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Abstract

To address the disk-halo degeneracy problem, we investigate the nearby barred spiral galaxy NGC 1097. We

construct mass models using 3.6 and 4.5 μm near-infrared photometric images from the S4G survey, constrained

by rotation curves derived from CO(J= 2–1) data from the PHANGS-ALMA survey. These models serve as

inputs for a suite of hydrodynamic simulations, where we systematically test the in;uence of key parameters

including the disk mass scaling factor ( fM), bar pattern speed (Ωb), and gas sound speed (cs). By comparing the

CO(2–1) kinematic maps in the bar region with those from the simulations, we perform a standard χ2 analysis to

identify the best-<t model. The best-<t model reproduces the observed morphological and kinematic gas features

of the galaxy, indicating that NGC 1097 likely hosts a maximal disk with a slowly rotating bar. We also test the

in;uence of a boxy/peanut-shaped (B/P) bulge by incorporating a double-peaked vertical density pro<le into the

model. This B/P structure tends to weaken the bar’s non-axisymmetric potential and necessitate a higher bar

pattern speed to reproduce the observed gas morphology.

Key words: Galaxies – galaxies: kinematics and dynamics – galaxies: evolution – galaxies: fundamental

parameters

1. Introduction

The ;at rotation curves (RCs) observed in galaxies,

extending well beyond the visible stellar disk (Roberts 1976),

have long served as pivotal evidence for the presence of dark

matter. While dark matter is widely accepted as the dominant

component in the outer regions of galaxies, the relative

contributions of baryonic and dark matter in the central regions

remain uncertain. This long-standing issue, known as the disk-

halo degeneracy, was clearly illustrated in van Albada et al.

(1985), where they demonstrated that the RC of NGC 3198

could be reproduced equally well by models ranging from dark

matter-dominated to baryon-dominated (“maximal disk”)

scenarios. Traditional methods have proven ineffective in

breaking the degeneracy between the disk and halo mass

components. Despite recent advances such as two-dimensional

velocity <eld mapping, this degeneracy continues to signi<-

cantly hinder our ability to accurately constrain the inner mass

distribution of galaxies (Barnes et al. 2004).

Barred galaxies, constituting approximately 70% of disk

galaxies in the near-infrared (Eskridge et al. 2000; Knapen et al.

2000; Menéndez-Delmestre et al. 2007; Barazza et al. 2008;

Aguerri et al. 2009; Gadotti 2009), offer a promising avenue for

breaking this degeneracy. The non-axisymmetric potential of the

bar induces strong gas responses, such as shocks (visible as dust

lanes) and nuclear rings, which are highly sensitive to the

underlying baryonic mass distribution and bar dynamics.

Hydrodynamic simulations have shown that these features can

be used to constrain the bar pattern speed, mass-to-light ratio,

and gas sound speed (Athanassoula 1992a, 1992b; Kim et al.

2012a, 2012b; Li et al. 2015). This methodology has been

successfully applied to several galaxies, including NGC 4123

(Weiner et al. 2001a, 2001b), NGC 1365 (Lindblad et al. 1996;

Zánmar Sánchez et al. 2008), ESO 566-24 (Rautiainen et al.

2004), and NGC 1291 (Fragkoudi et al. 2017), etc.

NGC 1097 is an exceptional candidate for gas dynamical

modeling. This SBb-type barred spiral galaxy, located at a

distance of 14.2 Mpc (Tully et al. 2009; Nasonova et al. 2011)

features a prominent bar, well-de<ned dust lanes, and a distinct

circumnuclear star-forming ring (Storchi-Bergmann et al.

2005; Fathi et al. 2006; Davies et al. 2009), making it an

ideal target for studying bar-driven gas dynamics. Lin et al.

(2013) employed hydrodynamic simulations to constrain the

bar pattern speed and mass distribution of NGC 1097.

However, several key limitations in that study motivate a

re-investigation of the galaxy. First, their stellar mass model

lacked constraints from near-infrared photometry, which may

have led to inaccuracies in representing the stellar mass
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distribution. Second, the RC used to constrain their mass

model was derived from older data with lower spatial and

spectral resolution. Third, their exploration of the parameter

space was relatively limited, and the determination of the best-

<t model primarily relied on subjective visual comparison

rather than quantitative criteria.

Recent advances in both observational data and simulation

techniques now enable a more robust analysis. High-resolution

CO(2–1) observations from the PHANGS-ALMA survey

(Leroy et al. 2021) provide detailed molecular gas kinematics,

while deep near-infrared imaging from the S4G survey

enhances stellar mass modeling accuracy. In parallel, modern

simulation codes and computational resources enable large-

scale, high-resolution explorations of parameter space, facil-

itating quantitative comparisons using statistical metrics.

In this work, we revisit NGC 1097 using updated data and

re<ned modeling techniques. Using S4G 3.6 and 4.5 μm

photometry and high-quality CO RCs, we construct detailed

mass models of the galaxy. We then conduct a large suite of

hundreds of hydrodynamic simulations, systematically varying

the disk mass scaling factor ( fM), bar pattern speed (Ωb), and

gas sound speed (cs). By comparing the simulated gas response

with observed morphological and kinematic features, we aim

to place robust constraints on the bar dynamics and baryonic

mass distribution of NGC 1097, thereby contributing to efforts

to break the disk-halo degeneracy.

2. Photometric and CO(2–1) Images

The 3.6 μm photometric images from the S4G survey reveal

distinct structural features of NGC 1097 as shown in Figure 1.

The galaxy exhibits a prominent, extended stellar bar, with an

approximate length of 6.8 kpc (see Section 5.2). Despite the

use of infrared wavelengths, which typically reduce the

visibility of recent star formation, the circumnuclear star-

forming ring remains morphologically distinct. The properties

of NGC 1097 are summarized in Table 1.

The molecular gas distribution and kinematics are traced in

the CO(2–1) surface brightness and line-of-sight velocity

maps, shown in the middle and right panels of Figure 1,

respectively. These maps are directly processed from the

PHANGS-ALMA survey pipeline products. Assuming that

spiral arms are trailing relative to the direction of galactic

rotation (as predicted by density wave theory), observed arm

geometry indicates that NGC 1097 rotates in a clockwise

direction.

By combining the infrared and CO(2–1) images, we present

a schematic illustration of the typical gaseous structures of

barred galaxies in a face-on view (Figure 2). Prominent dust

Figure 1. S4G and CO(2–1) observations of NGC 1097. Left: Near-infrared (3.6 μm) surface brightness map from the S4G survey showing surface brightness in

units of L⊙ pc−2 within 15 kpc. The black contours highlight the galactic bar structure, and the white regions mask foreground stars. The cyan rectangle indicates the

coverage of the CO(2–1) observations shown in the subsequent panels. Middle: Integrated intensity (moment 0) map of the CO(2–1) emissions from PHANGS-

ALMA, in units of K km s−1, tracing the distribution of molecular gas. Right: Intensity-weighted mean velocity (moment 1) map derived from the CO(2–1)

emissions, in units of km s−1
(white represents zero velocity).

Table 1
Properties of NGC 1097 Used in this Work

GalaxyID Type Bar Length (abar) Inclination (i) Distance Scale (1″)

NGC 1097 SB 6.8 kpc 46°.6 14.2 Mpc 68.8 pc

Reference Buta (2014) this work Salo et al. (2015) Tully et al. (2009) ⋯

Note. The bar length (abar) is taken as the average of measurements from the maximum isophotal ellipticity (r
ε
) and the radius of the maximum m = 2 Fourier

amplitude (rA2), both determined from the deprojected 3.6 μm image (see Section 5.2).
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lanes are found on the leading edges of the bar, exhibiting an

m= 2 rotational symmetry and connecting to a well-de<ned

nuclear ring in the central region.

3. Work Procedure

3.1. Mass Model and Potential

The construction of a robust mass model is essential for

understanding the dynamical evolution of barred galaxies. Our

goal is to derive a gravitational potential that accurately

describes the distribution of both baryonic and dark matter

components.

The baryonic mass distribution is derived from 3.6 and

4.5 μm images from the S4G survey. To account for dust

contamination, we apply the empirical relation from Querejeta

et al. (2015), which converts ;ux density (Jy) to stellar mass

(solar mass):

( )= × × ×
M

M

F F D
10

Jy Jy Mpc
, 18.35 3.6

1.85
4.5

0.85 2

where F3.6 and F4.5 are the observed ;ux densities in Jy at

3.6 μm and 4.5 μm, respectively, and D is the distance of

galaxies. A key assumption here is that the mass-to-light ratio

is constant across the whole galaxy.

To minimize the impact of foreground stars, we mask

prominent point sources using the mask <les provided by the

S4G survey and <ll the masked regions using the IRAF

imedit task. Then we use the IRAF ellipse task to

determine the position angles of the galactic disk (PAdisk) and

bar (PAbar), as well as the inclination (i). The values from our

measurements are consistent with the galactic properties

reported by the S4G survey (Sheth et al. 2010).

To deproject the galaxy image to a face-on view, we assume

an intrinsically circular disk and stretch the image along the

observed minor axis by a factor of icos 1 . To obtain the three-

dimensional (3D) stellar density distribution, we assume that

the vertical density pro<le follows the isothermal-sheet model

(Binney & Tremaine 2008). The <nal density pro<le is given

by:

( ) ( ) ( )=R z
z

R
z

z
, ,

1

2
, sech , 2

0

2

0

where Σ(R, f) is the de-projected surface density distribution

for each galaxy and z0 is the scale height of the disk. (z0 is

constant here, see Section 5.4 for variations).

Despite masking point sources and interpolating over the

masked regions, some irregularities may remain in the surface

brightness map. To smooth the derived surface density map

and isolate large-scale non-axisymmetric structures (primarily

the bar), we apply a Fourier decomposition in azimuth to the

deprojected surface density Σ(R, f):

( ) [ ( ) ( ) ] ( )= + +

=

R
a

a R m b R m,
2

cos sin , 3
m

m m

0

1

where the Fourier coef<cients am(R) and bm(R) are given by

( ) ( )

( ) ( ) ( )

=

=

a R R m d

b R R m d

1
, cos ,

1
, sin , 4

m

m

0

2

0

2

This decomposition allows us to separate the galactic surface

density into different m-fold rotational symmetric components.

The axisymmetric disk component is represented by m= 0,

while the bar is primarily described by the m= 2 component.

To construct the smoothed potential for simulations, we

reconstruct the surface density using only the low-order even

Fourier components (m = 0, 2, 4, 6, 8), while discarding odd

and higher-order even components.

We adopt a spherical Navarro–Frenk–White (NFW) model

(Navarro et al. 1995) to describe the dark matter halo, with its

density pro<le given by:

( )
( )( )

( )
/ /

=

+

r
r r r r1

, 5

NFW

0,NFW

0,NFW 0,NFW

2

where ρ0,NFW is the characteristic density and r0,NFW is the

scale radius of the NFW halo.

To construct the total mass model, we integrate both baryonic

and dark matter components. We adjust the mass scaling factor

of the baryonic component to match the observed stellar mass

distribution, while <ne-tuning the NFW parameters (ρ0,NFW and

r0,NFW) to account for the contribution of dark matter.

Additionally, if required to match the central rise of the RC,

we include a central mass concentration (CMC) modeled as a

Plummer sphere. The density pro<le of the Plummer sphere is

given by:

( ) ( )

/

= +r
r

r

1 , 6Plum 0,Plum

2

0,Plum
2

5 2

where ρ0,Plum is the central density and r0,Plum is the scale

length.

Figure 2. Schematic illustration of the typical gaseous structures in barred

galaxies.

3

Research in Astronomy and Astrophysics, 25:075001 (10pp), 2025 July Liu, Li, & Shen



With these three components, the three-dimensional total

density distribution and the galaxy’s total mass must satisfy

the following relation:

( )

( ) ( ) ( ) ( )= + +

= + +

7

R z f R z r r

M f M M M

, , , ,
,

total M disk NFW Plum

total M disk NFW Plum

where fM is the free parameter controlling the mass of disk.

The free parameters (including the mass scaling factor fM
de<ned in Section 3.3, the NFW parameters ρ0,NFW, r0,NFW,

and the Plummer parameters ρ0,Plum, r0,Plum if used) are

iteratively adjusted so that the 1D RC derived from the total

mass model is broadly consistent with the observed RC in

regions assumed to be dominated by circular motion.

However, we do not aim to precisely <t the entire observed

RC from the PHANGS-ALMA survey. Speci<cally, we

exclude the radial range in;uenced by the bar (approximately

between the nuclear ring radius and the bar end) from the RC

<tting process, as strong non-circular motions within this

region violate the assumptions of standard RC derivation

methods (Liu et al. 2025).

The exclusion of RC data between the nuclear ring radius

and the bar ends is a crucial aspect of our modeling strategy.

This choice is motivated by the considerable uncertainties in

the observed RC within this zone. The PHANGS-ALMA RCs

are derived using the conventional tilted-ring method, which

assumes purely circular motion—an assumption that breaks

down in the presence of strong non-circular motions induced

by the bar. In our previous study (Liu et al. 2025), we

systematically demonstrated that such non-circular motions

can introduce signi<cant biases in RC measurements, particu-

larly in barred galaxies. By omitting these dynamically

complex regions, we ensure that our mass models are

constrained by more reliable kinematic data, thereby improv-

ing the robustness of our dynamical analysis.

Our goal is to ensure that the overall mass distribution of the

model, including both baryonic and dark matter components,

produces a RC that is consistent with the observed RC in

regions unaffected by strong non-circular motions. By

focusing exclusively on areas where the assumptions of

axisymmetry and circular motion hold, we enhance the

reliability and interpretability of our results.

Based on the re<ned mass models, we compute the

gravitational potential by solving the Poisson equation:

( ) ( ) ( )=R z G R z, , 4 , , . 8

2

This potential is then used to simulate the gas dynamics as

described in the following sections.

3.2. Simulation Setup

The simulations are performed using the grid-based magneto-

hydrodynamic (MHD) code Athena++ (Stone et al. 2020) on a

uniform Cartesian grid. The adopted spatial resolution exceeds

that of the S4G photometric images (∼50 pc). The computational

domain is a two-dimensional square spanning 36 kpc × 36 kpc,

with coordinate boundaries of |x|� 18 kpc and |y|� 18 kpc. The

grid comprises 2048 × 2048 cells, yielding a cell size of 17.6 pc,

which is approximately one-third of the observational spatial

resolution.

The simulations begin with an axisymmetric gravitational

potential and a gaseous disk with circular rotation in centrifugal

force equilibrium. Subsequently, we transform this axisym-

metric potential into a non-axisymmetric one with its strength

increasing linearly until it reaches its maximum over one bar

evolution period (2π/Ωb). Our tests con<rm that while this

transformation timescale in;uences the rate at which the gas

;ow patterns develop, it does not affect their <nal morphology

or detailed characteristics.

3.3. Free Parameters

In this study, we focus on three key parameters:

1. Mass scaling factor. (fM) scales the contribution of the

stellar component (derived from the S4G images) to the

total gravitational potential. Detailed parameter settings

for different fM models are provided in Table 2.

2. Isothermal sound speed. (cs[ km s−1
]) represents the

velocity dispersion or turbulence level of gas.

3. Bar pattern speed. (Ωb[ km s−1 kpc−1
]) determines the

rotational speed of the galactic bar.

For NGC 1097, we consider four values for the isothermal

sound speed: 10, 15, 20 and 25 km s−1. The pattern speed is

varied in the range of 11–46 km s−1 kpc−1, and the mass

scaling factor ranges from 0.6 to 1.4. Notably, when fM = 1.4,

the contribution required from the dark matter halo (NFW

component) to match the outer RC becomes negligible. In

total, 286 models have been tested. When adjusting the fM
ratio, we simultaneously change the parameters of the dark

Table 2
Model Parameters for NGC 1097

fM ρ0,NFW r0,NFW ρ0,Plum r0,Plum

(M⊙ kpc−3
) (kpc) (M⊙ kpc−3

) (kpc)

0.6 4.0 × 107 10 7.0 × 1010 0.35

0.7 2.4 × 107 12 6.5 × 1010 0.35

0.8 1.4 × 107 15 5.7 × 1010 0.35

0.9 8.0 × 106 20 5.2 × 1010 0.35

1.0 9.0 × 106 15 4.5 × 1010 0.35

1.1 5.0 × 106 20 4.0 × 1010 0.35

1.2 3.0 × 106 20 3.5 × 1010 0.35

1.25 2.0 × 106 20 3.25 × 1010 0.35

1.3 1.0 × 106 25 3.0 × 1010 0.35

1.35 5.0 × 105 25 2.75 × 1010 0.35

1.4 0 30 2.5 × 1010 0.35
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matter halo and the Plummer sphere to ensure that the total RC

remains consistent with the observed 1D RC.

3.4. Best-/t Model Determination

To identify the best-<t models in a systematic manner, we

employ the standard χ2 method to evaluate the goodness-of-<t

between the models and observations for the velocity <elds.

The standard χ2 comparison is de<ned as:

( ) ( )

( )
( )=

+n

V x y V x y

x y

1 , ,

, 12 km s
, 9

n

n n n n

n n

2 model,los data,los

los
1

2

where σlos is the uncertainty in the observed line-of-sight

velocity, and n is the number of selected pixels.

To address the singularity problem caused by pixels with

extremely small uncertainties dominating the χ2 calculation,

we empirically add 12 km s−1 to the uncertainties. This

regularization ensures that the modi<ed χ2 provides a reliable

estimate of the similarity.

Although the gas ;ow patten remains relatively stable, the

substructures on pc-scale ;uctuate along time. This dynamism is

re;ected in the distinct χ2 values obtained from different time

snapshots for one simulation (Figure 3). These variations are

driven by short-timescale processes that reshape the gas micro-

structure, with wiggle instability playing a key role (Kim et al.

2014). Wiggle instability arises from the generation of potential

vorticity at deformed shock fronts, disrupting dust lanes and

forming small clumps of gas with high vorticity. These clumps

rapidly travel along the dust lanes from the outer regions toward

the galactic center. The periodic oscillations in χ2 values over

time—clearly visible in Figure 3—serve as a distinct hallmark

of the wiggle instability.

To mitigate the disruptive effects of wiggle instability

on the goodness-of-<t, we compile all simulation snapshots

within a 300 Myr period after three bar evolution times.

A time-averaged snapshot is then produced from these data to

facilitate quantitative comparison with observations.

4. Results from Simulations

The typical gas ;ow pattern evolves and stabilizes as the bar

grows, eventually reaching a quasi-steady state when the non-

axisymmetric potential reaches its maximum. We compare the

steady-state gas ;ow patterns from the simulations with the

observed ones. Our analysis shows that as the mass scaling

factor ( fM), pattern speed (Ωb), and sound speed (cs) increase,

the nuclear ring becomes smaller, the dust lanes shift closer to

the bar’s major axis, and become more straight. These trends are

consistent with the <ndings of Maciejewski (2004a, 2004b),

Kim et al. (2012a, 2012b), Li et al. (2015).

Figure 4 presents the χ2 distribution for different models,

with the global minimum clearly indicating the best-<t

model characterized by fM = 1.25, cs = 25 km s−1 and Ωb =

26 km s−1 kpc−1. Additionally, it is essential to verify that the

gas ;ow patterns in the best-<t model, identi<ed by the χ2

minimum, closely resemble the observations. Figure 5 shows

the best-<t model, which reproduces the primary gaseous

structures including the nuclear ring, the bar-driven dust lanes,

and even the upper segment of the outer spiral arms. The size

and position of these features closely match the observations.

5. Discussion

5.1. Maximal Disk or Zero Disk?

In addition to the χ2 comparisons, further direct evidence

supporting models with a large mass scaling factor fM is

illustrated in Figure 6. In low-fM models, the dust lanes exhibit

noticeable deviations or misalignments compared to those

observed in the CO(2–1) map, and the nuclear rings are larger

than the observation.

A maximal disk is de<ned as contributing more than 75%

of the total rotation curve at R = 2.2Rd (Vc,disk(2.2Rd)/Vc,total

(2.2Rd)� 75%). For NGC 1097, the disk scale length (Rd) is

∼3.7 kpc, as derived from the S4G 3.6μm image. In the best

model of NGC 1097, baryons contribute more than 85% of total

RC even extending to 18 kpc. Thus, this galaxy prefers a maximal

disk model.

5.2. Fast Bar or Slow Bar?

There is physical limitation on the pattern speed of Galactic

bar. A galactic bar cannot rotate too fast, which can be

described by the equation:

( )=R
R

a
1, 10

CR

bar

where RCR and abar are the co-rotation radius and the bar

length, respectively. Debattista & Sellwood (2000) separate

galactic bars into fast (R 1.4) and slow( >R 1.4) bars.

Figure 3. χ2 evolution from t = 0.9 Gyr to t = 1.2 Gyr for

fM = 1.0, cs = 20 km s−1, Ωb = 26 km s−1 kpc−1 model of NGC 1097.
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The dimensionless parameter R can be attained from

frequency diagram like Figure 7. The circular frequency Ω

(R) and epicycle frequency κ(R) are calculated from equations

as follows:

( ) ( ) ( )= = +R
R R

R R
d

dR

1

, 4 , 11

2 2

2

2

where = +R x y
2 2 and Φ is the potential of the galaxy.

There are several methods for measuring bar length in disk

galaxies. Wozniak & Pierce (1991) proposed a widely used

approach that identi<es the bar length as the radius corresp-

onding to the maximum ellipticity of isophotes, denoted as r
ε
.

However, Shen & Sellwood (2004), Athanassoula (2005)

noted that this measure tends to provide a lower limit to the

actual bar length.

Erwin & Sparke (2003) instead adopted the radius of the

<rst ellipticity minimum following r
ε

as the bar length.

Athanassoula & Misiriotis (2002) introduced a Fourier

decomposition approach and de<ned the bar length as the

radius where the A2/A0 pro<le reaches its maximum, denoted

as rA2. (Kataria & Shen 2022) demonstrated that r
ε

and rA2

both underestimated the true bar length. They showed that a

Fourier analysis method based on monitoring phase angle

variations—with thresholds of 5° (a5) and 10° (a10)—yielded a

more reliable estimate of the bar length, thereby effectively

addressing this systematic underestimation in an N-body

simulation model.

Laurikainen & Salo (2002) proposed using the maximum of

the QT (the ratio of the maximum tangential force to the

averaged axisymmetric radial force) pro<le, as introduced by

Combes & Sanders (1981), to determine the bar length.

Figure 8 provides a detailed overview of the methods used

to determine the bar length of NGC 1097. For this galaxy,

Fourier analysis yields threshold radii of a5 = 13.8 kpc and

a10 = 14.0 kpc, while the bar length from the QT pro<le is only

5.5 kpc. These values deviate signi<cantly from the visually

Figure 4. Distribution of χ2 for different cs and fM models of NGC 1097. Upper panel: Contour plots of χ2 for cs= 10, 15, 20, 25 km s−1, respectively, as a function ofΩb (x-

axis) and fM (y-axis). Colors indicate χ2 values, with black for higher values and white for lower values. Black contours denote speci<c χ2 levels, and the red cross marks the

global minimum χ2 point. Bottom panel: Scatter plots of χ2 as a function of Ωb (left) and fM (right) for different cs. The data points are slightly offset horizontally for clarity.
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inferred bar length. To obtain a more reliable estimate, we

adopt the average of the radius of maximum isophotal

ellipticity, r
ε
= 7.2 kpc, and the peak radius of the A2/A0

Fourier pro<le, rA2 = 6.4 kpc (See Table 1), resulting in a <nal

bar length of 6.8 kpc for NGC 1097. Empirically assuming

a 10% uncertainty in the bar length estimates, we derive

the dimensionless parameter R for the best-<t model:

=
+

R 1.51

0.14

0.17

(NGC 1097: fM 1.25 cs 25Ωb 26), indicating that

the bar rotates at an intermediate pattern speed.

5.3. Best Models Compared with Literature

NGC 1097 is a well-studied barred galaxy, and its bar

pattern speed has been investigated extensively using various

methods. Lin et al. (2013) conducted numerical simulations

and found a best-<t bar pattern speed of 21.6 km s−1 kpc−1,

which is slightly lower than our result. This discrepancy is

likely due to the adoption of a lower observed RC in their mass

model construction.

Piñol-Ferrer et al. (2014) applied orbit-based dynamical

modeling to <t Hα data deriving a bar pattern speed of

36± 2 km s−1 kpc−1. Font et al. (2014) employed the

phase-reversal method (Font et al. 2011) to determine the

corotation radius and corresponding pattern speed, yield-

ing +38.3 km s kpc2.1
2.3 1 1.

In addition, the model-independent Tremaine–Weinberg (TW)

method (Tremaine & Weinberg 1984) provides a direct approach

to measuring a bar pattern speed. Using this method, Fathi et al.

(2009) obtained 30 ± 8 km s−1 kpc−1 based on Spitzer images,

while Williams et al. (2021) derived +39.9 km s kpc0.8
2.6 1 1 using

CO(2–1) data.

In summary, our derived bar pattern speed for NGC 1097 is

relatively low compared to values reported in previous studies.

5.4. Boxy-peanut Scale Height Test

Boxy/Peanut-shaped bulges (B/P bulges) are commonly seen

in barred spiral galaxies. Both observational and numerical studies

suggest that B/P bulges originate from the buckling instability

or vertical resonances after bar formation (Combes et al. 1990;

Figure 5. Comparison of the best-<t model’s surface density snapshot with the observed CO(2–1) surface brightness for NGC 1097.

Figure 6. Surface density snapshot from the simulation with low disk mass

fraction, overlaid with white contours representing the CO(2–1) surface brightness.

The model parameters are: fM = 0.6, cs = 25 km s−1, Ωb = 26 km s−1 kpc−1.

Figure 7. Frequency curves for fM = 1.25 models of NGC 1097. Blue, black,

red solid lines represent
1

2
, Ω, +

1

2
calculated from azimuthally

averaged potential. The horizontal dashed dotted line corresponds to

Ωb = 26 km s−1 kpc−1. Inner Lindblad resonance (ILR), corotation radius

(CR) and outer Lindblad resonance (OLR) are outlined at points of

intersections.
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Raha et al. 1991; Sellwood & Gerhard 2020). One important

consequence is that the vertical scale height of the galactic disk

becomes strongly radially dependent, rendering traditional constant

scale height models inadequate.

To quantitatively characterize the morphology of B/P
bulges, we construct a parameterized scale-height model,

expressed mathematically as:

( )
( )

( )

( )

/

/

= +

+ +

+

+

+

>

h x y A
x y a

x y a

h

k k
h

R

a
R a

h R a

, exp
2

2

2

exp
2

2

2

1
1

,

.

12

z

2

2

bar
2

2

2

2

bar
2

2

0
0

bar

bar

0 bar

The <rst term (a double Gaussian) describes the twin-peaked

structure of the B/P bulge, where the amplitude A controls the

peak height and σ determines the sharpness of the peaks. The

second term represents the radial gradient of the central disk’s

scale height, with h0 as the baseline scale height. This model is

a modi<ed version of the scale height function proposed by

Fragkoudi et al. (2017).

The scale height can be more intuitively visualized in

Figure 9. Systematic uncertainties may arise from the complex

morphology of the bar (Athanassoula 2016), variations in the

orientation of the B/P axis, and environmental effects such

as mergers or external pressure. These factors signi<cantly

hinder precise parameter determination. Due to computational

limitations, our study provides only a preliminary exploration

in this direction with some qualitative insights.

Figure 8. Bar length measurements derived using different methods. Top panel: Ellipticity (left), position angle of isophotes (middle), and QT pro<le (right). Bottom

panel: m = 2 amplitude (left), phase angle (middle), and the deprojected S4G image of NGC 1097 (right). The orange dashed and solid circles indicate a5 and a10,

while the blue, red, and green circles correspond to rA2, rε, and rQT, respectively. The black circle represents the average of rA2, rε, rQT, a5, and a10.

Figure 9. Side-on view of the vertical scale height distribution. The black

solid line corresponds to A = h0 = 500 pc, while the blue line represents a

thicker B/P case with A = 2 kpc. Other parameters are <xed at

k = 5, σ = 1 kpc.
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To investigate the impact of B/P bulges on gas dynamics,

we incorporate the above scale-height model into the best-<t

hydrodynamical model for NGC 1097. We <xed the para-

meters at k = 5, σ = 1 kpc and test the effects of both weak

(e.g., A = 500 pc) and strong (e.g., A = 2 kpc) B/P bulges. As

shown in Figure 10, the twin-peaked vertical scale-height

distribution weakens the non-axisymmetric gravitational

potential in the bar region. Simultaneously, the reduced scale

height in the central region enhances the radial gravitational

force, resulting in a larger nuclear ring. Consequently, a faster

bar rotation is preferred to reproduce the observed nuclear ring

size and the dust lane morphology.

Our current double-peaked model involves a few parameters

making it necessary to conduct statistical analyses of edge-on

barred galaxies based on observations to better constrain these

parameters and re<ne the model.

6. Summary

We investigate the gaseous structures of NGC 1097 by

systematically investigating three key free parameters: the disk

mass scaling factor ( fM), bar pattern speed (Ωb), and the sound

speed of the gas (cs). The mass model is constructed based on

photometric data from the S4G survey, and high-resolution

hydrodynamical simulations are performed. High-resolution

Figure 10. Effects of incorporating a vertical scale-height function to model boxy/peanut (B/P) structures on the simulated gas morphology. Top row: The original

best-<t model for NGC 1097, assuming a constant scale height, alongside the corresponding CO(2–1) observational map. Middle row: Simulated gas morphologies

for the weak B/P model (A= 500 pc) at bar pattern speeds of 25, 31, and 36 km s−1 kpc−1. Bottom row: Results for the strong B/P model (A = 2 kpc) with the same

pattern speed settings as the middle row.
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CO(2–1) data from the PHANGS–ALMA survey are used to

constrain and evaluate the models. Our main conclusions are

as follows:

1. The best-<t model ( fM = 1.25) suggests that NGC 1097

hosts a maximal stellar disk, contributing 85% of Vc,total

at R = 2.2 Rd.

2. If assuming a constant scale-height disk, the bar in

NGC 1097 rotates more slowly than typical barred

galaxies ( = R26 km s kpc , 1.5b
1 1 ), placing it

in the slow-rotating bar regime.

3. Scale height tests for NGC 1097 show that introducing a

double-peaked vertical pro<le to represent the boxy/
peanut-shaped (B/P) bulge structure (with peak ampli-

tudes varying from A = 0.5 to 2 kpc) weakens the non-

axisymmetric gravitational potential of the bar. As a

result, reproducing the observed gas morphology requires

an increase of the bar pattern speed in the corresponding

models.

This study provides a framework for future dynamical

modeling of disk galaxies. We plan to follow the approach

presented in this paper to construct more dynamical modeling

on other barred galaxies. Additionally, incorporating additional

physical processes such as star formation and supernova

feedback into our simulations, may offer deeper insights into

the interplay between bar dynamics and the interstellar medium.
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