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ABSTRACT

We investigate the stellar population properties of pseudo-bulges in barred galaxies drawn from the Sloan Digital Sky
Survey Data Release 7 to assess how bars regulate central star formation and secular evolution. Our sample comprises
barred spiral and barred lenticular (S0) galaxies with reliable spectroscopic indices obtained from multicomponent struc-
tural decompositions. Stellar ages and recent star formation are traced using the 4000A break strength (D,(4000)) and
the Balmer absorption index (Hé84), complemented by bulge, bar, and disc colours. Barred spirals show a clear bimodal-
ity in D,,(4000), with peaks at D,(4000) ~ 1.3 and ~ 1.8. Low-D,(4000) pseudo-bulges exhibit strong HS4 absorption,
blue colours, and high specific star-formation rates (sSFRs), indicating young, actively growing centres. High-D,(4000)
systems instead show weak Hdy, red colours, and low sSFR, consistent with older, quenched pseudo-bulges. Barred SOs
display an old-bulge-dominated distribution, suggesting that gas-poor barred spirals transition into SOs following disc-
wide quenching. We also find elevated active galactic nucleus incidence among old pseudo-bulges. These trends support
a scenario in which bars funnel gas inward to build pseudo-bulges and later suppress central star formation by depleting
or stabilizing the inflow. Integral Field Unit Spectroscopy (IFU) observations show that bars assemble cold nuclear discs
that age and quench over time, while high-redshift imaging confirms that bars are already present at z ~ 4, implying that
this evolutionary cycle operates across cosmic time. The strong correspondence between stellar age, colour, and structure
indicates that bar-driven secular evolution governs both the growth and quenching of central components, linking blue
barred spirals to red SO galaxies.

Key words: galaxies: bulges - galaxies: evolution - galaxies: general — galaxies: spiral — galaxies: stellar content - galaxies:
structure.

1 INTRODUCTION

The formation and evolution of galactic bulges remains a cen-
tral problem in understanding the growth of disc galaxies, as
bulges display a wide range of structural and stellar population
properties that reflect multiple formation pathways. Bulges are
typically separated into two main classes: classical bulges, which
are centrally concentrated, dynamically hot, and dominated by
pressure support, and disc-like (pseudo-)bulges, which are more
rotationally supported, exhibit flattened structures and ongoing
star formation, and often retain disc-like morphologies. This dis-
tinction is critical, as it implies fundamentally different evolu-
tionary histories. Classical bulges are generally thought to form
rapidly through major mergers (F. Hammer et al. 2005; P. F.
Hopkins et al. 2010) or clump-collapse through violent internal
instabilities (B. G. Elmegreen, F. Bournaud & D. M. Elmegreen
2008; D. Ceverino et al. 2015). At the same time, satellite accretion
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during minor mergers can also contribute to their growth from
disc material (J. A. L. Aguerri, M. Balcells & R. F. Peletier 2001;
M. C. Eliche-Moral et al. 2006). In contrast, pseudo-bulges arise
gradually through long-term, internal (secular) processes within
discs (J. Kormendy & J. Kennicutt 2004; D. A. Gadotti 2009). Their
formation is closely tied to the dynamical evolution of bars, which
are ubiquitous in disc galaxies and efficiently redistribute angular
momentum, driving gas inward to fuel central star formation (J.
A. L. Aguerri, J. Méndez-Abreu & E. M. Corsini 2009). However,
pseudo-bulges may also form through external processes, such
as the accretion of low-mass satellites (M. C. Eliche-Moral et al.
2011), indicating that their evolutionary origin may be diverse as
well.

In the nearby Universe, around 70 per cent of disc galaxies host
stellar bars (G. Vaucouleurs 1963; J. H. Knapen, I. Shlosman &
R. F. Peletier 2000; P. B. Nair & R. G. Abraham 2010; K. L. Mas-
ters et al. 2011; H. Salo et al. 2015). Bars are dynamically stable
structures that drive gas from the outer disc towards the central
kiloparsec through bar-induced gravitational torques (F. Combes
& R. H. Sanders 1981; V. P. Debattista et al. 2004; J. Kormendy
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& J. Kennicutt 2004; E. Athanassoula, R. E. G. Machado & S. A.
Rodionov 2013). This inflow enhances central star formation and
can also feed active galactic nuclei (AGNs; E. Athanassoula 1992;
L. C. Ho, A. V. Filippenko & W. L. W. Sargent 1997; P. Coelho & D.
A. Gadotti 2011; S. L. Ellison et al. 2011). Bar-driven gas transport
is therefore a key mechanism for building pseudo-bulges through
sustained, central star formation (E. Athanassoula 2003; J. Kor-
mendy & J. Kennicutt 2004; P. F. Hopkins & E. Quataert 2010; D.
B. Fisher & N. Drory 2016), a result supported by hydrodynamical
simulations that show bars increase central mass concentration
and alter bulge dynamics (R. Fanali et al. 2015; D. Spinoso et al.
2017; J. Neumann et al. 2020).

However, gravitational torques and resonances may also stabi-
lize or deplete inflowing gas, ultimately suppressing further star
formation (M. Frosst et al. 2025). This dual role, fuelling growth
and later inducing quenching, positions bars as powerful agents
of secular transformation in disc galaxies. Observational support
for this two-phase behaviour is growing: bars are more common
in redder and more massive hosts (K. L. Masters et al. 2011; M.
Vera, S. Alonso & G. Coldwell 2016), and bar strength correlates
with older stellar populations and lower specific star-formation
rates (sSFRs; D. Spinoso et al. 2017; P. A. James & S. M. Percival
2018), suggesting that bars may accelerate the transition from the
star-forming main sequence to the green valley. Understanding
this apparent contradiction requires examining how bar-driven
processes influence the ages of bulge stars across diverse mor-
phologies and evolutionary stages.

AGN feedback may further regulate central growth. Negative
feedback from AGN activity can deplete gas within the inner
kiloparsec and suppress bar-driven star formation (S. L. Ellison
etal. 2011; C. Lammers et al. 2023), and recent work (C. Lammers
et al. 2023; S. Keshri et al. 2025) shows that such suppression is
confined to the central region, without strongly affecting galaxy-
wide star formation.

Pseudo-bulges provide an excellent laboratory for disentan-
gling these processes, as they retain the dynamical imprint of
their bar-driven formation. Their stellar populations encode the
timing and efficiency of gas inflow, central star formation, and
subsequent quenching, allowing the evolutionary role of bars
to be assessed directly. Previous work has reported a clear bi-
modality in the stellar ages of pseudo-bulges in unbarred SO
galaxies (P. K. Mishra, Y. Wadadekar & S. Barway 2017a), inter-
preted as evidence for multiple evolutionary channels. However,
whether a similar or fundamentally different behaviour is present
in barred systems where bar-driven inflow and circumnuclear
star formation remain active has not yet been established. In
particular, the role of bars in shaping the growth and quench-
ing of pseudo-bulges and in driving the evolutionary connection
between barred spirals and barred SO galaxies remains poorly
constrained.

It is important to distinguish the scope of this work from pre-
vious studies of barred galaxies. For example, S. Barway & K.
Saha (2020) examined the photometric properties of bars in disc
galaxies and found that bluer bars are more common in a subset
of SO galaxies than in spirals, suggesting possible rejuvenation
of star formation in SO bars. However, the study did not address
the stellar population properties of bulges (classical or pseudo)
or their connection to bar-driven secular evolution. Similarly,
while previous work (e.g. P. K. Mishra, S. Barway & Y. Wadadekar
(2017b)) has focused on unbarred SO galaxies, the stellar popula-
tion properties of pseudo-bulges in barred spiral and SO galaxies
have not been systematically explored.
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In this paper, we investigate the stellar populations of pseudo-
bulges in barred galaxies using a large, homogeneous sample
drawn from the Sloan Digital Sky Survey Data Release 7 (SDSS
DR7), combined with structural decompositions from S. J. Kruk
et al. (2018). We use spectral indices such as the 4000 A break
strength (D,(4000)) and the Balmer absorption index (Hé4) to
trace mean stellar ages and recent star-formation histories, com-
plemented by bulge, bar, and disc colours. This approach allows
us to assess the diversity of pseudo-bulge stellar populations in
barred galaxies and to examine the role of bar-driven secular
processes, to quantify how this links to ongoing or quenched cen-
tral star formation, and evaluate whether bar-driven evolutionary
processes can explain the observed connection between spirals
and SO galaxies.

The structure of this paper is as follows. In Section 2, we de-
scribe the data sources, sample selection, and morphological clas-
sification scheme used to obtain the initial sample. In Section 3,
we explain the methods used to further narrow down on the
pseudo-bulge hosting galaxies out of this sample. In Section 4, we
present our analysis of stellar age indicators, colours, and specific
star formation. In Section 5, we discuss the implications of our
findings for bar-driven secular evolution and quenching along
with the concluding remarks. Throughout the paper, we use the
Wilkinson Microwave Anisotropy Probe Seven-Year Cosmological
parameters (N. Jarosik et al. 2011) with (€2, 24, h) =(0.27,0.73,
0.71).

2 DATA AND SAMPLE SELECTION

Our analysis is based on the catalogue of barred galaxies pre-
sented by S. J. Kruk et al. (2018), which provides a comprehensive
two-dimensional (2D) multi-band photometric decomposition
for ~3500 nearby barred systems drawn from the SDSS (DR7).
The decomposition was performed using the GALFITM code (B.
Hiaufler et al. 2013; M. Vika et al. 2013), a wavelength-dependent
extension of GALFIT (C. Y. Peng et al. 2010) developed within
the MEGAMORPH project. Unlike traditional single-band fitting,
this method leverages the full wavelength coverage of the SDSS
ugriz filters to improve the signal-to-noise ratio and parameter
accuracy. Each galaxy was modelled in the five SDSS bands (u, g,
r, i, 7) simultaneously, allowing for consistent structural parame-
ters and improved signal-to-noise across filters. In these models,
the Sérsic index (n) and effective radius (r,) for each component
(disc, bar, and bulge) were constrained to be constant across all
five bands, while magnitudes were allowed to vary freely to de-
termine component colours. To ensure robust convergence, the
fits followed an iterative process: starting with a single-Sérsic
fit, followed by a disc-bar model, and concluding with a disc-
bar-bulge decomposition where visually appropriate. The fitting
adopted a Sérsic profile for the bulge and bar components and
an exponential profile for the disc, yielding magnitudes, effective
radii, and Sérsic indices for each component. All final models
were subjected to rigorous visual inspection to confirm that the
components corresponded to genuine physical structures. The
resulting parameters, corrected for Galactic extinction and k-
corrections, are reliable for the g, r, and i bands, which are used
throughout this work.

The uncertainties quoted by GALFITM are primarily statistical
and do not include systematic effects from sky background, point
spread function modelling, or parameter degeneracies. To mini-
mize dust-related errors, we restrict the analysis to galaxies with
inclination i < 60°, ensuring that the majority of the sample is
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close to face-on. Typical median Sérsic indices and component
colours from S. J. Kruk et al. (2018) are consistent with a bar-
dominated population of late-type galaxies.

2.1 Aperture selection and fibre coverage

Spectroscopic indices such as D, (4000) and H3, are taken from
the Max Planck Institute for Astrophysics-Johns Hopkins Uni-
versity Sloan Digital Sky Survey (MPA-JHU SDSS) data base (G.
Kauffmann et al. 2003a), measured within the 3 arcsec diameter
fibre aperture. Because the physical region covered by the fibre
depends on redshift, contamination from bar and/or disc light
could bias the bulge measurements. To minimize this effect, we
include only galaxies for which the fibre diameter is smaller than
twice the bulge effective radius (rfpre < 27.p). This criterion en-
sures that the bulge dominates the observed spectrum. Out of the
~2200 barred galaxies with three-component fits in S. J. Kruk
et al. (2018), 1600 galaxies satisfy this condition and form the
parent sample for our analysis.

2.2 Morphological classification

To separate spiral and lenticular systems, we cross-matched the
barred galaxy catalogue with the morphological probabilities
from M. Huertas-Company et al. (2011), who provide P(E), P(S0),
P(Sab), and P(Scd) for SDSS galaxies based on a support-vector
machine classifier. Following A. Meert, V. Vikram & M. Bernardi
(2015), we converted these probabilities into a continuous T-type
using their linear relation (their equation 7) and classified galax-
ies with T < 0.5 as SOs and those with T > 0.5 as spirals. The
cross-match was performed using SDSS object identifiers with a
positional tolerance of 3”.

After applying the inclination, fibre coverage, and morpho-
logical criteria, our final working sample comprises 697 barred
SO galaxies and 859 barred spirals. For each galaxy, we use the
photometric parameters (magnitudes, colours, Sérsic indices, and
effective radii) from S. J. Kruk et al. (2018), and the spectro-
scopic measurements (D,(4000), H84 and emission line fluxes)
are taken from the MPA-JHU catalogue. We have taken the stellar
mass (M, ), and star-formation rates (SFRs) from GALEX-SDSS-
WISE LEGACY CATALOG (GSWLC-X2) (S. Salim, M. Boquien
& J. C. Lee 2018). The local environmental density, used in Sec-
tion 4.4 is taken from I. K. Baldry et al. (2006), who compute
the surface galaxy density y = N/(;rd%) based on the projected
distance to the fifth nearest neighbour within a velocity window
of £1000 km s~!. This carefully curated dataset provides a statisti-
cally robust sample of barred disc galaxies with well-constrained
structural and stellar-population parameters, enabling us to ex-
amine how bar-driven secular evolution influences the ages of
pseudo-bulges in different morphological types.

3 IDENTIFYING PSEUDO-BULGES

Bulges in disc galaxies are broadly classified into two cate-
gories: classical bulges, which are dynamically hot, spheroidal sys-
tems formed through rapid processes such as mergers or mono-
lithic collapse (B. G. Elmegreen et al. 2008), and pseudo-bulges,
which are rotationally supported components that arise gradually
through internal secular evolution (J. Kormendy & J. Kennicutt
2004; D. B. Fisher & N. Drory 2016). Because stellar bars are
known to drive gas inflows and redistribute angular momentum,
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the presence of a bar is often linked to the growth of pseudo-
bulges. Distinguishing between these two bulge types is therefore
essential for evaluating the impact of bar-driven secular evolution
on the central stellar populations of galaxies.

Several structural and kinematic diagnostics have been pro-
posed in the literature to identify pseudo-bulges (e.g. D. A. Gadotti
2009; T. Weinzirl et al. 2009; D. B. Fisher & N. Drory 2010; J.
Méndez-Abreu et al. 2017). A single criterion, such as the Sérsic
index, is insufficient on its own, since observational uncertain-
ties and projection effects can blur the distinction between bulge
types. To obtain a robust classification, we adopt a conservative,
multi-parameter approach that combines three independent cri-
teria — morphological, dynamical, and photometric — similar to
the method of P. K. Mishra et al. (2017b). A galaxy is considered
to host a pseudo-bulge if it simultaneously satisfies the following
conditions:

(i) The bulge lies below the 30 lower boundary of the Kor-
mendy relation for elliptical galaxies, defined as

(up(< re)) = (2.330 £ 0.047) log(re) + (18.160 £ 0.024), (1)

where (up(< r.)) is the mean surface brightness within the bulge
effective radius r,, measured in the SDSS r band. The rms scat-
ter about this relation is 0.429 magarcsec™ (P. K. Mishra et al.
2017b). Bulges lying more than 3¢ below the best-fitting line are
classified as pseudo-bulges. This criterion effectively separates
systems with low surface brightness and extended profiles from
the high-concentration classical bulges that follow the elliptical
sequence.

(ii) The central stellar velocity dispersion, oy, is less than
130 kms™!. This threshold, supported by D. B. Fisher &
N. Drory (2016), distinguishes dynamically cold, rotation-
dominated pseudo-bulges from pressure-supported classical
bulges that typically exhibit higher velocity dispersions.

(iii) The bulge Sérsic index satisfies n, < 2. Numerous studies
have shown that exponential or near-exponential profiles well
represent pseudo-bulges, while classical bulges exhibit n, 2 3 (J.
Kormendy & J. Kennicutt 2004; D. A. Gadotti 2009).

Only galaxies satisfying all three conditions are retained as
secure pseudo-bulge hosts. Applying these criteria to our barred
sample yields a total of 677 pseudo-bulge galaxies, comprising 203
barred SOs and 474 barred spirals. This fraction (~42 per cent) is
somewhat lower than the ~60-75 per cent pseudo-bulge fraction
commonly reported for barred galaxies (e.g. E. Laurikainen et al.
2004; H. Salo et al. 2015; J. Méndez-Abreu et al. 2017), reflecting
our intentionally conservative selection strategy. These galaxies
lie in the redshift range 0.006-0.06, corresponding to luminosity
distances of approximately 25-265 Mpc. The redshift range of
our sample implies that the fixed angular size of the SDSS fibre
probes different physical scales, potentially introducing aperture-
related systematics, particularly for nearby galaxies where the
fibre primarily samples the central regions. To quantify this effect,
we compute the ratio of fibre radius to . puge in the lowest (<
0.02) and highest redshift (> 0.04) ranges. The median value of
this ratio suggests that fibre covers ~56 per cent of the 7, puge in
the low-redshift galaxies, whereas it covers ~84 per cent of r, pyjge
in the high-redshift galaxies, indicating that the fibre remains
predominantly sensitive to the bulge region across the full red-
shift range. Importantly, the low-redshift galaxies in our sample
comprise only 13 per cent of the total sample. We therefore expect
that aperture effects are unlikely to be the primary driver of the
trends reported in this work.
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It is important to note that S. J. Kruk et al. (2018) report a
mild underestimation of bulge Sérsic indices (~30 per cent) in
their multi-band fits due to image stacking and resolution effects.
Consequently, some marginal classical bulges may scatter into
the pseudo-bulge regime. However, since our classification ad-
ditionally requires both the Kormendy and oy criteria to be met,
the impact of this bias is minimal. Visual inspection of a random
subset confirms that the adopted thresholds effectively isolate
low-concentration, disc-like bulges typically associated with sec-
ular evolution.

The use of multiple diagnostics not only reduces contamina-
tion but also ensures consistency with previous SDSS-based stud-
ies of barred and unbarred systems. For instance, P. K. Mishra
et al. (2017a) employed similar criteria to analyse unbarred SOs
and spirals, finding that pseudo-bulges in SOs exhibit a distinct
age bimodality in D,(4000). Our study extends this framework
to barred galaxies, enabling a direct comparison of stellar popu-
lation trends and the role of bars in accelerating or suppressing
central star formation.

In the following section, we explore how the stellar populations
of these pseudo-bulges vary across different host morphologies.
In particular, we examine whether barred spiral galaxies display
a bimodal distribution in D, (4000), an indicator of mean stellar
age, and how this behaviour contrasts with that of barred SOs.

4 RESULTS

4.1 Age bimodality in pseudo-bulges of barred spirals

Different bulge formation mechanisms imprint distinct stellar
population signatures in the centres of disc galaxies. Classical
bulges, assembled rapidly through mergers or monolithic col-
lapse, generally host old and metal-rich stars. In contrast, pseudo-
bulges, formed gradually through internal secular processes, of-
ten retain ongoing or recent star formation. To probe how these
mechanisms manifest in barred systems, we analyse the stellar
population ages of our sample using two complementary spec-
troscopic diagnostics: the 4000 A break strength (D, (4000)) and
the Balmer absorption index (Hé,). Together, these indices trace
the mean age of the stellar population and recent star-formation
activity of the pseudo-bulges.

The D, (4000) index measures the flux ratio across the 4000
A break, which arises from the accumulation of metal ab-
sorption lines in the atmospheres of cool, low-mass stars (M.
L. Balogh et al. 1999). Young stellar populations dominated
by hot O-B stars exhibit weak breaks (D,(4000) < 1.3), while
old, quiescent systems display strong breaks (D,(4000) = 1.8).
G. Kauffmann et al. (2003a) reported that intermediate values
around D, (4000) >~ 1.5 correspond to light-weighted mean ages
of ~2 Gyr. We present the D,(4000) distributions for barred
SO (black) and spiral (blue) galaxies hosting pseudo-bulges in
Fig. 1. The barred spirals exhibit a striking bimodality with
peaks at D,(4000) ~ 1.3 and ~ 1.8, whereas SOs show a dis-
tribution skewed towards the older populations centred above
D,(4000) ~ 1.6. To quantify these facts, we perform a Gaus-
sian mixture model (GMM) decomposition (for detailed math-
ematical procedure, see M. Ness et al. 2013) for both the mor-
phologies. Model selection is based on the Bayesian Information
Criterion (BIC), evaluated for one to five components. For the
barred spiral, the BIC reaches a minimum for a two-component
model (—129.72) with a A BIC =~ 110 lower than the single-
component model (—19.60), indicating decisive evidence for bi-
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Figure 1. Distribution of D,(4000) index for 677 barred galaxies. Blue
and black curves show the Gaussian kernel-smoothed distributions for
barred spirals and barred SOs, respectively. The black vertical dashed line
marks the conventional division between younger, star-forming systems
and older, quenched stellar populations.

modality. The low D,,(4000) component (¢ = 0.207) encompasses
58 per cent of the probability density of the model, while the high
D,(4000) component (¢ = 0.082) encompasses the remaining
42 per cent confirming the bimodality for the bulges of spiral
galaxies. On the other hand, for SO galaxies, the BIC also favours
a two-component model (—142.53) with A BIC ~ 66 relative
to a single-component model (—76.15). In this case, low (¢ =
0.146 dex) and high (o = 0.082 dex) D,(4000) components ac-
count for 30 per cent and 70 per cent of the relative weights,
respectively.

The probability distribution is dominated by high D,(4000)
values, while the lower D,,(4000) component shows only a weak
peak around ~1.5 (which corresponds to an intermediate-age
stellar population rather than a young population). This be-
haviour is best described as a strongly skewed distribution to-
wards older stellar populations (i.e. higher D, (4000)).

To quantify this difference, we divide the barred spirals at
D,(4000) = 1.5, classifying systems with lower and higher values
as hosting young pseudo-bulges (YB) and old pseudo-bulges (OB),
respectively. Among 474 barred spirals, 171 (36 per cent) host
YB and 303 (64 per cent) host OB. In comparison, ~90 per cent
of barred SOs possess only old pseudo-bulges. The D,4000 dis-
tributions of SO and spiral galaxies differ significantly according
to the Anderson-Darling test with a p,, = 0.0002, a statistically
significant result (3.54 o).

The observed age bimodality in barred spirals provides strong
evidence for bar-driven quenching of pseudo-bulges. We note
that pseudo-bulges in unbarred spiral galaxies have been reported
to exhibit largely unimodal age distributions, whereas SO galaxies
show clear evidence of bimodality (P. K. Mishra et al. 2017a).
In this context, the behaviour observed for barred spirals offers
an important point of comparison for understanding how bars
and galaxy morphology influence the evolution of pseudo-bulge
stellar populations, and the strong bimodality seen only in barred
spirals proves that the presence of a bar introduces a new, effi-
cient quenching channel that operates specifically on the pseudo-
bulge. Bars are known to redistribute angular momentum and
funnel gas into the central regions (E. Athanassoula 2003), trig-
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Figure 2. Distribution of H84 for 677 barred galaxies. The Gaussian
kernel-smoothed distributions for OB-Sp, YB-Sp, and barred SO hosts are
shown in red, blue, and black, respectively.

gering enhanced star formation that contributes to pseudo-bulge
growth. As the available gas is subsequently depleted or dynami-
cally stabilized, central star formation declines, leading to the for-
mation of older stellar populations. The coexistence of young and
old pseudo-bulges in barred spirals can therefore be interpreted
as reflecting different evolutionary stages of bar-driven secular
processes.

The H§, index offers an independent probe of this process.
It measures the equivalent width of the Balmer H§ absorption
line, which is strongest in A-type stars and thus sensitive to star
formation within the past < 1 Gyr (G. Kauffmann et al. 2003a).
High H§, values indicate post-starburst or recently active pop-
ulations, whereas smaller values of H§, suggest that the galaxy
is less likely to have had significant bursts of star formation in
the last Gyr. Fig. 2 shows the H§, distributions for the same
barred pseudo-bulge sample. The correspondence between Figs 1
and 2 is evident, i.e. galaxies with low D,(4000) display strong
Hj$, absorption, whereas those with high D, (4000) exhibit weak
lines. The two indices are therefore tightly anti-correlated, con-
sistent with previous SDSS-based analyses of star-formation his-
tories (e.g. G. Kauffmann et al. 2003a). Quantitatively, young
pseudo-bulge host spirals (YB-Sps) (D, (4000) < 1.5) have a me-
dian H§, ~ 3.34 A, compared with ~ —0.93 Afor old pseudo-
bulge host spirals (OB-Sps), confirming that the former retain sig-
nificant intermediate-age stellar components. In contrast, barred
SOs show consistently low H3, (= —1.42 A), indicating negligible
star formation in the past ~ 1 Gyr.

These trends demonstrate that the bimodality in D,,(4000) truly
reflects an age separation, rather than a mere metallicity effect.
The coupling of low D,(4000) with strong H§,4 absorption pro-
vides direct evidence for residual star formation in the pseudo-
bulges of barred spirals, while the high-D,(4000) and low-H§,4
population represents quenched pseudo-bulges. The combined
diagnostic therefore delineates a clear evolutionary sequence: bar
formation triggers an inflow-driven central starburst, producing
a young pseudo-bulge. As the gas reservoir is exhausted and the
bar weakens or stabilizes, the system transitions into the old,
quenched state.

The absence of D,(4000) bimodality in barred SOs fits nat-
urally within this framework. These galaxies are already gas-
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poor and dynamically evolved; their bars persist but no longer
influence the star-formation cycle. Consequently, their pseudo-
bulges are uniformly old, representing the endpoint of secular
evolution. It is plausible that some barred spirals with old pseudo-
bulges evolve into barred SOs once disc quenching becomes global
(e.g. K. Vaghmare, S. Barway & A. Kembhavi 2013; M. Vera
et al. 2016). In summary, the bimodal D,(4000) distribution
- corroborated by the complementary H§4 behaviour demon-
strates that bar-driven secular evolution can both sustain and
subsequently quench central star formation, depending on the
evolutionary stage of the host galaxy. The implications of this
transition are further examined in Section 4.2 through a compar-
ison of colours and structural parameters of the bulge, bar, and
disc components.

4.2 Colours and effective radii of different galactic
components

To explore whether the stellar-age bimodality identified in Sec-
tion 4.1 is accompanied by systematic variations in the global
photometric properties of host galaxies, we compare the colours
and structural parameters of the bulge, bar, and disc components
derived from the multi-band decompositions of S. J. Kruk et al.
(2018). These quantities offer insight into how bar-driven secular
processes impact both the central and extended regions of galax-
ies throughout their evolutionary progression.

The left panel of Fig. 3 illustrates the (g — i) colour distribu-
tions of the bulge, bar, and disc for YB-Sps in blue, OB-Sps in red
and OB-SO0s in black. For spirals, the colour distributions show a
wide spread, with a clear separation between the YB-Sps and OB-
Sps defined by D,,(4000) = 1.5. Galaxies hosting young pseudo-
bulges are, on average, ~ 0.23 mag bluer in their bulge colours
and ~ 0.14 mag bluer in the bar compared to those with old
pseudo-bulges. Their discs are also systematically bluer, consis-
tent with active star formation throughout the galaxy. In contrast,
barred SOs and OB-Sps both display uniformly red bulges, while
the discs of SOs and OB-Sps occupy intermediate colours indica-
tive of quiescent or fading stellar populations. Interestingly, the
bars in SOs are bluer than OB-Sp and YB-Sp bars, which hints to-
wards the bar rejuvenation in SOs. Recently, (S. Barway & K. Saha
2020) has reported the occurrence of the bluer bars in SO galaxies
of S.J. Kruk et al. (2018) sample and suggested that the environ-
ment might have played an important role, since most of these
galaxies reside in the intermediate-density environment. In both
OB-Sp and OB-S0 subsamples, bulges exhibit the redder colours,
followed by bars, with discs being the bluest. This ordering (g —
Douige > (8 — Dpar > (g — Daisc holds consistently and reflects
the well-established inside-out quenching paradigm, where older
stellar populations dominate central regions while younger stars
and ongoing star formation are preferentially located in discs (R.
M. Gonzalez Delgado et al. 2015; F. Belfiore et al. 2018). These
colour trends reinforce the age bimodality inferred from D,,(4000)
and Hé4. In YB-Sps, the bar and bulge share comparable colours,
suggesting ongoing or recently terminated star formation within
the central kiloparsec. For OB-Sps, both components are consid-
erably redder than the disc, implying that central quenching pre-
cedes disc quenching, a characteristic of inside-out or bar-driven
suppression of star formation (K. Guo et al. 2019; L. Lin et al.
2019).

A related diagnostic of structural evolution is the relative size
of galactic components. The right panel of Fig. 3 compares the
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Figure 3. Left: (g — i) colour distributions for the bulge, bar, and disc components of 677 barred galaxies. Right: Distributions of logR. for the
corresponding bulge, bar, and disc effective radii. In both panels, the Gaussian kernel-smoothed distributions for OB-Sp, YB-Sp, and OB-SO hosts are
shown in red, blue, and black, respectively. Vertical dashed lines mark the median values for each component and parameter.

distributions of effective radii for the bulge (. ), bar (v, par), and
disc (r,,4) in both morphologies. The medians r, , are comparable
between barred spirals and SOs, suggesting that secular processes
build pseudo-bulges of similar physical extent regardless of host
morphology. However, the bars in SOs are marginally shorter, and
their discs are more compact than those in spirals. This difference
likely reflects disc fading and contraction following the exhaus-
tion of cold gas. The median value of 7, var /7. 4 is typically smaller
in SOs (= 0.73) than in spirals (=~ 0.82), consistent with the pic-
ture that bar-driven inflows redistribute disc material inward,
building up the bulge and weakening the outer disc as the system
evolves.

In this framework, galaxies hosting young pseudo-bulges rep-
resent an early phase in bar-driven evolution: the bar efficiently
channels gas inward, sustaining star formation in the central
region, with a blue, extended disc. As the gas reservoir is de-
pleted, both the bar and bulge redden, and the disc becomes
more compact and less active. This gradual transformation ulti-
mately leads to systems resembling the barred SOs in our sam-
ple, which are gas-poor, red, and structurally more concentrated.
The continuity of colour and size trends across these populations
provides compelling evidence that bar-driven secular evolution
not only shapes bulge ages but also governs the broader mor-
phological transition from star-forming spirals to quenched SO
galaxies.
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4.3 Dependence on stellar mass

The role of stellar mass on various properties of galaxies such as
colour, size, and star formation rate is well known (C. J. Conselice
2006). The S. J. Kruk et al. (2018) sample contains galaxies of
stellar masses from 108 to 101 My, and has found that the discs
and bars are bluer for low-mass galaxies compared to massive
galaxies when using 10'%% M, as mass division. We utilized a
similar mass division for our sample galaxies across different
populations and plotted the (g — r) colour for disc (left panel),
bar (middle panel), and bulge (right panel) in Fig. 4. In general,
we found that high-mass galaxies (M, > 10'%%° M) exhibit sys-
tematically redder colours in all three components compared to
their low-mass counterparts. The shift is particularly pronounced
in bars (A(g — i) =~ 0.1-0.3 mag) and bulges (A(g — i) =~ 0.1-0.2
mag), consistent with mass-driven quenching and the buildup of
older stellar populations in more massive systems (G. Kauffmann
et al. 2003a; A. Gallazzi et al. 2005). This also mirrors the global
colour-mass relation in SDSS galaxies (I. K. Baldry et al. 2004)
and reflects the transition from star-forming to quenched systems
at the characteristic mass scale.

Unlike the spiral populations, barred SO galaxies exhibit almost
no mass-dependent colour evolution in any structural compo-
nent. Their discs maintain a constant red colour ((g — i) = 1.07)
from low- to high-mass systems, while bars and bulges become
only marginally redder (A(g — i) ~ 40.02 and +0.04 mag, respec-
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Figure 4. (g — i) colour distributions for the disc (left), bar (centre), and bulge (right) components, shown separately for two stellar-mass bins. The top
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class in each panel.

tively). This stability demonstrates that the stellar populations of
lenticular galaxies are already dominated by old stars. We found
that in massive galaxies, the stellar bars of barred SO galaxies
are markedly bluer ((g —i)= 1.11) than those of both YB-Sps
(1.24) and OB-Sps (1.32), while in low-mass systems, the SO bars
have a similar colour as OB-Sps. This striking mass-dependent
reversal indicates that bar-driven quenching operates far more
efficiently above ~ 101%2M@®, where stronger and faster bars
rapidly deplete gas along their length, producing extremely red
bars in massive spirals that still retain disc gas (S. Khoperskov
et al. 2018; T. Géron et al. 2021). Once the galaxy completes its
transformation into an S0, the gas-poor bar ages only slowly and
can be rejuvenated by late minor mergers or residual central star
formation, resulting in significantly bluer colours than observed
in massive OB-Sp bars (M. C. Eliche-Moral et al. 2018; A. Fraser-
McKelvie et al. 2018). The fact that massive SO bulges remain red
while their bars are blue can also be due to the secular origin of
these structures, with boxy/peanut pseudo-bulges and bars con-
taining a substantial intermediate-age stellar population formed
during earlier bar-induced gas inflows.

4.4 Star formation activity

Since a galaxy’s total gas mass and its global star formation rate
are correlated (R. C. Kennicutt 1998), the stellar population age
in pseudo-bulges must be shaped by the star formation rate of
a galaxy as a whole. Galaxies with higher SFRs are expected to
host younger mean stellar ages in their pseudo-bulges, as elevated
gas transport sustains prolonged or recent central star formation
activity. To further understand the possible connection and the
physical origin of the stellar age bimodality of pseudo-bulges
discussed in Section 4.1, we investigate the total star-formation
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Figure 5. sSFR versus stellar mass for barred galaxies hosting pseudo-
bulges. Young-bulge spirals are shown in blue, old-bulge spirals in red,
and barred SO galaxies in black. Horizontal dashed lines mark the divi-
sions between star-forming, green-valley, and quenched systems follow-
ing S. Salim (2014).

activity of our sample galaxies using the sSFR and the stellar mass
(M,). Fig. 5 shows the distribution of pseudo-bulge hosting galax-
ies in the sSFR-stellar-mass (M, ) plane. Both sSFR and M, are
taken from GSWLC-X2 (S. Salim et al. 2018), having 90 per cent
coverage of SDSS. Out of 677 galaxies, we are able to retrieve mass
and SFR for 609 galaxies, detailed classification is given in Table 1.

Galaxies are divided into the three categories of star-forming
(SF;log sSFR >=—10.8), green-valley (GV; —11.8 <= logsSFR <
—10.8), and quenched (Q; log sSFR < —11.8) systems, following
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Table 1. Fraction of galaxies in each subsample (spirals and SOs), classified according to their location in the SSFR-M,, plane as star-forming (SF), green-
valley (GV), or quenched (Q). This classification is available for 609 systems in total (424 spirals and 185 SOs). For the same subsamples, we also list the
fractions based on BPT emission-line diagnostics, separating galaxies into star-forming, composite, LINER, and Seyfert classes. Reliable emission-line
measurements are available for 575 galaxies (406 spirals and 169 S0s). Pseudo-bulge hosts are further divided into young (YB; D,(4000) < 1.5) and old

(OB; D,(4000) > 1.5) populations.

Morph BPT classifaction

SF GV Q SF Composite LINER Seyfert
YB-S0 14.6 2.7 1.1 8.3 8.3 00 2.4
OB-S0 9.2 33.5 39 18.3 21.3 29 12.4
YB-Sp 33.7 2.6 00 29.6 7.4 0.5 0.25
OB-Sp 17 38.4 8.3 5.7 14.5 33.7 8.4
S. Salim (2014). YB-Sps (D,(4000) <1.5) occupy predominantly
the SF region, whereas both OB-Sps and OB-S0s mostly populate " Low St::-gl:‘orming
the GV and Q sequences. Nearly 45 per cent of barred SOs lie 30.61
firmly within the quenched regime, consistent with their uni- I~
formly high D,,(4000) values. At fixed mass, OB-Sps exhibit lower §
sSFRs compared to their young counterparts, and OB-S0s’ sSSFR 5
is even lower. This scenario emerges as a connected history of E
star formation activity in the galaxy disc and in the pseudo-bulges S

across barred spiral and barred SO galaxies. Thus, the origin of
the old stellar population within OB-Sps and OB-S0 galaxies is
hypothesized to be a direct result of bar-driven gas dynamics,
leading to the eventual shutdown of star formation across the
galaxy. The Hé4 index, discussed earlier in Section 4.1, provides a
short-timescale probe of the same phenomenon. When examined
as a function of sSFR, H§,4 shows a clear anti-correlation: galaxies
with high sSFR exhibit strong Hé,4 absorption, while quenched
systems show weak Balmer features. This trend demonstrates
continuity between the spectroscopic and photometric indicators
of recent star formation. Galaxies with young pseudo-bulges,
high Hé4, and low D,(4000) occupy the star-forming main se-
quence, whereas old pseudo-bulge systems with low H§, fall
below it, reflecting a recent cessation of star formation. Thus, H§4
and sSFR jointly trace a smooth evolutionary pathway from star-
forming to quenched barred galaxies. It is also important to con-
sider the effect of the bar on the age bimodality of pseudo-bulges
in these systems. Since pseudo-bulges of unbarred spirals do not
show any age bimodality (P. K. Mishra et al. 2017b), the bars must
be playing a driving role in the age bimodality of pseudo-bulges
in barred spirals.

Since star formation in galaxies can be affected by both mor-
phology and environment, it is important to investigate the con-
nection between the age distribution of pseudo-bulges and the
environment density. Fig. 6 shows the distribution of local envi-
ronmental density (X) for the galaxies in our sample. The top,
middle, and bottom panels present the environments of SF, GV,
and Q galaxies, respectively, for YB-Sps, OB-Sps, and OB-SO0s.
Star-forming galaxies for all three subsamples mostly reside in
the low- to intermediate-density region. Since most of the YB-
Sps are star-forming, we didn’t include their distribution for the
GV subclass. Galaxies falling in the GV region show a broad
range of environments for both OB-Sps and OB-SOs. But the
fraction of quenched spirals increases with density. In contrast,
quenched OB-SOs reside in the IM to high density region, typical
of group or cluster environments. This implies that while bar-
driven processes dominate the initial quenching, environmental
effects likely accelerate the final transition of YB-Sps to OB-Sps.
Thus, environmental effects appear to play a secondary but non-
negligible role in the evolution of these systems.
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Figure 6. Local environmental density, log (Mpc*2 ), for star-forming,
green-valley, and quenched barred galaxies hosting pseudo-bulges. The
classification into star-forming, green-valley, and quenched systems is
based on the sSFR-M, separation of S. Salim (2014). Gaussian kernel-
smoothed distributions for OB-Sp, YB-Sp, and OB-SO hosts are shown
in red, blue, and black, respectively. The vertical dashed lines divide the
sample into low-density (log ¥ < —0.5), intermediate-density (—0.5 <
log ¥ < 0.5), and high-density (log £ > 0.5) environments.

4.5 Impact of presence of AGN

The evolution of galaxies is also regulated by the growth of their
central supermassive black holes (SMBHs). Gas inflow towards
the nucleus can trigger accretion onto the SMBH and ignite an
AGN (S. L. Ellison et al. 2011). During such phases, AGN can
return substantial energy to the surrounding interstellar medium,
heating or expelling gas and thereby suppressing further inflow
and central star formation, a process widely referred to as AGN
feedback. By preventing gas from cooling and accumulating in
the inner kiloparsec, AGN feedback can effectively quench star

920z 8unp gz uo Jasn soiskydonsy Jo aynnsu| uelpu Aq 26£0998/4S . B81S/b/81S/8101e/Seluw/woo dno-oiwspese//:sdny woJj papeojumoq



Age bimodality and bar-driven evolution 9

—T12.0
1.51 e YB-so ® OB-SO

% YB-Sp % OB-Sp

—— Kauffmann+03 —— Kauffmann+03 V4

== Kewley+01 R == Kewley+01 7 11.5

1.0 —* Schawinski+07 Seyfert /./ | —-+ Schawinski+07 Seyfert, e
- .
7

% . 11.0
~ _—
S 28 °
S s
1n =
= 1055
= =
5 &
< o
-
o
o

-1.0

10.0
9.5
1
Star-forming Compositel Star-forming Comp05|‘e
1
! \
9.0
-1.5 -1.0 -0.5 0.0 0.5 -1.5 -1.0 e-0.5 0.0 0.5

log1o (IN111A6584/Ha)

log1o (IN111A6584/Ha)

Figure 7. BPT diagnostic diagrams showing log ([O IIT] A5007/H) versus log ([N I1] 16584 /H) for the YB (left) and OB (right) subsamples. Individual
galaxies are colour-coded by stellar mass. Classification curves from G. Kauffmann et al. (2003b), L. J. Kewley et al. (2001), and K. Schawinski et al. (2007)
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formation both in the central region and along the bar (A. F. L.
Bluck et al. 2020; C. Lammers et al. 2023). Observational studies
indicate that the AGN fraction increases towards the transition
regime between star-forming and quiescent galaxies (K. Schaw-
inski et al. 2007, 2009), suggesting a role for AGN in mediating
this evolution. Complementary work further indicates that large-
scale bars may facilitate SMBH growth by funnelling gas towards
the nucleus, and that barred galaxies are more likely to host AGN
than their unbarred counterparts (I. L. Garland et al. 2024; V.
Marels et al. 2025; A. La Marca et al. 2026).

To identify the dominant ionization source in our sample, we
used the Baldwin-Phillips-Terlevich (BPT) diagnostic (J. A. Bald-
win, M. M. Phillips & R. Terlevich 1981), which classifies emis-
sion mechanisms based on characteristic nebular line ratios. We
adopt the standard [O 111] 25007/Hp versus [N 11] A6584/Ha flux
ratios from the MPA-JHU measurements of the SDSS spectra.
Fig. 7 presents the BPT distributions for our pseudo-bulge sub-
samples, with YB hosts shown on the left and OB hosts on the
right. The solid division in each panel (G. Kauffmann et al. 2003b)
marks the locus of star-forming galaxies. In contrast, the dashed
curve (L. J. Kewley et al. 2001) defines the theoretical upper en-
velope for pure star formation, above which AGN or other non-
stellar processes must drive ionization. The dot-dashed line (K.
Schawinski et al. 2007) separates Seyfert and LINER-like AGN.
The number of galaxies in each region is listed in Table 1.

From this classification, it is evident that the majority of YB
hosts lie below the G. Kauffmann et al. (2003b) line, consistent
with ionization dominated by star formation, with only a small
fraction hosting Seyfert2 activity. In contrast, most OB-Sp and
OB-SO systems fall above the L. J. Kewley et al. (2001) bound-
ary, indicating excitation mechanisms other than star formation.
These are predominantly LINER-like, with a minority showing
Seyfert 2 signatures. This agrees with the trends reported by K. L.
Masters et al. (2011), who found that red spirals more frequently
host LINER+Seyfert emission than blue spirals, with incidence
increasing with stellar mass. Because LINER-like emission can
also arise from photoionization by evolved stellar populations (G.

Stasinska et al. 2008; R. Cid Fernandes et al. 2011), its dominance
in OB hosts likely reflects their older central stellar populations
rather than widespread AGN activity.

5 DISCUSSION AND CONCLUSION

In this study, we have investigated the stellar populations, pho-
tometric properties, and star-formation activity of a sample of
barred galaxies drawn from the SDSS DR7, with a focus on sys-
tems hosting pseudo-bulges. By dividing the sample into barred
spirals and barred SOs, we examined how bar-driven secular
processes influence the evolution of central stellar populations
and galaxy morphology. The results presented in Sections 4.1-
4.5 reveal that pseudo-bulges in barred galaxies exhibit a pro-
nounced stellar-age bimodality, with peaks at D,,(4000)~1.3 and
~21.8, whereas barred SOs show higher D,(4000), dominated by
old stellar populations. This is closely linked to the presence
and evolutionary state of the bar and can be understood within
the framework of bar-driven secular evolution, wherein the bar
both promotes and suppresses central star formation depend-
ing on the gas content and dynamical evolution of the host
galaxy.

It is instructive to place these results in the broader context of
pseudo-bulge evolution across different galaxy populations. Pre-
vious studies have shown that pseudo-bulges in unbarred spiral
galaxies exhibit largely unimodal age distributions, whereas SO
galaxies display clear evidence of bimodality (P. K. Mishra et al.
2017b). Our results demonstrate that pseudo-bulges in barred
spiral galaxies also exhibit a pronounced bimodality in their stel-
lar populations. This indicates that bimodality is not unique to
barred systems, but can arise through multiple evolutionary path-
ways.

During the early, gas-rich phase of bar evolution, gas inflow
triggers circumnuclear starbursts and gradually builds a pseudo-
bulge through dissipative processes (J. Kormendy & J. Kennicutt
2004). The YB-Sps in our sample, characterized by low D, (4000)
values, strong H$,4 absorption, blue bulge and bar colours, and
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elevated sSFRs, fit this picture. Their properties imply active
or recently enhanced central star formation, likely sustained by
continuing bar-driven inflows. The distribution of these systems
along the star-forming main sequence suggests that the bar op-
erates as a secular regulator of gas inflow rather than a transient
instability. These galaxies are also mostly found in low-density
environments, intimating the bar-driven secular evolution of YB-
Sp galaxies.

In contrast, the OB-Sps with high D,(4000) and weak Hé4
absorption show clear evidence of quenched central regions.
Numerical simulations predict that as the bar strengthens and
the central mass concentration increases, resonances and verti-
cal heating suppress further inflow, which stabilizes or exhausts
the gas reservoir (e.g. R. Fanali et al. 2015). We also observed a
correlation between colour and structure of the morphological
components, which is in line with previous studies of barred
galaxies (e.g. D. A. Gadotti 2009; K. L. Masters et al. 2011; M. Vera
et al. 2016). K. L. Masters et al. (2011) found that the fraction of
strong bars increases among redder, more massive discs, while M.
Vera et al. (2016) showed that barred galaxies with redder bulges
tend to have smaller, less star-forming discs. Our findings extend
this picture by demonstrating that the colours of the bulge and
bar correlate directly with the stellar ages inferred from spec-
troscopic indices. The close correspondence between bulge and
bar colours suggests that both components evolve synchronously,
likely through the same secular processes. A recent simulation
study by M. Frosst et al. (2025) shows that bars can induce central
quenching by accelerating the growth of the supermassive black-
hole, which leads to feedback and eventually cessation of star
formation. From the BPT classification of our sample galaxies,
we found that only a small fraction of OB-Sps and OB-SOs host
active AGN (Seyfert type 2), which can influence the cessation
of star formation in these galaxies. A recent study of triple AGN
host barred interacting galaxy group by S. Keshri et al. (2025)
have found that ionization from an active AGN in NGC 7733
influences the star formation in the central region and leads to the
bar quenching. However, the galaxy also hosts a long and strong
bar along with a nuclear disc and pseudo-bulge, which further
suggests that bar-driven gas inflow triggers the star formation
in the central region and activates the AGN. In this study, since
very few galaxies host an active AGN, the bimodality seen in
the pseudo-bulges is likely due to bar-driven processes. Thus,
the resulting reduction in star formation leads to the formation
of a dynamically evolved, red pseudo-bulge. These OB-Sps also
host red and long bars. Observational studies have shown that
strong bars are more common in redder, more massive systems
(K. L. Masters et al. 2011; M. Vera et al. 2016), consistent with
our findings, supporting the idea that bars not only initiate bulge
growth but also accelerate its quenching. The coexistence of YB-
Sps and OB-Sps, therefore, represents different stages along a
single bar-regulated evolutionary sequence. Most of these OB-
Sps are members of the GV population, suggesting an evolution-
ary transition of SF YB-Sps to GV OB-Sps. OB-Sps are found
in IM and high-density regions, where the fraction of quenched
galaxies increases with environmental density. This suggests that
external gas depletion or environmental quenching complements
bar-driven secular evolution.

Barred SO galaxies appear to mark the terminal phase of this
process. Their uniformly high D, (4000) indices, low Hé,, and
red bulge and disc colours indicate fully quenched central re-
gions. Structurally, they are nearly indistinguishable from old
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pseudo-bulge spirals, supporting the view that gas-poor barred
spirals fade into SOs once star formation ceases across the disc (K.
Vaghmare et al. 2018). These galaxies mostly reside in group- or
cluster-like environments, where ram-pressure stripping or stran-
gulation can further hasten gas removal and disc fading, thereby
reinforcing the morphological transformation. We note, however,
that the presence of a bimodal age distribution is not unique
to barred systems, as similar behaviour has been reported in
pseudo-bulges of unbarred SO galaxies (P. K. Mishra et al. 2017b).
This suggests that while bars provide an efficient internal path-
way for regulating central star formation in spirals, environmen-
tal processes and gas depletion can also drive the evolution of
pseudo-bulges in SO galaxies.

An interesting exception to this quenching pathway is pro-
vided by SO galaxies with unusually blue or star-forming bars,
interpreted as evidence of ‘bar rejuvenation’ (S. Barway & K.
Saha 2020). These systems, typically found in group environ-
ments, may have experienced minor interactions or external gas
accretion events that briefly reignite star formation along the bar
without rebuilding a star-forming disc (e.g. S. Kaviraj et al. 2009;
S. Salim et al. 2012; H. Rathore et al. 2022). Such rejuvenation
episodes are expected to be more readily detectable in gas-poor
S0 galaxies, where even modest amounts of recent star formation
can significantly alter observed colours, whereas in spirals, on-
going star formation may mask similar signatures. These events
appear to be relatively rare and short-lived, representing pertur-
bations to, rather than reversals of, the overall quenching path-
way. They nevertheless highlight the complex interplay between
internal secular processes and external environmental effects in
shaping the evolution of barred galaxies.

Recent JWST studies reveal that bars are already present,
though rare, at z~3-4 and steadily increase in frequency, size,
and strength towards the local Universe, implying that bar-driven
secular evolution becomes progressively more important with
cosmic time (T. Géron et al. 2025; Y. Guo et al. 2025). The ris-
ing bar fractions in massive field disc galaxies in the local uni-
verse can provide the high-redshift comparison for the stellar-
population bimodality observed in local barred spirals, i.e. young,
blue pseudo-bulges versus old, quenched pseudo-bulges. A recent
study by S. Huang et al. (2025) reveals evidence of bar-driven gas
inflows towards the galactic centre, fuelling intense central star
formation in a galaxy observed only 2.8 billion years after the Big
Bang. These findings indicate that bar-driven secular evolution
was already active in the early Universe. The JWST detection of
early bars suggests that the younger pseudo-bulges correspond to
systems where bar-driven inflows remain active, consistent with
the intense central star formation seen in our low-D,,(4000) pop-
ulation. Conversely, the persistence of strong bars across cosmic
time, together with their growth towards lower redshift, supports
a scenario in which bars later suppress star formation by sta-
bilizing or depleting central gas, resulting in the old, quenched
pseudo-bulges that dominate barred SO galaxies. Environmental
results from JWST cluster studies (J. Méndez-Abreu, L. Costantin
& S. Kruk 2023) further show that bar formation is inhibited in
low-mass cluster discs, explaining why quenched pseudo-bulges
in SO galaxies are primarily associated with massive, long-lived
bars. Together, these findings suggest that bars drive a two-phase
bulge-evolution pathway, characterized by early growth through
gas inflow and later quenching via secular dynamical processes,
thereby linking high-z barred progenitors to the diverse pseudo-
bulges observed today.
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IFU studies of nearby barred galaxies, particularly from the
TIMER survey using MUSE (D. A. Gadotti et al. 2020; C. Sa-
Freitas et al. 2023), reveal that bar-driven gas inflow towards
the central region results in the formation of rotationally sup-
ported nuclear discs, whose sizes, rotation support, and stellar
populations scale with bar length and evolutionary stage. These
findings align closely with our analysis. TIMER results show
that older, longer bars typically host larger and more evolved
nuclear discs, supporting a secular evolutionary sequence in
which bars first funnel gas inward to assemble a young pseudo-
bulge, and subsequently stabilize or deplete the central gas reser-
voir, leading to quenching. A recent study by Z. A. Le Conte et
al. (2026) reports the discovery of a nuclear disc at Cosmic Noon,
providing compelling evidence for bar-driven galaxy evolution at
early epochs. The presence of ongoing star formation and com-
paratively younger stellar populations within the nuclear disc
strongly indicates efficient bar-driven gas inflow. These findings
reinforce the role of bars in accelerating the secular evolution and
fast maturation of galaxy discs and bars at Cosmic Noon. In this
framework, the bimodal pseudo-bulge age distribution we ob-
serve naturally reflects distinct phases of bar-driven evolution: an
early growth phase and a later quenching phase. Combined with
recent JWST detections of bars out to z~4, which indicate that
bars become increasingly common and dynamically influential
over cosmic time, a coherent picture emerges in which bar-driven
inflow, nuclear disc formation, and eventual central quenching
together shape the pseudo-bulge population observed in the local
Universe.

Taken together, the evidence indicates that bars play a dual
role in galaxy evolution: they first act as conduits for inflow-
ing gas that stimulate central star formation and pseudo-bulge
growth, and subsequently become agents of quenching once the
inflowing material is consumed or dynamically stabilized. When
combined with environmental gas depletion, this process natu-
rally links gas-rich barred spirals hosting young pseudo-bulges
to gas-poor barred SOs with old, passively evolving bulges. Bars
thus emerge as key drivers of both the formation and cessation
of central star formation, providing a coherent secular pathway
connecting blue, star-forming discs to red, quenched SO galaxies.
Testing this evolutionary framework requires spatially resolved
observations of stellar populations and gas kinematics. IFU ob-
servations from Mapping Nearby Galaxies at Apache Point Obser-
vatory (MaNGA), Sydney-AAO Multi-object Integral-field spec-
trograph Galaxy Survey (SAMI), and Very Large Telescope-Multi
Unit Spectroscopic Explorer (VLT-MUSE) can trace stellar age
and metallicity gradients across bars and bulges, directly probing
inflow-driven star-formation histories. Complementary molecu-
lar gas mapping with Atacama Large Millimeter/submillimeter
Array (ALMA) will quantify the gas content and dynamics in both
star-forming and quenched bars. Together, these datasets will
determine whether bar-induced quenching proceeds via gradual
gas exhaustion or dynamical stabilization, thereby constraining
the full timeline of secular evolution of pseudo-bulges from blue
barred spirals to red barred SO galaxies.
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