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ABSTRACT

Aims. Bars are important in the secular evolution of galaxies. The reproduction of the fraction and size of bars is also regarded as an
indicator for reproducing correct internal dynamical processes, which is a crucial test for cosmological simulations. This study aims
to explore the reasons why some galaxies have bars at redshift z = 0 while others do not.

Methods. We use ellipse fitting to measure the properties and evolution of bars in the IllustrisTNG cosmological simulation. By using
the K-S two-sample test and tracing their evolutionary changes, we analyze the parameter differences between barred and unbarred
galaxies. The properties of galaxies with short bars are also studied.

Results. When tracing all disk galaxies at z = 0 back to z = 1, all of them show similar bar features at z = 1. The fraction of bars
increases in barred and short-bar galaxies but decreases in unbarred galaxies during z = 1-0. In the case of disk galaxies with stellar
mass log(M. /M) > 10.8, nurture (mainly mergers) plays the most important role in suppressing or destroying bars. Bars are more
likely to endure in galaxies that experience fewer mergers, which can be quantified by smaller stellar halos and ex situ mass fractions.
Approximately 60% of the unbarred galaxies in the local Universe once had a bar. In contrast, the lack of responsiveness to bar
instabilities (resulting in a larger Toomre-Q parameter) due to a less compact nature plays an important role in generating unbarred
disk galaxies with stellar mass log(M. /M) < 10.8. Moreover, short bars generally form at a similar time to normal bars, during
which they either grow mildly or contract significantly. The fact that IllustrisTNG simulations produce too many galaxies with short
bars indicates that the dynamical properties of the central regions in IllustrisTNG galaxies are less affected by external factors, such
as mergers and gas inflows.

Key words. galaxies: evolution — galaxies: interactions — galaxies: kinematics and dynamics — galaxies: spiral — galaxies: statistics —

galaxies: structure

1. Introduction

Bars, which are linear structures at the centers of disk galaxies,
are present in about two-thirds of disk galaxies in the local Uni-
verse (Eskridge et al. 2000; Menéndez-Delmestre et al. 2007;
Erwin 2018; Saha & Elmegreen 2018; Lee et al. 2019). Obser-
vations indicate that the presence and size of these bars correlate
to some extent with the stellar mass of the host galaxy. Studies
in the near-infrared (NIR) (Diaz-Garcia et al. 2016; Erwin 2018)
suggest that the fraction of barred galaxies increases with stellar
mass, M., particularly in galaxies with M, < 10%7 My, reaching
approximately 50-60% in more massive galaxies. Bar radii vary
from less than a kiloparsec (kpc) to 10 kpc in scale. For galaxies
with M, < 10'°2 M, the typical bar size remains relatively con-
stant at around 1.5 kpc. However, in galaxies with higher stellar
masses, the size of the bar increases as M?'S(’ (Diaz-Garcia et al.
2016; Erwin 2018, 2019).

Bars play an important role in the secular evolu-
tion of disk galaxies, especially in their central regions
(Debattista et al. 2004; Kormendy & Kennicutt 2004; Kormendy
2013; Cheung et al. 2013; Conselice 2014). Bars can efficiently
redistribute the angular momentum of gas, stars, and dark mat-
ter (Sellwood & Wilkinson 1993; Debattista & Sellwood 1998,
2000; Athanassoula & Misiriotis 2002; Athanassoula 2003;
Sellwood 2012). Bars are able to funnel gas toward the cen-

* Corresponding author: dumin@xmu. edu.cn

tral regions of galaxies, thereby triggering central starbursts
(Li et al. 2015; Spinoso et al. 2017; Donohoe-Keyes et al. 2019;
George et al. 2019). These may lead to small-scale structures
such as nuclear disks and bars (Hopkins & Quataert 2010;
Du et al. 2015; Wozniak 2015; Wu et al. 2021), which can trans-
port gas to yet smaller radii, possibly fueling active galactic
nuclei (AGN) (Shlosman et al. 1989; Du et al. 2017; Li et al.
2023). This process may lead to the depletion of gas, causing
them to quench more quickly (Gavazzi et al. 2015; Spinoso et al.
2017; Kim et al. 2017; Khoperskov et al. 2018; Lin et al. 2020).
Moreover, bars buckle spontaneously due to their internal verti-
cal dynamical instabilities forming boxy/peanut-shaped bulges
(e.g., Rahaetal. 1991; Merritt & Sellwood 1994), which has
been observed ongoing in nearby galaxies (Erwin & Debattista
2016; Lietal. 2017). Therefore, studying bars is crucial in
understanding the formation and evolution of galaxies.

Bars form due to internal dynamical instabilities of disks
(e.g., Hohl 1971; Sellwood & Wilkinson 1993; Athanassoula
2002; Polyachenko & Polyachenko 2003; Athanassoula et al.
2013). Close tidal interactions between galaxies may also
trigger, or facilitate, the growth of bars (Gerin etal. 1990;
Miwa & Noguchi 1998; Lokas et al. 2016), although these bars
are unlikely to be long-lived. Once bars form, they are likely
to grow longer and stronger by transferring angular momen-
tum to the dark matter halo (Debattista & Sellwood 1998, 2000;
Athanassoula 2003). Some simulations have shown that bars in
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gas-rich disk galaxies tend to be weaker and form later than those
in gas-poor galaxies, because gas obstructs the growth of the
bars by transferring angular momentum to them (Berentzen et al.
2004, 2007; Bournaud et al. 2005; Athanassoula et al. 2013).

It is still unclear why some disk galaxies are unbarred.
Berrier & Sellwood (2016) and Bauer & Widrow (2019) high-
light the difficulty in explaining the existence of unbarred disk
galaxies. There are two potential explanations for this: either
bars in galaxies are destroyed after their formation, or they
fail to form at all under certain conditions. Disks are unable
to form bars if their dynamical temperature, quantified by the
Toomre-Q parameter, is excessively high. N-body simulations
(Athanassoula & Sellwood 1986; Du et al. 2015) propose a crit-
ical value of Toomre-Q ~ 2.2 for bar formation. Saha & Naab
(2013), however, posite that a spinning dark matter halo could
induce bar formation in disks that are otherwise dynamically
too hot to form bars on their own. On the other hand, bars
are expected to form easily once a dynamically cold disk
is assembled. Numerical simulations (Shen & Sellwood 2004,
Athanassoula et al. 2005) suggest that an implausibly massive
central mass concentration, such as a black hole exceeding
4% M., would be required to destroy a large-scale bar. Observa-
tions find no significant difference in color, rotation, and envi-
ronment between barred and unbarred galaxies (e.g., Bosma
1996; van den Bergh 2011; Deng et al. 2023). Furthermore, if
it were the case that the presence of bars in a galaxy is deter-
mined by halo dominance, then barred galaxies would have sys-
tematically heavier discs than their unbarred cousins. Such a
difference would manifest as a systematic offset in the Tully—
Fisher relation, since unbarred galaxies of a given luminos-
ity would be predicted to have higher circular speed, which is
not observed (Mathewson & Ford 1996; Debattista & Sellwood
2000; Courteau et al. 2003). This highlights the mystery of why
some galaxies are unbarred.

Bars serve as an important indicator of whether a cosmolog-
ical simulation can reproduce the dynamical properties of galax-
ies well. Recent state-of-the-art cosmological hydrodynamical
simulations are capable of reproducing reasonable bar struc-
tures in galaxies. In the original Illustris cosmological simula-
tion, the fraction of barred galaxies is relatively low (approx-
imately 21%) among disk galaxies with stellar masses greater
than M, > 10'%9 M, (Peschken & Lokas 2019). The advanced
version of Illustris, IllustrisTNG, produces galaxies that success-
fully emulate real galaxies in many aspects. Zhao et al. (2020)
finds that the bar fraction in TNG100 is nearly constant at 60%
between z = 0—1 for M, > 10'%% M. A similar result is reached
in Zhou et al. (2020) and Rosas-Guevara et al. (2019) via apply-
ing Fourier analysis and selecting somewhat different disk sam-
ples. Algorry et al. (2017) shows that 20% of the disk galaxies
with M, = 10'9°-10"" M, at z = 0 in the EAGLE cosmo-
logical simulation (Schaye et al. 2015) have strong bars, while
another 20% have weak bars. In the NewHorizon simulation
(Dubois et al. 2021), Reddish et al. (2022) finds that there are
no massive barred galaxies with M, > 10'° M, at low redshift,
attributing this to their large bulges. Therefore, forming well-
defined bar structures can also serve as a test for cosmological
simulations.

In this study, we use the TNG simulations that offer good
statistical samples and realistic representations of bar structures.
These enable us to explore the reasons behind why some galaxies
have bars while others do not. Moreover, Zhao et al. (2020) and
Frankel et al. (2022) find that there are significantly more short
bars in the simulated disk galaxies compared to those observed,
requiring further investigation into the prevalence of short bars.
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This paper is organized as follows. In Sect. 2, we introduce
the IllustrisTNG simulation and the selection of disk galaxies,
as well as the methodology employed in the measurement of
bar properties'. Section 3 defines some parameters and com-
pares barred and unbarred galaxies. In Sect. 4, we explore the
evolutionary features of more massive barred galaxies. Section 5
discusses the evolutionary characteristics of less massive barred
galaxies. Then we focus on the Toomre-Q of barred and unbarred
galaxies in Sect. 6. In Sect. 7, we analyze the evolution of bar
size in disk galaxies. Finally, we summarize our main conclu-
sions in Sect. 8.

2. Data and methodology
2.1. lllustrisTNG simulations and disk samples

The MlustrisTNG Project (Marinacci et al. 2018; Naiman et al.
2018; Nelson et al. 2018, 2019; Pillepich et al. 2018, 2019;
Springel et al. 2018) is a set of magnetohydrodynamic simu-
lations of large cosmological volumes run with the moving-
mesh code AREPO (Springel 2010; Pakmor et al. 2011, 2016).
The subgrid physics of IllustrisTNG is based on its prede-
cessor, Illustris (Vogelsberger et al. 2013, 2014a,b; Genel et al.
2014; Nelson et al. 2015; Sijacki et al. 2015), but with signifi-
cant adjustments to the physical models for supernova feedback,
active galactic nuclei (AGN) feedback, and chemical enrich-
ment.

MlustrisTNG has successfully replicated many of the fun-
damental properties and scaling relationships observed in
galaxies. For example, the mass—size relation, as observed
in both late-type and early-type galaxies, has been well
recovered within observational uncertainties (Genel et al. 2018;
Huertas-Company et al. 2019; Rodriguez-Gomez et al. 2019).
Additionally, Rodriguez-Gomez et al. (2019) made a systematic
comparison between the IllustrisSTNG simulation and the Pan-
STARRS survey, showing that the optical size and shape of the
IustrisTNG galaxies are consistent within ~1o scatter of the
observed trends. Du et al. (2022, 2024) and Ma et al. (2024) pro-
vide a comprehensive explanation of the correlations between
stellar mass M., size, and specific angular momentum of stars
J« in disk galaxies. Their findings reasonably match with obser-
vations of galaxies, offering insights into the physical origins
behind these correlations. Furthermore, Xu et al. (2019) finds
that the fractions of the different orbital components in Illus-
trisTNG are remarkably consistent with those estimated in CAL-
IFA galaxies (Zhu et al. 2018).

We primarily use the TNG100 run, which simulates a vol-
ume with a side length of 75h™' ~ 111 Mpc. For complete-
ness, we also present results from the TNG50 run, which has
a side length of 35h™! ~ 51.7 Mpc. These simulations are pub-
licly available (Nelson et al. 2019). The TNG100 simulation has
an average baryonic resolution element mass of 1.39 x 10° M,
whereas the TNG50 simulation has a resolution of 8.5 x 10* M.
The gravitational softening length of the stellar particles is
0.5h7! ~ 0.74kpc and 0.195h~' ~ 0.29kpc in TNG100 and
TNGS50 for z < 1, respectively. The dark matter halos and
subhalos in each snapshot are derived from the catalog pro-
vided by the IllustrisTNG simulation, which identifies bound
substructures using a Friends-of-Friends (FoF) group finding
algorithm (Davis et al. 1985) and then a SUBFIND algorithm
(Springel et al. 2001; Dolag et al. 2009) and tracked over time by
the SUBLINK merger tree algorithm (Rodriguez-Gomez et al.

' The evolution data of bar properties for the selected disk galaxy sam-
ple are publicly available at https://www.tng-project.org/lu24
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Table 1. Parameter definitions.

Symbol [Unit] Definition

R, The radius containing half of the stellar
mass M. 301pc in the cylindrical coordi-
nate.

hg The disk scale length, derived as

described in Apppendix A.

Cgo The ratio of the cylindrical radius con-
taining 80% of the stellar mass, Rgp, to
the cylindrical radius containing 20% of
the stellar mass, Ryg.

2 kpes 2R, The surface stellar mass density mea-

[My/kpc?] sured within 1 kpc (R,).

Krot The stellar kinetic energy fraction in
ordered rotation of all stellar parti-
cles (Sales et al. 2010), X, mvi/ >, mv?,
where m, vy, and v are mass, azimuthal
velocity, and total velocity of each stel-
lar particle.

Seas The mass ratio between cold gas
(HI+H,) and M,. @

Jfeu The mass ratio between the black hole
and M,.

Joaryon The baryonic mass ratio, Mparyon/Miot-

Z, The stellar metallicity.

SFR [Mg/yr], The (specific) star formation rate.

(sSFR

[Gyr™'])

Sexsitu The ex situ mass ratio. ®

Soulges faisks The mass ratios of kinematically derived

Jhalo bulges, disks, and stellar halos in galax-
ies. fhalo + faisk + fouge = 1 in each
galaxy. ©

A, The dimensionless stellar spin param-
eter, J, /MS'SS, defined based on the
Jj«—M, relation of disk galaxies from
TNG simulations measured by Du et al.
(2022, 2024) in order to remove the
dependence on M..

€200 The dark matter halo concentration,

C200 = F200/7—2, Where rygg is the viral
radius and r_; is the scale radius, derived
from fitting the halo density profile by
the Einasto (1965) profile.

Notes. These parameters are measured for all particles of a SUB-
FIND galaxy in the face-on view within a cylindrical coordinate sys-
tem. No radial limit is imposed, with the exception of ko 30kpe. ’Cold
gas mass from Diemer et al. (2018, 2019). »The exsitu mass from
Rodriguez-Gomez et al. (2016). ©kinematically derived components
from Du et al. (2019, 2020).

2015). A galaxy is defined as a gravitationally bound object with
at least 100 stellar particles within a given halo or subhalo. The
central galaxy (subhalo) is the first (most massive) subhalo of
each FoF group, while the other galaxies within the FoF halo are
its satellites.

The TNGI00 disk galaxies used in this study are from
the disk galaxies catalog® selected by Zhao et al. (2020), who

2 https://www.tng-project.org/files/TNG_
BarProperties/tngl00-1_099_bars_zhao20.hdf5

selected 3866 disk galaxies in the TNG100 simulation with
a stellar mass within 30kpc M. 30xpc = 10" M, and then
identified 1182 barred galaxies using ellipse fitting. These
disk galaxies were selected based on the kinematic parame-
ter Kor30kpe = 0.5, where ko 30kpc 18 the ko calculated within
30kpc. The definition of ., can be found in Table 1. Galax-
ies selected by this criterion clearly exhibit a disk morphol-
ogy. To ensure a sufficient sample of disk galaxies and barred
galaxies, we selected disk galaxies in the stellar mass range of
log(M 30kpc/Mo) = 10.4=11.1 from TNG100. Additionally, fol-
lowing the same criterion, we also selected 615 disk galaxies
with log(M, 30kpc/Mo) = 10—11.1 from TNG50. These galax-
ies together form our parent sample of disk galaxies; The evolu-
tion of their bar sizes is investigated in Sect. 7. All galaxies in
our sample are centered at the minimum position of their poten-
tial well and then rotated to the face-on view based on the stel-
lar angular momentum of all stars within a spherical radius of
r < 8 kpc to accurately measure their properties.

2.2. Measurement of bars using both ellipse fitting and
Fourier analysis

2.2.1. Fourier decomposition

The m = 2 term of the Fourier expansion A, is com-

monly used to quantify bar structures in simulations
(e.g., Athanassoula & Misiriotis 2002; Duetal. 2015;
Rosas-Guevara et al. 2019). A, and its phase @, are defined as:

| .m '62i9j|
Ay(R) = Z/—f 1)

2jm;

1 2.jm;sin(20;)

®,(R) = = arctan| =———|. 2
2(R) =5 [zjmjcos(zej) @

These definitions apply to face-on galaxy projections, where
m; and 6; are the mass and azimuthal angle of each star particle.
The summations are performed over all stellar particles within
the annular region of width dR at a radius R from the galac-
tic center and being coaxial with it. The bin width is chosen to
be half the gravitational softening length. Numerous criteria and
methods have been devised for identifying and measuring bars
(e.g., Athanassoula & Misiriotis 2002; Erwin 2005; Zhou et al.
2020; Rosas-Guevara et al. 2022; Anderson et al. 2024). We
adopt criteria and methods similar to those in Anderson et al.
(2024) to characterize bars: (1) the maximum value of A, within
the bar, Aj max, must exceed 0.2, and the phase @, should vary
by less than 10° (2) The bar’s radius, Ry s, is defined as the
cylindrical radius where A, drops to half of Aj .. Addition-
ally, we define the bar strength as Ay nax, and Ry max 1S the radius
of Ajmax. Figure 1 presents two examples of barred (top) and
unbarred (bottom) galaxies from TNG100 (left) and TNG50
(right), along with their corresponding radial profiles of A, and
D,.

2.2.2. Ellipse fitting

Ellipse fitting has been widely used in measuring bar in obser-
vations. We perform ellipse fitting to identify bars, as sug-
gested by Zhao et al. (2020). Utilizing the photutils pack-
age (Bradley et al. 2023) in Python, we employed the standard
iterative ellipse fitting method of Jedrzejewski (1987). Stellar
particles were binned into square bins of 0.35 x 0.35kpc? for
TNG100 and 0.15 x 0.15 kpc? for TNG50. Notably, the length of
the bin side is roughly equal to half of the gravitational softening
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Fig. 1. Examples of ellipse fitting and Fourier decomposition of barred galaxies (top row) and unbarred galaxies (bottom row) in TNG100 (left) and
TNGS50 (right). The right-hand column in each panel displays the face-on stellar surface density maps of the galaxies, with each pixel corresponding
to 0.35 x 0.35 kpc? for TNG100, and 0.15 x 0.15 kpc? for TNG50. The left-hand column of each galaxy presents the radial profiles of ellipticity
(€) and position angle (PA) measured via ellipse fitting, along with A, and @, from Fourier decomposition. Horizontal dotted lines at € = 0.25 and
A, = 0.2 are included for reference in each panel. For the barred galaxies: the blue solid and dashed lines represent R,,, and Rgs, respectively;
for TNG50, the adjusted measurements Rpax new and Rgs new., calculated with an inner boundary limit of 1.4 kpc, are shown in red; the green solid
and dashed line represent Ry nax and R; 50, respectively; in the stellar surface density maps, the red line represents the bar size measured by Rgs for

TNG100 and Rgs ey for TNGS50.

radius. We fitted ellipses to the isodensity contours of the face-on
surface density maps of disk galaxies in TNG100 and TNGS50.
For each fit, this method measures the radial profiles of elliptic-
ity €, position angle (PA), and semi-major axis length (SMA).
We set the minimum SMA of ellipse fitting to a length of 4 pix-
els, corresponding to 1.4 and 0.6 kpc for TNG100 and TNG50,
respectively, as suggested by Zhao et al. (2020) to reduce the
large uncertainty of the ellipse fitting in the central regions.

We applied the same criteria for identifying bars as suggested
by Martinez-Valpuesta et al. (2006) and Zhao et al. (2020):
(1) the maximum value of € (&y,x) Within the bar must be greater
than 0.25, and the PA should vary by less than 10°; (2) € should
decrease by more than 0.1 from the maximum value outward.
Following these criteria, we define bar strength as €yax, Rimax as
the radius at €y,x, and Rpa as the maximum radius where the PA
variation remains <10°.

Zhao et al. (2020) found that Rgs, the radius where € declines
to 85% of emax, generally aligns well with visual estimates of bar
sizes in TNG100 galaxies. However, in our analysis of TNG50
galaxies, Rgs tends to underestimate bar sizes due to the signifi-
cant increase in € in the central regions of galaxies, which is an
unusual phenomenon in observed galaxies as well as TNG100.
It is not clear what causes such a sharp enhancement of bar
ellipticity in TNGS50. The top-right panel of Fig. 1 shows this
effect in a TNG50 barred galaxy. Such inner higher elliptic-
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ity can be suppressed by the effects of the point-spread func-
tion (Gongalves & Machado 2024). However, we adopted a sim-
pler approach here. Specifically, this problem can generally be
avoided by measuring €n,x at R > 1.4kpc where € is nearly
constant over a certain region. We verified that this 1.4 kpc cut-
off effectively excludes most of the central regions exhibiting a
sharp increase in ellipticity, allowing us to reliably identify the
location of the ellipticity drop at the bar’s outer edge. Conse-
quently, we assessed bars in TNGS50 using ellipse fitting data for
radii greater than 1.4kpc in the case of a normal long bar. In
the case of short bars, €,,x Was measured by taking all radii into
account. The adjusted Rgsnew offers a more accurate measure-
ment of bar size in especially massive galaxies with long bars.
We performed ellipse fitting and Fourier decomposition
on the stellar surface density of TNGS50 disk galaxies with
M, 30kpc = 10'90-10""1 M, and TNG100 disk galaxies with
M. z0kpc = 10'%4-10""1 M. Figure 2 compares the results
obtained from these two methods. Overall, the bar sizes
derived from ellipse fitting and Fourier decomposition are well-
correlated. For TNGS50, the original Rgs measurements (blue
points) show many values clustering around Ry enipse = 1 kpc,
underestimating bar sizes. In contrast, the corrected Rgspew
aligns better with the results from Fourier decomposition. As
shown in the confusion matrix, ellipse fitting identifies more
bars than Fourier decomposition, consistent with earlier studies
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Fig. 2. Comparison of bar sizes measured by Fourier decomposition (x-axis) and ellipse fitting (y-axis) for TNG50 (left panel) and TNG100 (right
panel). For TNGS50, bar sizes obtained from ellipse fitting include the original Rgs (blue points) and the adjusted Rgs ey (red points). The gray
dashed lines represent the 1:1 reference lines in both panels. The confusion matrix in the top left corner of each panel compares the number of
bars identified by Fourier decomposition and ellipse fitting. Points in the plot represent galaxies identified as barred by both methods.

suggesting that ellipse fitting is better at detecting weak bars
(Lee et al. 2019; Zhao et al. 2020). It is worth mentioning that
the strength of bars in TNG100 is likely to be weakened partly
due to numerical issues. This results in a smaller A max, Which
in turn causes Ry m,x to have relatively larger values in weak bar
cases than their measurements using ellipse fitting. Additionally,
the variation of € is smaller towards around the ends of bars,
as shown in Fig. 1, though the trends of both A, and € with
radius are similar. Therefore, the ellipse fitting method used in
this study is likely to provide a more reliable bar detection. Here-
after, we refer to bar size as Ry, which corresponds to Rgs for
TNG100 and the corrected Rgspew for TNGS0. Note that Ry,
does not exceed Rpa.

2.2.3. Identification and classification of bars

We used the bar size measurements obtained through ellipse
fitting. Furthermore, we visually inspected galaxies with weak
bars and found that approximately 10% of the barred galaxies
are misclassified as having weak bars due to irregular morphol-
ogy in their central regions. After removing these cases, our final
sample includes 338 barred galaxies in TNG50 and 911 barred
galaxies in TNG100.

The bottom panel of Fig. 3 shows the distribution of bar
sizes, Ry, and galaxy mass, M. 30kpe, for both TNG50 and
TNG100. Nearly all the data points fall within the 30 region
(cyan area) of the S*G sample (Erwin 2019). Observations find
a strong relationship between bar size and galaxy mass Ry
MO (the black dotted line) for galaxies with stellar masses
greater than 10'%! M, (Erwin 2019). However, in the TNG sam-
ples, at the high-mass end (M, > 10'%% M), the bar sizes do
not increase much with mass; in fact, there is even a slight
decrease in bar sizes. This can be accounted for by the poten-
tial overproduction of short bars in TNG simulations. It also
results in an excess of fthe bar fraction in the high-mass region
of TNG100 compared to observations (the blue dotted line in

the top panel of Fig. 3). Additionally, a possible observational
bias exists, where short bars may be missed when they coex-
ist with a massive bulge. We use the 20th percentile line from
S*G to classify short bars (dashed green line in Fig. 3), which
selects the same short bar sample as in Zhao et al. (2020). After
excluding the short-bar sample, the bar fraction at the high-mass
end of TNG100 aligns with the bar fraction from S*G (the blue-
dotted line). In TNG50, the excess of the bar fraction at the
high-mass end is more evident. Roshan et al. (2021) also dis-
covered that the bars in TNGS50 are approximately 40% shorter
than those in TNG100. Moreover, Frankel et al. (2022) shows
that, on average, the bars in TNGS50 are around 35% shorter
than those observed in MaNGA, which is consistent with our
findings.

Although the MlustrisTNG simulations do not perfectly
reproduce the observations, as this is a challenging task, exclud-
ing the short bars results in the bar fraction in TNG100 align-
ing well with the observations from S*G. This provides a valu-
able framework for understanding the bar fraction trend and
the factors that influence it. In this work, we selected 838
disk galaxies with M, 301 = 10'*°-10""" My at z = 0 in
TNG100. We then categorized these disk galaxies into three
groups:

o barred galaxies: 404 disk galaxies with normal bars,

e short-bar galaxies: 147 disk galaxies with bars shorter than
the 20th percentile line from S*G observation,

e unbarred galaxies: 287 disk galaxies without any bar.

We primarily investigate the evolutionary histories of these

galaxies and the differences among the three groups. Galax-

ies in TNGS50 (red crosses in Fig. 3) are included to

extend to lower masses and compare them with TNGI100’s

results. Finally, in Sect. 7, we study the evolution of

bar sizes for the full disk galaxy sample, which includes

disk galaxies with M. 30 = 10'%4-10""1 My from

TNG100 and those with M, 30kpc = 10'90-10""1 My from

TNG50.
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Fig. 3. Variations of bar fraction, f,, (upper) and distributions of bar
size, Ry, (lower) with stellar mass M, 30xpc for galaxies in TNG100
(blue) and TNGS50 (red). In the bottom panel, the cyan shaded region
represents the 3¢ scatter range of bar sizes in the S*G survey (Erwin
2018). The black dotted line shows the best-fit relationship between
bar size and stellar mass for the S*G sample (Erwin 2019). The green
dashed lines indicates the 20th percentile of the bar size distribution
derived from the S*G sample. Galaxies with short bars (bar sizes below
the S*G 20th percentile) in TNG50 and TNG100 are highlighted with
green circles. In the top panel, the solid and dashed lines show the bar
fraction for all bars and bars longer than the S*G 20th percentile for
TNGS50 (red) and TNG100 (blue), respectively. The numbers next to
the points indicate the number of barred galaxies over the total number
of disk galaxies in each stellar mass bin for TNG50 and TNG100. Black
line represent the fit of bar fractions observed in the near-infrared S*G
survey (Erwin 2018).

3. Correlation analysis between the properties of
galaxies and bars

3.1. Definition of parameters

Table 1 lists the parameters that we have examined aiming to
investigate the difference between barred, unbarred, and short-
bar galaxies. 2 xpc quantifies the central mass density of galax-
ies within 1kpc. It is a good indicator of bulges and black hole
growth (e.g., Fang et al. 2013; Ni et al. 2019, 2021), although
TNG simulations cannot resolve the central regions of galax-
ies well. Previous studies have shown that mass concentra-
tion affects the presence of bars. Parameters such as Xz, and
Cg> quantify the overall concentration of galaxies, and ¢y
measures the concentration of dark matter halos. Barred and
unbarred galaxies differ in terms of their galaxy size and disk
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size (Sanchez-Janssen & Gadotti 2013; Erwin 2019). We use R,
to measure the size of galaxies and hi to represent the size
of galaxy disks. k¢ quantifies the relative strength of cylin-
drical rotation. In addition, fixsiw, characterizes the strength of
mergers of galaxies during their evolution and is adopted from
Rodriguez-Gomez et al. (2016). Rodriguez-Gomez et al. (2016)
suggests that on average, ~50% of the ex situ stellar mass comes
from major mergers (stellar mass ratio ¢ > 1/4), ~20% from
minor mergers (1/10 < u < 1/4), ~20% from very minor merg-
ers (u < 1/10), and the remaining ~10% from stars that were
stripped from surviving galaxies (e.g., flybys or ongoing merg-
ers). We adopted the mass ratio of kinematically derived struc-
tures in Du et al. (2020) and Du et al. (2019)° where an auto-
mated Gaussian Mixture Model (auto-GMM) is used to decom-
pose simulated galaxies in a phase space of circularity, bind-
ing energy, and non-azimuthal angular momentum (see also
Abadi et al. 2003; Doménech-Moral et al. 2012; Obreja et al.
2016, 2018). The disk structures are composed of stellar parti-
cles with strong or moderate rotation derived using the kinematic
method. This method is able to break the morphological degen-
eracy between bulges and stellar halos (Du et al. 2020). Du et al.
(2021) suggests that only fa, is tightly correlated with external
processes, specifically nurture, which is similar to fexsi. The
mass ratio of kinematically defined bulges fouiee is closely asso-
ciated with the early gas-rich assembly of galaxies in the early
Universe.

3.2. Difference between barred and unbarred galaxies

We use the two-sample Kolmogorov-Smirnov (KS) test to quan-
tify the difference of parameters listed in Table 1 between barred
and unbarred galaxies, as shown in the right part of Fig. 4. Dy«
measures the maximum difference of the cumulative distribu-
tion between the two samples, while the p-value at the right-
bottom corner gives the probability of the test statistic under the
null hypothesis that the two distributions are identical. Thus, a
smaller p-value indicates a higher probability for two data sets
to come from different distributions. The KS test was performed
on a sample that includes 417 barred galaxies and 307 unbarred
galaxies at redshift z = 0 in TNG100. Galaxies with short bars
are not included here in order to simplify our analysis. The sam-
ple was divided into five mass bins to minimize any potential
effect from M.. Whenever a significant difference is found (p-
value < 0.01), we highlight Dy,,x values and p-values in bold
black. In some cases, it is not immediately clear whether the two
parameters are independent. Therefore, we used four parameters
Jhalo» Re, Krot, and sSFR to represent the fundamental properties
of the galaxy. They quantify the strength of mergers, size, rota-
tion, and star formation, respectively. We calculate the Pearson
correlation coefficients (p) of these four parameters with the oth-
ers (the left part of Fig. 4). A larger |po| represents a stronger
linear correlation. Almost all of the parameters have moderate
or strong correlations with at least one of the four parameters.

Figure 4 shows that the influence of nurture, specifically
mergers and close tidal interactions between galaxies, plays a
significant role in determining the presence of bars, especially in
massive disk galaxies. There are large differences in both fex situ
and fh,o between barred and unbarred galaxies, indicated by
the large Dpx across all mass bins. This disparity is more pro-
nounced in more massive cases.

3 The kinematic decomposition data are publicly available at https:
//www.tng-project.org/data/docs/specifications/#secbm
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Fig. 4. Results of the KS test (right) and Pearson correlation coefficient (left) between various parameters of barred and unbarred galaxies. In the
right part of the graph (in red or blue), the leftmost column represents the KS test for all samples, while the remaining five columns represent the
KS-test results for samples in five different mass ranges. The two numbers at the bottom of each column give the sample sizes involved in the KS
test, with the number on the left corresponding to the count of barred galaxies, and the number on the right to that of unbarred galaxies. Within
each cell, the larger number on the left represents Dy, the maximum distance between the two cumulative distribution functions of the two
samples. A positive Dy, indicates barred galaxies have systematically larger corresponding parameter values, whereas a negative Dy, indicates
the opposite. The smaller number in the bracket gives the log p-value. These numbers are highlighted in bold black when the p-values are less
than 0.01, indicating significant differences. The ordering of parameters is obtained by the descending order of the sum of |Dy,,«| in all mass bins.
In the left part of the figure (in blue), four columns show the Pearson correlation coefficients (o) between the four parameters (SSFR, &, R,, and
Jhalo) and all the parameters, the values on each cell being the corresponding p, labeled only for |po| > 0.4. The color on each cell is determined by
lol, with a darker color indicating a higher correlation between the two parameters. In the analysis here, these parameters are performed in the log

space: Res ZRN SSFR, SFRs f;gas, /Lks Zl kpe» fBH’ M*s and fbaryon-

The influence of natural factors becomes as important as
nurture in the relatively less massive disk galaxies with log
(M, 30kpc/Mo) = 10.6—10.8. Studies by Du et al. (2024) and
Ma et al. (2024) have established empirical correlations in galax-
ies where mergers have only slightly affected their evolution-
that is, galaxies dominated by nature or internal processes.
Their results suggest that strong correlations among M., angu-
lar momentum (quantified by A. here), R., Zg,, foulge, and Z,
exist, which is consistent with the Pearson correlation coeffi-
cients of R, in the left part of Figure 4. More compact disk
galaxies tend to exhibit higher stellar metallicity and host more
massive bulges and black holes. The disk scale length (hg) and
R, are commonly used to measure galaxy size (Erwin 2019),
and they show a strong correlation, with a Pearson correla-
tion coefficient of 0.61. Barred galaxies tend to have smaller
galaxy sizes compared to unbarred galaxies. This difference con-
trasts with the observation that barred galaxies are typically
more extended (Sanchez-Janssen & Gadotti 2013; Erwin 2019).
A more detailed discussion can be found in Sect. 5.1. It is also
well established that bars can influence star formation, as mea-
sured by SFR, sSFR, and f, in this context. This might explain
the correlation in relatively less massive galaxies. However, this
correlation becomes weak in galaxies with log (M. 30kpc/Mo) >
10.8, which is out of the scope of this paper.

There is no significant trend in the fyayon between barred
and unbarred galaxies. As for dark matter halo concentration,
barred galaxies typically exhibit higher concentrations com-
pared to unbarred galaxies, consistent with previous studies
(Rosas-Guevara et al. 2022). However, the difference is not sta-
tistically significant, as shown by ¢y in Fig. 4.

It is clear that it is mainly nurture that determines whether
bars are present in galaxies with log (M. 3okpc/Mo) > 10.8, while
both nature and nurture are important in relatively less massive
cases. Therefore, we divided the galaxy samples into two sub-
groups to conduct a more thorough investigation. In Figure 5,
we compare the distribution of barred (blue), unbarred (red), and
short-bar galaxies (green). The short-bar galaxies exhibit similar
properties to their unbarred counterparts.

4. Nurture in massive disk galaxies: mergers
suppress or destroy bars

Nurture, including mergers and close tidal interactions, plays a
crucial role in massive galaxies. We therefore compare the prop-
erties and evolutionary history of barred, unbarred, and short-bar
galaxies in the mass range log (M. 30kpc/Mo) = 10.8—11.1 in this
section.
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Fig. 5. Distributions of fi.0, R., ko, and sSFR in barred (red), short-bar (green), and unbarred (blue) galaxies in TNG100. The lower and upper
panels show relatively less massive and more massive galaxies, respectively. The dashed lines of the corresponding color indicate the median
values. The numbers shown in the left column give the number of galaxies for the corresponding galaxy types and mass ranges.

4.1. Massive barred galaxies have been less perturbed by
mergers

Barred galaxies have generally experienced a weaker influence
of mergers than unbarred and short-bar galaxies. As seen in the
lower panels of Fig. 5, barred galaxies (red) have significantly
smaller fya, than unbarred (blue) and short-bar (green) galax-
ies with log (M, 301pc/Mo) = 10.8—11.1. The median fiq, of
barred galaxies reaches ~0.15, whereas that of unbarred galax-
ies is ~0.25. fhao serves as a measure of the impact of exter-
nal processes like mergers and close tidal interactions on the
galaxy. The differences in fi,, between barred and unbarred
galaxies show that bars are more likely to occur in galaxies that
have undergone fewer interactions and mergers. We also exam-
ine the distribution of fi i both in TNG100 and TNG50 sam-
ples. Figure 6 shows that in TNGS50 (colored regions), the dis-
parity in fi s between barred galaxies and unbarred galaxies
also increases with stellar mass. It is clear that nurture strongly
influences the presence of bars.

We further examined the merger history of the galaxy sam-
ples. Figure 7 illustrates the major merger history of the selected
sample. The bottom-right panel shows that a lower percentage
of barred galaxies have experienced a major merger compared
to unbarred galaxies in TNG100. Specifically, around 25% of
barred galaxies (red) have undergone major mergers during the
past 8 Gyr (fug < 8 Gyr), while unbarred galaxies (blue) have
a significantly higher rate of approximately 60%. This signifi-
cant difference in major merger history indicates that, for mas-
sive galaxies, bars are more commonly found in those with fewer
mergers. This is likely because the dynamic heating from merg-
ers can destroy existing bars or prevent their formation. The
lower rate of major mergers in barred galaxies supports the idea
that a quieter merger history favors the formation and mainte-
nance of bars in massive galaxies.

4.2. Evolutionary histories of massive barred and unbarred
galaxies

The presence of bars in massive galaxies is primarily determined
by the evolution of galaxies during #; g = 0—8 Gyr. The left pan-
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Fig. 6. Variation of f ., with the mass of the barred (red), short-bar
(green), and unbarred (blue) galaxies at z = 0 in TNG50 (colored
region) and TNG100 (points with error bars). The solid lines and the
points represent the median values whose colored regions and error bars
correspond to the 16-84th percentile.

els of Fig. 8 depicts the evolution of bar fraction f,, bar size
Ruar, and bar strength A .. Using the ellipse fitting method
and bar identification criteria described in Sect. 2.2, the top-left
panel illustrates the changes of bar fraction for the galaxy sam-
ples selected at z = O during their evolution. The left column
of Fig. 8 shows that both barred and unbarred galaxies exhibit
a similar bar fraction of around 0.5 at 15 = 8 Gyr (z ~ 1). The
bar strength, represented by €nax and A max, 1S also comparable
at g = 8Gyr (z ~ 1). This outcome implies that the progeni-
tors of all galaxies have similar bar properties initially. However,
external processes gradually erode the bars in unbarred galaxies
during their subsequent evolution. In the barred sample, the bar
strength, quantified by Ajmax, and the bar size (Rp,) increase
significantly in the past 8 Gyr (z < 1). A similar phenomenon
was reported by Athanassoula et al. (2005) using purely N-body
simulations.
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Fig. 7. Fraction of galaxies that experienced at least one major
merger since a certain look-back time #g in TNG50 (dotted) and
TNG100 (solid). The results of four mass ranges are shown, i.e.,
log (M. 301pc/Mo) = 10.6-10.8 and log (M, 30xpc/Mo) = 10.8—11.1.
The blue, red, and green profiles are unbarred, barred, and short-bar
galaxies, respectively.

Barred galaxies have relatively higher rotation than their
unbarred and short-bar counterparts as shown in the bottom-
right panel of Fig. 8, possibly because they have been weakly
affected by mergers. Early N-body simulations suggested that
bars tend to form rapidly once a dynamically cold disk has set-
tled down (see the review of Sellwood 2012). The difference
in ko at fg = 8 Gyr between barred and unbarred galaxies
also suggests that bars are more likely to form in dynamically
cooler galaxies. It is noteworthy that «;, decreases around the
same time that the strength of the bar increases, possibly because
bars expel angular momentum to the dark matter on resonances
(Athanassoula 2005), as well as contribute to the development of
boxy/peanut-shaped bulges (Athanassoula 2016; Anderson et al.
2024).

Barred (red), short-bar (green), and unbarred (blue) galaxies
exhibit similar evolution in their central densities as measured
by X, and Xy, shown in Fig. 8. Moreover, the differences
in gas and black hole masses are also small when comparing
Mgas (R<R,, <3kpe) and Mpg. It is notable that there is a signif-
icantly steeper decline in gas mass within the central regions
of barred galaxies compared to unbarred ones. This could be
attributed to bars funneling gas into the center of galaxies,
resulting in a rapid depletion of gas (e.g., Cheung et al. 2013;
Gavazzi et al. 2015; Lin et al. 2020).

Galaxies with short bars (green in Fig. 8) are likely those
whose disks are moderately influenced by mergers. Their bars
remain short and weak because their disks are comparatively
warmer than those in barred galaxies. Moreover, the external
forces they experience are not sufficient to fully destroy these
short bars. Consequently, the strength of the bars remains nearly
constant. In conclusion, the presence of a bar in more massive
galaxies at redshift 0 is primarily determined by the strength of
external influence during #1g = 0—8 Gyr. Longer and stronger
bars tend to exist in dynamically cooler disk galaxies that are less
affected by mergers. See more discussions about the dynamical
temperature in Section 6.

5. Nature in less massive disk galaxies: barred
galaxies tend to follow the compact evolutionary
pathway

The difference in merger history between barred and unbarred
galaxies with stellar masses log (M./My) = 10.6—10.8 is rel-
atively minor, as shown in Figures 6 and 7. This distinction
becomes even smaller for galaxies with log (M./My) < 10.6
in the TNGS50 simulation (Figure 6). The spatial resolution of
TNGS50 is likely adequate to reasonably resolve bars in these
less massive disk galaxies. The bar fraction in TNGS50 of this
mass range roughly agrees with observations of disk galaxies
(red dotted profile in Figure 3). It is clear that factors such as
conditions at z > 1 and internal dynamical processes play crucial
roles in determining whether a galaxy develops a bar. Therefore,
this section focuses on the nature of less massive barred galaxies
in TNG50 and TNG100, by examining their size and evolution-
ary history in detail.

5.1. Barred galaxies are more compact than unbarred cases

Barred galaxies tend to be more compact than unbarred galaxies
in TNG100. As shown in Fig. 5, barred galaxies generally have
smaller R, values than unbarred galaxies, particularly for less
massive galaxies with log (M. 30kpc/Mo) = 10.6—10.8, meaning
that barred galaxies are more compact.

We used data from the TNGS50 simulation to explore the
influence of compactness further. Figure 9 shows the relation-
ship between R, and log M. 30kp. for barred and unbarred galax-
ies in TNGS50 (colored region) and TNG100 (points with error
bars). There is a significant difference in R, at lower masses
between barred and unbarred galaxies. Most barred galaxies
have R, < 4kpc, while unbarred galaxies generally have R,
larger than 4 kpc, in agreement with TNG100. As presented in
Du et al. (2022) and Du et al. (2024), the sizes of disk galax-
ies in TNG simulations are primarily determined by the specific
angular momenta inherited from their parent dark matter halos.
Most disk galaxies we select here have a halo fraction fa, less
than 0.2, which means they align with the “mass-size-angular
momentum-X" scaling relation proposed by Du et al. (2024) and
Ma et al. (2024), where “X” can be the metallicity, age, and cen-
tral density of galaxies. In this picture, the diverse mass-size rela-
tions observed in galaxies are largely determined by the angular
momentum of their host galaxies (e.g., Fall & Efstathiou 1980;
Mo et al. 1998). Extended galaxies then are unbarred because
they are weakly responsive to bar instabilities. This suggests
that the paucity of barred galaxies in less massive galaxies may
be caused by the more extended nature of many of these disk
galaxies. Our findings suggest that the presence of both barred
and unbarred galaxies can be explained, to some extent, by the
mass-size relation. It is also worth noting that no clear correla-
tion between bars and environment has been found (Deng et al.
2023).

It is also important to mention that, in observations, barred
galaxies typically have larger sizes compared to unbarred galax-
ies. As shown in Fig. 3 of Sanchez-Janssen & Gadotti (2013),
the disk scale length of barred galaxies is 15% larger than that of
unbarred galaxies. Similarly, in Fig. 9 of Erwin (2019), across a
wide range of stellar masses (10°—10"" M), barred galaxies are
slightly more extended than their unbarred counterparts. This is
somehow inconsistent with our results from TNG, where barred
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Fig. 8. Evolution of the bar characteristics (left column) in massive barred (red), short-bar (green), and unbarred (blue) galaxies with
log (M. 301pc/Mo) = 10.8—11.1 in TNG100 and the evolution of some parameters of the galaxies (middle and right columns). The left column
displays the evolution of Ry, obtained from ellipse fitting (middle panel) and the evolution of bar fraction for the sample of galaxies (top panel). It
also presents the evolution of A, .« obtained from Fourier decomposition (bottom panel). The middle column shows the evolution of the galaxy’s
stellar mass (M..), central gas mass (Mg,), and supermassive black hole mass (Mgy). The right column shows the evolution of the stellar surface
mass density within R, (Zg,), the central 1 kpc stellar surface mass density (Z; ) and the ratio of kinetic energy in ordered rotation (k). For all
the panels, the x-axis is lookback time, which equals z = 0 when lookback time = 0, and z = 1 when lookback time ~ 8. The solid lines represent
the median values of each distribution, with colored regions indicating the 16—84th percentile range.

galaxies tend to be more compact than unbarred galaxies, as
seen in TNG50, TNG100, and other simulations like EAGLE
(Algorry et al. 2017). The origin of this discrepancy between
simulations and observations is unclear; exploring this discrep-
ancy further is out of the scope of this paper. Here, we merely
note it exists.

5.2. Barred galaxies follow a compact evolutionary pathway

The left column of Fig. 10 illustrates the temporal evolution of
bar fraction (top), bar size (middle), and Ay max (bottom) for
the less massive sample. Consistent with the situation found
in more massive galaxies, the fraction and strength of bars in
barred, short-bar, and unbarred galaxies are nearly identical at
tg =38 GyI‘.

We trace the evolution of each galaxy component and find
that barred galaxies assemble their stellar masses earlier, which
is consistent with the evolution of compact disk galaxies selected
in Ma et al. (2024). The middle column of Fig. 10 shows the tem-
poral evolution of M., Mg R<R,, z<3kpc)» and Mpy for barred,
unbarred, and short-bar galaxies. At a lookback time of #;5 =
8 Gyr (z ~ 1), as illustrated in the top panel, barred galaxies have
approximately 30% higher galaxy stellar mass than unbarred
galaxies, indicating they assembled earlier.

High mass density and galaxy rotation are more likely to lead
to the formation of bars. The right column in Fig. 10 shows the
evolution of Xg_ (top), Zjkpc (middle), and k. (bottom) in less
massive galaxies with log (M. 30kpc/Mo) = 10.6—10.8. Since
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Fig. 9. Variation of R. with the mass of the barred (red), short-bar
(green), and unbarred (blue) galaxies at z 0 in TNGS50 (colored
regions) and TNG100 (points with error bars). The solid lines and the
points represent the median values, with colored regions and error bars
indicating the range from the 16th to 84th percentile of each distribu-
tion.

.8 = 8 Gyr, X, and X i, of barred galaxies consistently exceed
those of unbarred galaxies throughout this time period. This sug-
gests that bars tend to form in galaxies with a higher stellar den-
sity, and they can maintain a high density during their evolution.
Furthermore, barred galaxies tend to exhibit a higher ;o during
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Fig. 10. Evolution of the bar characteristics (left column) in relatively less massive barred (red), short-bar (green), and unbarred (blue) galaxies
with log (M. 301pc/Mo) = 10.6—10.8 in TNG100 and the evolution of some parameters of the galaxies (middle and right columns). The left column
displays the evolution of the bar size (Rp,) obtained from ellipse fitting (middle panel) and the evolution of bar fraction for the sample of galaxies
based (top panel). It also presents the evolution of Aj .« obtained from Fourier decomposition (bottom panel). The middle column shows the
evolution of stellar mass (M.), central gas mass (My,,), and supermassive black hole mass (Mgy). The right column shows the evolution of the
stellar surface mass density within R, (Zg.), the central 1kpc stellar surface mass density () and the ratio of kinetic energy over ordered
rotation (k). For all the panels, the x-axis is lookback time, which equals z = 0 when lookback time = 0Gyr, and z = 1 when lookback
time ~ 8 Gyr. The solid lines represent the median values of each distribution, with colored regions indicating the 16—84th percentile range.

the initial phases at #. g = 4 Gyr. The decline in & for barred
galaxies can be ascribed to the onset of buckling instability or
angular momentum redistribution or the scarcity of gas neces-
sary for the creation of rapidly rotating new stars.

Unexpectedly, unbarred galaxies show a consistent rise in
Krot (as shown in the bottom-right panel of Fig. 10) toward the
present, reaching high rotation rates by z = 0. This suggests that
for these extended galaxies, even with such a high «;, bar for-
mation is inefficient. The large size and high gas fraction of these
disks may contribute to their stability against bar instabilities.

In summary, relatively compact galaxies with older stel-
lar populations are more likely to develop bars, following the
compact evolutionary pathway (Du et al. 2021; Ma et al. 2024).
While bars can influence a galaxy’s shape, star formation, and
kinematics over the long term, they are unlikely to alter the over-
all evolutionary pathways of galaxies.

5.3. Evidence of quenching induced by bars?

Barred galaxies exhibit somewhat lower sSFR compared to
unbarred galaxies at z = 0. The KS test in Fig. 4 indi-
cates that barred galaxies typically have lower sSFR than their
unbarred counterparts, particularly in less massive disk galax-
ies (log(M.30kpc/Mo) = 10.6—10.8). This difference is mini-
mal in more massive galaxies. The histograms in the upper-right
panel of Fig. 5 clearly demonstrate that barred galaxies are more
likely to be quenched. Bars are thought to suppress star forma-
tion through several mechanisms. One such mechanism involves

the shocks and shears created by a bar, which can prevent gas
from collapsing and thus inhibit star formation within most of
the bar (Khoperskov et al. 2018). Another mechanism is that
the internal gas flow driven by bars can hasten the consump-
tion of cold gas (e.g., Roberts et al. 1979; Athanassoula 1992;
Spinoso et al. 2017; Lin et al. 2020). Figure 10 shows the evolu-
tion of gas mass (Mg,,) in barred galaxies (red colored region in
the middle panel). It is clear that gas in barred galaxies depletes
faster than in both unbarred (blue) and short-bar (green) cases.
However, the more compact nature of barred galaxies leads to
a faster gas consumption rate during their early evolutionary
stages, as suggested by Ma et al. (2024). Therefore, we cannot
entirely dismiss the possibility that barred galaxies quench more
rapidly because they exhaust their gas reserves earlier through
accelerated evolution of the entire galaxy rather than gas inflows
induced by bars. It is likely that all these mechanisms are occur-
ring simultaneously.

More expected is the lack of a difference in the sSFR
between barred and unbarred galaxies within the mass range
log(M, 30kpc/Mo) = 10.8—11.1. This implies that the mere exis-
tence of bars is insufficient to quench star formation in massive
disk galaxies. Consequently, the concurrent presence of bars and
reduced sSFR observed might originate from a shared under-
lying factor rather than a direct cause-and-effect relationship.
Nonetheless, an increased frequency of mergers could also stim-
ulate star formation in massive unbarred galaxies, potentially
aligning their sSFR with that of barred galaxies by z = 0. Once
more, given that all these processes are unfolding concurrently,
their individual significance remains unclear.
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Fig. 11. Evolution of the radial profiles of two-component disk stability parameter (Qacomp) for barred (red), short-bar (green), and unbarred (blue)
galaxies across four mass ranges from z = 1 (top) to z = 0 (bottom) in TNGS50 (colored region). The columns from left to right, show the changes
over cosmic time within four mass ranges shown at the top of each column. TNG100 galaxies (points with error bars) are overlaid in the mass
bins with log (M. /M) = 10.6—-10.8 and log (M. /M) = 10.8—11.1 (right two columns). The solid curves and points represent the median values,
while the colored regions and error bars give the range from the 16th to the 84th percentiles of each Qycomp distribution. The numbers in the bottom

panels are the number count of galaxies in each sample.

6. Unbarred galaxies are more extended and
dynamically hotter

The Toomre-Q parameter is often used to quantify the dynam-
ical temperature of a stellar disk (Toomre 1964). In addition
to stars, the galaxy disk also contains a gas component with
different kinematics, which contributes a low velocity disper-
sion component that maintains the dynamical responsiveness
of the combined disk of stars and gas (Sellwood 2014). We
analyze such a two-component disk using the approximate for-
mula of Romeo & Wiegert (2011), which is an improved form
of theWang & Silk (1994) approximation:

w 1
1 0. + 0. (O« > 0p),

_ * g
=1 1 3)

w
0. + Q_g (Q+ < Qy),

20,0

QZcomp

“

_—7
ol +o;

where Q. = 0.k/nGZ, and Q, = 04k/nGZ, are the stellar
and gaseous Toomre parameters. Here, «, X., X,, 0., 0, and
G represent the epicyclic frequency, the stellar surface density,
the gaseous surface density, the stellar radial velocity dispersion,
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the gaseous radial velocity dispersion, and the gravitational con-
stant, respectively. The gas and stars within |z| < 3 kpc are used
to calculate ¥ and o. Figure 11 shows the radial distribution
of Qrcomp for two-component disks for barred (red), short-bar
(green), and unbarred galaxies (blue) across four mass ranges
from z = 1 (top) to z = 0 (bottom) in TNGS50. Galaxies in
TNG100 are overlaid in the mass bins with log (M./My) =
10.6—10.8 and log (M../My) = 10.8—11.1 (right two columns).
Barred galaxies typically have lower Qscomp compared to
unbarred galaxies at early evolutionary stages (z = 1). At
z = 1, barred galaxies in both TNGS50 (colored regions) and
TNGI100 (points with error bars) show systematically lower
O2comp than unbarred galaxies within the radial range of 1 <
R < S5kpc, with a more significant difference in the lower
mass range. This is consistent with previous studies show-
ing that disks with lower Toomre-Q tend to form bars more
quickly (Athanassoula & Sellwood 1986; Saha & Elmegreen
2018). Du et al. (2015) shows, using N-body simulations, that
if the initial Toomre-Q of a disk is greater than 2.2, then the
disk is unresponsive to bar instabilities. Similarly here, at z =
1, barred galaxies have Qycomp ~ 2.6 while unbarred galaxies
have Qscomp 2 3. Fragkoudi et al. (2025) also found that barred
galaxies have lower Toomre-Q compared to unbarred galaxies
from the zoom-in Auriga simulations. We verify the correlation
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Fig. 12. Radial profiles of stellar surface density for barred (red), short-
bar (green), and unbarred (blue) galaxies in TNGS50 (shaded areas) and
TNG100 (points with error bars) from z = 1 (top row) to z = 0 (bottom
row). In each panel, all distributions are rescaled by the median radial
stellar surface density of the disk galaxy sample from TNG100. The
black horizontal line, which corresponds to 1, represents the median
radial stellar surface density profile of the TNG100 disk galaxy sample.
Points and lines represent the median values of each distribution, while
the error bars and shaded areas show the 16—-84th percentiles.

between bar formation and Toomre-Q in this study covering a
mass range of log (M, 3o1pc/Mo) = 10.6—11.1 in TNG100 and
log (M, 30kpc/Mo) = 10—11.1 in TNG50.

The elevated Qscomp Values in unbarred galaxies with a lower
stellar mass during the early stages are likely attributable to their
disks not being fully settled. As explained in Sections 4 and 5,
such unbarred galaxies form later than their barred counterparts,
thus having larger Qycomp due to their shallow potential well.
This is different from the cases with a higher stellar mass where
mergers are responsible for the high Qs¢omp in unbarred galaxies,
as illustrated in Fig. 7.

Within the mass range of log (M. 301pc/Mo) = 10.6—11.1, the
comparison of the radial distribution of Qcomp for barred, short-
bar, and unbarred galaxies across TNG50 and TNG100 shows
that disk galaxies in TNG50 generally display higher Qacomp
values at radii less than 3 kpc compared to their TNG100 coun-
terparts, with the largest discrepancy reaching approximately 1.
This elevated Qycomp likely accounts for the tendency of bars to
be shorter in TNGS50 within the log (M, 30xpc/Mo) = 10.6—11.1
mass range, as depicted in Fig. 3.

The stellar mass distribution in the central parts of galaxies
is strikingly different, perhaps due to the different gravitational
resolutions employed in TNG50 and TNG100. This largely leads
to the deviation of Toomre-Q between TNG50 and TNG100 in
the central regions, shown in Figure 11. In Fig. 12, we present
the radial profiles of stellar surface density in TNG50 compared
to that in TNG100 for barred, short-bar, and unbarred galax-
ies. From an early epoch (z = 1) to z = 0, galaxies in TNG50
display significantly higher stellar surface densities within 1 kpc

than those in TNG100, while the surface density of such galax-
ies at R = 1-3kpc is 50% lower. The lower stellar density
in the 1-3kpc range in TNGS50 results in a higher Toomre-
Q in this region compared to TNG100. Frankel et al. (2022)
also found that TNG50-2, which has a gravitational softening
length twice that of TNGS50-1, exhibits systematically longer
bars. They speculated that the differences in softening length
influence the mass distribution, potentially affecting the prop-
erties of the bars. Previous N-body simulations have similarly
shown that smaller gravitational softening lengths tend to result
in shorter bars (Bauer & Widrow 2019). Moreover, the higher
central mass density can change the dynamical structure of the
bar (e.g., Pfenniger & Norman 1990; Shen & Sellwood 2004).
This outcome indicates that a sufficiently high resolution is nec-
essary for accurately reproducing the dynamic process of galax-
ies, particularly in the central regions. Such a difference in bars
then can lead to a more significant difference over the whole
galaxy.

7. Formation and evolution of bars and their sizes

In the local Universe, bar sizes Ry, vary from ~100s pc to nearly
10kpc (e.g., Hoyle et al. 2011; Diaz-Garcia et al. 2016; Erwin
2018). The size of these bars is a fundamental factor that influ-
ences their host galaxies, with longer bars having an impact on
larger areas. Therefore, it is important to also study how the bar
size changes.

We trace the presence and evolution of bars and their sizes
in the parent sample of disk galaxies selected at z = 0, corre-
sponding to those shown in Fig. 3. These include disk galaxies
at z = 0 with log (M, 301pc./Mo) = 10.4-11.1 in TNG100 and
log (M. 30xpc/Mo) = 10.0-11.1 in TNGS50. Figure 13 presents
the evolution of bar size since f1g = 8 Gyr for galaxies clas-
sified as barred, short-bar, and unbarred at z = 0. Each row
in every panel represents a single galaxy. In the early stages,
irregular structures may be misidentified as bars. Thus, we
ignore bar signals that are continuously shorter than 4 snap-
shots (~0.5 Gyr) as transient features. It is clear that bars tend
to form earlier in more massive galaxies, namely ‘“downsiz-
ing” (Anderson et al. 2024). During #, g = 4—8 Gyr, more mas-
sive galaxies are generally more likely to have a bar than their
lower-mass counterparts. This tendency is clear across all disk
galaxies in both TNG50 and TNG100, as depicted in Fig. 13.
The bottom panel of Fig. 14 shows the age of bars as a func-
tion of stellar mass for both TNG50 (shaded regions) and
TNG100 (points with error bars) galaxies. Bar ages of both nor-
mal (red) and short (blue) cases increase with the galaxy’s stel-
lar mass. This behavior has also been reported in the forma-
tion of bars in TNG50 by Anderson et al. (2024), which is in
line with observational results (Sheth et al. 2008; Cuomo et al.
2020). Moreover, we come across cases of bar “renewal”, in
which bars reform or are rejuvenated within a galaxy. This phe-
nomenon has been noted in previously isolated galaxy simu-
lations (Sellwood & Moore 1999; Bournaud & Combes 2002;
Combes 2008), perhaps because of the existence of newly
formed, dynamically responsive stellar components.

As depicted in the top panel of Fig. 14, normal-sized
bars typically keep growing longer and stronger, which is
also shown in Figures 8 and 10. These bars are likely to
extend to their co-rotation radii; they are known as “fast bars”
Debattista & Sellwood (2000). By contrast, a large proportion
of short bars become shorter, thus forming “slow bars”. This
result accounts for why many galaxies are “slow”, as presented
in Frankel et al. (2022).
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TNG100 (top row) and TNG50 (bottom row). Each row of one panel represents the bar size of an individual galaxy as a function of lookback time

(ts). Galaxies in each panel are ranked by stellar mass.

7.1. Unbarred galaxies: bars are either destroyed or never
formed

A significant number of unbarred galaxies have experienced bar
formation at some stage, although a considerable fraction have
never developed a bar throughout their history. As shown in the
right column of Fig. 13, a large proportion of galaxies have
at some point developed a bar, with some bars persisting for
a long time. These long-lived bars are potentially the result of
the global bar instability in especially massive galaxies, though
they may be eradicated through violent mergers. A substantial
fraction of these galaxies form short-lived bars that quickly dis-
sipate. These transient bars are likely provoked by close tidal
interactions with neighboring galaxies, resulting in the absence
of stable bar orbits.
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In the top panel of Fig. 14, we show the fraction of unbarred
galaxies that have had bars in the past in TNGS50 (solid lines
with shaded regions) and TNG100 (points with error bars) as
a function of galaxy mass. The solid lines and points stand
for galaxies where bar signals are continuously detected for
at least 8 snapshots (around 1Gyr). Meanwhile, the shaded
regions and error bars represent the upper and lower limits based
on the definitions of bars lasting at least 4 and 12 snapshots
respectively. For TNG100, an obvious trend can be seen: as
the galaxy mass decreases, the proportion of unbarred galaxies
that have never formed a bar rises. This phenomenon is weak
in TNG50, which is likely due to the weaker numerical issues
in TNG50 because of its higher resolution. Generally speak-
ing, unbarred galaxies can be divided into two groups: those
whose bars have been destroyed and those that have never had
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Fig. 14. Evolutionary features of bars as a function of galaxy stellar
mass. TNG100 galaxies are shown by points with error bars. And the
shaded regions correspond to TNGS50 galaxies. The top panel shows the
ratio of unbarred galaxies fpeswroy at z = O that previously had a bar.
The middle panel shows the ratio of the bar size between z = 0 and
its maximum size throughout the galaxy’s history Ryaz=0/Rbarmax- The
bottom panel illustrates the bar formation time in lookback time ffo;m 1.5
as a function of galaxy mass. For the middle and bottom panels, the
points and solid lines represent the median values, and the error bars and
shaded envelopes show the 16-84th percentile distributions. Regarding
the bottom panel, for galaxies with masses greater than 10'%® M, many
bars had already formed by a lookback time of 8 Gyr. In the top panel,
the error bars and shaded regions stand for variations resulting from
different definitions of bar presence.

bars, with each group making up about 50% of the unbarred
population.

7.2. Short bars: either born short or become short

Massive galaxies with stellar masses exceeding 10'%6 M, in
the TNG100 simulation exhibit a bar fraction that is approx-
imately 10-20% higher than what is observed, which can be
attributed to excess production of short bars. This overabundance
of short bars is even more pronounced in the TNGS50 simula-
tion, as depicted in Figure 3. We traced the formation time of
bars at z = 0, denoted as #orm 1B, Which corresponds to the look-
back time when the bar first meets the bar criteria described in
Sect. 2.2. Short bars are generally old structures, although some
of them seem to form slightly later than normal bars by approx-
imately 1-2 Gyr, as shown in the bottom panel of Fig. 14.

Most short-bar galaxies appear to form their bars early, in
a way similar to galaxies with standard-sized bars, as shown in
the middle column of Fig. 13. Short bars can be formed either
by a reduction in length or by having low elongation. The ratio
Ruarz=0/Rvar max SETVES as a metric to gauge the extent of bar size
changes. Rparmax 18 estimated as the average of the three largest
bar sizes during the galaxy’s evolution, and Ry, ;-0 is the average
bar size measured from the three most recent snapshots. Approx-
imately 28% of bars in short-bar galaxies shrink to less than half
of their maximum length, such that Ry z=0/Rbarmax < 0.5. In

comparison, 23% of these bars have not undergone significant
shrinkage or elongation, with a ratio Ry 7=0/Rbarmax > 0.8.

The shortening of bars may be attributed to merger events.
Short-bar galaxies exhibit higher fu siry (Fig. 6) and fia0 (Fig. 5)
values. It is well known that mergers can weaken or even destroy
bars by heating the outer parts of galactic disks (e.g., Ghosh et al.
2021), thus giving rise to unbarred disk galaxies. Short bars tend
to persist, as they are less vulnerable to destruction in the case
that mergers are not powerful enough to impact the central zones
of galaxies. As presented in Sections 4 and 5, short-bar galax-
ies fall between barred and unbarred galaxies in terms of their
merger histories. Therefore, a higher prevalence of short bars in
TNG simulations indicates that its merging processes may be
less efficient in destroying bars than those in the real Universe.

Another possible explanation for the abundance of short bars
in TNG simulations is that the galaxies in these simulations are
less centrally concentrated. Short-bar galaxies tend to have larger
effective radii (R,), indicating that these galaxies are less com-
pact and their mass is less concentrated, as shown in Fig. 9.
Figure 9 illustrates that galaxies with short bars are larger in size
than those with bars having normal sizes. TNG simulations do
not fully capture the evolution of the central regions of galaxies.
The large softening length is likely to create a weaker central
concentration, which may lead to a higher frequency of short
bars.

Other subgrid physical processes may also influence the size
of bars. As shown in the center panels of Fig. 8 and Fig. 10,
short bars typically contain more gas in their inner regions com-
pared to normal bars. This gas might prevent these bars from
slowing down by transferring angular momentum to the bars.
Semczuk et al. (2024) investigated the evolution of bar pattern
speed in TNGS50 and found that AGN feedback could play a
role in removing gas from the central regions of barred galax-
ies, thereby facilitating the slowdown and elongation of bars.
Similarly, Rosas-Guevara et al. (2025) found that feedback pro-
cesses, including AGN feedback and supernova (SN) feedback,
can also impact the presence and size of bars by using zoom-in
cosmological simulations.

Furthermore, these short bars may evolve into the secondary
or inner bars of double-barred galaxies when a primary or
outer bar independently forms via bar instabilities (Du et al.
2015). Indeed, Integral Field Unit (IFU) observations have
detected fairly old secondary bars (de Lorenzo-Ciceres et al.
2019). Although the TNG simulations have achieved remark-
able success, short bars are still difficult to be fully understood.
Nevertheless, TNG indicates that short bars are likely to be com-
monly present in galaxies. They may play a vital role in the evo-
lution of galaxies, particularly in the growth of bulges (Guo et al.
2020) and supermassive black holes (e.g., Shlosman et al. 1989;
Duetal. 2017; Li et al. 2023) in the central regions of galax-
ies. We recommend that future studies exclude these short-bar
galaxies from the general barred galaxies in TNG100, consid-
ering the low resolution of recent cosmological simulations and
the complex formation mechanisms of short bars, when they are
only concerned with the general characteristics of barred galax-
ies. These short-bar galaxies are more similar to unbarred galax-
ies than to barred galaxies in many galaxy properties, as detailed
in Appendix B.

8. Conclusions

In this study, we have performed a statistical analysis to explore
the properties of barred galaxies using the cosmological simu-
lations IustrisTNG-100 and -50. We selected samples of 417
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barred galaxies, 307 unbarred disk galaxies, and 114 short-bar
galaxies at z = 0 from TNG100 to investigate the differences in
their formation. Additionally, all conclusions are validated using
TNG50.

We apply KS tests on various galaxy parameters comparing
barred and unbarred galaxies at z = 0 to investigate the fac-
tors contributing to the formation of bars in disk galaxies. The
sample is divided into less massive (log (M. 301pc/Mo) < 10.8)
and more massive (log (M. 30kpc/Mo) > 10.8) bins. We examine
the evolution of bar properties in the sample using ellipse fitting
and Fourier decomposition techniques over a lookback time of
g = 0-8 Gyr (z = 0-1). Additionally, we also study the evo-
lution of both the Toomre-Q. Our main findings are summarized
as follows.

1. The presence of a bar is mainly determined by the evolution
of disk galaxies over # g = 0—8 Gyr. Bars tend to form earlier
in more massive galaxies, namely “downsizing”. At #.g =
8 Gyr (z = 1), the bar strength and bar fractions in barred,
unbarred, or short-bar are almost identical (see Fig. 8 and
Fig. 10).

2. Nurture suppresses or destroys bars in massive disk galaxies
with log (M., 301p./Mo) > 10.8. Barred galaxies undergo sig-
nificantly fewer mergers compared to unbarred ones (Fig. 7).
As a result, they have a smaller mass fraction of (kinemat-
ically derived) stellar halos and ex situ stars. Most unbarred
galaxies once host a bar (Fig. 13). A more violent assembly
history leads to a dynamically hotter disk, which results in
unbarred galaxies.

3. Both nature and nurture play an important role in deter-
mining the properties of bars in galaxies with 10.6 <
log (M. 30kpc/Mo) < 10.8. In this mass range, Barred
galaxies are relatively compact, evolving along the com-
pact evolutionary pathway. Their extended morphology leads
to dynamically hotter disks, thus becoming or remaining
unbarred.

4. Short bars are limited in growth or shortened (Fig. 13).
Galaxies with short bars have experienced only moderate
effects from mergers. Central mass densities are the second-
most influential factor affecting the size of bars. Galaxies
with shorter bars typically have lower Zg, .

5. Barred disk galaxies at z = 0 show a higher percentage of
quenched galaxies compared to unbarred galaxies. This can
be partly explained by either a faster depletion of gas in
barred galaxies or following a more compact evolutionary
pathway in nature.

6. Galaxies with short bars are more similar to unbarred galax-
ies. Therefore, these galaxies should either be excluded from
the analysis of barred galaxies or classified into the sample
of unbarred galaxies.

Our results provide insights into the properties and evolution
of barred galaxies in the cosmological simulation IllustrisTNG.
This study highlights the complex interplay between internal fac-
tors, such as stellar mass distribution, and external factors, such
as galaxy mergers, in determining the size of bars and the evo-
lution of barred galaxies of different masses. Further research is
needed to delve deeper into the specific mechanisms and pro-
cesses involved in the evolution of bars and their relationship
with the internal and external environments of galaxies.
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Appendix A: Measurement of disk scale length

The disk scale length is derived from the decomposition of the galaxy’s stellar surface density image. We used the Imfit package
(Erwin 2015), to fit the image using standard x> minimization and the Nelder-Mead minimizer. If the bar is omitted in the fitting
process, 2-component decompositions (Sérsic bulge + exponential disk) will underestimate disk scale length of barred galaxies
(Salo et al. 2015). So we fit the galaxies using three components:

— The profile of bulge component is given by the Sersic (1968) function:

R 1/n
(R_g) —1]}, (A.1)

where X, and R, represent the surface density and the radius encompassing half of the total mass of the bulge. The Sérsic-index
n describes the shape of the radial profile, which becomes steeper with increasing n. The factor b, is a normalization constant
determined by n.

— The disk component is described by an infinitesimally thin exponential disk:

Z(R) = X.exp {—bn

Z(R) = Zpexp (—%) s (A2)

where X is the central surface density and Ay is the scale length of disk.
— The bar component is described by a 2D analog of the classic Ferrers (1877) ellipsoid. The surface density function is:

ol —m?)" ifm<1

A.
0 otherwise, (A-3)

X(m) = {

where X is the central region and n defines the sharpness of the bar outer region, and m is the elliptical radius, defined (assuming
ellipticity = 1 — b/a) by

L‘0+2 Co+2
o = (H) s (@) . (A4)
a b

Here c( controls the shape of the bar, with values of ¢y < 0 correspond to disky shape while > 0 describe boxy shape and 0
corresponds to a perfect ellipse.

Data Model

X [kpc] X [kpc]
Data Model

0
X [kpe] X [kpc]

Fig. A.1. Examples of face-on stellar surface density images of a barred galaxy (top) and an unbarred (bottom) from TNG100. The right panels
show the corresponding fitting results from Imfit.
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Appendix B: The difference of short-bar vs. barred and unbarred galaxies

Similar to those shown in Fig 4 and discussed in Sect. 3.2, we performed KS tests comparing short-bar galaxies with both barred
galaxies and unbarred galaxies. As shown in Fig B.1, short-bar galaxies exhibit larger differences in galaxy parameters when com-
pared to barred galaxies than to unbarred galaxies, as indicated by the higher |Dy,x| values and the many bold values (representing
p-values< 0.01). Overall, the properties of short-bar galaxies are more similar to those of unbarred galaxies than to those of barred
galaxies.
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Fig. B.1. Similar to Fig 4, this figure presents KS test results of TNG100 galaxies: the top panel shows the comparison between short-bar and
barred galaxies, and the bottom panel shows results between short-bar and unbarred galaxies.
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