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ABSTRACT

We present the first results from the SMUGGLE-Ring project, a suite of simulations employing the Stars and MUItiphase Gas in
GaLaxiEs (SMUGGLE) interstellar medium (ISM) and stellar feedback model to explore nuclear structures in Milky Way-mass
galaxies. We discuss the results from three simulations evolved for 5 Gyr in isolation, in which we vary the classical bulge mass
while keeping the disk and halo structures identical. Nuclear stellar disks and rings emerge exclusively in our bulge models, with
more massive bulges associated with earlier formation and more extended initial gas reservoirs shortly after bar formation. After gas
depletion via active star formation, the nuclear stellar disks bifurcate into pressure-supported nuclear star clusters (NSCs; v, /og < 0.7)
and rotationally supported nuclear stellar rings (NSRs; vy/0gr = 1.2-1.7, radii 0.64-0.76 kpc). In our bulgeless model, stellar feedback
more effectively disrupts and delays the buildup of stable nuclear gas disks. The enclosed stellar mass of NSCs (~10° M) dominates
over that of NSRs (~10® M,). The star formation rates decline over time due to gas depletion (NSCs 0.1-1 Mg yr~!, NSRs 0.01—
0.1 Mg yr~!). Kinematics reveal outward-shifting rotation peaks with o-drops in NSRs, while a fraction of stars in NSCs exhibits
radial shift after 3 Gyr. These findings support inside-out NSD formation via secular bar evolution, with NSRs tracing the star-
forming outer edge of the nuclear gas disk and NSCs forming the kinematically hotter inner component. The range of nuclear stellar
disk sizes (0.25-0.76 kpc) falls within the observationally inferred ranges, but the existence of larger rings would require external
gas flow and/or a longer period of evolution. Future SMUGGLE-Ring extensions will incorporate varying gas fractions, tidal-merger
effects, and the circumgalactic medium to further investigate nuclear diversity and outliers.
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1. Introduction

Stellar bars are a prevalent feature in disk galaxies throughout
the local Universe, with observations indicating that approxi-
mately 60% of nearby disk galaxies possess bars (Eskridge et al.
2000; Whyte et al. 2002; Menéndez-Delmestre et al. 2007,
Marinova & Jogee 2007; Wang & Zhou 2025). As rotating non-
axisymmetric components, bars exert a significant influence
on the secular evolution of their host galaxies by redis-
tributing angular momentum between the disk and halo.
This induces substantial gas inflows toward the central
regions, shaping the morphological and dynamical characteris-
tics of galactic centers (Combes & Gerin 1985; Athanassoula
1992; Combes & Elmegreen 1993; Buta & Combes 1996;
Athanassoula et al. 2013; Seo et al. 2019). Through these mech-
anisms, bars drive the emergence of diverse nuclear structures,

* Corresponding author: skwak@aip.de

including nuclear stellar disks (NSDs), nuclear stellar rings
(NSRs), and nuclear star clusters (NSCs), all of which prove
essential for investigating the complex processes at play in the
galactic center (Schultheis et al. 2025). NSDs consist of rotation-
ally supported, kinematically cold stellar populations that remain
distinct from classical bulges and the bars themselves, frequently
serving as sites of ongoing star formation (Bittner et al. 2020;
Gadotti et al. 2020). NSRs, which are primarily gaseous and
actively star-forming, typically emerge at the outer peripheries
of NSDs, whereas NSCs form highly dense, pressure-supported
stellar components at the galactic core (Neumayer et al. 2020;
Erwin 2024; Gleis et al. 2026). The exact formation of NSCs is
still an active area of research, but two primary mechanisms are
(1) the spiraling of star clusters and (2) in situ formation via
gas inflow, which is more common in more massive galaxies
(Fahrion et al. 2022, 2024). For instance, Nogueras-Lara et al.
(2023) suggested that nuclear structures in the Milky Way
might have originated from a single progenitor structure, but the
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scaling relations of NSC and NSD by Gadotti & de Sa-Freitas
(2025) find no indication that these nuclear structures share the
same assembly history.

Empirical evidence demonstrates that NSDs are com-
mon in barred galaxies (Kormendy 1982; Gadotti et al.
2019, 2020), also appearing in early-type barred galaxies
(van den Bosch et al. 1998). Their sizes typically range from 0.1
to 1 kpc with stellar masses on the order of 10° M, (Gadotti et al.
2019; Bittner et al. 2020). In the TIMER survey and other stud-
ies (Erwin 2024), NSDs have been identified frequently in the
barred galaxies examined, featuring comparatively young stellar
populations, higher metallicities, and decreasing [a/Fe] abun-
dances with increasing radius, all of which support the notion
of inside-out formation (Gadotti et al. 2019, 2020; Bittner et al.
2020). In the PHANGS-ALMA dataset, NSRs exhibit median
radii around 0.4 kpc and star formation rates (SFRs) averaging
~0.1 Mg yr~!' (Gleis et al. 2026). While NSDs are found in a
wide range of galaxy types, including SO and early-type galaxies
(van den Bosch et al. 1998; Erwin et al. 2021; Schultheis et al.
2025), they are notably absent in very late-type galaxies (Erwin
2024). These patterns imply that the presence of a central
spheroidal component may contribute to the formation and
growth of nuclear structures, while environmental conditions,
such as isolated fields versus dense clusters, may additionally
shape their evolutionary trajectories (Erwin et al. 2021).

In the Milky Way, the NSD is particularly compact, with a
radius of approximately 0.1 kpc (Schultheis et al. 2025), exhibit-
ing a kinematic parameter vy/0- of roughly 1.4 (Sormani et al.
2022; Shahzamanian et al. 2022). The effective range of NSD
encompasses a prominent NSC and maintains an intimate asso-
ciation with the Central Molecular Zone (CMZ; Zoccali et al.
2024). Comprehensive mappings of kinematic and metal-
licity gradients within the NSD (Nogueras-Lara etal. 2023;
Schultheis et al. 2026; Ryde et al. 2025) reinforce the hypoth-
esis of inside-out growth, as the NSD remains chemody-
namically distinct from the surrounding bar and bulge stars
(Nogueras-Lara et al. 2024). The observed characteristics in the
Milky Way indicate that bar-driven gas accumulation serves as
a dominant process of the CMZ formation, so understanding
the chemodynamical properties and formation epoch of NSCs
and NSDs would also provide insights into the origin of nuclear
structures and subsequent bar evolutionary history of the Milky
Way (Spitoni et al. 2026).

Recent observational work has also provided strong evi-
dence for the existence of a pressure-supported spheroidal bulge
component in the Milky Way. Using field stars, Nepal et al.
(2026) robustly identified a chemically and kinematically dis-
tinct spheroidal population coexisting with the bar and the disk.
Their analysis also indicated that the Galactic bar has dynami-
cally influenced the spheroidal bulge, inducing a mild triaxial-
ity and radial extension. In addition, they identified stars on x4
orbits that likely originate from the early spheroidal component
because they share similar chemical signatures with the bulge
population. These findings provide observational support for the
presence of an early-formed spheroidal bulge whose interaction
with the later bar evolution may play an important role in shap-
ing the nuclear structures of the Milky Way, and other galaxies.

Theoretical studies propose that bars direct gas flows inside
the inner Lindblad resonances (ILRs), but not specifically at
a certain resonance (Kim etal. 2012a), allowing the gas to
settle into x2 orbits as rings or disks where gravitational
torques equilibrate, potentially inside the radial extent of the
minor axis of bars (Athanassoula 1992; Combes & Elmegreen
1993; Athanassoula et al. 2013). The presence of a classical
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bulge alters the rotation curve in the inner region, provides
a strong central gravitational potential, and creates dual ILRs
(Combes & Elmegreen 1993; Pettitt & Wadsley 2018). Simula-
tions of nuclear rings in barred galaxies without a classical
bulge show that stellar feedback scatters central gas concen-
trations, potentially delaying the formation of nuclear struc-
tures (Seo et al. 2019). Such feedback could even destroy the
nuclear bar (Li et al. 2023). However, it becomes puzzling that
the bulge and gas in disk galaxy simulations are known to
weaken the influence of bars while observations indicate that
nuclear disk formation is directly related to bar evolution.
The existence of a massive central spheroidal component with
high concentration is known to stabilize the disk against bar
formation (Athanassoula & Misiriotis 2002; Kwak et al. 2017,
Kataria & Das 2018; Jang & Kim 2023). In addition, the inclu-
sion of a gas component attenuates bar formation and growth
by hindering angular momentum exchange (Seo etal. 2019;
Beane et al. 2023; Bland-Hawthorn et al. 2024). Given the com-
plex interplay of these effects, the impact of classical bulge
mass on bar and nuclear ring formation has not been thoroughly
explored.

For this paper we investigated the formation and evolution of
the nuclear disks, NSRs, and NSCs in bar-forming disk galaxies
by evolving galaxy models with the SMUGGLE model (Stars
and MUltiphase Gas in GalaxiEs, Marinacci et al. 2019). By
varying the mass of the classical bulge in identical disk and halo
density structures, we examined the effects of bulge mass on the
size and kinematics of the nuclear disk and ring. Section 2 out-
lines the simulation techniques and initial configurations. The
principal outcomes are detailed in Sect. 3. The discussion and
summary appear in Sect. 4.

2. Method
2.1. SMUGGLE-Ring project

This study serves as the first stepping stone for the SMUGGLE-
Ring project by demonstrating the role of a classical stellar bulge
on the size of the nuclear disk and ring in three bar-forming disk
galaxies. Throughout the SMUGGLE-Ring project, we plan to
conduct an extensive set of hydrodynamics simulations of bar-
forming galaxies with various initial conditions and mass resolu-
tions. This project comprehensively examines nuclear structures,
such as nuclear rings, nuclear disks, and NSC (Bittner et al.
2020; Erwin 2024; Fahrion et al. 2022, 2024; Gadotti et al. 2019,
2020; Gadotti & de Sa-Freitas 2025; Nogueras-Lara et al. 2023,
2024; Schultheis et al. 2021, 2026, 2025; Gleis et al. 2026). We
aim to investigate the different evolutionary paths induced by
multiple factors, including disk and bulge properties, gas frac-
tion, the presence of a circumgalactic medium (CGM), and var-
ious merger scenarios. For better treatments of hydrodynamics
and stellar feedback, we evolve those initial conditions using
the interstellar medium (ISM) and stellar feedback model model
SMUGGLE (Marinacci et al. 2019), which demonstrates con-
vergence with resolution (in the range 10°~10° Mg, for baryon
mass resolution) in observed star formation and has been
adopted to study various topics in galaxy formation and evolu-
tion (Kannan et al. 2020; Burger et al. 2022; Beane et al. 2023;
Li et al. 2020, 2022, 2023; Smith et al. 2022; Sivasankaran et al.
2022, 2025, 2026; Tacchella et al. 2022; Narayanan et al. 2023;
Barbani et al. 2023, 2025; Li et al. 2024; Zhang et al. 2024a,b,
2025).

The SMUGGLE model introduces a multiphase ISM with
realistic physics, thereby enhancing the accuracy of galaxy
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evolution simulations (Marinacci et al. 2019). This framework
overcomes limitations of traditional effective equation-of-state
models, which artificially pressurize dense gas and produce
unresolved disk structures and overly smooth ISM morpholo-
gies (see, e.g., Benitez-Llambay etal. 2018). Stellar feed-
back in SMUGGLE simultaneously regulates star formation
and generates the hot, warm, and cold phases of the ISM
(McKee & Ostriker 1977). It achieves this through three key
features: (i) local feedback (energy and momentum injection
tied directly to star particles, with no decoupled wind parti-
cles), (ii) self-consistent generation of outflows, and (iii) explicit
resolution of the multiphase structure of the ISM, in partic-
ular its dense phase at n > 0.1cm™ — the density thresh-
old at which sub-grid models impose an effective equation of
state (Springel & Hernquist 2003; Vogelsberger et al. 2014a,b;
Nelson et al. 2019; Pillepich etal. 2018, 2019; Grand et al.
2017, see also Vogelsberger et al. 2020 for a detailed review of
the numerical methods). These features are essential for realis-
tic galaxy evolution and detailed substructure formation, while
accurately predicting ISM turbulence and outflows.

SMUGGLE is implemented in the AREPO code, a
moving-mesh framework that combines the strengths of
Lagrangian and Eulerian methods for hydrodynamics and grav-
ity (Weinberger et al. 2020). AREPO employs a finite-volume
solver on an unstructured Voronoi mesh that adapts to gas
flows, ensuring Galilean invariance and high accuracy in cap-
turing shocks and instabilities (Springel 2010; Pakmor et al.
2016). Gravity is handled via a standard oct-tree algorithm
(Barnes & Hut 1986), allowing efficient computation over large
volumes. This setup is ideal for our goals, as it facilitates high-
resolution simulations of Milky Way-like galaxies while main-
taining numerical stability. Unlike fixed-grid codes, AREPO’s
mesh motion reduces advection errors, enabling detailed track-
ing of multiphase gas interactions without artificial diffusion,
which is essential for modeling realistic ISM structures.

Cooling and heating processes in SMUGGLE are modeled
to achieve low-temperature gas phases necessary for molec-
ular cloud formation and star formation. Primordial cooling
includes hydrogen and helium two-body processes, Compton
cooling off the CMB, and photoionization from a uniform
UV background (Katz et al. 1996; Ikeuchi & Ostriker 1986;
Faucher-Giguere et al. 2009). High-temperature metal-line cool-
ing is tabulated from CLOUDY calculations (Ferland et al.
1998), scaled by gas metallicity (Vogelsberger et al. 2013). For
low temperatures (T < 10*K), fine-structure and molecular
cooling are fitted from CLOUDY tables (Hopkins et al. 2018b),
with self-shielding corrections suppressing UV impacts at high
densities (n = 107> cm™3; Rahmati et al. 2013). Additional heat-
ing from cosmic rays (Guo & Oh 2008) and photoelectric effects
on dust grains (Wolfire et al. 2003) stabilizes the cold and warm
ISM phases (Field et al. 1969; Wolfire et al. 1995). This network
allows gas to reach ~10K, producing dense gas regions critical
for realistic star formation.

Star formation in SMUGGLE follows a stochastic, prob-
abilistic approach, converting gas cells into stellar particles
based on a density threshold and gravitational boundedness.
Eligible gas must exceed ng = 100cm™, typical of giant
molecular clouds (Ferriere 2001), and have a virial parame-
ter @ < 1 to ensure collapse overcomes thermal and kinetic
support (Semenov et al. 2017; Hopkins et al. 2018b). The SFR
is My = €Mgy/tagn, with efficiency € = 0.01 aligned
with observations (Krumholz & Tan 2007), and dynamical time

fagn = +/37/(32Gpgss). Optionally, SFR can be scaled with
molecular fraction fy, of the gas cell (McKee & Krumholz

2010; Krumholz & Gnedin 2011; Bigiel etal. 2008). Stellar
particles represent simple stellar populations with a Chabrier
IMF (Chabrier 2001), formed probabilistically to match the
local SFR, inheriting phase-space from parent gas cells
(Springel & Hernquist 2003; Vogelsberger et al. 2013).

Stellar feedback in SMUGGLE encompasses supernovae
(SNe), radiative processes, and winds from OB and AGB stars,
regulating ISM dynamics and outflows. SN feedback injects
energy and momentum locally, boosting momentum to its ter-
minal value during the unresolved Sedov-Taylor phase to cap-
ture blast wave expansion (Martizzietal. 2015; Cioffi et al.
1988; Hopkins et al. 2018a). Type II and Ia SNe are modeled
with Poisson-sampled discrete events, using IMF integration
and a delay-time distribution, respectively (Vogelsberger et al.
2013, for more details). Momentum is distributed radially to
neighboring cells via solid-angle weights, limited by a user-
defined superbubble radius to avoid artificial over-coupling
(Mac Low & McCray 1988; Weaver et al. 1977). Radiative feed-
back from young massive stars includes photoionization, impos-
ing a 1.7 x 10*K temperature floor probabilistically in H II
regions (Rybicki & Lightman 1986), and radiation pressure with
IR optical depth for multiple scatterings in dense gas (kg =
10(Z/Zs) cm? g~!; Agertz et al. 2013; Hopkins et al. 2018b). OB
winds preprocess the gas surrounding young stars before the
onset of SNe (Matzner 2002; Krumholz & Matzner 2009),
with momentum injection and mass loss parameterized using
metallicity-dependent fits (Hopkins et al. 2018a; Marinacci et al.
2019). AGB winds inject energy both before and after SNe
(Agertz et al. 2013), and the stellar evolution model for AGB
stars is parameterized as described in Vogelsberger et al. (2013).
These channels collectively drive turbulence and outflows, pro-
ducing galactic winds and regulating star formation (Li et al.
2017), as is also shown in similar models (e.g., TIGRESS,
Kim & Ostriker 2018).

2.2. Initial conditions

Our initial conditions consist of a disk and a halo that are com-
parable to those of a Milky Way-mass galaxy. The mass of a
classical bulge is the only property that is varied to study its
effects on bar formation and the ensuing nuclear ring forma-
tion. The disk includes a stellar and a gaseous disk. We first con-
struct the collisionless disk-halo systems for our galaxy models
using the GALIC code (Yurin & Springel 2014), which is pub-
licly available. GALIC iteratively modifies the velocities of parti-
cles to achieve equilibrium for a specified density structure. We
then convert a fraction of the stellar particles into gas particles to
construct gaseous disks of our initial conditions.

The density distribution of the entire disk component is given
by

Md R [ <
R,7) = ——exp|——sech”|—|,
palR2) 4nzaR% p( Rd) (Zd)

where M, is the total mass of the disk, z; is the vertical scale
height, and R, is the radial scale length, which is determined
by the disk spin parameter introduced in Mo et al. (1998). Here,
R and z denote the radial and vertical distances in cylindrical
coordinates, respectively. For our galaxy models, we assign R; =
3.0kpe with R;/zs = 10 comparable to the Milky Way’s size.
We assign M, = 6 x 10'" M, and specify the velocity anisotropy
parameter fz = 03/02 in GALIC, fixing fz = 1.4 for all models.
This initial choice of fz is lower than the observed values of fz ~
4 for the Milky Way in the solar neighborhood (Sharma et al.
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2014; Guiglion et al. 2015), as we aim to generate cold disks that
form a bar in isolation. The bar formation leads to an increase in
or (Kwak et al. 2017; Seo et al. 2019), gradually approaching
the observed value in the Milky Way (Seo et al. 2019).

To construct the collisional gas disk, we convert 5x10° M, of
the stellar disk particles into gas particles, setting the gas fraction
My/M; =~ 9.1% or My/(M; + M) ~ 8.3% in all models, where
M, and M are the masses of the gas disk and stellar disk, respec-
tively. This choice is motivated by the observed gas fractions
in Milky Way-mass galaxies, which are typically <10% (Sage
1993; Leroy et al. 2009; Saintonge et al. 2011; Papovich et al.
2016). Thus, the stellar disk has M; = 5.5 x 10'°M,, and the
gas and stellar disks share the same density structure. To assess
the impact of initial relaxation, we evolve the system without
star formation for 0.1 Gyr, which is similar to the approach in
Seo et al. (2019), to allow it to gradually relax into a quasi-
equilibrium state before enabling star formation. We note that
Seo et al. (2019) reduced the scale height of the gas disk from
0.3kpc to 0.1kpc before performing the relaxation process,
whereas our gas disk initially has the same scale height as the
stellar disk, resulting in a small offset from equilibrium. Fur-
thermore, the stellar feedback included in SMUGGLE generates
galactic outflows and bubbles (Marinacci et al. 2019; Li et al.
2024) shortly after star formation is activated. Combined, these
factors render the effect of the quasi-equilibrium relaxation step,
as in Seo et al. (2019), negligible in our simulations.

The dark matter (DM) halo is spherically symmetric and fol-
lows a Hernquist (1990) profile

Mpm  a
2n r(r+ ap)?’

pom(r) = 6]
where ay, is the scale length of the halo and Mpy, is the total mass.
The scale length of the DM halo depends on the concentration
parameter c¢ as

r c 172
ap =221 +¢)- —|
c 1+c

2
where 1y is the virial radius (Springel et al. 2005). In all mod-
els, we fix the halo concentration and the total mass of the dark
matter as ¢ = 14 and Mpy = 1.14 x 10'> M. The choice of ¢
falls within the range inferred from the Aquarius and TNG sim-
ulations (Springel et al. 2008; Bose et al. 2019).

For the stellar bulge, we also adopt a Hernquist profile given
by
ap

M,
op(r) = =2 3)

21 r(r + ap)?
The bulge scale length g, is fixed at 0.40 kpc, which corresponds
to a 3D half-mass radius of ~0.97 kpc (the 2D projected effec-
tive radius is ~0.73 kpc). This bulge size is consistent with the
scaling relations between classical bulge effective radius and
galaxy stellar mass for Milky Way-mass disk galaxies (Gadotti
2009). The bulge mass is the only variable in our models. As
shown in Table 1, we include one bulgeless disk-halo model,
r1c14b00, while r1c14b05 and r1c14b10 have bulge masses of
2.5%10°, Mg and 5.0% 10°, Mo, respectively. These masses cor-
respond to bulge-to-disk ratios of B/D ~0.045 and 0.091, which
lie well within the observed range for late-type barred galaxies
(Gadotti 2009) and are consistent with the mean classical bulge-
to-total stellar mass ratio of ~0.06 reported for barred SO—Sb
galaxies (Erwin et al. 2015).

All models share the same baryonic mass resolution of
10* Mg, and DM resolution of 10° M. Since the bulge mass is
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Table 1. Galaxy models.

Model My, B/D Q, ([f) RCR(lf) Rl‘ing(tf)
[10° Mo] [kms~'kpc™!] [kpc]  [kpc]
rlc14b00 0 0 35.8 44 no ring
rlc14b05 2.5 0.045 423 39 0.64
rlc14b10 5.0 0.091 48.7 3.6 0.76

Notes. Column (1) is the model name, Col. (2) gives the bulge mass,
and Col. (3) is the bulge-to-disk mass ratio (B/D). Columns (4) and (5)
are the bar pattern speed and corotation radius at £, = 5 Gyr. Column (6)
is the radius of the nuclear ring calculated from its center of mass. The
bulge mass is the only variable in this work. The time evolution of bar
pattern speed is shown in Fig. A.2.

the only variable, all models have the same number of stellar
disk, gas disk, and DM particles: N, = 5.5 X 100, Ny =0.5X 100,
and Npv = 11.4 x 10°. The number of particles in the stellar
bulge N, is 0, 2.5 x 10°, and 5.0 x 10° for models r1c14b00,
r1c14b05, and r1c14b10, respectively. The mass ratio between
baryon and DM particles is 10 in all models to prevent the grav-
itational heating triggered by massive DM particles (Kwak et al.
2025, 2026). The gravitational softening length for stellar par-
ticles, including newly formed stars, is 0.03 kpc, while that for
DM particles is 0.42 kpc based on the mean particle separation
within the scale radius. The minimum adaptive softening length
for gas cells is 0.01 kpc. We refer to the stellar particles dis-
tributed in the initial conditions as initial stars and to the newly
formed stars as new stars. All three models are evolved for 5 Gyr
in isolation, without additional gas and external perturbations.
The final values of properties such as bar pattern speed, corota-
tion radius, and ring size are listed in Table 1.

3. Results
3.1. Bar formation

To trace the formation and evolutionary path of bars, we calcu-
late their strength using Fourier analysis:

Xjpjem
2iHj

Here u; and ¢; represent the mass and azimuthal angle, respec-
tively, of the jth particle in an radial annulus of width AR =
0.02kpc, m is an integer that denotes the multipole order, and
we calculate m = 2 to focus on the bar mode within 8 kpc.

Figure 1 illustrates the time evolution of the radial distribu-
tion of the Fourier mode F, (m = 2) over 5 Gyr. The F, mode
has been computed for the initial stars in the disk component.
To ensure that the same color corresponds to the same value
for ease of comparison, the color distribution in the color bar
is fixed for each component across all models. For example,
all values above 0.15 are shown in red. Soon after the evolu-
tion begins, non-axisymmetric structures appear throughout the
disk region due to disk instabilities. These turn into a stable bar
structure around 1 Gyr (see also Fig. A.1). Since our stellar disk
is dynamically cold and unstable to bar formation, the bar for-
mation epoch is nearly identical in all three models, regardless
of bulge mass. After that, non-axisymmetric structures such as
spiral arms diminish, especially in the outer region.

The inner radial region in Fig. 1 with F, > 0.15 (red color)
is taken to define the bar region. Its radial extent, however, is not
constant, but fluctuates with time. During episodes of bar—spiral

Fn(R) = “



Kwak, S., etal.: A&A, 711, A295 (2026)

7

Y 6

5
34 0.27

<5
1 0.24
0.21

7
5 6 0.18

a5
X g 0.15

x>
14" 0.12

0.09

0.06

R [kpc]
HFNWhUIOON

0.00

t[Gyr]

Fig. 1. Distribution of the Fourier mode m = 2 within 8 kpc, illustrated
by the time evolution of the radial Fourier distributions for each model.
The time interval between snapshots is 0.01 Gyr. To ensure that the same
color corresponds to the same value for ease of comparison, the color
distribution in the color bar is fixed for each component across all mod-
els, so all values above 0.15 are shown in red. Only the initial stellar
disk particles are selected to calculate the Fourier mode m = 2, after
excluding the initial classical bulge component. The radial profiles of
the m = 2 modes at representative times are presented in Fig. A.1.

mode coupling, the apparent bar length can extend by a few kilo-
parsecs and vary on a dynamical timescale comparable to the
bar—spiral beat period (Minchev & Famaey 2010; Quillen et al.
2011; Marques et al. 2025). The minimum extent of these fluc-
tuations then provides a better estimate of the underlying bar
length (Hilmi et al. 2020).

Overall, the radial range effectively influenced by the bar
with F, > 0.15 decreases as the bulge mass increases
across the models. For instance, the red region in model
rlcl14b10 with the most massive bulge covers less than 4 kpc
while the bulgeless model r1c14b00 extends beyond 4 kpc.
The presence of a massive spheroidal component such as
a dark matter halo is known to stabilize the disk against
bar instability (Athanassoula & Misiriotis 2002; Kwak et al.
2017). In our models with the same halo concentration, the
classical bulge enhances such stabilizing effects by increas-
ing central mass concentrations of spheroidal components
(Kataria & Das 2018; Jang & Kim 2023). Consequently, bars
become weaker and shorter with a more massive bulge. A
shorter bar that forms under a more massive bulge tends to
rotate faster (Combes & Elmegreen 1993; Athanassoula 2003;
Kataria & Das 2019; Jang & Kim 2023). Thus, model r1c14b10
exhibits the highest bar pattern speed among our models by the
end of the evolution (see Table 1 and Fig. A.2).

Figure A.1 shows the radial profile of the bar strength taken
at representative times. The maximum strength ranges from
F5 = 0.25 to 0.30. Once the bars form around 1 Gyr, their peak
strength slightly decreases by the end of the simulation. How-

ever, the overall shapes of the radial distributions are similar as
a function of time. We measure the outer radii where F, = 0.15
intersects with the radial profiles of F, at each time. In the bul-
geless model, these radii reach 3.2—4.1 kpc. In contrast, the radii
range from 2.1 to 2.7 kpc in the model with the most massive
bulge. As the bar gradually weakens over time, the intersecting
radii decrease in all models.

In addition to the influence of the classical bulge, the gas
component in our models contributes to the formation of rel-
atively weak and short stellar bars compared to those in col-
lisionless systems. In gas-free N-body simulations, bars grow
stronger and their pattern speeds decelerate significantly through
angular momentum transfer to the DM halo (Athanassoula 2002;
Kwak et al. 2017, 2019; Jang & Kim 2024; Jang et al. 2025).
However, the gas disk suppresses bar formation by damping disk
instabilities and angular momentum transfer, yielding weaker
and shorter bars (Athanassoulaetal. 2013; Seoetal. 2019;
Lokas 2020). Moreover, gas mitigates not only bar strength
but also the impact of vertical buckling instabilities (Seo et al.
2019; Lokas 2020). In highly turbulent, gas-rich environments,
increased gas fractions can even dissolve bars via enhanced dis-
sipation, transforming them into central bulges as star formation-
driven kinematic heating disrupts non-axisymmetric features
(Bland-Hawthorn et al. 2024). Similar progressive weakening
and shortening of bars appear in Beane et al. (2023), which
employs the SMUGGLE model for their Milky Way-like galax-
ies with varying gas fractions. As a result, the bars in our mod-
els are weaker than in gas-free N-body simulations, exhibiting a
gradual decline in both length and strength over time.

Another effect of the presence of a gas component is that the
bar pattern speed does not decrease. The pattern speed remains
nearly constant in our models (see Fig. A.2). Such constant pat-
tern speeds induced by the gas disk have also been reported
in previous studies (Friedli & Benz 1993; Berentzen et al. 2007,
Villa-Vargas et al. 2009, 2010; Athanassoula 2014; Beane et al.
2023). According to Beane et al. (2023), this constancy arises for
the following reasons. First, the positive torque from infalling
gas prevents the bar from slowing down rapidly. As a result,
the resonant phase space in the halo at a given pattern speed
becomes mixed and unable to sustain a negative torque. Second,
the ongoing positive torque from the gas increases the pattern
speed once more. At these elevated speeds, the halo remains
unmixed, allowing it to reimpose a negative torque on the bar.
Consequently, the pattern speed stabilizes at a slightly higher
value where the gas and halo torques balance. Over time, this
leads to a gradual increase or a nearly constant speed in the bar
rotation. Higher gas fractions amplify this effect and provide a
natural explanation for why most observed bars, including the
Milky Way’s, are fast rotators (Gerhard 2011; Portail et al. 2017;
Barbuy et al. 2018; Bovy et al. 2019), although the estimation of
the pattern speed depends on the assumed bar length (Hilmi et al.
2020).

3.2. Nuclear disk and ring formation

After the bar formation, we observe the formation of NSRs in
the models that include a classical bulge. Figure 2 shows face-
on images of the superimposed surface density distributions of
gas and stars within a 15kpc box at 2.5 Gyr. Young stars are
overlaid: blue points represent those with ages between 0.01
and 0.1 Gyr, while purple points represent stars younger than
0.01 Gyr at the chosen simulation time. The separate surface
density distributions of gas and stars, along with stacked images
both with and without young stars, are presented in Fig. A.3
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Fig. 2. Face-on projections of the stacked surface density distributions of stars and gas in the X-Y plane within a 15 x 15 kpc? box at 2.5 Gyr for
the models r1c14b00, r1c14b05, and r1c14b10 (from left to right). The yellowish-brown colors represent the stellar distribution, while the dark
regions indicate the gas distribution. The overlaid blue and purple points mark young stars with ages 0.01 < f,,c < 0.1 Gyr and #,ec < 0.01 Gyr,
respectively. The same projections at 1, 2, 3, 4, and 5 Gyr are shown in Fig. 4. The separate surface density distributions of stars and gas are

presented in Fig. A.3.

for model r1c14b05. The distribution of young stars (blue and
purple) resembles the NSR and traces the gaseous spiral arms
beyond the bar, forming a void region of young stars between
the bar ends and the NSRs. Interestingly, classical Cepheids,
which serve as young stellar tracers (Bono et al. 2005, 2024;
Nunnari et al. 2026), are also found in either the inner disk or
outside the bar region in the Milky Way (Inno et al. 2019).

New stars are born preferentially along the spiral arms of
the gaseous disk and in the central gas disk. Stellar feedback
is particularly prominent in these regions, which carves out
low-density cavities through the combined effects of radiation
pressure and supernova explosions in the SMUGGLE model
(Marinacci et al. 2019). Over time, the gas distribution becomes
increasingly structured with dense, actively star-forming regions
surrounded by lower-density cavities. Such morphology — which
can be clearly observed in Fig. A.3 — resembles the gas dis-
tributions of galaxies observed by JWST in nearby galaxies
(Williams et al. 2024) with visible supernova cavities and out-
flows.

As the stellar bar rotates, it perturbs the gaseous medium,
inducing angular momentum loss and driving inward mass flows
that form dust lanes (Combes & Gerin 1985; Shlosman et al.
1989; Athanassoula 1992; Combes & Elmegreen 1993;
Heller & Shlosman 1994; Kim et al. 2012b; Kim & Stone 2012;
Seoetal. 2019). Figure 3 presents the face-on projections
of the gas distribution within a 15kpc box at 1, 2, 3, 4, and
5 Gyr, with model names labeled above each column. The
final column provides a zoomed-in view of model rlc14b10
within 6kpc, using a different color scale with the color bar
at the bottom. At 1Gyr, in the early stage of the bars, only
model rlcl14b10 with the most massive classical bulge begins
forming a central gas disk. By 2 Gyr, a similar structure emerges
in model r1c14b05 with a less massive bulge. These nuclear
gas disks form as a combined result of accreted gas via non-
axisymmetric features and pre-existing gas in the central region.
Over time, these central gas disks become more prominent,
while the gas distribution in the bar region fades due to mass
inflows.

Since the bulgeless model rlc14b00 lacks an ILR (see
Sect. 3.3), it cannot form a long-lived nuclear ring. The rela-
tively strong bar causes the gas to rapidly lose angular momen-
tum and plunge toward the center from the outset, while the
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ensuing stellar feedback continually disrupts the central region.
Using the SMUGGLE model, Li et al. (2023) showed that accu-
mulated gas can trigger bursty feedback, destroying a nuclear
bar and yielding a remnant spheroidal component akin to a small
classical bulge (Guo et al. 2020) where the local instability grad-
ually becomes dominant against the disruption (Romeo & Fathi
2016). Similarly, Seo et al. (2019) found that even with weaker
feedback, bar-driven gas buildup and the ensuing nascent nuclear
disks become disrupted during the early phase of bar evolution,
ultimately delaying the formation and growth of nuclear gas disk
or nuclear ring. We visually inspected the gas component at
every time step (0.01 Gyr) in our bulgeless model. We find that
it forms a thin gas bar with morphology similar to that reported
in late-type galaxies (Combes & Elmegreen 1993) and galax-
ies without ILRs (Athanassoula 1992). Despite the gas inflow,
our bulgeless model fails to maintain a stable nuclear gas disk
until the end of the simulation, as stellar feedback repeatedly
disperses the central gas accumulation during the early phases
over.

A classical bulge is known to trap gas and form an
inner gas reservoir during the early phases of bar formation
(Combes & Elmegreen 1993). By increasing the central mass
concentration, the bulge steepens the inner rotation curve and
promotes the accumulation of bar-driven gas inflows within the
ILRs. Additional gas inflows via tidal forcing can enlarge the
central gas disk, although its extent stays limited to the ILR
(Pettitt & Wadsley 2018). In the bulge models, the rapid buildup
of this central reservoir allows the nuclear gas disk to become
sufficiently massive and extended to withstand disruption by
the stellar feedback, despite ongoing active star formation. The
nuclear gas disks (and rings) grow over time because, as the bar
rotates, more gas accretes onto the nuclear regions and enhances
their angular momentum (Seo et al. 2019). Due to star formation
and ensuing gas depletion, a gap between its innermost region
and outer edge dims, ultimately forming a nuclear gas ring (see
the zoomed-in view of model rlc14b10 in Fig. 3). These mor-
phological features resemble those observed in galaxies such as
NGC 1097 (see Fig. 4 in Kolcu et al. 2023).

Figure 4 illustrates the formation of young stars at intervals
of 1 Gyr, displaying young stars (blue and purple) overlaid on the
face-on projections of the stacked surface density distribution.
In the bulgeless model, active star formation occurs along the



Kwak, S., etal.: A&A, 711, A295 (2026)

-6 -4 -2 0

10¢

Fig. 3. Face-on projections of the gas surface density distributions in the X-Y plane within a 15 X 15kpc box at 1, 2, 3, 4, and 5 Gyr (top to bottom
rows) for models r1c14b00, r1c14b05, and r1c14b10 (left to right columns). The rightmost column shows zoomed-in views of model r1c14b10
within a 6 X 6kpc box at the corresponding times. The top and bottom color bars indicate units of My kpc™ and apply to the main gas density

distributions and the zoomed-in views, respectively.

spirals and at the innermost center. As already shown in the gas
distribution (Fig. 3), this model fails to develop a NSD and NSR
because it is not able to build up a stable nuclear gas disk. Mean-
while, the bulge models form the nuclear gas disks earlier with
the more massive bulge, leading to earlier NSD emergence in
model r1c14b10. In addition, the more massive bulge produces
initially the larger NSD. As seen in the zoomed-in view of the
nuclear gas disk (Fig. 3), gas depletion from active star formation
also creates an inner gap in the young stellar distribution between
the center and the ring. Consequently, new stars form primarily

at the center and along the outer edge of the nuclear gas disk,
where bar-driven inflows intersect the nuclear gas ring. By the
end of evolution, approximately half the initial gas mass has con-
verted to new stars, making voids around the bar and inside the
nuclear ring more prominent. Despite shorter and weaker bars in
the bulge models, the final nuclear ring size scales with initial
bulge mass. This suggests that, in our isolated models without
external gas supply, the nuclear ring size depends more on the
initial central gas reservoir set by the bulge than on bar-driven
inflows.
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Fig. 4. Face-on projections of the stacked surface density distributions in the X-Y plane within a 15 x 15 kpc? box at 1, 2, 3, 4, and 5 Gyr (top to
bottom rows) for models r1c14b00, r1c14b05, and r1c14b10 (left to right columns). The blue and purple points are overlaid to indicate young stars

with ages 0.01 < f,gc < 0.1 Gyr and #,4. < 0.01 Gyr, respectively.

Figure 5 presents the time evolution of nuclear ring prop-
erties, including size, ellipticity, and enclosed mass. To mea-
sure the mean radius of the ring at a given time, we analyze
the spatial distribution of young stars formed in the last 0.1 Gyr
between R = 0.1 and 1.5kpc using annuli with a width of
0.03 kpc. We exclude bins containing fewer than 1% of the total
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young stars (R = 0.1-1.5kpc) and compute the mass-weighted
mean radius as an estimate of the nuclear ring’s extent. We
then perform an elliptical fit on the distribution of young stars
within this radial shell via a direct least-squares method. This
yields semimajor (a) and semiminor (b) axes, with ellipticity
defined as eng = V1 — (b/ a)?. The position angle of semimajor
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Fig. 5. Temporal evolution of nuclear ring properties, enclosed masses of specified components within different radial extents. The model names
are labeled inside the panel. Gray, red, and blue indicate models r1c14b00, r1c14b05, and rlc14b10. Model r1c14b00 does not form a long-lived
nuclear ring. The top left panel shows the ring radius as a function of time, determined by the mass-weighted mean radius of young stars. Using
this radius, ellipse fitting is applied to measure the semimajor (upper line) and minor (lower line) axes of the nuclear ring over time in the top
middle panel, while the ellipticity is shown in the top right panel. The bottom left panel displays the enclosed mass within 1kpc for the three

models, including newly formed stars (dotted lines), gas (dashed lines),

and their combined mass (solid lines). In the bottom middle and bottom

right panels, the enclosed masses of these new stars between the semimajor and minor axes (nuclear ring) and within the semiminor axis (NSC)

are plotted.

axis remains fixed and perpendicular to the bar’s major axis
throughout the evolution, and therefore it is not shown. By tar-
geting recently formed young stars, this approach isolates the
ring’s active star-forming structure and reduces contamination
from older stellar populations. We select initial times of 1.0 Gyr
for model r1c14b05 and 1.5 Gyr for r1c14b10 based on visual
inspection of central gas reservoir formation in face-on images
every 0.01 Gyr. The results indicate nuclear disk sizes rang-
ing from 0.25 to 0.76 kpc, with larger initial and final sizes for
more massive bulges due to the faster buildup of the nuclear gas
disk. We note that the models in Seo et al. (2019) lack a classi-
cal bulge, leading to delayed nuclear gas disk and ring forma-
tion with a smaller size. Their largest NSR has a size of about
~0.5 kpc over 5 Gyr despite rapid bar growth (see their Fig. 21),
while the mean radius of the observed NSDs is about 0.5 kpc
in the TIMER survey (Gadotti et al. 2019). Our NSR elliptic-
ity starts around 0.5 and oscillates between 0.6 and 0.7 owing
to the active star formation and ensuing stellar feedback. Such a
feedback-driven oscillation is also observed in a local simulation
setup (Moon et al. 2022). Accounting for elongation, the semi-
major axis reaches up to 0.9kpc. This result suggests that the
large nuclear disk observed in the barred galaxy (CEERS-4031)
atz = 1.5 (Le Conte et al. 2026) may require a massive classical

bulge or extended ILRs with ample gas inflow via bar and cir-
cumgalactic medium to rapidly trap gas and form a 1 kpc-scale
nuclear disk.

The bottom left panel of Fig. 5 illustrates the enclosed mass
of new stars (dotted lines), gas (dashed lines), and their com-
bination (solid lines) within 1kpc in cylindrical coordinates.
Gray, red, and blue colors denote models r1c14b00, r1c14b05,
and rlc14bl10, respectively. Consistent with the early forma-
tion of the nuclear gas disk formation observed (Fig. 3), model
rlc14b10 accumulates 2 X 108 Mg of gas within 1kpc around
1 Gyr. Model r1c14b05, with a less massive bulge, reaches about
half that amount at 1.5 Gyr. In the bulgeless model, the cen-
tral enclosed gas mass fluctuates and decreases quickly over
time due to the absence of a stable nuclear gas disk against
stellar feedback. The other two panels in the bottom row of
Fig. 5 measure enclosed masses between a and b (for the
NSR) and within b (for the NSC). These measurements use
new stars only. The enclosed mass of initial stars within 1 kpc
ranges from 3.5 to 7 x 10° Mg, in model r1c14b05 and from 5.0
to 8.0 x 10° Mg in model ric14b10, while the total enclosed
mass of new stars slows down around 10° M. The range of
these enclosed masses is comparable to the mass of NSDs in
Baba & Kawata (2020), in which their bars and NSDs begin
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Fig. 6. SFRs for the three models, both total and within R < 1kpc. The

corresponding SFR for each region is labeled with different line styles,

where a and b indicate respectively the semimajor and semiminor axes of the nuclear ring.

to form concurrently. The nuclear disk masses also agree with
those derived from the TIMER collaboration (de Sa-Freitas et al.
2025a; Gadotti & de Sa-Freitas 2025). New stars in the NSR
reach about 108 Mg, whereas the NSC contains substantially
more mass, ~10°Mg. Given the initial stellar mass within
1 kpc, accurate observational mass measurements of nuclear disk
and ring require subtracting the background stellar contribution
(Schultheis et al. 2019; Gadotti et al. 2020; Erwin et al. 2021;
de Sa-Freitas et al. 2023b; Fraser-McKelvie et al. 2025; Gadotti
2026).

Figure 6 shows the total SFR as a dotted line and regional
SFRs as follows. The solid line represents the central 1 kpc, the
dashed line indicates the NSC region (R < b(f)), and the dash-
dotted line denotes the NSR region (b(f) < R < a(f)). During
the first 1 Gyr before the bar formation, SFRs in all models pri-
marily occur outside 1 kpc and then gradually decline due to the
absence of external gas supply. In the bulgeless model r1c14b00,
the central SFR remains lower, and the total SFR decreases more
rapidly compared to the bulge models that develop actively star-
forming NSDs (Shlosman et al. 1989; Heller & Shlosman 1994;
Friedli & Benz 1995; Seo et al. 2019; Baba & Kawata 2020).
Repeated disruptions of central gas concentrations in the bul-
geless case cause fluctuating and declining central SFRs, which
is also shown in their central enclosed mass. The bulge mod-
els exhibit similar patterns, with gradually declining yet more
elevated SFRs relative to the bulgeless model. Central SFRs
become less variable once nuclear gas disks form. After 2 Gyr,
when total SFRs fall below 1 Mg yr‘1 , most star formation shifts
to the central region. For example, at 5 Gyr in model r1c14b10,
the central SFR is 0.3 M, yr~! while the total is 0.4 Mg yr~!. In
contrast, the SFRs in the NSRs fluctuate near the nuclear gas
disk edge, where bar-driven inflows arrive and stellar feedback
acts more effectively on those lower local densities. This fluctua-
tion contributes to varying ellipticity (Fig. 5). Nevertheless, most
star formation takes place in the NSC region inside the NSR’s
semiminor axis. Both bulge models display distinct star forma-
tion at the very center and NSD edge, with visibly low activity
in the gap between NSC and NSR (Fig. 4). Overall, the SFRs in
the NSRs stay below 0.1 Mg yr’l, whereas the SFRs in the NSCs
range from 1.0 to 0.1 Mg yr~! over time. Nuclear gas rings in 20
nearby galaxies from the PHANGS-ALMA survey have sizes of
~0.4*022 kpc and SFRs of ~0.21*15 Mg yr™! (Gleis et al. 2026).
Interestingly, our models yield comparable NSR sizes and SFRs,
though the latter are slightly underestimated due to the gas deple-
tion but still fall within the observational error range. External
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gas inflows from mergers or the circumgalactic medium could
elevate the SFRs and the size of nuclear structures in our mod-
els, which could explain large nuclear rings without adopting a
massive bulge.

3.3. Dynamics of nuclear structures

To understand the formation of a NSD and its subsequent evolu-
tion into a NSC and NSR, we examine the Lindblad resonances
in all models. Figure 7 displays the circular velocities, bar pat-
tern speed €, and azimuthal velocities v4, where the subscript
t, i, and g represent total stars, initial stars, and gas, respec-
tively. Thick solid lines denote values at 5 Gyr, while trans-
parency increases for lines from 1.5 Gyr to 4.5 Gyr in 0.5 Gyr
steps. Lindblad resonances in galactic disks result from inter-
actions between stellar or gaseous orbits and non-axisymmetric
perturbations, such as bars. The corotation resonance (CR) arises
where the angular frequency Q equals €, defining the radius
at which orbits co-rotate with the bar. The angular frequency
Q(R) is calculated from the gravitational potential @ as Q(R) =

%%. This radius decreases with more massive bulges with the

higher pattern speeds (see Table 1). ILRs satisfy Q — «/2 =
Q,,, while outer LRs (OLRs) satisfy Q + x/2 = €, with the
radial epicyclic frequency « given by k*> = 4Q? + Rd(Q?)/dR.
The formation of a bar induces large random motions, reduc-
ing the mean rotational velocities of stars vy in the bar region
(Baek et al. 2025), but the bar-driven gas inflows continuously
add gas and newly formed stars to the nuclear region, leading
to an increase in mass and €, over time. In systems with high
central mass concentration, the Q — «/2 profile exhibits a peak,
enabling two ILRs for Q, below the peak (Combes & Gerin
1985; Combes & Elmegreen 1993). These consist of an inner
ILR (iILR) at smaller radii and an outer ILR (oILR) at larger
radii. While the bulgeless model r1c14b00 shows initially the
absence of ILR, the bulge models display a rising-then-falling
Q — «/2 curve, yielding dual ILRs that intersect €. The x2
orbits, which are rounded and elongated perpendicular to the bar,
exist solely between these two ILRs, and increasing central den-
sity enhances ILR effectiveness in this process (Combes 1996;
Buta & Combes 1996). In the bulge models, enhanced star for-
mation over time within the NSD elevates the (QQ — «/2), curve
above (Q — «/2);, but also in the innermost regions inside the
peak of (Q — «/2) curves, where massive NSCs develop by the
end of evolution (Fig. 7). After evolving for a few gigayears, the
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Fig. 7. Angular velocity Q, Q — «/2 curves, and v, from 1.5 to 5 Gyr
in 0.5 Gyr steps, with increasing line transparency for earlier times.
The profile at 5 Gyr is displayed as a thick solid line. In the insets, i
denotes initial stars, n denotes new stars, g denotes the gas component,
and ¢ indicates the total stellar component. The bar pattern speed Q,,
at 5 Gyr is marked as a dashed horizontal line. The bar pattern speeds
are 35.8, 42.3, and 48.7kms™! kpc’l, and remain nearly constant in our
models (Fig. A.2); the corotation radii (Rcg where Q, = Q) are 4.4,
3.9, and 3.6 kpc for models r1c14b00, r1c14b05, and r1c14b10, respec-
tively. The time evolution of the ILRs as a function of bar pattern speed
is shown in Fig. A.4 and compared to the nuclear ring region (see also
Fig. 11 for the radial profiles of mean rotation).

bulgeless model also possesses an elevated peak in the (Q—«/2);
curve, which intersects its bar pattern speed. However, it is not
effective enough to trap gas and form a stable nuclear gas disk
against the feedback effects.

Figure 7 also shows a peak in v, with values around 200-
220kms~! in the bulge models only. The rotational velocity of
young stars is lower than that of the interstellar gas, yet higher
than that of old stars. Since young stars are formed inheriting
the angular momentum of the gas, they possess higher rota-
tional velocities than old stars. Furthermore, because young stars
exhibit a smaller velocity dispersion than old stars, they rotate
faster than the older population. At the end of the simulated time
span, the positions of these velocity peaks are found approxi-
mately at 0.5 and 0.6 kpc in models r1c14b05 and rlc14b10,
respectively, which are located inside the peaks of vy ,. Thus,
a more massive bulge induces a larger and faster rotating nuclear

gas disk. As Kim et al. (2012a) demonstrated, the nuclear ring
position is not determined by Lindblad resonances. The peaks of
Vg4 and vy , in our models do not align with those resonances and
gradually shift outward over time (see also Fig. 11). Instead, our
results indicate that the radius of the nuclear gas disk and subse-
quent radial growth of NSRs depend on the Q — «/2 curve and
subsequent gas inflow. Larger bulge masses steepen the Q — /2
curve and enable greater gas trapping after the bar formation. We
note that our models differ by bulge mass only, but changing the
scale length of a classical bulge can also alter the distribution of
the nuclear gas disk (Pettitt & Wadsley 2018).

Additional gas inflow through the bar enlarges the nuclear
gas disks by transferring angular momentum. As shown in
Pettitt & Wadsley (2018), olLRs may establish the maximum
radius to which the nuclear gas disk can expand. Their Dip mod-
els with the strongest bulge component and strongest tidal forc-
ing produce the largest nuclear gas disks, where tidal forcing
supplies excessive gas to the nuclear region. The radius of their
largest nuclear gas disk coincides with the oILR radius, and the
dust lanes align with the disk edge (see their Fig. 26). We conjec-
ture that negative torque amplitude decreases as gas approaches
the oILR (Goldreich & Tremaine 1979). This decrease leads to
sign reversal and gradual halting of radial inflow. The process
ultimately compels gas to settle into x2 orbits between the ilLR
and oILR, and the settlement location is determined by the point
where torques balance, depending on the bulge strength, pre-
existing gas disk, and inflowing gas. The size of our nuclear rings
lies between the iILR and the oILR and increases with the oILR,
as shown in Fig. A4, and this is consistent with Sormani et al.
(2018, 2024). In future work, we will revisit what determines
the radius of x2 gas orbits by examining galaxies with various
bar and bulge properties.

The formation of the inner gas disk, which later diverges into
a central gas peak and nuclear ring, can be seen in the density
profiles of initial stars, new stars, and gas within 3 kpc in Fig. 8.
Outside the peak of Q—«/2 (~0.25 kpc in our bulge models), the
centrally accumulated gas initially settles into a rotational disk
due to a torque balance where bar perturbations decrease inward.
As time progresses, a fraction of the gas crosses the peak of Q —
«/2 through stellar feedback or instabilities (e.g., nuclear spirals
in Kim et al. 2012a; Kolcu et al. 2023; Pastras et al. 2026, and
Kolcu et al. 2026), moving toward the innermost region. Inside
the iILR (<0.1 kpc), torques become positive again and cause
gas to pile up at the iILR from the central region. This process of
gas trapping and subsequent divergence into two density peaks
at the edge and center of the nuclear gas disk appears in the bulge
models where the active star formation forms the NSC and NSRs
(Fig. 4). For example, model r1c14b10 initially forms a nuclear
gas disk and NSD at 1 Gyr. At 2 Gyr, within 1 kpc, the inner and
outer peaks emerge, and the gap between the ilLR and nuclear
gas ring widens accordingly. Due to active star formation in the
innermost region, the ilLR shifts inward as the Q — /2 curve
steepens, causing the gas density peak to move inward from 2 to
5 Gyr. Meanwhile, gas density around the bar effective regions
decreases as inflowing to the nuclear gas disk, which enlarges
the size and enhance the density peak at its edge where the young
stars actively form as the NSRs. Such a process of forming dual
peaks in gas density is not observed in the bulgeless model.

To examine radial changes in rotations of the new stars, ini-
tial stars, and gas components, we present distribution maps of
azimuthal velocities over time within 1kpc, overlaid with the
semimajor and semiminor axes of the NSRs, in Fig. 9. To high-
light the emergence of high rotation relative to background stars,
we define the color bar such that the same color palette maps the
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velocity range 60—170km s~! for both new and initial stars, and
100-230km s~ for gas, ensuring that a given color corresponds
to the same velocity value across all models. The bulgeless
model displays chaotic and fluctuating v, in gas, with no stable
nuclear structures due to the absence of dual ILRs and feedback
disrupting central accumulations. This underscores the bulge’s
role in inducing gas trapping and kinematic coherence in nuclear
regions. Our bulge models exhibit distinct regions with higher
rotation, which gradually shift outward due to angular momen-
tum gains from bar-driven inflows and subsequent star forma-
tion. Notably, the NSR regions in the gray solid line (radial area
between a and b of the NSR) overlap well with these rotation
peaks. Meanwhile, the v, distributions for initial stars show no
signs of higher rotation, indicating that they do not contribute to
nuclear ring formation. This finding supports using nuclear disks
for age-dating bars (Baba & Kawata 2020; Sanders et al. 2024;
de Sé-Freitas et al. 2023a,b, 2025b,a) as they are chemodynam-
ically distinct structures from bar/bulge stars (Schultheis et al.
2021; Nogueras-Lara et al. 2024). The vy distributions in the gas
components of bulge models confirm that the gas disk resides
slightly inside the NSR, as the stellar ring forms from bar-driven
inflowing gas at the disk edge. Radial profiles at 1, 2, 3, 4, and
5 Gyr for all models appear in Fig. 11. Gas velocities fluctuate
over time in model r1c14b00, whereas the bulge models quickly
develop rotating gas within 1 kpc that gradually rises and peaks
around vy, ~ 200-220kms™!, with higher values for the more
massive bulge. The NSRs from new stars peak around 110 and
140kms~! in models r1c14b05 and r1c14b10, respectively. As
already shown in the distribution maps of the mean rotations
(Fig. 9), initial stars exhibit no distinct rotation peaks beyond
the bar rotations.

Due to the kinematically cold nature of NSDs, many obser-
vations report central o-drops in galaxies that possess NSDs
(Kormendy 1982; Emsellem et al. 2001; Marquez et al. 2003;
de Lorenzo-Caceres et al. 2008; Gadotti et al. 2015; Erwin et al.
2015; Gadotti et al. 2019, 2020). These drops indicate that NSDs
are rotationally supported with v/o ~ 1-3 typically. Figure 10
shows the radial, azimuthal, and vertical velocity dispersions
of new stars within 2kpc in all models. The NSR regions are
overlaid as solid gray lines. We identify distinct o regions: the
low o region overlaps with the NSR region, while o in the
radial, azimuthal, and vertical directions gradually increases in
the innermost region where the NSC resides. Due to the pres-
ence of a classical bulge and brief NSD formation from the gas
reservoir, new stars in the bulge models exhibit higher o than
in the bulgeless model. However, the formation of the nuclear
ring creates a dynamically cold region between the oILR and the
innermost area. After the bar formation, the NSC region begins
to widen, and its o gradually increases due to the gas trapping
and the formation of a gas density peak. The high gas density
drives vigorous star formation, leading to a rapid increase in
mass within the compact central region. Consequently, NSCs
undergo heating in all directions, but especially more in the
radial direction as radial gas inflow forms the peak around the
ilLR at ~0.1 kpc (Fig. 8).

Figure 12 illustrates the radial profiles of o, oy, and o, for
new stars at 1, 2, 3, 4, and 5 Gyr across all models. Compared
to the bulgeless model, the NSCs exhibit distinct high peaks
in . Innermost radial heating appears more pronounced in the
bulge models with more massive bulges. For example, model
rlc14b10 shows o =~ 110, oy ~ 110, and o, = 80 at 5 Gyr,
though oy peaks at 0.1-0.2kpc around the iILR. The low val-
ues of vy = 0-70 within this small radial area indicate that the
NSC is a pressure-supported system with vg/or = 0-0.63. In
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contrast, the NSR in the same model has vy ~ 140 and oy =~ 85
at Ryne = 0.76kpc at 5 Gyr (Table 1), yielding vg/or ~ 1.65.
The NSR in model rlc14b05 with a less massive bulge has
vg/or ~ 1.22 at Rype = 0.64kpe at 5 Gyr. The central region
of the bulgeless model is pressure-supported with vs/og = 0.55
at Rypg = 0.50kpc at 5 Gyr. These results confirms that the NSR
is rotationally supported, and a more massive bulge produces a
larger and kinematically colder ring.

Figure 13 illustrates the radial displacement of new stars
within 1 kpc by comparing their birth positions to their positions
at 3 Gyr and 5 Gyr. The bulgeless model, with less star formation
in the 1kpc region, exhibits mild inward radial displacement.
The bulge models display distinct formation of NSCs and NSRs.
At 3 Gyr, the region of NSCs shows no visible radial displace-
ment, and most new stars concentrate within 0.2-0.3 kpc. At
5 Gyr, stars born within 0.2 kpc move outward as the NSC grows
more massive, accompanied by increasing radial heating — an
effect that becomes more pronounced with a more massive bulge
(bottom panel of Fig. 12). In model r1c14b10, a considerable
fraction of NSC stars born within 0.2 kpc migrate radially out-
ward. Specifically, 26.6% and 8.4% of the new stars born within
0.2 kpc end up in the 0.2-0.4 kpc and 0.4-0.6 kpc annuli, respec-
tively. In model rlc14b05, 3.4% of the newly born stars within
0.2 kpc move to the 0.4—0.6 kpc annulus. These radial shifts also
appear in the og of new stars, where the central peak shifts
slightly outward from 3 to 5 Gyr (top panel of Fig. 12). This out-
come suggests that careful kinematic selection is required to dis-
tinguish NSC and NSR components, as the outward-migrating
NSC may contaminate the former radial extent of the NSR with
its massive and extended structure. Unlike NSCs, NSRs show no
significant radial shift and remain primarily along the diagonal
line in Fig. 13. In a follow-up study, we will employ higher-
resolution models to trace the ages and radial shift of the NSRs,
together with their interactions with NSC heating, which will be
essential for age-dating the bar using nuclear structures.

4. Discussion and summary

We investigate the formation and evolution of nuclear structures,
such as nuclear disk, NSC, and NSR in isolated bar-forming
galaxies. We construct three Milky Way-mass galaxy models by
varying the bulge mass only, while keeping the disk and halo
structure identical. To examine the detailed ISM substructures,
our galaxy models are evolved for 5 Gyr by using the SMUG-
GLE ISM and stellar feedback model (Marinacci et al. 2019).
Without adopting a fixed bar potential, our isolated galaxies with
a classical bulge form a bar and nuclear disk and ring with a NSC
at the center.

Our self-consistent simulations demonstrate the pivotal role
of a classical bulge in modulating bar formation and the emer-
gence of nuclear structures in isolated Milky Way-mass galax-
ies. In the presence of a bulge, bars develop weaker and
shorter, consistent with the stabilizing influence of central
mass concentrations on disk instabilities (Combes & Elmegreen
1993; Athanassoula & Misiriotis 2002). The bulge augments the
spheroidal component’s effect, akin to a concentrated dark mat-
ter halo, by increasing the central density and suppressing non-
axisymmetric growth (Kataria & Das 2018; Jang & Kim 2023).
This leads to reduced bar strengths and lengths. The gas disk
further tempers bar evolution (Seo et al. 2019), yielding nearly
constant pattern speeds through torque equilibrium between
infalling gas and the halo (Beane et al. 2023). Such dynam-
ics prevents significant bar deceleration observed in collision-
less N-body simulations (Athanassoula 2002), aligning with the
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Fig. 8. Density profiles of all stars, initial stars, new stars, and gas within 3 kpc for all models at 1, 2, 3, 4, and 5 Gyr. From left to right, the columns
correspond to the models r1c14b00, r1c14b05, and r1c14b10. The corresponding evolutionary times and components are labeled.

prevalence of fast bars in observations. However, despite the
weaker bar formation, our bulge models possess a nuclear ring
at the end of simulation.

The formation of NSDs and NSRs hinges on the bulge’s
ability to trap gas within the ILR during early bar phases,
as evidenced by the absence of stable nuclear structures in
our bulgeless model. Without the ILR, a thin gas bar forms
that funnels gas directly toward the center (Athanassoula 1992;
Combes & Elmegreen 1993; Seo et al. 2019), while stellar feed-
back disrupts the central gas accumulations. This delays or
even prevents NSD development despite ongoing gas inflows

(Seo et al. 2019; Li et al. 2023), depending on the strength of the
feedback. We note that a massive classical bulge is not always
necessary for nuclear disk formation. Many barred galaxies lack-
ing large spheroidal components are observed to host NSDs in
the TIMER survey (Bittner et al. 2020). We suggest that the time
required to form a nuclear disk and to reach the sizes observed
in those galaxies becomes longer without a central spheroidal
component. This implies that the bars in such galaxies would
need to be relatively old if the systems have undergone isolated
evolution. In the early phase of bar formation in the bulgeless
model, a small spheroidal stellar component forms in the central
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region (Combes & Elmegreen 1993; Guo et al. 2020), gradually
steepening the Q — k/2 curve and eventually creating the ILRs.
However, due to the stronger feedback, the formation of a sta-
ble nuclear gas disk is continuously disrupted over the 5 Gyr
of evolution. The galaxy model in Seo et al. (2019) also lacks
a classical bulge but adopts weaker feedback, leading to delayed
nuclear disk formation and a smaller final size. Over the 5 Gyr
of evolution, the largest NSR in Seo et al. (2019) reaches only
~0.5 kpc, which may not be sufficient to explain the larger NSRs
or NSDs observed in the TIMER survey (Gadotti et al. 2019)
unless the simulation is evolved for a longer period or includes
external gas inflows (Pettitt & Wadsley 2018). In addition to the
effects of feedback and external gas inflows, these scenarios
should be revisited by including additional mechanisms such as
turbulence and magnetic fields, which can suppress star forma-
tion (Moon et al. 2023), thereby allowing the inflowing gas to
remain dynamically colder for longer and potentially enabling
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the formation of a small nuclear gas disk even in the absence of
a classical bulge.

In contrast, bulge models rapidly form nuclear gas reser-
voirs, with more massive bulges yielding earlier and more
extended nuclear disks, evolving into NSRs of 0.64-0.76 kpc
by 5 Gyr. This process involves bar-driven inflows along dust
lanes, accumulating gas inside the ILR where torques balance
(Athanassoula 1992; Combes & Elmegreen 1993). Subsequent
star formation depletes the inner disk, creating gaps and bifur-
cating into a central NSC and peripheral NSR, with young stars
tracing active sites at the center and ring edge. This result agrees
with the suggestion by Nogueras-Lara et al. (2023) that, based
on the kinematic and metallicity gradients of the Milky Way,
nuclear structures might have diverged from the same struc-
ture. NSDs are observed across a wide range of galaxy types
(Schultheis et al. 2025), and our models naturally explain their
presence in galaxies hosting central spheroidal components. As
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suggested in Gadotti (2026), a proper estimation of the classical
bulge component is essential for understanding the initial condi-
tions that give rise to the observed variety of NSD sizes.

Our NSR sizes and ellipticities (0.6-0.7, oscillating due
to feedback) compare favorably to TIMER survey observa-
tions (mean NSD radius ~0.5kpc in Gadotti et al. 2020) and
PHANGS-ALMA nuclear rings (~0.4 kpc in Gleis et al. 2026).
However, the isolated setup limits the gas supply, resulting in
declining SFRs (central 0.1-1 Mg/yr, NSR < 0.1 My/yr) below,
but still compatible with, the observed values of Gleis et al.
(2026, ~0.21*31° M /yr). Additional gas inflow can also grow
the size of the nuclear gas disk larger by transferring angular
momentum over time. Erwin et al. (2021) presented contrast-
ing cases of two barred galaxies that possess different nuclear
structures, as they presumably have undergone different evo-
lutionary paths for the gaseous medium in field and cluster
environments. Future SMUGGLE-Ring projects with various
galaxy properties, gas fractions, tidal effects, and merger sce-
nario will probe NSD diversity and interesting outliers such as
the JWST-observed high-z galaxy (CEERS-4031) with a 1 kpc-
scale nuclear disk (Le Conte et al. 2026).

Dynamically, the NSDs in our bulge models exhibit kine-
matic decoupling, with rotationally supported NSRs (vs/0r =~
1.2—1.7) and pressure-supported NSCs (vy/0g =~ 0—-0.7), reflect-
ing central heating from vigorous star formation and radial
inflows. The o-drops in NSRs indicate cold kinematics, consis-
tent with observations of central velocity dispersion decreases
in NSD-hosting galaxies (Erwin et al. 2015; Gadotti et al. 2019,
2020; Schultheis et al. 2021). Radial profiles show peaks in gas
and new star rotations (200—220kms~! and 110-140kms!,
respectively) shifting outward, driven by angular momentum
gains and following size growth. The Q — «/2 curve’s steepen-
ing from the presence of a bulge and NSC buildup enables dual
ILRs, trapping gas between ilLR and oILR, although the for-
mation of the NSR has nothing to do with the ILR (Kim et al.
2012a). Radial displacement relative to birth radii over time is
insignificant in NSRs but prominent in NSCs possibly due to
radial heating and/or radial migration, although further investi-
gation at higher resolution will be required to separately quantify
the effects of radial heating and migration. This suggests accu-
rate kinematic separation is needed for future component anal-
ysis (Schultheis et al. 2025). These kinematics affirm NSDs as
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younger, distinct populations for bar age-dating (Baba & Kawata
2020; de Sa-Freitas et al. 2023a,b, 2025b,a). Finding correla-
tions among the properties of NSDs (e.g., the mass and size of
the NSC and NSR), the bar, and the classical bulge will allow us
to better understand the evolutionary history of barred galaxies,
including our Milky Way.

Our simulations support the inside-out formation scenario
for NSDs and NSRs. The bulge establishes a nuclear gas disk
that expands via bar-driven gas inflows, and the star forma-
tion proceeds on the edge of the NSRs. This is evident from
the radial offset between the velocity peaks of the nuclear gas
disks and the NSRs, together with the outward shift of these
peaks over time. In accordance with our results, the TIMER sur-
vey interprets nuclear rings as the expanding, star-forming outer
edges of continuous and expanding nuclear disks (Bittner et al.
2020). This interpretation implies that the disk builds from a
compact central reservoir outward. The survey provides further
evidence for the inside-out formation of NSDs by demonstrat-
ing radial gradients where stellar ages decrease and metallici-
ties decline with increasing radius from the center to the nuclear
ring. Evidence for the inside-out scenario is also found in the
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Milky Way through chemical analysis (see Ryde et al. 2025;
Schultheis et al. 2026). In future work, we plan to explore the
chemodynamics and ages of nuclear structures under various ini-
tial conditions to provide detailed references for understanding
the nuclear disks and potential bar-forming epochs of the Milky
Way and other galaxies.

The Milky Way’s NSD is notably compact with a radius of
~0.1kpc (Schultheis et al. 2025, and references therein). This
radius is significantly smaller than the NSRs in our bulge mod-
els (0.25-0.76 kpc). This difference implies that the Milky Way’s
classical bulge or ILR may not be as dominant in promoting
early, extended nuclear gas reservoirs as in simulations with
more massive bulges. The formation scenario of the Milky Way’s
NSD can depend on the bar age and bulge mass. For instance, if
the bar is old and the mass of the classical bulge was negligible
at the time of bar formation, it would have evolved over a long
period of secular evolution to build a sufficient central mass con-
centration for NSD formation (Seo et al. 2019). Alternatively,
if the bar is young, a considerable mass of central spheroidal
component should pre-exist. Recent observational studies sug-
gest that the Milky Way may indeed host a small, early-formed
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classical bulge (Nepal et al. 2026), and that the Galactic bar may
be relatively young (Nepal et al. 2024). This component could
trap bar-driven infaling gas and settle it into a rotational struc-
ture. These scenarios should be considered alongside external
gas injection, since a history of gas depletion could limit out-
ward growth. For instance, our models adopt a fixed gas fraction
of My/M; =~ 9.1%, which is comparable to the observed gas frac-
tions in Milky Way-mass galaxies (Sage 1993; Leroy et al. 2009;
Saintonge et al. 2011; Papovich et al. 2016). However, this value
might also correspond to the gas fraction present at an intermedi-
ate stage of bar evolution, rather than to the initial gas fraction. In
the young-bar scenario, a slight increase in the initial gas frac-
tion would be sufficient to explain the observations and would
not produce significant differences from our current results. In
the old-bar scenario, either a substantially higher initial gas frac-
tion or additional external gas accretion would be required. A
higher initial gas fraction would lead to a weaker bar (Seo et al.
2019) and would take longer to form owing to less efficient
angular-momentum exchange between the bar and the DM halo
(Beane et al. 2023). As a result, even with more gas available
in the disk, the bar would drive gas toward the center less effi-
ciently. This would result in reduced central star formation activ-
ity while making the nuclear disk to become larger owing to the
shorter bar length (Seo et al. 2019).

Kinematically, the Milky Way’s NSD has v/oc =~ 1.4
(Sormani et al. 2022; Shahzamanian et al. 2022). This value
aligns closely with the range found for our NSRs with vs/0g =
1.2—-1.7. Both indicate rotationally supported, dynamically cool
systems. Our measurements refer to the peaks of the azimuthal
velocity profiles at 5 Gyr. These values evolve with time and

also vary radially because of the presence of NSCs. At 5 Gyr,
our peak rotations reach 110-140km s~ for new stars and 200—
220kms~! for gas. These exceed the Milky Way NSD value of
vs ~ 100kms~!. The difference likely arises from steeper inner
rotation curves in our models, which result from more massive
bulges and higher central densities. At earlier times, our model
with the less massive bulge shows v, ~ 100kms™! at 3 Gyr,
while it forms the NSD around 1.5 Gyr. This suggests that the
rotation of the Milky Way NSD within the range of values in
our models, presumably at early evolutionary stages. Lastly, our
pressure-supported NSCs, with vs/0- < 0.7, resemble the kine-
matically hot and massive core of the Milky Way’s embedded the
NSC. We will revisit the formation and evolutionary pathways of
nuclear structures at higher resolution and discuss the effects of
numerical resolution, which influences not only bar properties
(Kwak et al. 2026) but also the details of the ISM and feedback
processes (Deng et al. 2024). In future, high-resolution simula-
tions of the SMUGGLE-Ring project, we will be able to interpret
the origin of NSCs and their connection with NSDs as a function
of galaxy mass and infall history of star cluster (Fahrion et al.
2022, 2024), as well as the detailed role of nuclear spirals, which
alter the in situ growth of NSCs (Kolcu et al. 2023, 2026).
Our findings are summarized as follows:

1. Nuclear disk size scales with the mass of the classical bulge
when the disk mass is fixed, despite the formation of weaker
bars in our bulge models.

2. The presence of a classical bulge is not always necessary for
nuclear disk formation, but its gravitational influence rela-
tive to stellar feedback regulates the timing and size of the
nuclear disk during the isolated evolution of barred galaxies.
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3. NSRs are kinematically colder, exhibiting rotationally sup-
ported structures with vy/og > 1.2—1.7 and o-drops, while
NSCs are hotter toward the central region with v,/og < 0.7.

4. NSCs are more massive (~10°My) than nuclear rings
(~108 My). Beyond a certain density threshold of NSCs, they
undergo radial displacement due to heating.

5. NSCs and NSRs diverge from the initial nuclear disk through
star formation-driven depletion and feedback, creating inner
gaps and bifurcating the structure.

6. The radius of the NSRs, estimated from the mass distribution
and rotation peak, lies slightly outside the nuclear gas disk,
as bar-driven inflowing gas triggers star formation primarily
at the edge of the nuclear gas disk.

7. Our results support the inside-out formation scenario, where
NSCs and rings diverge from a compact nuclear disk and fol-
low kinematically distinct evolutionary paths, with outward
shift of density and velocity peaks driven by bar inflows.
We will revisit the evolutionary path of nuclear structures
by including external factors such as mergers in future work.

Acknowledgements. We thank the referee for their constructive comments,
which have helped us improve our manuscript. We gratefully acknowledge the
computing time made available for the SMUGGLE-Ring project on the high-
performance computer “Lise” at the NHR Center NHR@ZIB. This center is
jointly supported by the Federal Ministry of Education and Research and the
state governments participating in the NHR (https://www.nhr-verein.de/).
SK appreciates Woo-Young Seo and In Sung Jang for the stimulating discus-
sions. The work of W-T.K. was supported by the grant of the National Research
Foundation of Korea (RS-2025-00517264). IM acknowledges support by the
Deutsche Forschungsgemeinschaft under the grant MI 2009/2-1. HL is sup-
ported by the National Key R&D Program of China No. 2023YFB3002502,
the National Natural Science Foundation of China under No. 12373006 and
12533004, and the China Manned Space Program with grant No. CMS-CSST-
2025-A10.

References

Agertz, O., Kravtsov, A. V,, Leitner, S. N., & Gnedin, N. Y. 2013, ApJ, 770, 25

Athanassoula, E. 1992, MNRAS, 259, 345

Athanassoula, E. 2002, ApJ, 569, L83

Athanassoula, E. 2003, MNRAS, 341, 1179

Athanassoula, E. 2014, MNRAS, 438, L81

Athanassoula, E., & Misiriotis, A. 2002, MNRAS, 330, 35

Athanassoula, E., Machado, R. E. G., & Rodionov, S. A. 2013, MNRAS, 429,
1949

Baba, J., & Kawata, D. 2020, MNRAS, 492, 4500

Baek, S., Kim, W.-T., Jang, D., & Kim, T. 2025, ApJ, 990, 184

Barbani, F., Pascale, R., Marinacci, F., et al. 2023, MNRAS, 524, 4091

Barbani, F., Pascale, R., Marinacci, F,, et al. 2025, A&A, 697, A121

Barbuy, B., Chiappini, C., & Gerhard, O. 2018, ARA&A, 56, 223

Barnes, J., & Hut, P. 1986, Nature, 324, 446

Beane, A., Hernquist, L., D’Onghia, E., et al. 2023, Ap]J, 953, 173

Benitez-Llambay, A., Navarro, J. F.,, Frenk, C. S., & Ludlow, A. D. 2018,
MNRAS, 473, 1019

Berentzen, I., Shlosman, 1., Martinez-Valpuesta, 1., & Heller, C. H. 2007, ApJ,
666, 189

Bigiel, F,, Leroy, A., Walter, F,, et al. 2008, AJ, 136, 2846

Bittner, A., Sdnchez-Blazquez, P., Gadotti, D. A, et al. 2020, A&A, 643, A65

Bland-Hawthorn, J., Tepper-Garcia, T., Agertz, O., & Federrath, C. 2024, ApJ,
968, 86

Bono, G., Marconi, M., Cassisi, S., et al. 2005, ApJ, 621, 966

Bono, G., Braga, V. F,, & Pietrinferni, A. 2024, A&ARv, 32, 4

Bose, S., Eisenstein, D. J., Hernquist, L., et al. 2019, MNRAS, 490, 5693

Bovy, J., Leung, H. W, Hunt, J. A. S., et al. 2019, MNRAS, 490, 4740

Burger, J. D., Zavala, J., Sales, L. V., et al. 2022, MNRAS, 513, 3458

Buta, R., & Combes, F. 1996, Fund. Cosmic Phys., 17, 95

Chabrier, G. 2001, ApJ, 554, 1274

Cioffi, D. F., McKee, C. F., & Bertschinger, E. 1988, ApJ, 334, 252

Combes, F. 1996, ASP Conf. Ser., 91, 286

Combes, F., & Elmegreen, B. G. 1993, A&A, 271, 391

Combes, F., & Gerin, M. 1985, A&A, 150, 327

A295, page 18 of 21

de Lorenzo-Céceres, A., Falcon-Barroso, J., Vazdekis, A., & Martinez-
Valpuesta, 1. 2008, ApJ, 684, L83

de Sa-Freitas, C., Fragkoudi, F., Gadotti, D. A., et al. 2023a, A&A, 671, A8

de Sé-Freitas, C., Gadotti, D. A., Fragkoudi, F, et al. 2023b, A&A, 678, A202

de Sé-Freitas, C., Gadotti, D. A., Fragkoudi, F, et al. 2025a, A&A, 704, C1

de Sé-Freitas, C., Gadotti, D. A., Fragkoudi, F,, et al. 2025b, A&A, 698, AS

Deng, Y., Li, H., Kannan, R., et al. 2024, MNRAS, 527, 478

Emsellem, E., Greusard, D., Combes, F., et al. 2001, A&A, 368, 52

Erwin, P. 2024, MNRAS, 528, 3613

Erwin, P, Saglia, R. P., Fabricius, M., et al. 2015, MNRAS, 446, 4039

Erwin, P, Seth, A., Debattista, V. P, et al. 2021, MNRAS, 502, 2446

Eskridge, P. B, Frogel, J. A., Pogge, R. W., et al. 2000, AJ, 119, 536

Fahrion, K., Leaman, R., Lyubenova, M., & van de Ven, G. 2022, A&A, 658,
Al172

Fahrion, K., Boker, T., Perna, M., et al. 2024, A&A, 687, A83

Faucher-Giguere, C.-A., Lidz, A., Zaldarriaga, M., & Hernquist, L. 2009, ApJ,
703, 1416

Ferland, G. J., Korista, K. T., Verner, D. A, et al. 1998, PASP, 110, 761

Ferriere, K. M. 2001, Rev. Mod. Phys., 73, 1031

Field, G. B., Goldsmith, D. W., & Habing, H. J. 1969, ApJ, 155, L149

Fraser-McKelvie, A., van de Sande, J., Gadotti, D. A., et al. 2025, A&A, 700,
A237

Friedli, D., & Benz, W. 1993, A&A, 268, 65

Friedli, D., & Benz, W. 1995, A&A, 301, 649

Gadotti, D. A. 2009, MNRAS, 393, 1531

Gadotti, D. A. 2026, MNRAS, 545, staf2072

Gadotti, D. A., & de Sa-Freitas, C. 2025, MNRAS, 544, 1.58

Gadotti, D. A., Seidel, M. K., Sanchez-Blazquez, P, et al. 2015, A&A, 584, A90

Gadotti, D. A., Sdnchez-Bldzquez, P., Falcon-Barroso, J., et al. 2019, MNRAS,
482, 506

Gadotti, D. A., Bittner, A., Falc6n-Barroso, J., et al. 2020, A&A, 643, A14

Gerhard, O. 2011, Mem. Soc. Astron. Ital. Suppl., 18, 185

Gleis, D. R., Stuber, S. K., Schinnerer, E., et al. 2026, A&A, 707, A121

Goldreich, P., & Tremaine, S. 1979, ApJ, 233, 857

Grand, R. J. J., Gémez, F. A., Marinacci, F,, et al. 2017, MNRAS, 467, 179

Guiglion, G., Recio-Blanco, A., de Laverny, P., et al. 2015, A&A, 583, A91

Guo, FE, & Oh, S. P. 2008, MNRAS, 384, 251

Guo, M., Du, M., Ho, L. C., Debattista, V. P., & Zhao, D. 2020, ApJ, 888, 65

Heller, C. H., & Shlosman, 1. 1994, ApJ, 424, 84

Hernquist, L. 1990, ApJ, 356, 359

Hilmi, T., Minchev, 1., Buck, T., et al. 2020, MNRAS, 497, 933

Hopkins, P. F.,, Wetzel, A., Keres, D., et al. 2018a, MNRAS, 477, 1578

Hopkins, P. F., Wetzel, A., Keres, D., et al. 2018b, MNRAS, 480, 800

Ikeuchi, S., & Ostriker, J. P. 1986, ApJ, 301, 522

Inno, L., Urbaneja, M. A., Matsunaga, N., et al. 2019, MNRAS, 482, 83

Jang, D., & Kim, W.-T. 2023, ApJ, 942, 106

Jang, D., & Kim, W.-T. 2024, ApJ, 971, 67

Jang, D., Kim, W.-T., & Lee, Y. H. 2025, ApJ, 993, 236

Kannan, R., Marinacci, F., Vogelsberger, M., et al. 2020, MNRAS, 499, 5732

Kataria, S. K., & Das, M. 2018, MNRAS, 475, 1653

Kataria, S. K., & Das, M. 2019, ApJ, 886, 43

Katz, N., Weinberg, D. H., & Hernquist, L. 1996, ApJS, 105, 19

Kim, C.-G., & Ostriker, E. C. 2018, ApJ, 853, 173

Kim, W.-T., & Stone, J. M. 2012, ApJ, 751, 124

Kim, W.-T., Seo, W.-Y., & Kim, Y. 2012a, ApJ, 758, 14

Kim, W.-T., Seo, W.-Y,, Stone, J. M., Yoon, D., & Teuben, P. J. 2012b, AplJ, 747,
60

Kolcu, T., Maciejewski, W., Gadotti, D. A., et al. 2023, MNRAS, 524, 207

Kolcu, T., Maciejewski, W., Erwin, P, et al. 2026, arXiv e-prints
[arXiv:2601.02534]

Kormendy, J. 1982, Apl, 257, 75

Krumholz, M. R., & Gnedin, N. Y. 2011, ApJ, 729, 36

Krumholz, M. R., & Matzner, C. D. 2009, ApJ, 703, 1352

Krumholz, M. R., & Tan, J. C. 2007, ApJ, 654, 304

Kwak, S., Kim, W.-T., Rey, S.-C., & Kim, S. 2017, ApJ, 839, 24

Kwak, S., Kim, W.-T., Rey, S.-C., & Quinn, T. R. 2019, ApJ, 887, 139

Kwak, S., Minchev, 1., Pfrommer, C., Steinmetz, M., & Yi, S. K. 2025, arXiv
e-prints [arXiv:2511.21805]

Kwak, S., Minchev, 1., Steinmetz, M., & Yi, S. K. 2026, A&A, in press, https:
//doi.org/10.1051/0004-6361/202659676

Le Conte, Z. A., Gadotti, D. A., Harvey, T., et al. 2026, arXiv e-prints
[arXiv:2601.18871]

Leroy, A. K., Walter, E, Bigiel, F., et al. 2009, AJ, 137, 4670

Li, M., Bryan, G. L., & Ostriker, J. P. 2017, ApJ, 841, 101

Li, H., Vogelsberger, M., Marinacci, F., Sales, L. V., & Torrey, P. 2020, MNRAS,
499, 5862

Li, H., Vogelsberger, M., Bryan, G. L., et al. 2022, MNRAS, 514, 265

Li, Z., Du, M., Debattista, V. P., et al. 2023, ApJ, 958, 77


https://www.nhr-verein.de/
http://linker.aanda.org/10.1051/0004-6361/202659829/1
http://linker.aanda.org/10.1051/0004-6361/202659829/2
http://linker.aanda.org/10.1051/0004-6361/202659829/3
http://linker.aanda.org/10.1051/0004-6361/202659829/4
http://linker.aanda.org/10.1051/0004-6361/202659829/5
http://linker.aanda.org/10.1051/0004-6361/202659829/6
http://linker.aanda.org/10.1051/0004-6361/202659829/7
http://linker.aanda.org/10.1051/0004-6361/202659829/7
http://linker.aanda.org/10.1051/0004-6361/202659829/8
http://linker.aanda.org/10.1051/0004-6361/202659829/9
http://linker.aanda.org/10.1051/0004-6361/202659829/10
http://linker.aanda.org/10.1051/0004-6361/202659829/11
http://linker.aanda.org/10.1051/0004-6361/202659829/12
http://linker.aanda.org/10.1051/0004-6361/202659829/13
http://linker.aanda.org/10.1051/0004-6361/202659829/14
http://linker.aanda.org/10.1051/0004-6361/202659829/15
http://linker.aanda.org/10.1051/0004-6361/202659829/16
http://linker.aanda.org/10.1051/0004-6361/202659829/16
http://linker.aanda.org/10.1051/0004-6361/202659829/17
http://linker.aanda.org/10.1051/0004-6361/202659829/18
http://linker.aanda.org/10.1051/0004-6361/202659829/19
http://linker.aanda.org/10.1051/0004-6361/202659829/19
http://linker.aanda.org/10.1051/0004-6361/202659829/20
http://linker.aanda.org/10.1051/0004-6361/202659829/21
http://linker.aanda.org/10.1051/0004-6361/202659829/22
http://linker.aanda.org/10.1051/0004-6361/202659829/23
http://linker.aanda.org/10.1051/0004-6361/202659829/24
http://linker.aanda.org/10.1051/0004-6361/202659829/25
http://linker.aanda.org/10.1051/0004-6361/202659829/26
http://linker.aanda.org/10.1051/0004-6361/202659829/27
http://linker.aanda.org/10.1051/0004-6361/202659829/28
http://linker.aanda.org/10.1051/0004-6361/202659829/29
http://linker.aanda.org/10.1051/0004-6361/202659829/30
http://linker.aanda.org/10.1051/0004-6361/202659829/31
http://linker.aanda.org/10.1051/0004-6361/202659829/32
http://linker.aanda.org/10.1051/0004-6361/202659829/33
http://linker.aanda.org/10.1051/0004-6361/202659829/34
http://linker.aanda.org/10.1051/0004-6361/202659829/35
http://linker.aanda.org/10.1051/0004-6361/202659829/36
http://linker.aanda.org/10.1051/0004-6361/202659829/37
http://linker.aanda.org/10.1051/0004-6361/202659829/38
http://linker.aanda.org/10.1051/0004-6361/202659829/39
http://linker.aanda.org/10.1051/0004-6361/202659829/40
http://linker.aanda.org/10.1051/0004-6361/202659829/41
http://linker.aanda.org/10.1051/0004-6361/202659829/42
http://linker.aanda.org/10.1051/0004-6361/202659829/42
http://linker.aanda.org/10.1051/0004-6361/202659829/43
http://linker.aanda.org/10.1051/0004-6361/202659829/44
http://linker.aanda.org/10.1051/0004-6361/202659829/44
http://linker.aanda.org/10.1051/0004-6361/202659829/45
http://linker.aanda.org/10.1051/0004-6361/202659829/46
http://linker.aanda.org/10.1051/0004-6361/202659829/47
http://linker.aanda.org/10.1051/0004-6361/202659829/48
http://linker.aanda.org/10.1051/0004-6361/202659829/48
http://linker.aanda.org/10.1051/0004-6361/202659829/49
http://linker.aanda.org/10.1051/0004-6361/202659829/50
http://linker.aanda.org/10.1051/0004-6361/202659829/51
http://linker.aanda.org/10.1051/0004-6361/202659829/52
http://linker.aanda.org/10.1051/0004-6361/202659829/53
http://linker.aanda.org/10.1051/0004-6361/202659829/54
http://linker.aanda.org/10.1051/0004-6361/202659829/55
http://linker.aanda.org/10.1051/0004-6361/202659829/55
http://linker.aanda.org/10.1051/0004-6361/202659829/56
http://linker.aanda.org/10.1051/0004-6361/202659829/57
http://linker.aanda.org/10.1051/0004-6361/202659829/58
http://linker.aanda.org/10.1051/0004-6361/202659829/59
http://linker.aanda.org/10.1051/0004-6361/202659829/60
http://linker.aanda.org/10.1051/0004-6361/202659829/61
http://linker.aanda.org/10.1051/0004-6361/202659829/62
http://linker.aanda.org/10.1051/0004-6361/202659829/63
http://linker.aanda.org/10.1051/0004-6361/202659829/64
http://linker.aanda.org/10.1051/0004-6361/202659829/65
http://linker.aanda.org/10.1051/0004-6361/202659829/66
http://linker.aanda.org/10.1051/0004-6361/202659829/67
http://linker.aanda.org/10.1051/0004-6361/202659829/68
http://linker.aanda.org/10.1051/0004-6361/202659829/69
http://linker.aanda.org/10.1051/0004-6361/202659829/70
http://linker.aanda.org/10.1051/0004-6361/202659829/71
http://linker.aanda.org/10.1051/0004-6361/202659829/72
http://linker.aanda.org/10.1051/0004-6361/202659829/73
http://linker.aanda.org/10.1051/0004-6361/202659829/74
http://linker.aanda.org/10.1051/0004-6361/202659829/75
http://linker.aanda.org/10.1051/0004-6361/202659829/76
http://linker.aanda.org/10.1051/0004-6361/202659829/77
http://linker.aanda.org/10.1051/0004-6361/202659829/78
http://linker.aanda.org/10.1051/0004-6361/202659829/79
http://linker.aanda.org/10.1051/0004-6361/202659829/80
http://linker.aanda.org/10.1051/0004-6361/202659829/81
http://linker.aanda.org/10.1051/0004-6361/202659829/81
http://linker.aanda.org/10.1051/0004-6361/202659829/82
https://arxiv.org/abs/2601.02534
http://linker.aanda.org/10.1051/0004-6361/202659829/84
http://linker.aanda.org/10.1051/0004-6361/202659829/85
http://linker.aanda.org/10.1051/0004-6361/202659829/86
http://linker.aanda.org/10.1051/0004-6361/202659829/87
http://linker.aanda.org/10.1051/0004-6361/202659829/88
http://linker.aanda.org/10.1051/0004-6361/202659829/89
https://arxiv.org/abs/2511.21805
https://doi.org/10.1051/0004-6361/202659676
https://doi.org/10.1051/0004-6361/202659676
https://arxiv.org/abs/2601.18871
http://linker.aanda.org/10.1051/0004-6361/202659829/93
http://linker.aanda.org/10.1051/0004-6361/202659829/94
http://linker.aanda.org/10.1051/0004-6361/202659829/95
http://linker.aanda.org/10.1051/0004-6361/202659829/95
http://linker.aanda.org/10.1051/0004-6361/202659829/96
http://linker.aanda.org/10.1051/0004-6361/202659829/97

Kwak, S., etal.: A&A, 711, A295 (2026)

Li, C., Li, H., Cui, W,, et al. 2024, MNRAS, 529, 4073

Lokas, E. L. 2020, A&A, 634, A122

Mac Low, M.-M., & McCray, R. 1988, ApJ, 324, 776

Marinacci, F., Sales, L. V., Vogelsberger, M., Torrey, P., & Springel, V. 2019,
MNRAS, 489, 4233

Marinova, 1., & Jogee, S. 2007, AplJ, 659, 1176

Marques, L., Mincheyv, 1., Ratcliffe, B., et al. 2025, A&A, 701, A88

Marquez, 1., Masegosa, J., Durret, F., et al. 2003, A&A, 409, 459

Martizzi, D., Faucher-Giguere, C.-A., & Quataert, E. 2015, MNRAS, 450, 504

Matzner, C. D. 2002, ApJ, 566, 302

McKee, C. F., & Krumholz, M. R. 2010, ApJ, 709, 308

McKee, C. F, & Ostriker, J. P. 1977, ApJ, 218, 148

Menéndez-Delmestre, K., Sheth, K., Schinnerer, E., Jarrett, T. H., & Scoville, N.
Z.2007, AplJ, 657, 790

Minchey, 1., & Famaey, B. 2010, ApJ, 722, 112

Mo, H. J., Mao, S., & White, S. D. M. 1998, MNRAS, 295, 319

Moon, S., Kim, W.-T., Kim, C.-G., & Ostriker, E. C. 2022, ApJ, 925, 99

Moon, S., Kim, W.-T., Kim, C.-G., & Ostriker, E. C. 2023, ApJ, 946, 114

Narayanan, D., Smith, J.-D. T., Hensley, B. S., et al. 2023, ApJ, 951, 100

Nelson, D., Pillepich, A., Springel, V., et al. 2019, MNRAS, 490, 3234

Nepal, S., Chiappini, C., Guiglion, G., et al. 2024, A&A, 681, L8

Nepal, S., Chiappini, C., Pérez-Villegas, A., et al. 2026, A&A, 707, A190

Neumayer, N., Seth, A., & Boker, T. 2020, A&ARv, 28, 4

Nogueras-Lara, F., Feldmeier-Krause, A., Schodel, R., et al. 2023, A&A, 680,
A75

Nogueras-Lara, F., Nieuwmunster, N., Schultheis, M., et al. 2024, A&A, 690,
A313

Nunnari, A., D’Orazi, V., Fiorentino, G., et al. 2026, A&A, 708, A17

Pakmor, R., Springel, V., Bauer, A., et al. 2016, MNRAS, 455, 1134

Papovich, C., Labbé, 1., Glazebrook, K., et al. 2016, Nat. Astron., 1, 0003

Pastras, S., Patsis, P. A., & Athanassoula, E. 2026, A&A, 707, A65

Pettitt, A. R., & Wadsley, J. W. 2018, MNRAS, 474, 5645

Pillepich, A., Springel, V., Nelson, D., et al. 2018, MNRAS, 473, 4077

Pillepich, A., Nelson, D., Springel, V., et al. 2019, MNRAS, 490, 3196

Portail, M., Gerhard, O., Wegg, C., & Ness, M. 2017, MNRAS, 465, 1621

Quillen, A. C., Dougherty, J., Bagley, M. B., Mincheyv, L., & Comparetta, J. 2011,
MNRAS, 417, 762

Rahmati, A., Pawlik, A. H., Raicevi¢, M., & Schaye, J. 2013, MNRAS, 430,
2427

Romeo, A. B., & Fathi, K. 2016, MNRAS, 460, 2360

Rybicki, G. B., & Lightman, A. P. 1986, Radiative Processes in Astrophysics
(Wiley-VCH)

Ryde, N., Nandakumar, G., Albarracin, R., et al. 2025, A&A, 699, A176

Sage, L. J. 1993, A&A, 272, 123

Saintonge, A., Kauffmann, G., Kramer, C., et al. 2011, MNRAS, 415, 32

Sanders, J. L., Kawata, D., Matsunaga, N., et al. 2024, MNRAS, 530, 2972

Schultheis, M., Rich, R. M., Origlia, L., et al. 2019, A&A, 627, A152

Schultheis, M., Fritz, T. K., Nandakumar, G., et al. 2021, A&A, 650, A191

Schultheis, M., Sormani, M. C., & Gadotti, D. A. 2025, A&ARv, 33,7

Schultheis, M., Serrano, L., Thorsbro, B., et al. 2026, A&A, 705, A235

Semenov, V. A., Kravtsov, A. V., & Gnedin, N. Y. 2017, ApJ, 845, 133

Seo, W.-Y., Kim, W.-T., Kwak, S., et al. 2019, ApJ, 872, 5

Shahzamanian, B., Schodel, R., Nogueras-Lara, F, et al. 2022, A&A, 662, A1l

Sharma, S., Bland-Hawthorn, J., Binney, J., et al. 2014, ApJ, 793, 51

Shlosman, I., Frank, J., & Begelman, M. C. 1989, Nature, 338, 45

Sivasankaran, A., Blecha, L., Torrey, P., et al. 2022, MNRAS, 517, 4752

Sivasankaran, A., Blecha, L., Torrey, P., et al. 2025, MNRAS, 537, 817

Sivasankaran, A., Blecha, L., Torrey, P., et al. 2026, MNRAS, 545, staf2044

Smith, A., Kannan, R., Tacchella, S., et al. 2022, MNRAS, 517, 1

Sormani, M. C., Sobacchi, E., Fragkoudi, F,, et al. 2018, MNRAS, 481, 2

Sormani, M. C., Sanders, J. L., Fritz, T. K., et al. 2022, MNRAS, 512, 1857

Sormani, M. C., Sobacchi, E., & Sanders, J. L. 2024, MNRAS, 528, 5742

Spitoni, E., Schultheis, M., Matteucci, F., et al. 2026, A&A, 707, A202

Springel, V. 2010, MNRAS, 401, 791

Springel, V., & Hernquist, L. 2003, MNRAS, 339, 289

Springel, V., Di Matteo, T., & Hernquist, L. 2005, MNRAS, 361, 776

Springel, V., Wang, J., Vogelsberger, M., et al. 2008, MNRAS, 391, 1685

Tacchella, S., Smith, A., Kannan, R, et al. 2022, MNRAS, 513, 2904

van den Bosch, F. C., Jaffe, W., & van der Marel, R. P. 1998, MNRAS, 293, 343

Villa-Vargas, J., Shlosman, I., & Heller, C. 2009, ApJ, 707, 218

Villa-Vargas, J., Shlosman, 1., & Heller, C. 2010, ApJ, 719, 1470

Vogelsberger, M., Genel, S., Sijacki, D., et al. 2013, MNRAS, 436, 3031

Vogelsberger, M., Genel, S., Springel, V., et al. 2014a, Nature, 509, 177

Vogelsberger, M., Genel, S., Springel, V., et al. 2014b, MNRAS, 444, 1518

Vogelsberger, M., Marinacci, F., Torrey, P., & Puchwein, E. 2020, Nat. Rev.
Phys., 2,42

Wang, W., & Zhou, Z. 2025, ApJ, 982, 129

Weaver, R., McCray, R., Castor, J., Shapiro, P., & Moore, R. 1977, ApJ, 218, 377

Weinberger, R., Springel, V., & Pakmor, R. 2020, ApJS, 248, 32

Whyte, L. ., Abraham, R. G., Merrifield, M. R., et al. 2002, MNRAS, 336, 1281

Williams, T. G., Lee, J. C., Larson, K. L., et al. 2024, ApJS, 273, 13

Wolfire, M. G., Hollenbach, D., McKee, C. F., Tielens, A. G. G. M., & Bakes, E.
L. O. 1995, ApJ, 443, 152

Wolfire, M. G., McKee, C. F.,, Hollenbach, D., & Tielens, A. G. G. M. 2003, ApJ,
587,278

Yurin, D., & Springel, V. 2014, MNRAS, 444, 62

Zhang, E., Sales, L. V., Marinacci, F,, et al. 2024a, ApJ, 975, 229

Zhang, Z., Zhang, X., Li, H., et al. 2024b, ApJ, 962, 15

Zhang, Z., Zhang, X., Li, H., et al. 2025, ApJ, 991, 170

Zoccali, M., Rojas-Arriagada, A., Valenti, E., et al. 2024, A&A, 684, A214

A295, page 19 of 21


http://linker.aanda.org/10.1051/0004-6361/202659829/98
http://linker.aanda.org/10.1051/0004-6361/202659829/99
http://linker.aanda.org/10.1051/0004-6361/202659829/100
http://linker.aanda.org/10.1051/0004-6361/202659829/101
http://linker.aanda.org/10.1051/0004-6361/202659829/102
http://linker.aanda.org/10.1051/0004-6361/202659829/103
http://linker.aanda.org/10.1051/0004-6361/202659829/104
http://linker.aanda.org/10.1051/0004-6361/202659829/105
http://linker.aanda.org/10.1051/0004-6361/202659829/106
http://linker.aanda.org/10.1051/0004-6361/202659829/107
http://linker.aanda.org/10.1051/0004-6361/202659829/108
http://linker.aanda.org/10.1051/0004-6361/202659829/109
http://linker.aanda.org/10.1051/0004-6361/202659829/110
http://linker.aanda.org/10.1051/0004-6361/202659829/111
http://linker.aanda.org/10.1051/0004-6361/202659829/112
http://linker.aanda.org/10.1051/0004-6361/202659829/113
http://linker.aanda.org/10.1051/0004-6361/202659829/114
http://linker.aanda.org/10.1051/0004-6361/202659829/115
http://linker.aanda.org/10.1051/0004-6361/202659829/116
http://linker.aanda.org/10.1051/0004-6361/202659829/117
http://linker.aanda.org/10.1051/0004-6361/202659829/118
http://linker.aanda.org/10.1051/0004-6361/202659829/119
http://linker.aanda.org/10.1051/0004-6361/202659829/119
http://linker.aanda.org/10.1051/0004-6361/202659829/120
http://linker.aanda.org/10.1051/0004-6361/202659829/120
http://linker.aanda.org/10.1051/0004-6361/202659829/121
http://linker.aanda.org/10.1051/0004-6361/202659829/122
http://linker.aanda.org/10.1051/0004-6361/202659829/123
http://linker.aanda.org/10.1051/0004-6361/202659829/124
http://linker.aanda.org/10.1051/0004-6361/202659829/125
http://linker.aanda.org/10.1051/0004-6361/202659829/126
http://linker.aanda.org/10.1051/0004-6361/202659829/127
http://linker.aanda.org/10.1051/0004-6361/202659829/128
http://linker.aanda.org/10.1051/0004-6361/202659829/129
http://linker.aanda.org/10.1051/0004-6361/202659829/130
http://linker.aanda.org/10.1051/0004-6361/202659829/130
http://linker.aanda.org/10.1051/0004-6361/202659829/131
http://linker.aanda.org/10.1051/0004-6361/202659829/132
http://linker.aanda.org/10.1051/0004-6361/202659829/133
http://linker.aanda.org/10.1051/0004-6361/202659829/134
http://linker.aanda.org/10.1051/0004-6361/202659829/135
http://linker.aanda.org/10.1051/0004-6361/202659829/136
http://linker.aanda.org/10.1051/0004-6361/202659829/137
http://linker.aanda.org/10.1051/0004-6361/202659829/138
http://linker.aanda.org/10.1051/0004-6361/202659829/139
http://linker.aanda.org/10.1051/0004-6361/202659829/140
http://linker.aanda.org/10.1051/0004-6361/202659829/141
http://linker.aanda.org/10.1051/0004-6361/202659829/142
http://linker.aanda.org/10.1051/0004-6361/202659829/143
http://linker.aanda.org/10.1051/0004-6361/202659829/144
http://linker.aanda.org/10.1051/0004-6361/202659829/145
http://linker.aanda.org/10.1051/0004-6361/202659829/146
http://linker.aanda.org/10.1051/0004-6361/202659829/147
http://linker.aanda.org/10.1051/0004-6361/202659829/148
http://linker.aanda.org/10.1051/0004-6361/202659829/149
http://linker.aanda.org/10.1051/0004-6361/202659829/150
http://linker.aanda.org/10.1051/0004-6361/202659829/151
http://linker.aanda.org/10.1051/0004-6361/202659829/152
http://linker.aanda.org/10.1051/0004-6361/202659829/153
http://linker.aanda.org/10.1051/0004-6361/202659829/154
http://linker.aanda.org/10.1051/0004-6361/202659829/155
http://linker.aanda.org/10.1051/0004-6361/202659829/156
http://linker.aanda.org/10.1051/0004-6361/202659829/157
http://linker.aanda.org/10.1051/0004-6361/202659829/158
http://linker.aanda.org/10.1051/0004-6361/202659829/159
http://linker.aanda.org/10.1051/0004-6361/202659829/160
http://linker.aanda.org/10.1051/0004-6361/202659829/161
http://linker.aanda.org/10.1051/0004-6361/202659829/162
http://linker.aanda.org/10.1051/0004-6361/202659829/163
http://linker.aanda.org/10.1051/0004-6361/202659829/164
http://linker.aanda.org/10.1051/0004-6361/202659829/165
http://linker.aanda.org/10.1051/0004-6361/202659829/165
http://linker.aanda.org/10.1051/0004-6361/202659829/166
http://linker.aanda.org/10.1051/0004-6361/202659829/167
http://linker.aanda.org/10.1051/0004-6361/202659829/168
http://linker.aanda.org/10.1051/0004-6361/202659829/169
http://linker.aanda.org/10.1051/0004-6361/202659829/170
http://linker.aanda.org/10.1051/0004-6361/202659829/171
http://linker.aanda.org/10.1051/0004-6361/202659829/172
http://linker.aanda.org/10.1051/0004-6361/202659829/172
http://linker.aanda.org/10.1051/0004-6361/202659829/173
http://linker.aanda.org/10.1051/0004-6361/202659829/174
http://linker.aanda.org/10.1051/0004-6361/202659829/175
http://linker.aanda.org/10.1051/0004-6361/202659829/176
http://linker.aanda.org/10.1051/0004-6361/202659829/177

Kwak, S., et al.: A&A, 711, A295 (2026)

Appendix A: Supplementary figures
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Fig. A.1. Radial distributions of the Fourier mode m = 2 for all models
at 2, 3, 4, and 5 Gyr within 6 kpc. Model names and colors correspond-
ing to each time are labeled. The horizontal line indicates F, = 0.15,
while the vertical lines mark the outermost intersections with this line
to estimate the radial extent of the bar’s influence.
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Fig. A.2. Bar pattern speed evolution of all models between 1.3 and 5
Gyr. The pattern speeds are derived from the mean phase angle of the
Fourier mode m = 2 averaged over the radial range 1.0-2.0 kpc. The
time derivative of this phase is converted to bar pattern speed in units of
km s~ 'kpc!.
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Fig. A.3. Face-on projections of the surface density distributions of
stars, gas, and their stacked image in the X-Y plane within a 15 X 15
kpc? box at 3.0 Gyr for model r1c14b05. The color bars indicate units
of M, kpc™2. The surface density images of stars and gas are superim-
posed with partial transparency to produce the third panel, over which
blue and purple points are overlaid in the bottom panel to indicate young
stars with ages 0.01 < f,5c < 0.1 Gyr and ., < 0.01 Gyr, respectively.
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Fig. A.4. Time evolution of inner inner Lindblad resonance (iILR)
and outer inner Lindblad resonance (oILR) for model rlc14b05 and
r1c14b10, which form double ILRs and a NSR. The bar pattern speed in
Fig. A.2 is used for the calculation. The gray shaded region indicates the
radial extent of NSR, bounded by its semimajor and semiminor axes.

A295, page 21 of 21



	Introduction
	Method
	SMUGGLE-Ring project
	Initial conditions

	Results
	Bar formation
	Nuclear disk and ring formation
	Dynamics of nuclear structures

	Discussion and summary
	References
	Supplementary figures

