evolution
e.g. M. Yang et al. 2021 ). To fully reconstruct their evolutionary
athways, it is helpful to dynamically disentangle their internal
rbital components – specifically differentiating between bulges,
ecularly built NSDs, and bars. 
Disentangling these components observationally, however,
oses a significant challenge. Detailed studies characterizing the
tar formation histories (SFH) of central substructures often
avour face-on or low-inclination systems, where bars and NSDs
re morphologically distinct (e.g. the TIMER and PHANGS sur-
eys; D. A. Gadotti et al. 2019 ; N. Bittner et al. 2020 ; I. Pessa et al.
023 ). On the other hand, resolving the detailed vertical struc-
ure and dynamical heating history of galactic discs specifically
equires an edge-on perspective (e.g. S. Comerón et al. 2011 ; F.
inna et al. 2019a , b ; M. Martig et al. 2026 ). Pioneering massive
FS surveys like ATLAS3D (M. Cappellari et al. 2011 ), CALIFA
S. F. Sánchez et al. 2012 ), SAMI (e.g. J. de Sande et al. 2017 ), and
aNGA (e.g. M. T. Graham et al. 2018 ) have revolutionized our
nderstanding of the overall kinematic dichotomy of early-type
alaxies, physically classifying them into fast and slow rotators
ased on their stellar angular momentum (e.g. E. Emsellem et al.
007 , 2011 ; M. Cappellari 2016 ). However, the majority of these
arge-scale surveys are limited to kiloparsec-scale spatial resolu-
ions, at which compact central structures like NSDs (typically
ithin a few 100 pc) cannot be resolved. Furthermore, study-
ng these internal structures in edge-on systems remains excep-
ionally difficult due to dust obscuration and the severe blend-
ng of overlapping stellar structures along the line of sight (e.g.
. H. Rutherford et al. 2025 ). This highlights the critical need for
eep, high-resolution observations combined with sophisticated
ynamical decomposition. 
To overcome the degeneracy caused by this line-of-sight in-

egration, advanced dynamical modelling is essential. Although
arious techniques exist, such as Jeans-Anisotropic-MGE (e.g. M.
appellari 2008 ; H. Li et al. 2017 ) and made-to-measure models
e.g. D. Syer & S. Tremaine 1996 ; F. Lorenzi et al. 2007 ; R. J.
ong & S. Mao 2010 , 2012 ; L. Zhu et al. 2014 ), the Schwarzschild
rbit-superposition method (M. Schwarzschild 1979 ) is particu-
arly powerful. By reconstructing the galaxy’s orbital backbone
ithout ad-hoc assumptions about the distribution function, the
riaxial implementation of this method (e.g. R. C. E. den Bosch
t al. 2008 , and the publicly available DYNAMITE code; P. Jethwa
t al. 2020 ; S. Thater et al. 2022 ) has been extensively validated in
imulations (e.g. L. Zhu et al. 2018b ; Y. Jin et al. 2019 ) and applied
o uncover the intrinsic 3D structures of galaxies across various
eometries (e.g. L. Zhu et al. 2018c ; Y. Jin et al. 2020 ). 
NRAS 552, 1–29 (2026)
Crucially, this modelling technique has undergone significant
nhancements in recent years. It has been updated to explicitly
nclude non-axisymmetric bar structures (e.g. B. Tahmasebzadeh
t al. 2022 , 2024 ; Y. Jin et al. 2025a ), and simultaneously evolved
nto a population-orbit superposition method (e.g. A. Poci et al.
019 ; L. Zhu et al. 2020 ; Y. Ding et al. 2023 ; Y. Jin et al. 2024 ).
y tagging orbits with specific ages and metallicities, the model
an simultaneously fit stellar kinematic and population maps
rom IFS data. This state -of-the -art framework enables a physi-
ally motivated chemo-dynamical decomposition, allowing us to
uccessfully isolate overlapping components (e.g. discs, bars, and
ulges) and reconstruct their distinct assembly histories (e.g. L.
hu et al. 2022 ; G. de Ven, J. Falcón-Barroso & M. Lyubenova
025 ; Y. Jin et al. 2025b ). 
In this work, we use the population-orbit superposition
ethod to perform a chemo-dynamical decomposition of 
GC 3957, a typical edge-on S0 galaxy. Throughout this paper,
e adopt a flat �CDM cosmology with �m = 0 . 30 , �� = 0 . 70 ,
nd H0 = 70 km s−1 Mpc−1 , and a Chabrier (G. Chabrier 2003 )
nitial mass function (IMF). 
The paper is organized as follows. We introduce the data set in
ection 2 . We describe the population-orbit superposition model
nd its relevance to the orbital decomposition in Section 3 . We
how the results of orbital decomposition and the assembly his-
ory in Section 4 . We discuss our results in Section 5 and present
ur summary in Section 6 . 

 SAMPLE  AND  DATA  

.1 The GECKOS survey 

GC 3957 is analysed as part of the second internal data release
iDR2) of the GECKOS survey, which aims at investigating the
volution of disc galaxies by observing 36 Milky Way-mass edge-
n galaxies ( i > 85◦) in the local universe ( 10 < D < 70 Mpc).
he survey uses the MUSE instrument in wide-field mode to
rovide integral field spectroscopy with high spatial resolution
0.2 arcsec pixel scale) and a deep surface brightness limit ex-
ending to μV = 23 . 5 mag arcsec−2 . By stacking, in some cases,
everal hours’ worth of observations of faint disc regions, the
urvey reaches these impressive detection limits. Unlike previous
urveys, GECKOS is specifically designed to resolve the vertical
tructure of discs with high physical resolution of < 200 pc (pro-
iding diagnostics of kinematic sub-structures, see for example,
. Fraser-McKelvie et al. 2025 ; T. H. Rutherford et al. 2025 ) and
eep sensitivity to low surface brightness features. This enables
he detection of faint extraplanar features and outflows (B. Mazz-
lli Ciraulo et al. 2025 ; R. Elliott et al. 2026 ). 
The raw data are reduced and mosaicked using the py-
usepipe package (E. Emsellem et al. 2022 ), which wraps the
tandard ESO MUSE pipeline (P. M. Weilbacher et al. 2020 ) and
sorex recipes. The detailed setup of the data reduction pipeline
s described in A. Fraser-McKelvie et al. ( 2025 ) and more details
ill be presented in van de Sande et al. (in preparation). 

.2 Target galaxy: NGC 3957 

GC 3957, located at a distance of 24.8 Mpc, serves as a prime
xample for studying the vertical structure and assembly history
f S0 galaxies (R. J. Buta et al. 2015 ) within the GECKOS sample.
t is a satellite galaxy residing in the small-to-medium NGC 4038
alaxy group (LGG 263, which consists of 8–26 member galaxies;
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Table 1. Properties of NGC 3957. The distance (Column 1) is from R. 
B. Tully et al. ( 2023 ), the effective radius (Column 2), is calculated from 

MGE of the dust-corrected r-band image. Stellar mass (Column 3) and 
SFR (Column 4) are from van de Sande et al (in preparation). The position 
angle (Column 5) is determined by photometric isophotes and adopted for 
the MGE fitting. The inclination angle (Column 6) is from M. Pohlen et 
al. ( 2004 ). 

Distance Re M� SFR PA i 

(Mpc) (arcsec) (log 10 M� / M�) ( M� yr −1 ) (◦) (◦) 
(1) (2) (3) (4) (5) (6) 

24.8 22.2 10.55 0.26 173 88 ±1 
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. M. Garcia 1993 ). It has a stellar mass of 1010 . 55 M� (van de
ande et al., in preparation). Morphologically, it is characterized 
y a prominent boxy/peanut-shaped (B/P) bulge clearly visible 
n near-infrared imaging, a well-known signature of a bar viewed 
dge-on (R. Lutticke, R.-J. Dettmar & M. Pohlen 2000 ). Previous
hotometric decompositions have also revealed a thin and a thick 
isc co-existing in this galaxy (M. Pohlen et al. 2004 ). 
Visually, NGC 3957 features a prominent equatorial dust lane, 

ndicating the presence of an interstellar medium. The existence 
f such cold gas and dust in early-type galaxies is not unusual; for
nstance, the ATLAS3D survey revealed that cold molecular gas is 
resent in ∼ 22 per cent of local early-type galaxies (L. M. Young 
t al. 2011 ). However, the galaxy has a low star formation rate
SFR ≈ 0 . 26 M�yr −1 ; van de Sande et al., in preparation). In fact,
ompared to the broader GECKOS sample, NGC 3957 possesses 
ne of the lowest SFRs. This relatively lower level of dust obscu-
ation and active star formation allows us to extract much cleaner 
tellar kinematics compared to more gas-rich spirals, making 
t an ideal target for constructing a robust dynamical model. 
onsistent with this relatively quiescent nature, the ionized gas 
H α) emission is extremely faint ( 10−16 ∼ 10−17 erg s−1 cm−2 ) 
nd mostly concentrated within 2 kpc from the disc (R. Elliott et
l. 2026 ). The main properties of NGC 3957 are listed in Table 1 . 

.3 Stellar kinematics and stellar population maps 

e derive the stellar kinematics and stellar population properties 
sing the nGIST pipeline (A. Fraser-McKelvie et al. 2025 ). 1 The
GIST pipeline prepares and organizes galaxy IFS data cubes, 
patially bins spectra to a specified signal-to-noise ratio (S/N), 
nd wraps commonly used spectral analysis tools to analyse the 
ata in a flexible and modular manner. To ensure the reliable 
xtraction of higher-order kinematic moments, the data cubes 
re spatially binned using the Voronoi tessellation method (M. 
appellari & Y. Copin 2003 ) to achieve a target S/N of 100. This
/N is calculated over the restricted wavelength range of 4800–
000 Å to minimize the impact of strong sky lines in the redder
art of the spectrum. For NGC 3957, the spatial resolution is well-
reserved with typical bin sizes of ∼ 20 pc in the central regions,
hile in the outskirts, the bins dynamically expand up to ∼ 600 pc
o meet the target S/N. 
The stellar line-of-sight velocity distribution and stellar pop- 
lation parameters (age and metallicity) are extracted us- 
ng nGIST ’s KIN and SFH modules, respectively. Both modules 
se the Penalized Pixel-Fitting ( pPXF ) code (M. Cappellari & E.
 https://ascl.net/2507.015 

i
(  

p  
msellem 2004 ; M. Cappellari 2017 ). For the kinematic extrac-
ion, pPXF fits the spectra using a 23rd-order additive Legendre 
olynomial to match the templates to the data, alongside a first-
rder multiplicative polynomial to account for minor continuum 

ariations caused by imperfect sky subtraction and dust attenu- 
tion. To derive the stellar population maps, pPXF determines 
he SFH by fitting the observed spectra as a non-negative linear
ombination of simple stellar population templates, while simul- 
aneously applying a D. Calzetti et al. ( 2000 ) extinction curve.
his effectively rectifies the continuum shape and ensures that 
he extracted stellar properties are not severely biased by dust 
eddening. 
The kinematic spectral fitting was performed over the broad 
avelength range of 4800–8950 Å , using the xsl_stars tem- 
late library (X-shooter Spectral Library; K. Verro et al. 2022 ; see
ection 2.4 in A. Fraser-McKelvie et al. 2025 ). This extended spec-
ral range includes key absorption features such as the Calcium 

I triplet (CaT) near ∼ 8500 Å . Because redder wavelengths are 
ignificantly less affected by dust extinction than optical bands, 
ncorporating the CaT region is crucial for robustly penetrating 
he dust lane and accurately constraining the velocity dispersion 
n dynamically cold, dusty edge-on discs. The resulting 2D maps 
f mean velocity V , velocity dispersion σ , and Gauss–Hermite 
oments h3 and h4 (O. E. Gerhard 1993 ; H.-W. Rix et al. 1997 )
erve as the primary inputs for our dynamical models. 

.4 Multi-Gaussian expansion 

n order to build up the dynamical model of NGC 3957, we use
he multi-Gaussian expansion (MGE; M. Cappellari 2002 ) to fit 
he galaxy image. To constrain the 3D gravitational potential, we 
equire an unbiased estimate of the projected mass distribution, 
hich is best given by the near-infrared 3 . 6µm Spitzer IRAC
mage (K. Sheth et al. 2010 ) as it is minimally affected by dust
e.g. S. S. McGaugh & J. M. Schombert 2014 ). Conversely, the
D luminosity density is reproduced by weighting the orbits to 
t the observed MUSE kinematics. Since these kinematics are 
xtracted from optical spectra, the corresponding surface bright- 
ess constraints must also be defined in the optical regime to
nsure physical consistency. Therefore, the r-band photometry 
s the most appropriate choice to represent this kinematic tracer 
opulation. However, unlike the near-infrared data, the optical r- 
and image is heavily obscured by a prominent dust lane along
he major axis. Thus, we need a careful dust solution (see also
. H. Rutherford et al. 2025 , for recent dust-corrected dynamical
odelling) before performing the MGE fit. 
In both the 3 . 6µm and r-band MGE fits, we consider an ax-

symmetric solution by adopting a constant position angle (PA) 
or the Gaussians to match the photometric signature of the inner
r outer disc. To perform the spatially resolved dust correction, we
se the Pan-STARRS r-band image (K. C. Chambers et al. 2016 )
nd the 3 . 6µm image. We specifically opt for the Pan-STARRS r -
and image rather than the one extracted from the MUSE cube
ecause its larger spatial coverage perfectly matches that of the 
.6µm data, which is essential for constructing a robust, global 
GE model. To properly combine these two data sets, both im-
ges must be accurately aligned on a common pixel grid. The
ative pixel scales are distinctly different: 0.25 arcsec pixel−1 for 
he Pan-STARRS image and 0.75 arcsec pixel−1 for the 3 . 6µm
mage. To address this, we use the World Coordinate System 

WCS) from the image headers to map the exact celestial foot-
rint of the r-band image onto the 3 . 6µm data. We first crop the
MNRAS 552, 1–29 (2026)

https://ascl.net/2507.015
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M

Figure 1. Illustration of the dust correction strategy for the MUSE r- 
band image. Top panel: the Mr -band −M3 . 6µm 

colour map, where the 
dark blue band along the major axis indicates regions of significant dust 
attenuation. We identify the dust-affected area using a colour cut of 
Mr -band −M3 . 6µm 

> −1 . 2 . Middle panel: the rectangular mask defined to 
cover the prominent dust lane. Bottom panel: the colour-corrected r-band 
image. The flux within the masked region has been substituted using the 
scaled flux from the 3 . 6µm image combined with the average colour C̄ 
measured outside the mask, ensuring a smooth surface brightness profile 
for MGE fitting. 
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Figure 2. MGE fit to NGC 3957. Top panel: Spitzer 3.6µm imaging con- 
tours are in black, and the MGE model contours are in red. Bottom panel: 
the MGE model contours based on the dust-corrected r-band image. 
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 . 6µm image to match the identical field of view. Subsequently,
e resample the lower-resolution 3 . 6µm image to match the
ne 0.25 arcsec pixel−1 grid (resulting in matching 1440 × 1440
ixel arrays) using a bilinear interpolation algorithm. During this
esampling process, the total flux of the 3 . 6µm image is strictly
onserved. Once spatially aligned and resolution-matched, both
mages are converted into the magnitude space to construct the
r -band −M3 . 6µm 

colour map for identifying and masking the
ust lanes. 
The correction procedure is as follows: (a) We first evaluate the

egion where the dust influence is most significant by plotting the
olour map, i.e. the magnitude difference C = Mr -band −M3 . 6µm 

see the blue region in the top panel of Fig. 1 ). (b) We then define
 rectangular mask covering the central dust lane. We choose a
imple rectangular mask rather than a strict contour-based mask
e.g. exactly outlining the −1 . 2 mag threshold) because the ac-
ual dust distribution is highly irregular. A contour-based mask
reates highly non-elliptical boundaries, and the MGE fitting is
otoriously sensitive to such irregularities. These jagged edges
ould dominate the local χ2 and severely degrade the global
GE fit. A conservative rectangular mask avoids this issue and
rovides a much more stable boundary for the fit (Fig. 1 , mid-
le panel). (c) We calculate the average colour C̄ = 〈 Mr -band −
3 . 6µm 

〉 and its standard deviation σC using pixels outside this
asked region. (d) We then replace the pixel values within
NRAS 552, 1–29 (2026)
he masked region of the r-band image. The corrected magni-
ude at each pixel inside the mask is estimated as Mr-band,corr =
3 . 6µm 

+ C̄ . (e) To account for potential variations in the in-
rinsic colour and the substitution process, we apply a Gaussian
ncertainty to the replaced flux based on the measured colour
ispersion σC . 
Finally, we perform the MGE fitting separately on the 3 . 6µm

mage and the dust-corrected r-band image (Fig. 1 , bottom panel).
ig. 2 shows the resulting MGE contours overlaid on both the
 . 6µm (top panel) and the r-band images (bottom panel). A de-
ailed comparison of the MGE fit to the dust-corrected r-band
ata and its residuals is demonstrated in Fig. A1 in the appendix.
he best-fitting MGE parameters for both images are listed in
ables A1 and A2 in the appendix. 

 POPULATION-ORBITAL  SUPERPOSITION  

ETHOD  

n this study, we apply the population-orbit superposition method
L. Zhu et al. 2020 ) to reconstruct the intrinsic properties of 
GC 3957. This technique allows us to fit the luminosity density,
inematic, age, and metallicity maps. Once the best-fitting model
s determined, we extract the internal stellar orbit distribution
ssociated with the age and metallicity distributions. Based on
he derived orbital structure in the phase space of circularity and
adius, we decompose the galaxy into distinct dynamical compo-
ents. In this paper, we identify three dynamical components: a
ynamically cold main disc, a central NSD, and a dynamically hot
omponent. Subsequently, we extract the face-on surface bright-
ess, age, and metallicity radial profiles for each component sep-
rately. We illustrate the whole process in Figs 3 and 4 for NGC
957. 
Briefly, the modelling procedure involves four main stages: (i)
onstructing the model of the gravitational potential, (ii) calcu-
ating the orbital library under the gravitational potential, (iii)
etermining the orbital weights fitting the luminosity density and
inematic maps, and (iv) tagging the weighted orbits with age
nd metallicity. Steps (i)–(iii) are performed with the DYNAMITE
ode. While the methodology is extensively detailed and validated
n L. Zhu et al. ( 2020 ), we outline the key configurations specific
o this work below. 
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Figure 3. Best-fitting population-orbit superposition model of NGC 3957. From left to right: maps of the data, model, and residuals (model −data). From 

top to bottom: maps of the surface brightness SB, mean velocity V , velocity dispersion σ , Gauss–Hermite coefficients h3 and h4 , light-weighted age t and 
metallicity [ Z/H] of the stars. In the residual column, the kinematic maps are normalized by their respective observational uncertainties ( d V , d σ , d h3 , 
and dh4 ). For the surface brightness and age, the fractional residuals ( �SB /SB and �t /t ) are shown, while the metallicity residual is given as the absolute 
difference ( �[ Z/H] in dex). 
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.1 The gravitational potential 

he total gravitational potential in our model is constructed from 

hree components: the stars, dark matter halo, and a central black 
ole. We note that our gravitational potential model explicitly 
eglects the gas components. Given that NGC 3957 is an S0 
ith a low star formation rate (SFR = 0 . 26 M�yr −1 ), its molec-
lar gas mass is estimated to be MH2 ∼ 5 × 108 M� via standard 
caling relations with an average depletion time tdep ∼ 1 . 67 Gyr 
typically 1–2 Gyr; e.g. R. C. Kennicutt & N. J. Evans 2012 ; A.
oselli, L. Cortese & M. Boquien 2014 ). Furthermore, extensive 
urveys demonstrate that the neutral atomic gas ( MHI ) content 
n early-type galaxies is systematically suppressed, typically con- 
ributing � 1−3 per cent of the stellar mass (e.g. P. Serra et al. 
012 ; M. A. Beasley et al. 2015 ). Summing the molecular and
tomic components, the total cold gas mass remains dynamically 
egligible, and its omission does not affect our derived orbital 
tructures. 
r
To construct the stellar mass distribution, we use the MGE 

tted to the 3 . 6µm Spitzer IRAC image. Again, such a choice is
ecause the r-band image is strongly affected by the dust, but the
 . 6µm image is mildly affected and serves as a reliable tracer of 
he underlying stellar mass distribution. 
After the MGE fitting, we deproject the 2D Gaussian compo- 
ents into a 3D luminosity density by assuming a specific set of 
iewing angles ( θ , ψ , φ). Here, θ and φ determine the line-of-sight
rientation relative to the galaxy’s principal axes, while ψ is cho-
en to specify the rotation of the galaxy around the line-of-sight
n the projected sky-plane. The resulting 3D luminosity density is 
hen multiplied by a constant stellar mass-to-light ratio ( M∗/L ) to
btain the 3D mass density, from which the stellar gravitational 
otential is computed using the classical Chandrasekhar formula 
R. C. E. den Bosch et al. 2008 ). 
Rather than fitting the three viewing angles ( θ , ψ , φ) directly,
e explore the intrinsic shape parameter space defined by axis 
atios p = Y/X , q = Z/X , and the compression factor u = X ′ /X 
MNRAS 552, 1–29 (2026)
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Figure 4. Orbital decomposition of NGC 3957. The probability density distribution p(r, λz ) (left panel) , age distribution (central panel) , and metallicity 
distribution (right panel) of the stellar orbits in the phase space of time-averaged radius r versus circularity λz . The probability densities are normalized to 
unity within the data coverage. All the distributions are averages of multiple best-fitting models that fall within the 1 σ confidence level of the model hyper- 
parameters. The coloured boxes with dashed line mark our orbit-based division into different components: a dynamically cold NSD ( λz ≥ 0 . 8 and r < 7 
arcsec; red box), a dynamically cold main disc component ( λz ≥ 0 . 8 and r ≥ 7 arcsec; blue box), and a dynamically hot component ( −0 . 25 < λz < 0 . 25 ; 
black box). The black dashed vertical line represents the effective radius Re = 22 . 2 arcsec. 
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R. C. E. den Bosch et al. 2008 ), where X , Y , and Z are the intrinsic
ong, intermediate, and short axes of the galaxy and X ′ is the
rojected major axis. The conversion of the two sets of parameters
ollows equation (10) in R. C. E. den Bosch et al. ( 2008 ). This
pproach is computationally more efficient. For example, the de-
rojection of an axisymmetric system would have no constraint
n the parameter φ but have a finite axis ratio between Y and X . In
ur modelling, we follow the approach by R. C. E. den Bosch et al.
 2008 ) and fix u = 0 . 999 to allow for a slight degree of triaxiality
f the galaxy. 
For the dark matter halo, we adopt a spherical Navarro-Frenk-
hite (NFW; J. F. Navarro, C. S. Frenk & S. D. M. White 1996 )
rofile governed by two free parameters: dark matter virial mass
200 and concentration C. The potential also includes a central
lack hole characterized by a Plummer potential (R. C. E. den
osch et al. 2008 ) with a fixed scale length of a = 0 . 001 arcsec.
he black hole mass M• is fixed to be 105 . 5 M�. This assumption is
afe since the sphere of influence of the central black hole is not
esolved and would have negligible impact. We cannot directly
onstrain the black hole mass. 
Overall, our gravitational potential is determined by five free
yper-parameters: the stellar mass-to-light ratio M∗/L , two pa-
ameters on the intrinsic shape of stellar distribution p, q , the
ark matter virial mass M200 , and the concentration C. 

.2 The orbit library 

or each model, with a set of hyper-parameters, we generate an
rbit library containing tens of thousands of orbits. The orbit
ampling follows the way described in R. C. E. den Bosch et al.
 2008 ). 
We first sample regular orbits according to a separable triaxial
otential. The orbits are sampled from the three integrals of mo-
ion: energy E, second integral of motion I2 , and third integral of 
otion I3 (J. Binney & S. Tremaine 2008 ). We sample two sets
f 45 × 25 × 13 combinations of (E, I2 , I3 ) as initial conditions
hich include co-rotating and counter-rotating orbits. 
Box orbits are crucial for supporting the triaxial structures,
e sample another set of box orbits by constructing the initial
NRAS 552, 1–29 (2026)
onditions on equipotential surfaces with the energy E, two
pherical angles θ and φ, which gives another set of 45 × 25 × 13 
rbits. 
It is worth noting that we employ a significantly denser orbit
ampling compared to previous studies (e.g. R. C. E. den Bosch
t al. 2008 ; L. Zhu et al. 2018a ; Y. Jin et al. 2019 ; Y. Ding et al.
023 ). For comparison, the CALIFA models used 21 × 10 × 7
rbits (L. Zhu et al. 2018a ), and the Fornax3D models used
5 × 11 × 11 (Y. Ding et al. 2023 ). The GECKOS data possess a
uch larger spatial extent and higher spatial resolution, thereby
emanding greater degrees of freedom in the orbital library to
chieve an accurate fit. Finally, to reduce numerical Poisson
oise, every sampled orbit is dithered into 53 sub-orbits by slightly
erturbing the initial conditions. 

.3 Fitting stellar luminosity density and kinematics 

e fit the luminosity density and stellar kinematics of the galaxy
y weighting the orbits. The fitting constraints include the 2D sur-
ace brightness, the de-projected 3D luminosity density, and the
D kinematic maps. Crucially, while the gravitational potential is
erived from the 3 . 6µm image, the luminosity constraints here
re based on the dust-corrected r-band MGE (see Section 2.4 ).
his ensures that the orbital weights correctly reproduce the
ight distribution from which the MUSE kinematics were actually
xtracted. 
The kinematic maps include the line-of-sight mean velocity

 , velocity dispersion σ , Gauss–Hermite coefficients h3 and h4 .
t should be noted that we do not directly fit V and σ maps,
ut the Gauss–Hermite coefficients h1 , h2 , h3 , and h4 . We extract
imilar luminosity and kinematic maps from the model super-
osed by orbits, then we obtain the solution of the orbit weights
y minimizing the χ2 between the data and the model using a
on-negative least squares (NNLS) method (C. L. Lawson & R. J.
anson 1974 ; C. L. Lawson & R. J. Hanson 1995 ). 
We note that we do not mask the prominent dust lane when
tting the stellar kinematics. While dust extinction primarily bi-
ses the observed kinematics towards the near-side stars, our tests
onfirmed that masking the dust lane yields negligible differences
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n the recovered orbital phase-space and the global parameter 
onstraints for NGC 3957 (see Appendix B for details). 
We use an optimized grid-search algorithm (L. Zhu et al. 
018b ) to identify the best-fitting hyper-parameters of the gravita- 
ional potential. We start with a model with an initial guess of the
yper-parameters, then we perform an iterative searching process 
ith intervals of 0.05, 0.005, 0.005, 0.05, and 0.5 for the hyper-
arameters M∗/L , p, q , log M200 , and C, respectively. Among these
odels, we select the best-fitting models with χ2 − χ2 min < 200 , 
nd sample new models around the selected ones. We continue 
he iterative process until an area of χ2 minimum is found and 
ll models within a 3 σ confidence level around the minimum χ2 

re calculated. At the end, one thousand models are calculated 
or the galaxy, and the parameter grid for NGC 3957 is presented
n Fig. B3 in the appendix. The model with the minimum χ2 

s selected as the best-fitting model. As demonstrated in Fig. 3 ,
e show the best-fitting model of NGC 3957, where the model 
atches the observed kinematic data in great detail. To account 
or modelling uncertainties, the 1 σ confidence level is defined 
ollowing Y. Ding et al. ( 2023 ): 

χ2 = χ2 − χ2 min < 4 ×
√ 

2 × nGH × Nobs , (1) 

here nGH = 4 is the number of fitted kinematic moments, and 
obs = 2229 is the total number of Voronoi bins in our kinematic
ata. 
Once we fit the stellar kinematics, we extract the intrinsic or-
ital structure of the galaxy. We characterize each orbit using its
ime-averaged radius r and its circularity λz . The circularity is de- 
ned as the orbital angular momentum around the short ( z) axis
ormalized by the maximum angular momentum that is allowed 
y a circular orbit with the same binding energy. Thus, λz ∼ 1 
epresents highly rotating short-axis tube orbits, and the λz ∼ 0 
epresents mostly long-axis tube or box orbits. The resulting stel- 
ar orbit distribution for the best-fitting model of NGC 3957 is
isplayed in the left panel of Fig. 4 . 

.4 The chemical tagging 

ollowing the kinematic fit, we proceed to assign age and metal-
icity values to the stellar orbits. We select all models that fall
ithin the 1 σ confidence interval determined by equation ( 1 ). 
To make the problem computationally tractable, we do not fit 

ndividual orbits. Instead, for each model, we group the orbits 
nto approximately 100 orbital bundles. This is achieved by ap- 
lying a 2D Voronoi binning scheme in the ( λz , r) phase-space,
nsuring that each resulting bundle carries a minimum orbital 
eight of 0.005. 
We assume that orbits within the same bundle k share a single,
niform stellar age tk and logarithmic metallicity [ Z/H]k . The 
odel-predicted age ti model and metallicity [ Z/H]i model at any ob- 
ervational aperture i are formulated as the luminosity-weighted 
verage of all bundles contributing to that aperture: 

i 
obs =

∑ Nbundle 
k=1 tk f i k ∑ 

k f i k 
, (2) 

 Z/H]i obs =
∑ Nbundle 

k=1 [ Z/H]k f i k ∑ 

k f i k 
, k = 1 , ..., Nbundle , (3) 

here Nbundle is the total number of orbital bundles and f i k is the
uminosity contribution of bundle k at aperture i . We note that
e fit the stellar age on a linear scale, whereas the metallicity is
tted on a logarithmic scale ( [ Z/H] ) to ensure consistency with
he full-spectral fitting. 
We apply a Bayesian statistical analysis using the No-U-Turn 
ampler (NUTS) algorithm implementation in the Python pack- 
ge pymc (J. Salvatier, T. V. Wieckiâ & C. Fonnesbeck 2016 ). We
rst fit the age maps to solve for tk , and subsequently fit the
etallicity maps to find [ Z/H]k . According to the Bayes theorem,
eriving the posterior probability requires defining a prior and a 
ata likelihood. 
Crucially, the central region ( r ≤ 18 arcsec) of NGC 3957 is
eavily obscured by the prominent equatorial dust lane, which 
ntroduces noticeable asymmetries in the age maps. To mitigate 
he resulting degeneracies in the chemical tagging, we introduce 
 physically motivated piecewise prior for the age fitting in this
entral region. Based on the expectation that dynamically colder, 
ighly rotating orbits host younger stellar populations (e.g. J. W. 
rayford et al. 2019 ), we apply a circularity-dependent prior. 
pecifically, for orbits within r ≤ 18 arcsec and λz ≥ 0 , the prior
ean is assigned following an empirical linear relation μ(tk ) = 

2 × (1 − λz ) Gyr. For the outer regions ( r > 18 arcsec) as well as
ll counter-rotating orbits ( λz < 0 ), we retain the standard uni-
orm prior. The mean value μ(tk ) is randomly sampled around 
his prior with a sampling width of five times of the standard
eviation of the observed ti obs ( ∼ 8 Gyr). The whole approach 
ould effectively stabilize the age recovery against dust-induced 
oise in the central region. We adopt a Student’s t-distribution
or the data likelihood (J. Salvatier et al. 2016 ), which allows for
ome outliers in the data and results in a robust fitting. For each
k , we run a chain with 2000 steps and take the last 500 steps to
alculate the mean and 1 σ values of tk . 
A similar Bayesian framework is then applied to the metallicity 
ap. For [ Z/H]k , we adopt a uniform prior for [ Z/H]k every-
here. A Student’s t-distribution is used for the data likelihood 
n all cases to allow for outliers and ensure robust fitting. We run
 chain with 2000 steps and take the last 500 steps to calculate the
ean and 1 σ values of Zk . The final best-fitting population-orbit 
odel for NGC 3957 is presented in Fig. 3 . The resulting model
uccessfully reproduces the surface brightness, stellar kinemat- 
cs, age, and metallicity maps simultaneously. We note that while 
he prominent equatorial dust lane leaves clear signatures in the 
bserved kinematic maps (particularly in σ and h4 ), our model 
oes not attempt to reproduce these highly dust-induced features. 

.5 Orbital decomposition 

n Fig. 4 , we present the probability density, age, and metal-
icity distributions of the orbits from the best-fitting model of 
GC 3957 in the phase space of λz versus r. Based on the stellar
rbit distribution, we can decompose the galaxy into different 
ynamical components. While orbits with λz > 0 . 8 are generally
onsidered dynamically cold, the presence of a distinct inner 
inematic structure in the rotation curve (associated with the 
SD; see figs 15 and 16 in A. Fraser-McKelvie et al. 2025 ) allows
s to physically separate the cold orbits into two distinct parts at
 radius of ∼ 7 arcsec ( ∼ 0 . 8 kpc). 
Therefore, here we identify the three dynamical components: 

1) a central NSD consisting of orbits with λz ≥ 0 . 8 and r ≤ 7 arc-
ec; (2) a main disc consisting of orbits with λz ≥ 0 . 8 and r >
 arcsec; and (3) a dynamically hot component defined by orbits
ith −0 . 25 < λz < 0 . 25 . 
To better demonstrate the properties of each galaxy compo- 
ent, we show the maps of the surface brightness, mean ve-
ocity V , velocity dispersion σ , age t, and metallicity [ Z/H] for
ach component of NGC 3957 in Fig. 5 . We see a fast-rotating,
MNRAS 552, 1–29 (2026)
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Figure 5. Visualization of the orbital decomposition of NGC 3957. From top to bottom: maps of the surface brightness SB, mean velocity V , velocity 
dispersion σ , age t, and metallicity [ Z/H] . From left to right: maps of the dynamically cold main disc component, NSD and the dynamically hot component. 
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oung, and spatial extended dynamically cold disc in the left
olumn, a fast-rotating old, and metal-rich central concentrated
SD in the middle column, and a non-rotating old, and metal-
oor spheroidal dynamically hot component in the right column.

.6 Modelling the bar-related structures 

GC 3957 is classified as a barred galaxy. However, we note
hat our adopted gravitational potential (with u = 0 . 999 , allowing
or only a slight degree of triaxiality) does not explicitly include
trongly non-axisymmetric bar orbits (e.g. x1 orbits elongated
long the bar and x2 orbits oriented perpendicular to the bar) in
he orbit library. 
Despite this limitation, previous studies have demonstrated

hat such nearly axisymmetric Schwarzschild models are still
ighly capable of capturing the phase-space signatures of a bar
e.g. L. Zhu et al. 2018b ). To reproduce the complex kinemat-
cs (such as the high velocity dispersion) induced by the un-
odelled non-circular motions of the bar, the model dynam-
cally compensates by populating dynamically ‘warm’ orbits
 λz ∼ 0 . 25−0 . 8 ). 
To further validate the robustness of this approach in resolving
entral substructures, we performed a test using mock data from
n isolated, barred RAMSES simulation (Fragkoudi & Bieri, in
reparation) that self-consistently forms a bar and an NSD, with-
ut a central bulge (see Appendix C and appendix C of C. Sá-
reitas et al. 2023 ). As detailed in Appendix C , when applying
ur modelling pipeline (without age and metallicity fitting) to
his mock galaxy, we successfully recovered the broad orbital
tructures in the phase space. The model robustly captures both
he dynamically warm orbits indicative of the bar, the highly
oncentrated cold orbits ( λz ≥ 0 . 8 ) characteristic of the NSD and
ain disc as well as the dynamically hot component ( | λz | ≤ 0 . 25 ).
NRAS 552, 1–29 (2026)
herefore, to avoid over-interpreting these compensating warm
rbits, we refrain from discussing the intrinsic properties of the
tellar bar itself. Instead, we safely proceed to focus our analysis
xclusively on the three components: the NSD, the dynamically
old main disc, and the dynamically hot component. 

 RESULTS  

n the last section, we established the orbital-superposition model
or NGC 3957. We identify three dynamical component: a dynam-
cally cold main disc, an NSD, and a dynamically hot component.
n this section, we first discuss the general properties of the entire
alaxy, then visualize the three galaxy components and further
ook at the surface brightness, age, and metallicity radial profile
f each component, respectively. 

.1 General properties 

ig. 6 shows the enclosed mass profiles of the total, the stars, and
he dark matter for NGC 3957. Within R < 58 arcsec ( ∼ 7 . 0 kpc),
he enclosed mass of stars is higher than that of the dark matter,
eyond R ∼ 60 arcsec ( ∼ 7 . 0 kpc), the enclosed mass of dark
atter becomes dominant. The enclosed mass of dark matter
hows a rapid increase in the whole region, while the enclosed
ass of stars increases strongly within R < 50 arcsec ( ∼ 6 . 0 kpc)
nd becomes flat in the outer region. The dark matter mass frac-
ion is fDM , e = 28 ± 7 per cent within the effective radius ( Re =
2 . 2 arcsec or ∼ 2 . 7 kpc) and fDM , 2e = 45 ± 10 per cent within
 Re . 
We define the luminosity fraction of each component as 

f =
C ∑ 

k 

fk , (4) 
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Figure 6. Enclosed mass profiles for NGC 3957. The black, red, and blue 
lines represent the enclosed mass profiles of the total galaxy, stars, and the 
dark matter. The vertical dashed line shows the effective radius Re = 22 . 2 
arcsec. 
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here fk is the luminosity fraction of orbital bundle k that be- 
ongs to the region C in the λz − r phase-space. For example, C is 
0 . 25 < λz < 0 . 25 for the dynamically hot component. We note
hat the total luminosity fractions are calculated within the limits 
f our data coverage ( R < 80 arcsec, corresponding to ∼ 9 . 6 kpc).
Similarly, we can define the luminosity-weighted mean value 
f age and metallicity of each component by 

〈 t〉 = 

1 
f 
∑ C 

k tk fk , (5) 
〈 [ Z/H]〉 = 

1 
f 
∑ C 

k [ Z/H]k fk , (6) 

here tk and [ Z/H]k are the age and logarithmic metallicity of the
rbital bundle k residing in the phase-space region C . 

.2 Results of the orbital decomposition 

n the left column of Fig. 5 , we show the dynamically cold main
isc. It has a stellar mass M� = (1 . 38 ± 0 . 15) × 1010 M�. The lu-
inosity fraction of this component is fmain disc = 0 . 45 ± 0 . 02 . To
uantify its spatial extent, we perform a 2D double-exponential 
t to its surface brightness map. The best-fit yields a radial scale
ength of hR = 39 . 87 ± 4 . 02 arcsec ( 4 . 79 ± 0 . 48 kpc) and a verti-
al scale height of hz = 4 . 22 ± 0 . 24 arcsec ( 0 . 51 ± 0 . 03 kpc). The
esulting ratio of hR /hz ≈ 9 . 4 provides morphological evidence 
hat this dynamically selected component might correspond to a 
hin disc. 
The main disc is characterized by a fast-rotating pattern, reach- 

ng V ∼ 180 km s−1 beyond r � 20 arcsec, while maintaining a
ery low overall velocity dispersion of σ ∼ 30−60 km s−1 . The 
verall average age of the main disc is t = 7 . 7 ± 0 . 5 Gyr. As
hown in the age map, it exhibits a clear vertical age gradient:
ounger stars are strongly concentrated towards the midplane 
 � 5 arcsec, while the stellar age sharply increases at larger ver-
ical heights. The metallicity of the main disc is [ Z/H] = −0 . 02 ±
 . 04 dex, though the metallicity decreases slightly towards the
uter edges. 
The middle column of Fig. 5 presents the NSD. It has a stellar
ass M� = (8 . 5 ± 1 . 0) × 109 M�. The luminosity fraction of this
omponent is fNSD = 0 . 03 ± 0 . 01 . The NSD is a highly compact
tructure concentrated within the central ∼ 0 . 8 kpc. It exhibits
xtremely rapid rotation (maximum V ∼ 180 km s−1 ) and a char-
cteristically low velocity dispersion ( σ ∼ 20−60 km s−1 ). Con- 
istent with our physically motivated prior, the NSD is found to
e a relatively young structure, with an overall average age of 
 = 6 . 9 ± 0 . 4 Gyr. It is also the most metal-rich component in the
alaxy, with an average metallicity of [ Z/H] = 0 . 49 ± 0 . 06 dex. 
The right column of Fig. 5 shows the dynamically hot compo-
ent. It has a stellar mass M� = (4 . 4 ± 0 . 8) × 109 M�. The lumi-
osity fraction of this component is fhot = 0 . 14 ± 0 . 02 . It shows a
pheroidal shape, which extends to r ∼ 30 arcsec. To characterize 
ts surface brightness distribution, we perform a 2D elliptical 
érsic fit. We obtain a best-fitting Sérsic index of n = 3 . 00 ± 0 . 51
nd an effective radius (measured along the semi-major axis) of 
hot = 18 . 2 ± 4 . 3 arcsec ( 2 . 2 ± 0 . 5 kpc) with an axis ratio of 0.6.
he hot component shows very weak rotation ( V ∼ 20 km s−1 )
nd a high, centrally peaked velocity dispersion ( σ ∼ 130 km s−1 
t the centre, decreasing outwards). The hot component is glob- 
lly ancient, with an overall average age of t = 11 . 9 ± 0 . 6 Gyr. Its
etallicity is generally lower than the disc components, showing 
n average value of [ Z/H] = −0 . 39 ± 0 . 20 dex. 
To contextualize the physical scales of these components, we 
ompare them with the galactic bar. Following the kinematic 
pproach introduced by Y. Jin et al. ( 2025b ), we estimate the bar
adius Rbar as the boundary where dynamically cold orbits ( λz ≥
 . 8 ) begin to dominate the whole galaxy. By computing the aver-
ge cold orbit luminosity fraction fcold within a moving window 

f 0.42 arcsec and a step size of 1 arcsec, we identify Rbar as the
nnermost radius where fcold ≥ 0 . 5 . This yields Rbar = 18 . 5 arcsec
2.22 kpc) for our best-fitting model. Although our Schwarzschild 
odel lacks an explicit non-axisymmetric bar potential, our mock 
ests confirm that this kinematic threshold still provides a highly 
eliable approximation of the true bar extent (see Appendix C ). 
Comparing the structural sizes, we find a coherent physical 
icture. First, the effective radius of the dynamically hot com- 
onent ( Rhot = 18 . 2 arcsec or 2.18 kpc) matches the bar radius
erfectly. This coincidence suggests that the hot component may 
artially represent the dynamically hot orbits of the stellar bar 
i.e. the vertically thickened B/P structure). This interpretation 
s supported by our mock test on a simulated bulgeless galaxy
Appendix C ), which demonstrates that highly eccentric bar or- 
its could naturally contaminate the low-circularity parameter 
pace. In light of this, the 14 per cent mass/luminosity fraction
assuming a constant M∗/L ) measured for the hot component 
ere is best interpreted as an upper limit for the true fraction of 
he central bulge. Second, the compact NSD is deeply embedded 
ithin the very centre of the bar. Finally, the scale length of the
ain cold disc ( hR = 39 . 87 arcsec or 4.79 kpc) is roughly twice
he size of Rbar , indicating that the cold disc extends far beyond
he bar-dominated region. 

.3 Surface brightness, age, and metallicity radial profiles 

o further quantifyig the spatial variations, we reconstruct the 
D luminosity, age and metallicity distributions of each orbital 
omponent. We project these components face-on and extract 
he radial profiles from the projected maps. We compute these 
MNRAS 552, 1–29 (2026)



10 Y. Ding et al.

M

Figure 7. Surface brightness, age, and metallicity radial profiles of the whole galaxy, the dynamically cold main disc, NSD, and the dynamically hot 
component for NGC 3957. We show the profiles of the whole galaxy ( left panels ) with a blue solid curve, and the profiles of the dynamically cold disc, 
NSD, and dynamically hot component ( right panels ) with a blue solid curve, an orange solid curve, and a black dashed curve. The shadowed areas indicate 
the scatter of the profiles of models that fall within the 1 σ confidence level. To investigate the origin of the age gradient, we also show the profiles for the 
cold disc calculated by excluding stars younger than 2 Gyr (represented by the blue dashed lines in the right panels). The profiles of three components 
are shown in the regions where they contribute at least 10 per cent of the total surface brightness. The dashed vertical line represents the bar radius 
Rbar = 18 . 5 arcsec. 
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rofiles for all models falling within the 1 σ confidence level. We
ake the average of these profiles from models within the 1 σ
onfidence level as the mean profile, and their scatter as the 1 σ
ncertainty. 
In Fig. 7 , we show the radial profiles of surface brightness,
ge and metallicity for the whole galaxy, the dynamically cold
ain disc, NSD, and hot component. As demonstrated in L. Zhu
t al. ( 2020 ), stellar populations cannot be reliably recovered at
adii where a component contributes ≤ 10 per cent to the total
uminosity. Therefore, we only display the profiles within regions
here each component meets this surface brightness threshold. 
The age of the whole galaxy shows a small decrease from R = 0

o R ∼ 1 Re and increases outwards. The metallicity profile of the
hole galaxy is overall flat except for a small increase in the inner
 ∼ 0 . 4 Re region. 
The dynamically cold main disc presents a significant positive
ge gradient, rising from ∼ 5 Gyr in the inner 0 . 8 Re to over ∼
2 Gyr in the outer disc ( R ∼ 3 Re ). The age difference of ∼ 7
yr between the inner and outer regions indicates an ‘outside-in’
NRAS 552, 1–29 (2026)
uenching scenario, where star formation ceased in the outskirts
ong ago but was sustained in the inner regions. We observe a
at age gradient within the bar radius. To determine whether the
ositive age gradient in the main disc is merely a recent effect
riven by residual star formation or a long-term evolutionary fea-
ure, we perform a test by excluding all stars younger than 2 Gyr
rom the main disc profile (light-blue dashed line in Fig. 7 ). While
hase-space maps (Fig. 4 ) show that young stars are distributed
verywhere across the main disc (with a higher concentration
n the inner ∼ 20 arcsec), excluding them does not erase the
radient. Instead, the age of the inner disc ( ∼ 0 . 5−1 Re ) shifts
pwards to ∼ 7 Gyr, but the overall positive slope from the inner
o the outer disc remains robust and significant. This confirms
hat the positive age gradient is not a transient feature caused
y recent star formation, but rather a long-term evolutionary
mprint. 
The metallicity radial profile of the main disc shows a slight
egative gradient from the inner 0 . 8 Re to outer regions. We ob-
erve a positive gradient within the bar radius. After excluding
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Figure 8. Intrinsic property maps of stellar populations in NGC 3957 decomposed into five age bins: 0−2 , 2−5 , 5−8 , 8−10 , and 10−14 Gyr (from top 
to bottom). For each age bin, we show (from left to right): surface brightness (SB), mean line-of-sight velocity ( V ), and velocity dispersion ( σ ). The maps 
are reconstructed from the best-fitting orbit-superposition model. 
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he young stars, the metallicity radial profile is also very similar
o that of all stars in the main disc. 
The NSD is identified as the youngest and most metal-rich 
tructure, with a strong negative age gradient. Its stellar age de- 
reases from 8 Gyr at the centre to 3 Gyr in the outer region.
t displays a slight negative metallicity gradient, dropping from 

 Z/H] ∼ 0 . 6 dex at the very centre to ∼ 0 . 4 dex at its outer edge. 
The dynamically hot component is significantly older and 
ore metal-poor than other components. It displays a positive 
ge gradient, rising from 10 Gyr in its inner region to 13 Gyr in the
uter region. It shows a negative metallicity gradient, dropping 
rom [ Z/H] ∼ −0 . 2 dex at the very centre to ∼ −0 . 6 dex at its
uter edge. 

.4 Assembly of NGC 3957 

n this section, we investigate the assembly history of NGC 3957 
y dissecting the galaxy into different stellar age populations. 
ased on the orbit superposition model, we reconstruct the in- 
rinsic 2D maps of surface brightness SB, velocity V , and velocity
ispersion σ for stars within five different age bins: 0−2 , 2−5 ,
−8 , 8−10 , and 10−14 Gyr. To understand the formation of the
isc specifically, we also analyse the subset of stars with circular-
ty λz > 0 . 8 (hereafter ‘disc stars’) for each epoch. The maps for
he whole galaxy and the disc stars are shown in Figs 8 and 9 ,
espectively. 
The age bin 10−14 Gyr represents the oldest stars in NGC 3957.
lobally, they form a massive, extended structure with significant 
otation ( V ∼ 60 km s−1 ) and relatively high dispersion ( σ � 100
m s−1 ) in the centre. When focusing on the disc stars, we find
hey dominate the central region with high surface brightness, 
xhibiting a strong rotating structure likely associated with the 
arly formation of the NSD. 
The age bin 8−10 Gyr reveals a striking kinematic decou- 
ling. While the outer parts of the galaxy show prograde ro-
ation, the very centre ( r � 5 arcsec) displays a weak counter-
otating core. For the disc component ( λz > 0 . 8 ), this epoch ap-
ears to be a relatively quiescent period. The surface bright- 
ess is generally low and diffuse, lacking a strong central 
oncentration. 
At the epoch of 5−8 Gyr, the galaxy shows a more regular,
rograde-rotating structure. Star formation activity in the disc 
ppears to reignite, forming a more defined structure with in- 
reasing rotation and moderate velocity dispersion ( σ ∼ 40−50 
m s−1 ). Crucially, this is the epoch where the NSD becomes
ighly prominent. The cold disc maps (Fig. 9 ) show a massive
oncentration of bright, fast-rotating stars in the central ∼ 5 arc- 
ec, corresponding to the formation peak of the NSD. 
At the epoch of 2−5 Gyr, we observe a dramatic spatial shrink-
ge of the star-forming regions. Star formation begins to fade in
he outskirts and becomes strongly confined to the inner regions 
 R � 20 arcsec), accompanied by a decreasing velocity dispersion. 
MNRAS 552, 1–29 (2026)
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Figure 9. Same as Fig. 8 , but we only select the disc stars ( λz > 0 . 8 ). 
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 similar inward-shrinking trend is clearly visible in the cold disc
tars. 
In the youngest age bin 0−2 Gyr, the stellar population resides

n a very thin, dynamically cold disc structure ( σ ∼ 20−60 km s−1 
or the whole galaxy). This recent star formation is strongly con-
entrated in the inner equatorial plane R � 20 arcsec. 

 DISCUSSION  

.1 Morphology of the dynamical components 

s detailed in Section 4.2 regarding the spatial extents of our
ynamically decomposed structures, we now compare our mor-
hological parameters with previous 2D photometric decompo-
itions in the literature (M. Pohlen et al. 2004 ). For the central
ot component, our dynamically derived effective radius ( Rhot =
8 . 2 arcsec or 2.18 kpc) is larger than their purely photometric
ulge estimate ( Re = 9 . 8 arcsec or 1.18 kpc). However, both meth-
ds yield a remarkably identical axis ratio of q = 0 . 6 . Further-
ore, the Sérsic indices are highly consistent: we obtain n = 3 . 00
rom our dynamical hot component, which closely matches their
hotometric bulge index of n = 3 . 3 . This strong morphological
imilarity suggests that despite the difference in effective radius,
oth approaches are broadly capturing the extended nature of the
ame large-scale central structure. 
Regarding the main disc, the measurements also present
otable differences, which naturally arise from the different
oundational principles of the two methods. First, the vertical
NRAS 552, 1–29 (2026)
efinitions differ mathematically. While we model the vertical
rofile using an exponential distribution defined by the scale
eight hz , M. Pohlen et al. ( 2004 ) adopted a sech 2 (z/z0 ) vertical
rofile. Mathematically, the sech 2 function intrinsically yields
 z0 parameter that is roughly twice the equivalent exponen-
ial scale height ( z0 ≈ 2 hz ). Bearing this mathematical relation
n mind, we can directly compare the values. Our dynamically
erived radial scale length is hR = 39 . 87 arcsec (4.79 kpc) with
 vertical scale height of hz = 4 . 22 arcsec (0.51 kpc), yielding a
eometric ratio of hR /hz ≈ 9 . 4 . In contrast, the photometric thin
isc estimates are hR = 21 . 6 arcsec (2.59 kpc) and z0 = 6 . 0 arc-
ec (0.72 kpc). Converting their z0 to an equivalent exponential
cale height gives hz, eq ≈ 3 . 0 arcsec (0.36 kpc), which results in
 smaller ratio of hR /hz, eq ≈ 7 . 2 . 
These discrepancies highlight the inherent differences be-

ween the techniques. Purely photometric models separate struc-
ures based solely on surface brightness profiles. They might
nderestimate the radial scale length hR because it is difficult
o cleanly decouple the underlying thin disc from the over-
apping, bright central bar and NSD. Conversely, our dynami-
al approach probably does better to isolate components based
n orbital circularity λz . Finally, the treatments of the promi-
ent equatorial dust lane are fundamentally different: while
he previous photometric study opted to simply mask the dust-
bscured regions (discarding crucial midplane information),
ur analysis utilizes a dust-corrected MGE to physically recon-
truct the intrinsic stellar mass distribution before any kinematic
ecomposition. 
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Figure 10. The mass fraction of the NSD as a function of the age of the 
bar. We compare our results for NGC 3957 (purple symbol) to the values 
obtained by the TIMER survey (C. Sá-Freitas et al. 2025 ) for galaxies with 
a high (blue points) and low (red points) SFR. The shaded region shows 
the 1 σ uncertainty of TIMER data points. For NGC 3957, the lower limit 
of the bar age is inferred from the age of the NSD. The rightward arrow 

indicates that the upper limit is unconstrained and is thus conservatively 
extended to 14 Gyr. 
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.2 The formation of the bar and the NSD 

ur dynamical decomposition reveals that the NSD in NGC 3957 
s the youngest structural component in the galaxy, with a 
uminosity-weighted mean age of 6 . 9 ± 0 . 4 Gyr. Its central region
each ∼ 8 Gyr and the outer edges decrease to ∼ 3 Gyr (Fig. 7 ).
heoretical and simulation-based works suggest that NSDs are 
ormed by gas inflows driven by the bar potential, which funnel
aterial towards the Inner Lindblad Resonance shortly after the 
ar itself becomes stable (E. Athanassoula 1992 ; M. W. Regan &
. J. Teuben 2004 ; E. Athanassoula 2005 ; E. Emsellem et al. 2015 ;
. Fragkoudi, E. Athanassoula & A. Bosma 2016 ). Consequently, 
he formation epoch of the NSD serves as a robust proxy for
he formation epoch of the bar (D. A. Gadotti et al. 2015 ; C. Sá-
reitas et al. 2023 ). The relatively young age of the NSD ( ∼ 7 Gyr)
mplies that the bar in NGC 3957 might have formed at least
 Gyr ago ( z � 0 . 8 ). As bars originate from dynamical instabilities
ithin a pre-existing cold stellar disc, its true formation age likely 
alls between the NSD formation ( ∼ 7 Gyr) and the age of the
ncient stellar populations that comprise the early inner disc 
 ∼ 12−14 Gyr). This indicates that the bar in NGC 3957 is a long-
ived (at least ∼ 7 Gyr ago), stable structure. 
In Fig. 10 , we compare the mass fraction of the NSD ( fNSD =

 . 03 ) and our inferred bar age range for NGC 3957 to the
caling relations obtained by the TIMER survey for face-on 
arred galaxies (C. Sá-Freitas et al. 2025 ). In the TIMER sam-
le, low-SFR galaxies generally host older bars (mostly > 

 Gyr, with some between 6 and 9 Gyr, and very few ∼
 Gyr). Our inferred bar age ( ≥ 7 Gyr) falls reasonably well
ithin this expected range. Although our results are derived 
rom orbit-superposition dynamical modelling, which is differ- 
nt from the TIMER results based on spectral synthesis of nu-
lear rings, our bar age estimation of NGC 3957 aligns well with
he observed correlation trend. This provides an encouraging 
ross-validation for our model-derived component masses and 
ges. 
A key feature of the NSD in our model is the distinct negative
ge gradient, where the stellar populations are oldest in the very
entre ( ∼ 8 Gyr) and become younger at larger radii ( ∼ 3 Gyr; see
ig. 7 ). This matches the ‘inside-out’ growth scenario for NSDs
roposed by N. Bittner et al. ( 2020 ) and further confirmed by
he detailed SFH in C. Sá-Freitas et al. ( 2023 ). In the case of 
GC 1433, C. Sá-Freitas et al. ( 2025 ) found that while the core
f the NSD formed ∼ 9 . 5 Gyr ago, the outskirts were populated
y younger stars formed in subsequent star formation episodes. 
The presence of a relatively young NSD concentrated within 

he central R < 7 arcsec aligns with the scenario of prolonged,
ar-driven secular evolution (e.g. C. Sá-Freitas et al. 2023 ). The
ontinuous funnelling of gas towards the central regions implies 
hat as long as gas is available in the disc, new stars can be formed
n the nuclear ring or within the NSD. Our dynamical model
aptures this relatively young component, providing a possible di- 
ect view of recent or ongoing bar-driven assembly in the central
egion. This suggests that even if the galaxy as a whole exhibits a
ow SFR, its core might have maintained star formation activity 
or an extended period due to the bar’s influence. 
Furthermore, our model indicates that the NSD is exception- 
lly metal-rich ( 〈 [ Z/H] 〉 ≈ 0 . 49 dex) in NGC 3957. This chemical
nhancement can be naturally explained within the bar-driven 
nflow framework. As gas is funnelled inwards, it settles into the
eep central potential well, where it can rapidly form stars and
elf-enrich (S. L. Ellison et al. 2011 ; C. Sá-Freitas et al. 2023 ;
. Fraser-McKelvie et al. 2026 ). This efficient self-enrichment 
rocess likely causes the resulting NSD to reach metallicities sig- 
ificantly higher than those of the main disc, a feature clearly
ecovered in our chemo-dynamical decomposition. 

.3 The assembly history of NGC 3957 and the survival of 
ts disc 

o constrain the assembly history of NGC 3957, we analyse the
rbital distribution of its stellar populations in phase-space circu- 
arity λz versus age t (bottom panel of Fig. 11 ), alongside the SFH
middle panel) and the cold disc fraction evolution (top panel). 
ere, the cold disc fraction fcold is evaluated for all radii with
z ≥ 0 . 8 , including both the NSD and the main disc. We apply a
unning window in the t direction with a 1 Gyr width and a 1 Gyr
tep size to calculate the evolution of fcold . The absolute SFR is de-
ived by multiplying the 1D stellar age distribution by the model-
redicted total stellar mass ( 3 . 14 × 1010 M�) within our data cov-
rage ( R < 80 arcsec). We note that this calculation provides the
ormation rate of the currently surviving stellar mass. It does not
ccount for the evolutionary stellar mass loss (i.e. gas returned 
o the interstellar medium from dying stars), which can be up
o ∼ 30−40 per cent for the oldest stellar populations assuming 
 Chabrier IMF (e.g. G. Bruzual & S. Charlot 2003 ; S. Courteau
t al. 2014 ). Therefore, the SFR at older epochs ( t > 8 Gyr) should
e strictly interpreted as a lower limit to the true initial SFR. 
The earliest epoch ( t > 12 Gyr ago) is characterized by a broad
istribution of orbits. A significant fraction of stars occupy dy- 
amically hotter orbits ( λz � 0 . 5 ), which likely represents the
arly assembly of the hot spheroid (also see Fig. 8 , bottom panel).
e also find dynamically cold orbits ( λz ≥ 0 . 8 ). This early co-
xistence suggests that an initial disc was already forming along- 
ide the hotter components, providing the necessary dynami- 
al environment from which the stellar bar could later emerge. 
MNRAS 552, 1–29 (2026)
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Figure 11. Assembly history of NGC 3957. The bottom panel shows the 
probability density distribution p(t, λz ) of the stellar orbits in the phase 
space of age t versus circularity λz , normalized to unity. The middle panel 
displays the SFH, expressed as the absolute SFR in M� yr −1 . The top panel 
illustrates the evolution of the cold disc fraction fcold as a function of 
stellar age. 
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ollowing this initial build-up, the overall star formation appears
o decline, reaching a minimum around ∼ 11 Gyr ago. 
A notable transition occurs ∼ 8−10 Gyr ago. In the bottom
anel of Fig. 11 , we observe the emergence of a counter-rotating
tellar population ( λz � −0 . 25 ), which is also visible in the cor-
esponding age bin in Fig. 8 . Interestingly, the cold disc fraction
 fcold ) does not significantly collapse during this epoch (Fig. 11 ,
op panel) or later, indicating that the main prograde disc was not
estroyed. Furthermore, the overall line-of-sight velocity disper-
ion appears relatively lower ( � 40 km s−1 ) compared to the other
poch (Fig. 9 ). These clues suggest that this counter-rotating sig-
ature might be the result of a specific accretion event such as
 minor merger and/or the accretion of misaligned gas from the
nvironment (e.g. T. A. Davis et al. 2011 ; D. G. Algorry et al. 2014 )
ather than a violent major merger that would typically erase the
old disc signature. 
This period is followed by a significant resurgence in star for-
ation, peaking around 5–8 Gyr ago at an SFR ≈ 3 . 5 M� yr −1 .
t is plausible that existing and/or newly accreted gas (poten-
ially linked to the aforementioned counter-rotating features at
10 Gyr) was subjected to the non-axisymmetric torques of the
re-existing stellar bar. In the classic picture of bar-driven gas
ynamics, gas loses angular momentum and streams inwards
NRAS 552, 1–29 (2026)
long highly elongated orbits (often visible as prominent dust
anes) before piling up to build a compact NSD or nuclear ring at
he centre (e.g. E. Athanassoula 1992 ; M. C. Sormani et al. 2020 ).
Importantly, both high-resolution hydrodynamical simula-

ions (e.g. M. C. Sormani et al. 2020 ; R. G. Tress et al. 2020 )
nd recent integral-field surveys such as TIMER and PHANGS
e.g. A. Fraser-McKelvie et al. 2020 ; J. Neumann et al. 2020 ; I.
essa et al. 2023 ) demonstrate that star formation is not strictly
onfined to the central nuclear ring. The gas compression and
hocks occurring along the inflow streams can also trigger in situ
tar formation directly within the bar itself. 
We note that our orbit-superposition model does not explicitly
ontain non-axisymmetric bar orbits (i.e. the x1 and x2 orbital
amilies). However, as demonstrated in L. Zhu et al. ( 2018b ) and
alidated by our tests on a simulated barred galaxy (see Ap-
endix C ), the model mimics the kinematic signature of a bar
ostly by populating dynamically warm orbits ( λz ∼ 0 . 25−0 . 5 ).
herefore, the simultaneous emergence of relatively young stars
 t ∼ 5−8 Gyr) within the cold component (mostly in central NSD
 � 5 arcsec; see Fig. 9 ) and across the dynamically warm com-
onent ( 0 . 25 < λz < 0 . 8 , r � Rbar = 18 . 5 arcsec; see Fig. 8 ) in
he λz −t space (Fig. 11 , middle panel) provides a compelling,
ntegrated picture. It captures both the growth of the NSD at the
entre and the concurrent star formation occurring along the bar
s it actively funnels gas inwards. 
After ∼ 5 Gyr ago, the galaxy appears to settle into a rela-

ively quiescent and secularly evolving phase. The SFR at t =
 Gyr is 1 . 66 M� yr −1 (specific star formation rate, sSFR = 5 . 3 ×
0−11 yr −1 ) and reaches the minimum at t ∼ 3−4 Gyr with SFR =
 . 39 M� yr −1 (sSFR = 1 . 2 × 10−11 yr −1 ). The cold disc fraction re-
ains high and stable (Fig. 11 , top panel), and star formation over
he last 5 Gyr is largely confined to the dynamically cold orbits in
he innermost regions ( r < 20 arcsec). 
This interpretation of a quiet late-time evolution is consistent
ith deep imaging of NGC 3957 from VLT/VIMOS (P. Jablonka
t al. 2010 ) with detection limits μR = 30 . 6mag arcsec −2 and
V = 31 . 4mag arcsec −2 , which revealed no prominent tidal
treams, shells, or plumes that are typically associated with recent
erger events. Furthermore, in the context of disc fragility, recent
-body simulations by P. M. Galán-de Anta et al. ( 2023 ) demon-
trated that while NSDs are remarkably resilient to intermediate-
ass-ratio (1:4) dry mergers, the surrounding kpc-scale thin discs
re highly fragile. A single 1:4 merger event can dramatically
hicken the main thin disc and erase its high- λz kinematic sig-
ature. They found that the simultaneous existence of a well-
efined, dynamically cold main disc and a compact NSD strongly
recludes any intermediate-mass merger events in the recent past
 t < 10 Gyr). For NGC 3957, the sustained high cold disc fraction
ver the last 5 Gyr aligns with such a finding, indicating NGC
957 may not have any intermediate-mass merger events within,
t least, the recent ∼ 5 Gyr. Our orbital decomposition provides a
inematic perspective that is largely in agreement with both mor-
hological evidence and the survival of a dynamically cold disc,
ortraying a galaxy whose later evolution could be predominantly
overned by internal secular processes. 

.4 The vertical dispersion evolution 

o robustly quantify the dynamical heating history of the disc, we
alculate the intrinsic vertical velocity dispersion σz as a function
f age (Fig. 12 ). Crucially, we restrict this analysis to a radial
nnulus of 18 < r < 25 arcsec ( 2 . 16 < r < 3 kpc). This region is
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Figure 12. Vertical velocity dispersion ( σz ) as a function of stellar age. 
The σz values are calculated within a radial annulus of 18–25 arcsec (2.16–
3 kpc) to minimize contamination from the central bar, bulge, and NSD. 
We show the kinematics for the total stellar population in this region 
(black circles and solid line), alongside the dynamically cold ( λz ≥ 0 . 8 ; 
blue squares) and warm ( 0 . 25 ≤ λz < 0 . 8 ; red triangles) components. For 
comparison, Milky Way thin and thick disc data (grey dots) from J. T. 
Mackereth et al. ( 2019 ) are included. The black dashed line and the grey 
dash–dotted line represent power-law fits ( σz ∝ tβ ) to the NGC 3957 cold 
component and the Milky Way data, respectively. The shallower slope 
for NGC 3957 ( β = 0 . 38 ± 0 . 25 ) compared to the Milky Way ( β = 0 . 53 ) 
indicates a significantly more quiescent assembly history. 
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elected to represent the main disc while explicitly avoiding the 
alaxy centre (including the bar, hot spheroid, and NSD), where 
on-circular motions might artificially inflate the measured ve- 
ocity dispersion. To accurately obtain σz within this specific an- 
ulus, we project our reconstructed orbit-superposition model to 
 perfectly face-on view. For each stellar age bin (i.e. 0−2 , 2−5 ,
−8 , 8−10 , and 10−14 Gyr), we directly extract the luminosity-
eighted velocity dispersion of the projected pixels falling within 
he corresponding region. The uncertainties on σz are derived by 
ccounting for the statistical variations across all 1 σ population- 
rbit superposition models. 
In galactic dynamics, the age-velocity dispersion relation 

AVR) is a fundamental diagnostic of a galaxy’s assembly history 
nd vertical heating (e.g. R. Wielen 1977 ; B. Nordström et al. 2004 ;
. C. Bird et al. 2013 ; M. Martig, I. Minchev & C. Flynn 2014 ; S.
harma et al. 2014 ; N. Grieves et al. 2018 ; J. T. Mackereth et al.
019 ). Historically, the observed AVR was primarily attributed to 
ure ‘vertical heating’, where stars are assumed to be born exclu- 
ively in dynamically cold, thin gas discs, followed by a gradual 
ncrease in their velocity dispersion via internal secular scatter- 
ng and external perturbations. However, modern cosmological 
imulations demonstrate that the AVR is actually driven by a 
ixed mechanism (e.g. M. Martig et al. 2014 ). In the early uni-
erse, gas discs were highly turbulent and gas-rich, causing older 
tellar populations to be born in already dynamically hotter and 
hicker configurations (the ‘upside-down’ formation scenario; F. 
ournaud, B. G. Elmegreen & M. Martig 2009 ; J. C. Bird et al.
013 ). Therefore, the present-day AVR could be a combination of 
hese initially hotter birth conditions of ancient stars and their 
ubsequent gradual vertical heating over cosmic time. In Fig. 12 ,
e show the AVR within 18 < r < 25 arcsec for the dynamically
old orbits ( λz ≥ 0 . 8 ; blue solid line), warm orbits ( 0 . 25 ≤ λz <

 . 8 ; red solid line), and all orbits combined (black solid line).
rom 0 to 10 Gyr, the total σz is entirely dominated by the cold
rbits, as the warm orbits lack any young or intermediate-age 
tars. However, for the oldest stellar populations ( t > 10 Gyr),
he total σz deviates significantly from the cold disc and shows 
uch higher values ( ∼ 60 km s−1 ). This divergence is driven by
he presence of the warm orbits, which is exclusively composed 
f ancient stars with high vertical dispersion. When averaged 
ogether, these warm orbits inflate the total σz at early epochs. 
We parametrize the heating history using a power-law rela- 

ion, σz ∝ tβ , fitted exclusively to the dynamically cold orbits 
blue dashed line). For stellar populations younger than ∼ 8 Gyr 
the three youngest data points), the measured σz aligns remark- 
bly well with this power-law track. 
To contextualize this heating rate, we compare our fitted β with 

he Milky Way’s thin and thick disc data from J. T. Mackereth et al.
 2019 ). We rely on the power-law slope β rather than absolute σz 
alues because the latter is fundamentally tied to the local stellar
urface mass density ( �) and the disc scale height ( z0 ), roughly
caling as σz ∝

√ 

�z0 (P. C. der Kruit 1988 ). While the stellar
urface density of the dynamically defined cold disc of NGC 3957
n our selected annulus ( ∼ 32 . 6 M�/pc 2 ) is comparable to the
ilky Way’s Solar Neighbourhood ( ∼ 33 . 4 M�/pc 2 ; C. F. McKee,
. Parravano & D. J. Hollenbach 2015 ), their scale heights differ

 z0 ≈ 450 pc for NGC 3957 versus ≈ 300 pc for the Milky Way thin
isc; M. Jurić et al. 2008 ; K. Vieira et al. 2023 ). From the slope β,
e find that the dynamically cold component of NGC 3957 ex-
ibits a significantly shallower heating profile ( β = 0 . 38 ± 0 . 25 )
ompared to the Milky Way ( β = 0 . 53 ). In cosmological simu-
ations, steeper AVR slopes typically correlate with more active 
erger histories (e.g. R. J. J. Grand et al. 2016 ). However, since
he Milky Way is already known to possess a highly quiescent
ssembly history without major mergers over the last ∼ 10 Gyr 
e.g. F. Hammer et al. 2007 ; J. Bland-Hawthorn & O. Gerhard
016 ), it is unlikely that the shallower slope of NGC 3957 simply
mplies an even more peaceful accretion history. Instead, this low 

value and the relatively low σz are probably driven by a more
uiescent heating history. As a lenticular galaxy, NGC 3957 is gas-
oor and lacks prominent transient spiral arms (e.g. L. M. Young
t al. 2011 ; J. Kormendy & R. Bender 2012 ), which, along with
iant molecular clouds, are known to act as the primary secular
catterers for stellar orbits in typical star-forming discs (L. Spitzer 
 M. Schwarzschild 1951 ; J. A. Sellwood 2014 ). Therefore, the
nherent inefficiency of internal secular heating in this lenticu- 
ar system, combined with a quiet external environment, might 
aturally explain the relatively shallow heating profile observed 
ver the last ∼ 8 Gyr. 
However, this quiescent picture does not extend to the very 
arly universe. For the oldest stellar populations ( t > 8 Gyr), the
easured σz deviates significantly upwards from the extrapo- 
ated cold-disc power-law fit. This upward deviation indicates 
hat NGC 3957 might undergo a distinct period of intense vertical
eating or chaotic assembly in its earliest epochs. 
This early deviation provides a crucial fossil record that links 
ack to the galaxy’s environmental history. NGC 3957 is a satellite
esiding in the small-to-medium NGC 4038 galaxy group (LGG 

63; A. M. Garcia 1993 ). In galactic dynamics, mergers and strong
idal interactions are more likely to happen in galaxy groups than
n massive clusters. This is because the group’s velocity dispersion
MNRAS 552, 1–29 (2026)
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s comparable to the internal velocities of the galaxies, allowing
hem to gravitationally bind and merge rather than simply fly
y at high speeds (e.g. A. Boselli & G. Gavazzi 2006 ). Further-
ore, cosmological merger rates natively peak at higher redshifts

 z � 1 , corresponding to lookback times > 8 Gyr; O. Fakhouri,
.-P. Ma & M. Boylan-Kolchin 2010 ; V. Rodriguez-Gomez et al.
015 ). Therefore, we propose that in the early, high-redshift group
nvironment, NGC 3957 might have experienced events which
eated the initial stellar populations, pushing them above the
uiescent power-law track and creating the ancient warm/thick
omponent. Following this early chaotic phase, the galaxy settled,
nd the subsequent disc grew and evolved in the remarkably
uiescent state we observe today. This is further corroborated by
he high and sustained cold disc fraction observed from ∼ 5 Gyr
go to the present day. 

.5 Secular disc fading and central prolonged star 
ormation 

ne of the most prominent features of the main disc in NGC 3957
s its strongly positive age gradient (younger in the inner disc,
lder in the outskirts; Fig. 7 ). Notably, this gradient behaves dif-
erently inside and outside the bar radius ( Rbar = 18 . 5 arcsec).
eyond the bar, the age increases steeply with radius, whereas
ithin the bar region, the age profile flattens significantly, accom-
anied by an inverted (positive) metallicity gradient. 
To distinguish whether this radial trend is solely driven by

ecent central starbursts or reflects a long-term assembly process,
e recalculated the radial profiles of the cold disc by excluding
tars younger than 2 Gyr (shown as blue dashed lines in Fig. 7 ).
he robust persistence of the positive age slope beyond Rbar re-
eals that the ‘outside-in’ suppression of star formation is a long-
erm evolutionary imprint, rather than a transient effect of recent
tar formation. 
This complex radial structure is highly consistent with the sce-
ario of prolonged, bar-driven secular evolution. In the extended
uter disc (well beyond the bar’s resonances), star formation
ikely ceased early due to natural gas starvation. In such low-
ensity environments, the longer dynamical shear time-scales
educe the star formation efficiency, leaving the outer disc to
assively fade (e.g. F. Bigiel et al. 2010 ). Concurrently, simula-
ions demonstrate that stellar bars induce gravitational torques
hat efficiently redistribute angular momentum (E. Athanassoula
003 ). Beyond corotation, the bar transfers angular momentum
utwards, which can push gas to larger radii, lowering the gas
urface density in the intermediate disc to below the star for-
ation threshold (e.g. D. Spinoso et al. 2017 ; S. Khoperskov
t al. 2018 ). This secular redistribution dynamically stabilizes
he gas against fragmentation, effectively starving the outer disc
Y. Rosas-Guevara et al. 2020 ). In stark contrast, within the bar
adius, the bar continuously funnels the remaining cold gas in-
ards (L. Newnham et al. 2020 ). This prolonged central fuelling,
ombined with the strong radial mixing and orbital homogeniza-
ion induced by the bar, naturally explains the flattening of the
ge gradient and the inverted metallicity gradient we observe at
 ≤ Rbar . Such flattening of age and chemical gradients within
he bar region is a well-documented signature of bar-driven radial
ixing in both observations and simulations (e.g. D. Friedli, W.
enz & R. Kennicutt 1994 ; A. Zurita & I. Pérez 2008 ; M. K. Seidel
t al. 2015 ). 
This sustained, centrally concentrated star formation persists
ven in the most recent epochs. The spatial distribution of our
NRAS 552, 1–29 (2026)
oungest stellar populations (0–2 Gyr) matches remarkably well
ith the current ionized gas morphology. As part of the GECKOS
urvey, R. Elliott et al. ( 2026 ) analysed the H α emission in NGC
957 and found that the ionized gas is predominantly concen-
rated within the central r � 17 arcsec (2 kpc). This spatial extent
oincides almost perfectly with our 0–2 Gyr cold stellar compo-
ent ( r � 20 arcsec; Figs 8 and 9 ) and is roughly confined within
he bar radius Rbar = 18 . 5 arcsec. 
Interestingly, R. Elliott et al. ( 2026 ) also reported that some
 α gas exhibits counter-rotation relative to the main stellar disc.
hile such kinematic misalignment often hints at an external
rigin (e.g. F. Bertola, L. M. Buson & W. W. Zeilinger 1992 ; T. A.
avis et al. 2011 ; A. Ristea et al. 2022 ), our dynamical analysis
rovides further insights into the nature of this accretion event.
he youngest stellar population (0–2 Gyr), which presumably
ormed from this gas, is dynamically very cold ( σz ∼ 20 km s−1 ;
ee Fig. 12 ), and the underlying older main disc shows no signs
f recent violent vertical heating. 
A merger involving a substantial collisionless companion (i.e.
ossessing a massive dark matter halo or stellar core) would likely
ransfer its orbital kinetic energy to the main disc via dynami-
al friction, pumping significant energy into the random vertical
otions of the stars. The fragility of thin discs to such collision-
ess heating has been extensively quantified in the literature. For
nstance, the analytic models by G. Toth & J. P. Ostriker ( 1992 )
uggested that the accretion of a satellite with just ∼ 4−5 per cent
f the total disc mass would inject enough energy to roughly
ouble the vertical kinetic energy ( ∝ σ 2 z ), compromising the thin
isc structure. Detailed N-body simulations by Á. Villalobos &
. Helmi ( 2008 ) further demonstrated that a minor merger with
 1:5 mass ratio typically heats the primary stellar disc to σz �
0−50 km s−1 . On a more disruptive scale, P. M. Galán-de Anta
t al. ( 2023 ) showed that an intermediate-mass merger (1:4 mass
atio) could perturb the orbital structure, severely erasing the
ynamically cold kinematic signature (high- λz orbits) of the pre-
xisting disc. 
The absence of such heating in NGC 3957 provides another
bservational constraint. The youngest stellar population main-
ains a remarkably low σz ∼ 20 km s−1 (Fig. 12 ) alongside a highly
opulated cold orbital distribution ( λz ≥ 0 . 8 ; Fig. 11 ). This dy-
amically cold signature perfectly corroborates the lack of recent
tellar tidal debris in deep imaging (P. Jablonka et al. 2010 ), collec-
ively suggesting that the accreted material was probably highly
as-dominated. Because gas is collisional, it dissipates its orbital
nergy via radiative cooling rather than transferring it to the stars
e.g. P. F. Hopkins 2009 ). This allows the smoothly accreted cold
as whether from the cosmic web, cooling from the hot halo, or
 gas-rich micro-merger (D. G. Algorry et al. 2014 ; T. A. Davis &
. Bureau 2016 ) to gently settle into the central potential well
nd form a new, thin star-forming disc, while largely retaining its
ecoupled angular momentum. Our findings for NGC 3957 thus
rovide a dynamically resolved local benchmark, illustrating how
n isolated S0 galaxy might undergo a complex cycle of outer-disc
ading and prolonged central star formation fuelled by gentle,
issipational external accretion. 

.6 The hot component versus main disc: a fossil record of 
alaxy assembly 

he age difference between the dynamically hot component and
he main cold disc provides a crucial fossil record of a galaxy’s
ssembly history. As shown in Table 2 , we derive the mean ages
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Table 2. The luminosity-weighted mean ages of different dynamical 
components calculated using decomposition schemes from Y. Ding et al. 
( 2023 ), Y. Jin et al. ( 2024 ), and this work, respectively. 

Component 
Decomposition 

scheme Age (Gyr) 

Definitions from Y. Ding et al. ( 2023 ; F3D) 
Disc λz ≥ 0 . 8 , r < Re 5 . 9 ± 0 . 6 
Hot λz < 0 . 8 , r < Re 10 . 1 ± 0 . 3 
Definitions from Y. Jin et al. ( 2024 ; CALIFA) 
Hot | λz | ≤ 0 . 25 , r < Re 12 . 0 ± 0 . 6 
This work (GECKOS) 
Main disc λz ≥ 0 . 8 , r > 7′′ 7 . 7 ± 0 . 5 
NSD λz ≥ 0 . 8 , r ≤ 7′′ 6 . 9 ± 0 . 4 
Hot | λz | < 0 . 25 11 . 9 ± 0 . 6 
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f these components using both a commonly used dynamical 
lassification (e.g. from the Fornax3D survey; Y. Ding et al. 2023 )
nd our refined decomposition scheme. 
If we apply the traditional Fornax3D criteria, defining the disc 
s orbits with λz ≥ 0 . 8 and the hot component as λz < 0 . 8 within
 < Re , we obtain a disc age of 5 . 9 ± 0 . 6 Gyr and a hot component
ge of 10 . 1 ± 0 . 3 Gyr. However, this broad classification intrinsi-
ally mixes the extended main disc with the younger NSD, and 
ilutes the hot component with intermediate-age warm orbits 
rom the bar. 
To recover the intrinsic properties of the underlying large-scale 
tructures, our detailed decomposition introduces a physical spa- 
ial cut to explicitly remove the NSD ( r > 7 arcsec for the main
isc) and applies a different circularity cut ( | λz | < 0 . 25 ) for the
ot component. Under this refined scheme, the absolute ages 
hift older: the main cold disc is 7 . 7 ± 0 . 5 Gyr, and the hot com-
onent is very old at 11 . 9 ± 0 . 6 Gyr. 
Crucially, despite the absolute age shifts caused by isolating 

he central substructures, the relative age difference between 
he hot component and the main disc remains remarkably con- 
istent at �age ≈ 4 . 2 Gyr in both classification methods. This
onsistency demonstrates that the pronounced ∼ 4 Gyr evolu- 
ionary gap is a robust physical feature of NGC 3957, which is
nsensitive to the exact phase-space definitions adopted for the 
ecomposition. 
When comparing these cleanly separated ages to those of other 
alaxy samples, NGC 3957 stands out as a remarkable outlier. In
he CALIFA sample of field spiral galaxies (Y. Jin et al. 2024 ),
igh-mass spirals ( M∗ > 1010 . 5 M�) typically host hot components 
ith mean ages of ∼ 6 Gyr and discs of ∼ 4 Gyr, maintaining a
odest age difference of ∼ 1−2 Gyr. The extreme relative age 
ap of NGC 3957 places it far off the typical relations seen in
hese field spirals (e.g. fig. 12 in Y. Jin et al. 2024 ). We caution
hat differences in data quality (MUSE versus CALIFA) and the 
nderlying stellar population synthesis (SPS) models could intro- 
uce systematic offsets in absolute age determinations. However, 
uch systematics are unlikely to artificially produce the massive 
4 . 2 Gyr relative age gap observed internally between the two

omponents of NGC 3957. 
Furthermore, compared to the cluster galaxies in Fornax (Y. 
ing et al. 2023 ), where ancient infallers show universally old 
ges for both hot components and discs ( �age ≈ 0 ), the large
ge gap in NGC 3957 highlights its relatively unperturbed evo- 
ution. The disc was able to continuously form stars for billions
f years after the central hot component had already been fully
ssembled. 
Even more striking is the relationship between the mass and 

he age of the hot component. In the CALIFA sample (Y. Jin
t al. 2024 ), ancient hot components ( ∼ 12−13 Gyr) are almost
xclusively found in the most massive systems, where the hot 
omponent mass itself typically exceeds 1010 M�. In sharp con- 
rast, the hot component in NGC 3957 is surprisingly low-mass 
 Mhot ≈ 4 . 41 × 109 M�, comprising only 14 per cent of the total
tellar mass) despite being ∼ 11 . 9 Gyr old. 
This low-mass, ancient hot core, coupled with the massive age 
ap ( �age ≈ 4 . 2 Gyr), points towards a relatively quiet merger
istory. The old mean age of the hot component coincides with
he early, chaotic assembly phase of the galaxy ( t � 10 Gyr;
ig. 11 ). These clues imply that if the hot component here is a
ure spheroidal bulge, it may have formed rapidly at high redshift
 z � 2 ). However, as discussed in Section 4.2 , due to the lack of 
n explicit bar potential in our modelling, this 14 per cent mass
raction may also include contamination from the dynamically 
ot orbits of the stellar bar (i.e. the B/P structure). Consequently,
e cannot fully decouple the true central bulge from the bar’s
ertically heated orbits, and fhot ≈ 0 . 14 strictly serves as an upper
imit for the central bulge fraction. 
Nevertheless, regardless of the exact division between the true 
ulge and the bar, the preservation of such an extremely low
ulge-to-total mass fraction strongly restricts the galaxy’s merger 
istory; galaxies with B/T � 0 . 2 are likely to have escaped major
estructive merger events since at least z ∼ 2 (e.g. T. Weinzirl
t al. 2009 ; J. Kormendy et al. 2010 ). We note that recent cos-
ological simulations, such as TNG50, have demonstrated that 
alaxies can technically preserve or reform a low bulge fraction 
ven after a major merger, provided the encounter is exception- 
lly gas-rich (e.g. D. Sotillo-Ramos et al. 2022 ). However, these
imulated merger events inevitably heat the system, resulting in 
ynamically thicker and warmer surviving stellar discs. Given the 
resence of the remarkably cold and extended main disc in NGC
957 (characterized by its low vertical velocity dispersion), such 
ate-time merger scenarios are highly unfavourable. This further 
einforces the conclusion that NGC 3957 has likely escaped major 
estructive merger events since at least z ∼ 2 . 
This scenario is further supported by the orbit circularity evo- 

ution (Sections 5.3 and 5.4 ), where the cold disc fraction ( fcold )
ettles and remains broadly stable after ∼ 5 Gyr ago, and the
ertical velocity dispersion (Fig. 12 ) maintains a low profile over
he last ∼ 8 Gyr. Instead of experiencing violent structural re- 
ets, NGC 3957 likely evolved peacefully over the last ∼ 5−8 
illion years, allowing its main disc to grow and ultimately fade
utside-in, driven predominantly by its own secularly evolving 
ar. 

.7 Comparison to galaxies in the Fornax cluster 

n Section 4.3 , we have demonstrated the high luminosity fraction
nd strong positive age gradient of the main disc in NGC 3957. In
ection 5.4 , we further revealed its relatively low vertical velocity
ispersion within the intermediate disc region (18–25 arcsec). To 
lace these findings in a broader context, we now quantitatively 
ompare NGC 3957 with S0 galaxies residing in the dense Fornax
luster. 
We first compare its vertical heating history with Fornax S0 
alaxies using data from the F3D survey (Y. Ding et al. 2023 ).
ig. 13 presents the σz evolution for NGC 3957 alongside the 
MNRAS 552, 1–29 (2026)
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M

Figure 13. Vertical velocity dispersion ( σz ) of the cold disc component as 
a function of stellar age. Curves are colour-coded by the stellar mass. All 
the selected F3D samples are S0 galaxies in the Fornax cluster. To ensure a 
fair comparison, the σz values for both NGC 3957 and the Fornax sample 
are calculated identically by averaging all stars at circularity λz > 0 . 8 
across all available radii. 
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ornax sample. To ensure a strictly fair comparison, we applied
he identical kinematic extraction method to all galaxies: isolating
he cold disc component ( λz > 0 . 8 ), projecting to a face-on view,
nd calculating the luminosity-weighted σz across the entire spa-
ial extent. We note that while a parallel dynamical analysis of 
he F3D sample exists (A. Poci et al. 2021 ), we rely exclusively
n our uniformly extracted data to avoid any systematic biases
ntroduced by different way of σz extraction. 
As shown in Fig. 13 , rather than being an extreme outlier, the
ertical velocity dispersion of NGC 3957 sits comfortably within
he range spanned by the Fornax S0s. Furthermore, the σz values
n the Fornax cluster display a clear stellar mass dependence –
ower mass galaxies exhibit colder discs, while higher mass galax-
es are dynamically hotter. Interestingly, NGC 3957 closely fol-
ows this mass-dependent trend, showing an evolutionary track
onsistent with Fornax galaxies of similar stellar mass (e.g. FCC
70). 
This finding suggests that the global vertical velocity disper-
ion of the cold disc is predominantly governed by the galaxy’s
ntrinsic stellar mass, rather than the large-scale environment.
hether residing in a dense cluster or a looser group, the main
isc appears to respond similarly to secular internal heating pro-
esses over time. 
In the left panel of Fig. 14 , we show the luminosity fraction of 

he cold disc for both NGC 3957 and the Fornax cluster galaxies
Y. Ding et al. 2023 ). The disc fraction and the age gradient of 
GC 3957 (calculated within Re ) are generally consistent with
he Fornax galaxies. Galaxies in the Fornax cluster have likely ex-
erienced environmental quenching mechanisms, such as ram-
ressure stripping or starvation, which progressively remove gas
rom the outskirts (e.g. E. Iodice et al. 2019 ; M. A. Raj et al. 2019 ;
. Ding et al. 2023 ). In the Fornax cluster, these environmental
ffects are typically invoked to explain the ‘outside-in’ star forma-
ion quenching and the resulting positive age gradients (Y. Ding
t al. 2023 , 2024 ). 
However, for a galaxy like NGC 3957 in a less dense group
nvironment, this relatively modest central cold disc fraction
nd strong positive age gradient can be attributed to its specific
NRAS 552, 1–29 (2026)
nternal assembly history. Although NGC 3957 is not in a dense
luster, its location in a small group may still eventually limit
he cosmological supply of newly accreted gas. This limited gas
upply, combined with a long-term internal secular evolution –
uch as the bar-driven inflows that continuously funnel gas into
he central regions (as discussed in Section 5.5 ) can result in an
bservational signature that perfectly mimics the outcomes of 
nvironmental quenching. 
This comparison highlights a profound degeneracy in galaxy
volution: both external environmental stripping (in clusters) and
nternal bar-driven secular evolution (in groups/field) can result
n similar ‘outside-in’ quenching patterns, positive age gradients,
nd mass-dependent velocity dispersions in S0 galaxies. 

.8 NGC 3957 as a faded spiral 

y synthesizing the structural and kinematic fossil records ex-
racted from our dynamical models, a coherent evolutionary pic-
ure for NGC 3957 emerges. We have independently derived mul-
iple lines of evidence pointing towards an exceptionally un-
erturbed late-time evolution: (i) a low-mass dynamically hot
ore ( fhot ≈ 14 per cent ) that has not been substantially grown by
ergers since its early assembly ( t � 10 Gyr); (ii) a cold main disc

 σz ∼ 20−30 km s−1 ) characterized by a shallow heating history
 β = 0 . 38 ) over the last ∼ 8 Gyr; (iii) a long-term positive age gra-
ient driven by prolonged, bar-regulated secular evolution rather
han a transient event; (iv) a dominant cold-orbit fraction ( fcold )
emains and settled over the last ∼ 5 Gyr. 
Taken together, these clues disfavour any major or significant
inor mergers in the recent ∼ 5−8 Gyr. While our dynamical fos-
il record implies a more chaotic assembly phase at high redshift
 z � 1 . 5 ), the subsequent billions of years of a relatively quiet
hase provide ample time for a star-forming spiral galaxy to grad-
ally consume its gas and transition into a quiescent lenticular
tate. 
This evolutionary pathway perfectly aligns with the ‘faded spi-

al’ scenario. In this framework, the morphological transforma-
ion from a spiral to an S0 is not driven by violent structural re-
rrangements (which would kinematically heat the disc), but by
he passive exhaustion of gas (starvation) and the subsequent fad-
ng of the stellar populations in the disc. Observations of global
ngular momentum have confirmed that many S0 galaxies retain
he dynamically cold kinematics and high spin of their progenitor
pirals, distinguishing them from merger remnants (e.g. F. Rizzo,
. Fraternali & G. Iorio 2018 ; J. de Sande et al. 2018 ). 
Furthermore, as the extended spiral disc ceases star formation
nd passively fades over several gigayears, the young, bright stel-
ar populations die out. As explicitly pointed out by J. Falcón-
arroso et al. ( 2015 ), this passive fading of the disc naturally
eads to an increase in the apparent bulge-to-disc luminosity ra-
io, transforming the visual morphological classification to an S0
ithout physically growing the bulge mass through mergers. Re-
ent large-scale IFU surveys, such as SAMI, have further corrob-
rated that disc fading, combined with environmental starvation
n groups or clusters, is a primary driver for the formation of S0
alaxies (S. M. Croom et al. 2021b , 2024 ). The recent ∼ 5−8 Gyr
eriod of kinematic quiescence and secular settling we observe in
GC 3957 is remarkably consistent with the time-scales required
or this passive transformation. Therefore, NGC 3957 is very likely
o serve as a dynamically resolved example of a faded spiral,
hose current morphology is a direct product of long-term disc
ading and internal secular evolution. 
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Figure 14. Left panel: cold disc fraction of the sample galaxies as a function of stellar mass. The purple point is NGC 3957. Other points are colour-coded 
by infall time into the Fornax cluster to highlight the ancient (red), intermediate (white), and recent (blue) infallers. The cold disc fractions are extracted 
within 1 Re for all the galaxies. Right panel: age gradient of the discs as a function of stellar mass. The purple point is NGC 3957. Others are the Fornax 
cluster galaxies. The dashed line in the right panel marks the zero age gradient. 
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.9 Caveats 

hen interpreting the derived dark matter fraction fDM 

and 
rbital decomposition, it is important to acknowledge the spe- 
ific assumptions inherent to our dynamical modelling. A pri- 
ary limitation is the assumption of a spatially constant stellar 
∗/L ratio. In standard implementations of Schwarzschild orbit- 
uperposition methods (e.g. P. Jethwa et al. 2020 ; S. Thater et al.
022 ), a constant global M∗/L is typically adopted to convert sur-
ace brightness to stellar mass density. However, the presence of 
istinct radial age and metallicity gradients in NGC 3957 (Section 
.5 ) natively implies a varying M∗/L across the galaxy. Forcing a
onstant M∗/L ratio in the presence of these stellar population 
radients can introduce degeneracies between the stellar mass 
istribution and the dark matter halo profile, resulting in sub- 
tantial uncertainties in the derived fDM 

. 
Despite these uncertainties, several lines of evidence indicate 

hat our global mass model remains physically robust. Crucially, 
uring our modelling process, the dark matter halo parameters, 
amely the concentration c and the virial mass M200 , are set com-
letely free without enforcing any empirical mass-concentration 
riors. In dynamical modelling, leaving these parameters un- 
onstrained can frequently lead to unrealistic, unphysical halo 
rofiles (e.g. artificially cored or overly peaked halos) due to the
tellar-to-dark matter degeneracy (e.g. S. Courteau et al. 2014 ). 
owever, our best-fitting values (detailed in Appendix B ) natu- 
ally fall within physically realistic ranges expected for a galaxy 
f this mass, avoiding such unphysical extremes and remaining 
roadly consistent with the cosmological expectations for NFW
aloes (e.g. A. A. Dutton & A. V. Macciò 2014 ). This demonstrates
he internal consistency of the model. Furthermore, the relatively 
ow-to-moderate central fDM 

= 28 per cent (within Re ) we re- 
over corroborates the morphological features of NGC 3957. The- 
retical models and cosmological simulations robustly demon- 
trate that the formation of strong stellar bars and subsequent B/P
ulges heavily favours environments where the central regions 
re baryon-dominated. A highly dominant central dark matter 
alo would kinematically heat the disc and suppress the bar insta-
ility, preventing the buckling phase necessary to create the B/P 
tructure (e.g. J. Bland-Hawthorn et al. 2023 ; F. Fragkoudi et al.
025 ; M. Frosst, D. Obreschkow & A. Ludlow 2026 ). Therefore,
he presence of a prominent B/P bulge in NGC 3957 indepen-
ently validates that our recovered fDM 

correctly captures the true 
hysical state of the galaxy. 
A broader limitation when interpreting our derived assembly 
istory is that our population-orbital decomposition provides a 
resent-day snapshot of the galaxy’s dynamical memory. The or- 
ital parameters we extract reflect the current kinematic state 
nd locations of the stars, which do not necessarily trace their
riginal birth environments. For instance, ancient stars that cur- 
ently reside on dynamically hot orbits might have been born 
ot during a chaotic early assembly phase, but they could also
ave formed in a cold disc and been subsequently heated over
ime, or even been accreted from external galaxies ( ex situ origin).
hile combining kinematics with age and metallicity allows us 

o piece together a highly plausible and self-consistent formation 
cenario for NGC 3957, we cannot definitively rule out alternative 
volutionary pathways or trace the precise kinematic origin of 
very stellar population. 
A final, yet important, caveat concerns the treatment of the 
alactic bar. Our current model does not explicitly include a 
on-axisymmetric bar potential. However, as demonstrated by 
. Zhu et al. ( 2018b ), when fitting barred galaxies with such
ear-axisymmetric Schwarzschild models, the orbits supporting 
he bar are broadly approximated and captured by dynamically 
warm’ orbits. This explains why our model can still successfully 
pproximate the underlying potential and overall mass distribu- 
ion without explicitly resolving the bar geometry. This is also 
he main reason why we only confidently identify three distinct 
MNRAS 552, 1–29 (2026)
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ynamical components (the main disc, the hot component, and
he NSD) and refrain from an overly detailed phase-space analysis
f the remaining intermediate ‘warm’ component, which may be
eavily populated by these approximated bar orbits. Implement-
ng a fully barred Schwarzschild model (e.g. using the bardisk
omponent in DYNAMITE ; P. Jethwa et al. 2020 ), 2 combined with
dvanced orbit colouring techniques, remains a promising av-
nue for future follow-up work to explicitly dissect the bar’s or-
ital structure. 

 CONCLUSION  

e have performed a comprehensive chemo-dynamical study
f the edge-on S0 galaxy NGC 3957, residing in a low-density
roup environment, using deep MUSE data and population-orbit
uperposition modelling. Our main conclusions are as follows: 

(i) Chemo-dynamical decomposition: We dynamically iden-
ify three distinct components for NGC 3957. The galaxy has
n extended, dynamically cold main disc fmain disc = (45 ± 2)% ;
 = (7 . 7 ± 0 . 5) Gyr; [ Z/H] = (−0 . 02 ± 0 . 04) dex and a compact,
ast-rotating NSD fNSD = (3 ± 1)% ; t = (6 . 9 ± 0 . 4) Gyr; [ Z/H] =
(0 . 49 ± 0 . 06) dex. We also identify a dynamically hot compo-
ent fhot = (14 ± 2)% ; t = (11 . 9 ± 0 . 6) Gyr; [ Z/H] = (−0 . 39 ±
 . 20) dex that serves as the bulge. 
(ii) NSD and bar evolution: The NSD is the youngest and most
etal-rich structural component in the galaxy. As NSDs are gen-
rally understood to form via bar-driven gas inflows, the ∼ 7 Gyr
ge of the NSD suggests that the stellar bar in NGC 3957 likely
ormed at least ∼ 7 Gyr ago. The NSD exhibits a strong negative
ge gradient, which is consistent with an ‘inside-out’ growth sce-
ario fuelled by secular gas inflows. 
(iii) Main disc age gradient: The main cold disc exhibits a
trong positive age gradient (younger inside, older outside) be-
ond the bar radius ( Rbar = 18 . 5 arcsec). This radial trend indi-
ates a long-term ‘outside-in’ suppression of star formation. A
lausible scenario is that the outer disc passively faded due to a
radual decline in the cosmological gas supply (starvation) or the
ar-induced redistribution of gas that is pushed beyond the bar
adius, while the inner regions maintained star formation for a
onger period, potentially fuelled by bar-driven inflows. 
(iv) Dynamical evolution and assembly history: We find that

he galaxy has experienced a remarkably peaceful recent history.
irst, the circularity-age ( λz versus. t) distribution reveals that the
old-orbit fraction fcold has remained high and stable over the
ast ∼ 5 Gyr, suggesting a well-settled disc. Second, the intrinsic
ertical velocity dispersion ( σz ) of the main disc is exceptionally
old ( σz ∼ 20−30 km s−1 ) across stellar populations younger than
8 Gyr. The shallow slope of its age-velocity dispersion relation

 β = 0 . 38 ± 0 . 25 ) implies a quiescent heating history, likely pre-
luding any significant major or minor mergers over the last 8
illion years. 

Synthesizing these dynamical fossil records, specifically the
ow bulge mass fraction, the persistent dynamically cold disc,
nd the long-term positive age gradient, we find that NGC 3957
ikely evolved in a relatively quiescent phase following its early
ssembly. Its evolutionary pathway is highly consistent with the
faded spiral’ scenario: as the gas supply in the group environment
as gradually restricted, the extended disc passively faded, while
NRAS 552, 1–29 (2026)

 https://dynamics.univie.ac.at/dynamite_docs/index.html 

B
B  
nternal secular processes (such as the stellar bar) regulated the
emaining central star formation. 
Finally, a comparison with S0 galaxies in the dense Fornax
luster highlights a notable degeneracy in galaxy evolution. We
nd that mild gas starvation combined with bar-driven secular
volution in a lower-density environment can produce ‘outside-
n’ quenching signatures and disc fractions that are strikingly
imilar to those caused by rapid environmental stripping in dense
lusters. To disentangle these evolutionary pathways, our up-
oming work will present a comprehensive analysis of the full
0 population within the GECKOS survey, aiming to explore
he diversity of their assembly histories outside of dense cluster
nvironments. 
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PPENDIX  A:  MGE  FITTING  

n this appendix, we provide the detailed parameters of the MGE
odels used in our dynamical analysis. Fig. A1 illustrates the
GE fit applied to the dust-corrected r-band image, demonstrat-

ng that the model captures the underlying surface brightness
istribution well with minimal residuals. Furthermore, the spe-
ific Gaussian components, parametrized by their central surface
ensity �, width σ , and axial ratio q , are tabulated in Table A1
or the Spitzer 3 . 6µm mass model, and in Table A2 for the dust-
orrected r-band luminosity model. 
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Figure A1. MGE fit to the dust-corrected MUSE r-band image of NGC 3957. The left panel shows the dust-corrected MUSE r-band image, the middle 
panel is the MGE fit, and the right panel is the residual between the data and fit. 

Table A1. MGE parametrization of the stellar mass distribution of 
NGC 3957 based on 3.6µm Spitzer image. The central mass surface den- 
sity (Column 1), rms (Column 2), and axial ratio (Column 3) of all the 
model Gaussians are given. 

� σ q 
(M� pc −2 ) (arcsec ) 

17604.47800 1.38840 0.55000 
8480.60417 2.84854 0.55000 
2077.29978 9.04445 0.55000 
1884.79053 16.12154 0.15000 
193.52096 29.58227 0.41972 
1472.79852 31.66371 0.15087 

Table A2. MGE parametrization of the stellar mass distribution of 
NGC 3957 based on the dust-corrected r-band image. Details are same 
as Table A1 . 

� σ q 
(M� pc −2 ) (arcsec ) 

3718.70175 1.99721 0.54863 
799.04688 3.57123 0.75000 
274.07258 9.07336 0.71881 
637.66074 17.24062 0.15000 
290.97826 32.64523 0.15000 
15.11970 42.19938 0.34175 
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PPENDIX  B:  ROBUSTNESS  AGAINST  DUST  

BSCURATION:  MASK  VERSUS  NO-MASK  

ODELS  

n edge-on galaxies, equatorial dust lanes can potentially bias 
he extraction of stellar kinematics (e.g. by obscuring the far side
f the disc or artificially suppressing the velocity dispersion). To 
erify that the prominent dust lane in NGC 3957 does not severely
ompromise our dynamical modelling, we run an additional, in- 
ependent Schwarzschild model where the dust-affected kine- 
atic bins were explicitly masked. In this section, we compare 
his ‘masked’ model with our fiducial ‘no-mask’ model presented 
n the main text. 
First, we construct a tailored kinematic mask. It is important to
ote that this mask differs from the simple rectangular mask used
or the photometric MGE fitting in Section 2.4 . While we still use
he colour excess map (targeting regions with M3 . 6µm 

−Mr-band < 

1 . 2 ) as a baseline, completely masking the central equatorial
egion would erase crucial kinematic signatures of the NSD, par- 
icularly the fast-rotation central structure in the V map and the
nti-correlation in the h3 map. Therefore, to preserve the NSD 

inematics, we apply a more localized mask. We specifically ex- 
lude the regions where the dust lane produces obvious artificial 
nderestimation in the velocity dispersion σ map. As a result, this 
ailored kinematic mask is relatively narrow in the minor axis ( Y),
hich can be seen as the white regions in the residual maps of 
ig. B1 . 
In Fig. B1 , we present the kinematic maps and the best-
tting Schwarzschild model for this masked version. The model 
moothly fits the remaining unmasked kinematics while preserv- 
ng the overall dynamical structure. 
To quantitatively assess the impact of masking on the global 
odel parameters, we compare the 5D hyper-parameter grid op- 
imization for the no-mask model (Fig. B3 ) and the masked model
Fig. B4 ). The best-fitting parameters for both models, as well as
he distributions of all models falling within the 3 σ confidence 
evel, are remarkably consistent. This indicates that the global 
ravitational potential and the mass-to-light ratio are not signifi- 
antly biased by the localized dust obscuration. 
Furthermore, we compare the intrinsic orbital distributions 
erived from the two models. Fig. B2 displays the phase-space ( λz 
ersus r) of the no-mask model (left), the masked model (middle),
nd the residual probability density between the two (right). The 
verall topology of the phase-space is highly consistent. From the 
esidual map, we find that the minor discrepancies are predom- 
nantly confined to the intermediate, dynamically warm orbits 
 λz ∼ 0 . 25−0 . 8 ), which correspond to the orbits mimicking the
ar structure (see discussion in Appendix C ). Because our pri-
ary scientific conclusions rely on the robust extraction of the 
ynamically cold components (the NSD and the main thin disc) 
nd the dynamically hot component, these slight variations in 
he warm orbital weights have a negligible impact on our final
hysical interpretations. 
In conclusion, the presence of the dust lane has a minimal
ffect on the overall dynamical modelling of NGC 3957. This 
MNRAS 552, 1–29 (2026)
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Figure B1. Best-fitting population-orbit superposition model of NGC 3957 where the prominent dust lane has been explicitly masked. Similar to Fig. 3 , 
columns from left to right show the maps of the data, model, and residuals. The masked pixels are visible as white regions in the residual maps, specifically 
targeting the low- σ artefacts caused by dust while carefully preserving the central NSD kinematics. 

Figure B2. Comparison of the phase-space orbital distributions ( λz versus r) between the no-mask and masked models. Left: the orbital distribution 
of the fiducial no-mask model used in the main text. Middle: the orbital distribution of the masked model. Right: the residual probability density map 
(masked − no-mask). The red/blue colours in the residual map indicate regions where the masked model assigns higher/lower orbital weights. The 
differences are small and mostly concentrated in the dynamically warm orbits (the bar-mimicking component). 
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obustness is physically expected, given that NGC 3957 is a glob-

lly quiescent, low star-forming S0 galaxy, where the total dust
ass and obscuration are relatively modest compared to late-type
NRAS 552, 1–29 (2026)
tarburst spirals. Therefore, adopting the no-mask model for the
ain analysis is reasonable and allows us to utilize the maximum
umber of kinematic constraints in the central region. 
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Figure B3. Optimization over the 5D parameter space for the fiducial no-mask model of NGC 3957. Each point indicates an exploration of the parameter 
space. The colour represents the χ2 value of each parameter set, with the best-fitting parameters indicated by the yellow-most point marked with a cross 
symbol. Points within the 3 σ confidence level are shown. 
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Figure B4. Same as Fig. B3 , but for the masked model of NGC 3957. The distribution of the models within the 3 σ confidence level and the location 
of the best-fitting parameter set are highly consistent with the no-mask model, demonstrating the robustness of the global dynamical fit against dust 
obscuration. 
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PPENDIX  C:  ROBUSTNESS  OF  DYNAMICAL  

TRUCTURE:  TEST  WITH  A  SIMULATED  

ALAXY  

 key assumption in our dynamical modelling of NGC 3957 is the
se of a gravitational potential that does not explicitly include a
on-axisymmetric bar. Previous mock tests using the AURIGA
osmological simulations (R. J. J. Grand et al. 2017 ) showed that
chwarzschild models can recover the phase-space structure of 
 bar by assigning mass to dynamically ‘warm’ orbits (L. Zhu et
l. 2018b ). However, the galaxies in the AURIGA suite all have
rominent bulges, and the simulations do not have enough reso-
ution needed to self-consistently form an NSD. 
NRAS 552, 1–29 (2026)
To test our model’s performance on a galaxy with both a bar
nd an NSD, but no bulge, we use a high-resolution, isolated
ydrodynamical simulation. Testing our model against a bul-
eless galaxy helps us check if our nearly axisymmetric setup
ight artificially create a bulge to account for complex bar
otions. 

1 The simulation and mock data 

e use a snapshot from an isolated, Milky Way-mass disc galaxy
imulation run with the RAMSES code (R. Teyssier 2002 ). This
imulation (Fragkoudi & Bieri, in preparation; also see appendix



Assembly of NGC 3957 27

Figure C1. Kinematic maps and the best-fitting Schwarzschild model without an explicit bar potential for the mock galaxy derived from the RAMSES 
simulation. 
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 of C. Sá-Freitas et al. 2023 ) starts with a stellar disc, a gaseous
isc, and a dark matter halo, but no classical bulge. At t ∼ 3 . 3 Gyr,
he galaxy forms a stellar bar that drives gas inflows, build-
ng a distinct, rotation-supported NSD. We use this snapshot as 
ock observations by projecting it edge-on and extracting the 
inematics. We then run it through our Schwarzschild mod- 
lling pipeline ( DYNAMITE ) using the same setup as for NGC
957. 
To establish a ‘ground truth’ for comparison, we extract the 
ctual orbital properties of the simulation particles. We first com- 
ute the gravitational potential using the pynbody package (A. 
ontzen et al. 2013 ). Then, we integrate the particle orbits in a
eference frame co-rotating with the bar ( �p = 25 km s−1 kpc−1 ) 
sing the AGAMA package (E. Vasiliev 2019 ). This converts the 6D
article data into time-averaged orbital parameters (mean radius 
 and circularity λz ), allowing for a direct comparison with the
chwarzschild model output. 
2 Phase-space and structural recovery 

n Fig. C2 , we compare the true phase-space distribution from the
AMSES particles (left) with the reconstructed phase-space from 

ur Schwarzschild model (right). The model captures the overall 
tructure of the phase space reasonably well. 
We compare the mass fractions of the dynamical compo- 
ents using our classification criteria ( RNSD ≈ 1 kpc for the mock
alaxy, identified from the rotation curve as in Section 3.5 ): 

(i) NSD ( λz ≥ 0 . 8 , r ≤ 1 . 0 kpc): true (1.02 per cent) versus
odel (1.17 per cent) 
(ii) Main disc ( λz ≥ 0 . 8 , r > 1 . 0 kpc): true (54.99 per cent) ver-
us model (53.18 per cent) 
(iii) Warm component ( 0 . 25 ≤ λz < 0 . 8 ): true (30.80 per cent)
ersus model (32.01 per cent) 
(iv) Hot component ( | λz | < 0 . 25 ): true (10.53 per cent) versus
odel (10.12 per cent) 
MNRAS 552, 1–29 (2026)
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Figure C2. Comparison of the phase-space distributions (circularity λz versus radius r). Top left: the true orbital distribution calculated directly from 

the RAMSES simulation particles using AGAMA . Top right: the orbital distribution reconstructed by our Schwarzschild model without a bar. The model 
generally recovers the main cold disc, the distinct NSD (high λz at small radii), and the warm component representing the bar. The vertical dashed line 
represents the outer radius of the NSD ( RNSD ≈ 1 kpc). Bottom panels: the normalized 1D circularity ( λz ) distributions for the inner region ( r ≤ 1 . 0 kpc; 
bottom left ) and the outer region ( r > 1 . 0 kpc; bottom right ), comparing the true RAMSES data (solid black lines) with the model reconstruction (dashed 
red lines). 
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The agreement is good. The model identifies the distinct,
ighly circular NSD in the inner 1 kpc (Fig. C2 , bottom left), sug-
esting that we can reasonably isolate a low-mass NSD fraction
 ∼ 1 per cent ) from the main disc. 
We also check if the model can estimate the bar length. Using a
orphological definition (where the m = 2 Fourier amplitude A2 
rops by 50 per cent), the true bar radius is Rbar , morph = 3 . 70 kpc.
hen we apply our dynamical running-window method (find-

ng where the cold fraction fcold ≥ 0 . 5 , as in Section 4.2 ), the
rue RAMSES phase-space gives Rbar , true = 3 . 05 kpc, and our non-
arred Schwarzschild model gives Rbar , model = 3 . 25 kpc. These
ynamical estimates are consistent with each other, indicating
hat the spatial extent of the warm orbits in the model can serve
s a useful proxy for the bar length. 
NRAS 552, 1–29 (2026)
Finally, we look at the dynamically hot component ( | λz | <
 . 25 ). Even though the simulated galaxy is bulgeless, both the true
rbital data (10.53 per cent) and the mock model (10.12 per cent)
how a ∼ 10 per cent mass fraction in this region. As discussed
y B. Tahmasebzadeh et al. ( 2024 ), this shows a limitation of 
elying only on circularity to define structures: highly eccentric
r boxy bar orbits often cross into the low-circularity space. Since
ur decomposition is based entirely on λz , the hot component
aturally includes some of these bar orbits. The similar fractions
uggest that our model recovers the mass distribution in this low-
z regime reasonably well, without artificially creating a large,
on-existent bulge. 
Applying this insight to our results for NGC 3957, the 14 per
ent mass fraction assigned to the hot component in the main
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ext (Section 5.6 ) likely includes some contamination from the 
ar’s boxy or eccentric orbits. Therefore, this 14 per cent value 
an be viewed as an upper limit for the actual bulge mass in
GC 3957. This is consistent with our proposed formation sce- 
ario: the bulge in NGC 3957 is likely low-mass or possibly non-
xistent. This points to a relatively quiet assembly history without 
any major mergers over the last ∼ 10 Gyr. 
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