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A B S T R A C T 

A significant fraction of local galaxies exhibit stellar bars, non-axisymmetric structures composed of stars, gas, and dust. 
Identifying key differences between the properties of barred and unbarred galaxies can unco v er clues about the conditions for 
triggering bar formation. We explore the early stages of bar formation in a small sample of disc barred galaxies extracted from 

the TNG50 cosmological simulation, and compare their properties to those of unbarred galaxies. According to our results, the 
most important difference between barred and unbarred galaxies is that the former have systematically higher fractions of stellar 
to dark matter mass in their inner regions, from very early stages and prior to the formation of the bars. They harbour high 

initial gas content, fostering increased star formation rates and leading to a central mass concentration that grows faster o v er 
time compared to unbarred galaxies. Examining the evolution of the halo spin within 10 ckpc reveals that barred galaxies have 
higher angular momentum transfer from the disc to the halo. Curiously, both barred and unbarred galaxies share similar initial 
lo w v alues of the halo spin, consistent with those proposed in the literature for bar formation. Furthermore, we e v aluate existing 

stability criteria to capture the complexity of the process, and investigate the effects of mergers, flybys, and environment as 
possible drivers of bar formation. We find no clear link between mergers and disc instabilities resulting in the formation of bars, 
even though some of the simulated barred galaxies might have been influenced by these events. 

Key words: methods: numerical – galaxies: bar – galaxies: kinematics and dynamics – cosmology: theory. 
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 I N T RO D U C T I O N  

 significant fraction of the local galaxy population exhibits stellar 
ars. These are central non-axisymmetric structures made up of 
tars, gas, and dust following elongated orbits. Barred galaxies 
re one of the main families of both lenticular (S0) and spiral
S) galaxies. The fraction of barred galaxies depends on whether 
ptical or near-infrared data are used, and whether weak bars are 
ncluded in the sample. Besides, the dependence of this fraction on 
alaxy properties as the Hubble morphological type, mass, colour, 
nd bulge prominence is still contro v ersial because of the effect of
lassification methods in detecting barred galaxies and the different 
ar definitions (Lee, Ann & Park 2019 , and references therein). 
he fraction of barred galaxies in the local Universe amounts to 
47 per cent when considering all Hubble types later than S0 (e.g.
guerri, M ́endez-Abreu & Corsini 2009 ; V ́azquez-Mata et al. 2022 ),

lthough this fraction depends on the specific Hubble type. Buta et al.
 2015 ) reported estimates of ∼55 per cent o v er the type range S0/a
o Sc, where bars tend to display 3D box/peanut/X patterns, and 
onsiderably higher ones ( ∼81 per cent) for spiral galaxies within 
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he mid-IR type range of Scd-Sm, where the bars are often linear
hains of star-forming regions. 

The bar fraction in galaxies also changes o v er time, influenced
y factors such as galaxy mass, luminosity, and colour. A study
onducted by Sheth et al. ( 2008 ) on a sample of luminous face-on
piral galaxies from the 2 deg 2 Cosmic Evolution Survey (COSMOS; 
coville et al. 2007 ) revealed that, in the local Universe, ∼65 per cent
f these spiral galaxies contain bars. Ho we ver, this fraction drops
o about ∼20 per cent at z ∼ 0.84 (a look-back time of 7 Gyr).
or more massive, luminous, and redder spirals, the bar fraction 
emains relatively constant up to that redshift. Conversely, it declines 
ignificantly with redshift beyond z ∼ 0.3 for low-mass, blue spirals. 
hese trends have received further support from the complementary 
tudy conducted by Melvin et al. ( 2014 ), which extended the analysis
o higher redshifts (0.4 � z � 1.0) considering a sample of massive
isc galaxies ( � 10 10 M �) with strong bars. Despite variations in the
election criteria between both studies, the o v erall findings remain
onsistent. 

For quite some time now, studies based on numerical simulations 
ave established that a bar structure can develop in an isolated and
elf-gravitating cold disc (most of the kinetic energy in rotational 
otion). The pioneering works by Hohl ( 1971 ) and Ostriker &
eebles ( 1973 ) followed the evolution of initially balanced rotating
iscs of stars with an initial velocity dispersion given by Toomre’s
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ocal stability criterion against the growth of small-scale irregularities
Toomre 1964 ), and found these systems to be promptly and signif-
cantly unstable, leading to the emergence of bar-like patterns. The
nstability initially manifests itself as an open two-arm spiral. As the
piral arms wind up, the elongated structure of a bar emerges in the
nner regions of the galactic disc. Non-axisymmetric perturbations
row through swing amplification resulting from a combination of
hear, epicyclic oscillations, and self-gravity (Toomre 1981 ). This
rocess starts with a leading spiral moving away from the inner
indblad resonance (ILR; where the frequency of the perturbation
atches the frequency of a star’s epicyclic oscillation). As it unwinds

ue to differential rotation, the spiral wave transitions from leading
o trailing, with the trailing wave’s amplitude becoming much larger
han the amplitude of the initial leading wave. The inner part
f the perturbation returns to the ILR and is gradually absorbed
s it approaches. If this resonance is not present, trailing waves
ropagate through the galactic centre and emerge as leading waves
hat experience swing amplification, ultimately strengthening the
railing waves. This feedback loop gives rise to a rapidly growing
nstability (Binney & Tremaine 2008 ; Sell w ood 2014 ). 

Bar instability can also manifest in disc galaxies through resonant
nteractions among stars’ orbits. These interactions collectively
edistribute angular momentum, resulting in the elongation of the
alactic structure and the emergence of a bar (Lynden-Bell 1979 ).
dditionally, non-spherical structures, such as triaxial bulges and
ars, can develop in spherical systems characterized by a pre v alence
f eccentric orbits (strong radial anisotropy) due to radial orbit
nstability. The presence of radial orbit instability may be explained
y factors such as the inability of velocity dispersion in the transverse
irection to resist gravitational forces, linked to the Jeans instability.
nother e xplanation involv es the ‘orbital’ approach, e xtending the

oncept of L ynden-Bell’ s bar formation mechanism in disc galaxies
o elliptical galaxies, which exhibit more radial (round or boxy)
rbits, as opposed to the predominantly circular orbits observed in
piral galaxies (Polyachenko & Shukhman 2015 , 2020 ). 

According to the bar formation scenario proposed by Toomre
 1981 ), disc stability can be achieved by slightly adjusting the inner
ass distribution to increase the central angular speed, thereby

ntroducing an ILR that hinders the propagation of density waves,
reventing the occurrence of swing amplifications cycles and feed-
ack loops. Sell w ood & Evans ( 2001 ) validated this notion through
 -body experiments featuring a quasi-exponential disc and two rigid

pherical components, a bulge and a dark matter halo. Their research
llustrates how galaxies can prevent bar modes by incorporating
ense centres; both the disc and b ulge contrib ute significantly to
he rotational support in the inner regions, while the (cored) halo has
 minor influence. 

These findings contrast with those of Efstathiou, Lake & Ne-
roponte ( 1982 ), who found that bars formed in their simulations
ith equal strength, regardless of central bulge density, which

eemingly contradicts Toomre’s prediction. The conflict between
heir numerical findings and Toomre’s prediction was resolved by
ell w ood ( 1989 ), who demonstrated that highly responsive discs
ith substantial disturbances can saturate the ILR. This process

onfines particles within a large-scale bar structure, akin to one
hat would develop without the presence of a dense centre. Thus,
he criterion for stability against bar-like modes in a cold disc
resented by Efstathiou, Lake & Negroponte ( 1982 ; ELN criterion)
elies simply on the halo-to-disc mass ratio through the expression
ENL = V max / ( G M d /R d ) 1 / 2 , where V max is the maximum rotational
elocity, and R d and M d are the exponential disc scale length and
otal disc mass, respectively. Their disc models are stable against the
NRAS 529, 979–998 (2024) 
rowth of bar-like modes if εENL > 1.1, that is, if they possess a hot
omponent unable to participate in collective instabilities (Ostriker &
eebles 1973 ), i.e. the criterion is independent of the concentration
f the halo or bulge components. Moreo v er, this criterion does not
onsider the significant random motions within the disc or halo, nor
oes it account for the exchange of angular momentum between
he disc and halo, as observed in simulations involving a live halo.
onsequently, the ELN criterion may not ef fecti vely distinguish
etween disc galaxies that are stable to bar formation and those that
re prone to bar instability (Athanassoula 2008 ; Fujii et al. 2018 ;
evergne et al. 2020 ; Jang & Kim 2023 ). 
The idea that a high central mass concentration (CMC) is crucial

or preventing bar formation gains further support from subsequent
 -body simulations of disc galaxies, which incorporate live classical
ulges and dark matter haloes (Kataria & Das 2018 ; Saha &
lmegreen 2018 ; Jang & Kim 2023 ). These simulations reveal that

n galaxies with a massive and compact bulge, bar formation is
nhibited. The formation of a bar is contingent not only upon a minor
oncentration of central mass but also on the disc’s susceptibility
o self-gravitational instability. This susceptibility can be assessed
sing the Toomre stability parameter, Q T (Toomre 1964 ; Binney &
remaine 2008 ). When this parameter reaches a relatively low
inimum value within its radial distribution ( Q T, min � 1), swing

mplification becomes so pronounced that the inner sections of the
piral arms swiftly coalesce into a bar in less than 1 Gyr . Based on
his specific outcome, Jang & Kim ( 2023 ) suggest a disc stability
riterion that combines data concerning the CMC and Q T, min . In
nstances where bars do form, the delay in their formation increases
ith a higher bulge-to-disc mass ratio, and bars tend to be less robust

nd shorter, and thus rotate faster, in models featuring more massive
nd compact bulges, as a result of the development of shorter and
tronger ILRs. Besides, angular momentum transfer from a bar to
oth halo and bulge makes the bar slower and longer o v er time,
onsistent with earlier research results (e.g. Athanassoula 1992 ,
003 ). N -body simulations of disc galaxies, some of them featuring
as and/or a triaxial halo, reveal that the bar formation and evolution
re significantly influenced by the relative gas fraction and the shape,
ensity and spin of the halo (Athanassoula, Machado & Rodionov
013 ; Saha & Naab 2013 ; Long, Shlosman & Heller 2014 ; Collier,
hlosman & Heller 2018 ; Bland-Hawthorn et al. 2023 ; Li et al. 2023 ).
Cosmological hydrodynamic simulations offer a consistent way

o investigate the process of bar formation in the context of galaxy
rowth within a � cold dark matter cosmology. These simulations
ave successfully produced barred galaxies with realistic struc-
ural, photometric and chemokinematical properties (Scannapieco &
thanassoula 2012 , based on Aquarius Project; Grand et al. 2017 ;
l ́azquez-Calero et al. 2020 , using Auriga simulations; Algorry
t al. 2017 , considering EAGLE simulations; Spinoso et al. 2017 ,
sing the Eris simulations Marioni et al. 2022 , based on the CLUES
roject). The y hav e also led to a consensus re garding the properties
f disc galaxies that give rise to bar formation: these galaxies tend
o assemble at earlier times, exhibit larger stellar-to-halo ratios in
heir inner regions, and possess more massive but smaller and colder
iscs compared to unbarred galaxies (Izquierdo-Villalba et al. 2022 ,
llustris TNG50, TNG100). An analysis of barred galaxies using
he TNG100 run reveals that approximately 55 per cent of disc
alaxies with a stellar mass ∼ 10 10 . 6 M � host bars, aligning well
ith observ ations. Ho we v er, discrepancies are observ ed for more and

ess massive galaxies (Zhao et al. 2020 ). Theoretical predictions and
bservational data find agreement when focusing e xclusiv ely on long
ars (Rosas-Gue v ara et al. 2022 , Illustris TNG50). The formation and
haracteristics of bars are significantly influenced by the properties
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f the host galaxy, including its mass and environment ( Łokas 2020 ,
021 ). In turn, the bar itself redistribute stars and gas producing a
otable impact on the properties and dynamics of its host galaxy 
Athanassoula 2013 ; Spinoso et al. 2017 ; Fragkoudi et al. 2020 ). 

The performance of the ELN criterion to determine the stability 
gainst bar formation have also been assessed from the analysis 
f cosmological hydrodynamical simulations. Recently, from the 
nalysis of TNG100 and TNG50 simulations, Izquierdo-Villalba 
t al. ( 2022 ) conclude that this criterion ef fecti vely characterizes the
tability of the majority of massive disc galaxies undergoing secular 
volution. Barred galaxies misclassified as stable discs ( ∼25 per cent 
f their sample) may have their bars formed due to external factors,
uch as encounters with massive satellites or host haloes with high 
pin parameter. Recognizing that systems seemingly unstable based 
n the ENL criterion may find stability within massive haloes char- 
cterized by high-velocity dispersion (Athanassoula 2003 ), Algorry 
t al. ( 2017 ) introduced an additional parameter that accounts for
he o v erall significance of the entire system, including its halo.
his parameter is defined as the ratio between the circular velocity 
t the half-mass radius and the maximum circular velocity of the 
urrounding halo. This combined approach has pro v en successful 
n accurately identifying systems that are unstable against bar 
ormation, as further substantiated by the findings of Marioni et al. 
 2022 ). 

From the observational side, utilizing a statistically unbiased 
ample of barred and non-barred galaxies, Romeo, Agertz & Renaud 
 2023 ) investigate the ef fecti veness of both the ELN criterion and
he mass-weighted Toomre parameter of atomic gas in detecting the 
resence of bar structures. Their study revealed that the ELN criterion 
s considerably inaccurate, as it fails in nearly half of the cases
nalysed. On the other hand, the mass-weighted Toomre parameter 
ucceeds in distinguishing barred from non-barred galaxies only in 
 statistical sense. 

The underlying mechanisms and relative significance of various 
riggers for bar formation and growth remain enigmatic. Existing 
riteria for assessing disc stability fail to comprehensively capture 
he complexities of this process. Most prior studies have taken a 
tatistical approach to this problem. Our present research is dedicated 
o unveiling the properties and mechanisms involved in the early 
tages of bar formation, even before a distinct structure emerges. 
ur main goal is to decipher the fundamental differences that lead 

o bar formation in disc galaxies. Additionally, we want to e v aluate
he efficiency of current stability criteria. This integral analysis could 
erve as a stepping stone toward the development of more accurate 
riteria. To achieve this, we examine the evolutionary paths of a 
elected group of barred and unbarred galaxies, extracted from the 
ample presented by Rosas-Gue v ara et al. ( 2022 ). Our focus is on
dentifying disparities in properties between barred and unbarred 
alaxies at various redshifts. Preliminary results have been presented 
n L ́opez et al. ( 2023 ). 

This paper is organized as follows. In Section 2 , we briefly
ummarize the main features of the simulation used in this work 
nd present the properties of the galaxies selected for the analysis, as
ell as the method used to identify the bars. In Section 3 , we describe

he main properties of barred galaxies at z = 0: bar strength, length,
hase, pattern speed, and corotation radius. In Section 4 , we define
he formation time of bars, present an analysis of the evolution of the
ar properties, assess the influence of the dark matter halo spin on
ar formation, and explore the connection between bar development 
nd the emergence of a CMC; additionally, we analyse the relative 
ontributions of stars and gas in comparison to the dark matter mass
ithin the central regions. In Section 5 , we analyse different bar
ormation criteria based on disc instabilities, and the possible effects 
f mergers, flybys and environment. In Section 6 , we discuss our
esults and compare them with other theoretical and observational 
tudies. Finally, in Section 7 , we present the conclusions of our
ork. 

 SI MULATI ONS  A N D  G A L A X Y  SELECTIO N  

.1 Ov er view of the TNG simulations 

n this work, we make use of simulations from the IllustrisTNG
roject, a collection of cosmological simulations designed to explore 
alaxy formation and evolution (Pillepich et al. 2017 ; Marinacci et al.
018 ; Naiman et al. 2018 ; Springel et al. 2018 ; Nelson et al. 2018b ).
his suite comprises simulations with varying volumes, ranging 

rom 50 to 300 cMpc (comoving), and features different spatial and
ass resolutions. The simulations are based on the cosmological 

arameters derived from the Planck Collaboration’s findings (Planck 
ollaboration 2016 ), including, �m 

= 0.3089, �� 

= 0.6911, �b = 

.0486, σ 8 = 0.8159, h = 0.6774, and n s = 0.9667. These parameters
escribe the average densities of matter, dark energy, and baryonic 
atter, as well as other essential cosmological values. 
The simulations were conducted using the AREPO moving-mesh 

ode (Springel 2010 ), which accounts for gravitational interactions 
nd incorporates sub-grid models to represent various baryonic 
rocesses, building upon earlier work from the Illustris project (Genel
t al. 2014 ; Vogelsberger et al. 2014 ). 

The simulation of primary interest in our research is TNG50, 
otable for its high resolution and specific characteristics (Nelson 
t al. 2018a ; Pillepich et al. 2019 ). TNG50 features a box size of
pproximately 50 cMpc and a dark matter mass resolution of 4 . 5 ×
0 5 M �, and a mass resolution for baryonic matter of 8 . 5 × 10 4 M �.
n terms of gravitational softening, stars and dark matter are treated
ith softening lengths of 288 pc , while the gas softening is adaptive
ith a minimum value of 74 pc in comoving units. 

.2 Galaxy sample 

his work is mainly focused on the identification of particular 
eatures in the evolution of galaxy properties that are connected 
ith the formation of a bar, which can give us information about

he physical processes involved in bar formation. With this aim, we
estrict our analysis to two small sets of z = 0 barred and unbarred
isc galaxies, rather than following a statistical approach. 
Our selection of barred and unbarred galaxies is based on the z =

 classification made for TNG50 simulation by Rosas-Gue v ara et al.
 2022 ). In contrast to the unbarred galaxy population, their barred
alaxies e xhibit sev eral distinguishing characteristics. The y possess 
n older stellar population, lower gas fractions, and reduced star 
ormation rates, and their discs tend to assemble earlier and at a faster
ace. Barred galaxies are commonly found in haloes characterized 
y higher concentrations and smaller spin parameters. Additionally, 
he inner regions of barred galaxies are more dominated by baryonic
atter, while their o v erall global stellar mass fractions are similar

o unbarred galaxies. We have randomly chosen eight galaxies from 

heir dataset, with four of them featuring bars. The sole criterion used
or this selection is their virial mass. These galaxies fall within the
irial mass range 3.2 × 10 11 –1.5 × 10 12 M � at z = 0. 
Fig. 1 shows maps of the projected stellar mass density, at z =

, for the eight selected galaxies: the first three columns correspond
o projections with different orientations for the galaxies with bars 

referred to as B 1 , B 2 , B 3 and B 4 – and the fourth column shows
MNRAS 529, 979–998 (2024) 
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M

Figure 1. Projections of stellar mass density of the eight galaxies in our sample at z = 0. The first three columns show three different projections for the four 
barred galaxies: face-on ( xy plane), edge-on ( xz plane), and end-on ( yz plane). The fourth column shows the face-on projections of the four unbarred galaxies. 
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he face-on projections of the unbarred galaxies – NB 1 , NB 2 , NB 3 ,
nd NB 4 . The projection of the systems is such that the discs are
ontained in the xy plane, and the total angular momentum of the
tars is aligned with the z-axis. All galaxies show a prominent stellar
isc, although there is some degree of variation in the disc sizes
nd particular features of the different galaxies. The presence of
he bar structure is evident in the three projections of the barred
alaxies. 

The main characteristics of the selected galaxies, at z = 0, are
etailed in Table 1 : total stellar mass ( M star ), total gas mass ( M gas ),
tellar half-mass radius radius ( R 50 ), disc-to-total mass ratio ( D / T ),
irial mass ( M vir ), and virial radius ( R vir ). The total stellar and gas
asses, M star and M gas , and the stellar half-mass radius radius ( R 50 )
NRAS 529, 979–998 (2024) 
re given by the simulation catalogue. 1 The virial radius, R vir , is
efined as the radius where the density equals 200 times the critical
ensity of the Universe, and the virial mass, M vir , as the total mass
nclosed within R vir . 

The D / T ratio is calculated using a kinematic decomposition of
he stellar component. As in Scannapieco et al. ( 2009 ), we define
he circularity parameter of each star as ε = j z / j circ , where j z is the
ngular momentum perpendicular to the disc plane, and j circ = r ×
 circ is the angular momentum corresponding to a circular orbit at the
tar’s radius, with V circ the circular velocity of the system. It is worth
https:// www.tng-project.org/ data/ 

https://www.tng-project.org/data/
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Table 1. Global properties of the selected galaxies: the total stellar mass 
( M star ), the total gas mass ( M gas ), the stellar half-mass radius ( R 50 ), and the 
disc-to-total mass ratio ( D / T ) of the galaxies; the virial mass ( M vir ) and the 
virial radius ( R vir ) of the corresponding subhaloes. 

Galaxy M star M gas R 50 D / T M vir R vir 

10 10 M � 10 10 M � kpc - 10 11 M � kpc 

B 1 3.88 3 .57 6 .92 0.67 5 .52 169.29 
B 2 4.71 2 .83 7 .54 0.73 5 .51 169.18 
B 3 3.67 2 .61 4 .0 0.64 4 .16 154.06 
B 4 7.44 12 .10 10 .32 0.72 13 .33 227.01 
NB 1 3.51 5 .89 7 .66 0.85 6 .90 182.30 
NB 2 6.91 8 .43 10 .66 0.88 10 .20 207.70 
NB 3 1.07 2 .14 4 .45 0.85 3 .28 142.29 
NB 4 2.53 5 .83 8 .83 0.88 4 .80 161.52 
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oting that there are different ways to estimate the D / T ratios (e.g.
badi et al. 2003 ) including estimations mimicking observational 

echniques (Scannapieco et al. 2010 ). For our sample, the D / T ratios
re similar for the barred and unbarred galaxies, with an average value 
f 0.69 for the former and 0.86 for the latter. Note that although one
ould expect that barred galaxies have more massive discs, the bar 

omponent would count in the kinematic decomposition as part of 
he spheroid. Finally, it is worth noting that both the barred galaxy
 4 and the unbarred galaxy NB 2 are significantly more massive than 

he rest of the galaxies within their respective subsamples and are 
ocated within very massive dark matter subhaloes. 

Fig. 2 shows circular velocity curves as a function of radius,
or barred and unbarred galaxies (upper and lower panels, respec- 
ively), at z = 0. This is obtained from the expression V circ ( r) =
 

( G M ( r )) /r , where M ( r ) is the total mass inside a radius r . The
aximum circular velocities reached in the innermost 10 kpc of the 

arred galaxies are comprised in the range ∼ 199 . 7 − 211 . 8 km s −1 ,
onsistent with the values found by Schmidt et al. ( 2023 ) from the
otation curves estimated for a sample of 46 barred galaxies in the lo-
al Universe of MaNGA (Mapping Nearby Galaxies at Apache Point 
bservatory) with stellar masses in the range ∼ 2 − 3 . 4 × 10 10 M �.
he maximum circular velocities obtained for our sample of unbarred 
alaxies span a range of ∼ 136 . 7 − 208 . 2 km s −1 , much wider than
or barred galaxies and reaching lower values. 

We also show separately results for the gaseous, stellar and dark 
atter components ( M ( r ) is estimated from the spatial distribution of

he corresponding particles in the simulation), in order to highlight 
heir relative contributions to the total circular velocity. We find 
hat, at z = 0, stars largely dominate the mass content in the inner
egions of the four barred galaxies. In contrast, the contribution of
tars relative to the dark matter component is lower or subdominant 
or the unbarred galaxies. The gas comprises, in all cases, a small
raction of the total mass and, in the case of three out of the four barred
alaxies, there is a negligible amount of gas in the inner ∼5 kpc. The
ituation differs for unbarred galaxies, where the proportion of gas 
elative to the other components is larger, specially in the innermost 
egions. 

.3 Identification of bars 

e identify the bar components in the simulated galaxies by 
erforming a Fourier analysis of the face-on, stellar projected mass 
ensity �( R , θ ), as in Scannapieco & Athanassoula ( 2012 ), 

( R, θ ) = a 0 ( R) + 

∑ 

m 

[ a m 

( R) cos ( mθ ) + b m 

( R) sin ( mθ ) ] , (1) 
here R is the projected radius (i.e. in the xy plane) and θ is the
zimuthal angle. Each coefficient of the expansion is given by the
xpressions, 

a m 

( R) = 

∑ 

i 

m i cos ( mθi ) , m ≥ 0 , 

b m 

( R) = 

∑ 

i 

m i sin ( mθi ) , m > 0 , 
(2) 

here m i is the mass of each star particle and m denotes the mode of
he F ourier e xpansion’s terms. The calculation was made by taking
ings of 	 r = 0.1 ckpc width, starting at the centre of each galaxy.
he amplitudes of the Fourier modes are defined as I 0 = a 0 and
 m 

= 

√ 

a 2 m 

+ b 2 m 

for m > 0. 
The strength of the bar can be quantified using the ratio I 2 / I 0 ,

hich we refer to as the parameter A 2 , hereafter. In this work, we
ssume that a barred structure is present if the maximum in the A 2 

adial profile, A 

max 
2 , exceeds the threshold A 

thresh 
2 = 0 . 2, following a

riterion similar to Algorry et al. ( 2017 ). Furthermore, we confirm
he existence of the bar at the respective time instances by visual
xamination of the surface stellar density projections. 

 PROPERTIES  O F  G A L A X I E S  A N D  BA R S  AT  

z = 0  

.1 Strength, phase and length of the bars 

he upper panels of Fig. 3 show the strength of the bar, A 2 , as a
unction of projected radius for the eight simulated galaxies, at z =
, separated into barred (upper left-hand panel) and unbarred (upper 
ight-hand panel) systems. The presence of a bar is clearly evident in
he radial profile of A 2 for all barred galaxies, with values well abo v e
he threshold A 

thres 
2 in the inner regions, up to distances of ∼ 3 kpc .

n contrast, the radial profiles of A 2 for the unbarred galaxies remain
ell below the adopted threshold of 0.2 (note that, for NB 2 , we find
 few radial bins with A 2 > A 

thres 
2 , but the radial profile is clearly

nconsistent with the presence of a bar). 
Previous works have classified bars into strong and weak ones, 

ccording to the maximum v alues achie ved by A 2 in its radial profile
 A 

max 
2 ), with a general consensus that strong bars have A 

max 
2 > 0 . 3 −

 . 4 (Algorry et al. 2017 ; Fragkoudi et al. 2020 ; Rosas-Gue v ara et al.
022 ). Our four bars enter the category of strong bars, as A 

max 
2 are

ell abo v e this threshold, as shown in Table 2 . 
The position angle of a bar, denoted as 
 b , is determined based

n the b 2 and a 2 coefficients of the Fourier decomposition as
 b ( R) = 0 . 5 arctan(b 2 / a 2 ) . In the case of a theoretically ideal bar,

his phase should be constant along the bar and, as a result, it can
e used as an additional indicator of the presence of a bar. The
ower panels of Fig. 3 show the bar phase as a function of projected
adius, for our barred (left-hand panel) and unbarred (right-hand 
anel) galaxies, at z = 0. In the case of galaxies with bars, the
hase remains approximately constant up to R ≈ 4 kpc , with some
ariation among galaxies. It is certainly not expected that, in the case
f bars developed in cosmological simulations, the bar phase remains 
 xactly constant. F or this reason, we assume that small variations
n the phase, i.e. those satisfying the condition | 	
 b | < 0.15, are
onsistent with a bar-like structure. In contrast to the barred galaxies,
ll the simulated unbarred systems show significant variations in the 
adial profile of the phase. 

Bar diagnostic quantities obtained from the Fourier decomposition 
an also be used to estimate the length of a bar. In this work, we
ssume that the bar length, R bar , is the maximum radius within which
he bar phase is approximately constant (i.e. the innermost radius 
MNRAS 529, 979–998 (2024) 
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Figure 2. Circular v elocity curv es (solid lines) for barred galaxies (upper panels) and unbarred galaxies (lower panels), at z = 0, as a function of radius r . We 
also show separately the contributions of the dark matter (dotted lines), stellar (dashed lines), and gaseous (dot–dashed lines) components. 

Figure 3. Upper panels: Projected radial profiles of the strength of the bar-like structure quantified using the parameter A 2 for galaxies identified as barred 
(left-hand panel) and unbarred (right-hand panel), at z = 0. The threshold A 

thresh 
2 = 0 . 2 of our criterion to identify bar-like structures is shown as an horizontal 

grey dashed line. Lower panels: Phase of the m = 2 Fourier mode ( 
 b ) as a function of the projected radius, for the barred (left-hand panel) and unbarred 
(right-hand panel) galaxies, at z = 0. The region consistent with a constant phase ( | 	
 b | < 0.15) is highlighted with a rectangular shade. In the case of galaxies 
with bars, the corresponding bar length is indicated by a vertical dashed line. 
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here | 	
 b | becomes larger than 0.15). The vertical lines in the
eft-hand panels of Fig. 3 show the bar lengths calculated in this way,
hich lie in the range ∼ 3 − 5 kpc (see Table 2 ). It is worth noting

hat, at the outer end of the bars, the values of A become lower than
NRAS 529, 979–998 (2024) 

2 
 2, thresh . In fact, the radius at which this situation occurs provides
n alternative way to estimate the bar length. Here, we adopt the
onstancy of the bar phase as our preferred criterion. While there are
any different ways to define the bar length, (e.g. Athanassoula &
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Table 2. Properties of the bars in the barred galaxies, at z = 0: maximum 

v alue achie ved by A 2 in its radial profile ( A 

max 
2 ); time of bar formation ( t bar ); 

bar length ( R bar ); pattern speed ( �bar ); corotation radius ( R CR ); parameter 
distinguishing ‘slow’ from ‘fast’ rotator ( R ). 

Galaxy A 

max 
2 t bar R bar �bar R CR R 

- Gyr kpc km s −1 kpc −1 kpc - 

B 1 0.58 3 .74 3.32 28.33 5.93 1.90 
B 2 0.53 4 .49 4.50 33.28 5.35 1.18 
B 3 0.54 10 .29 4.95 34.89 5.43 1.17 
B 4 0.41 6 .82 3.17 32.27 5.68 1.93 

The parameters �bar and R CR are estimated by using the code from Dehnen, 
Semczuk & Sch ̈onrich ( 2023 ). 
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Figure 4. Angular frequency as a function of radius for the four barred 
galaxies, at z = 0. The dotted horizontal lines indicate the corresponding �bar 

values, obtained using the code described in Dehnen, Semczuk & Sch ̈onrich 
( 2023 ). We also show the length of the bars, R bar (thin dashed vertical lines) 
and the corotation radii, R CR (thick dashed vertical lines). 
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isiriotis 2002 ; Scannapieco & Athanassoula 2012 ), this is adequate 
or the purposes of this work and does not affect our results in any
ensitive way. The bar lengths we derive are consistent with the visual
nspection of the bars in Fig. 1 . 

.2 Pattern speed and corotation radius 

he pattern speed, �bar , is another key characteristic of a bar, which
otates as a solid body. �bar is the rotational frequency of the bar
nd, in contrast to the bar length and strength, is a purely dynamical
roperty. While we have the full kinematic information of all stars in
ach simulated galaxy, it is difficult to identify those stars that form
he bar – which would provide a clean measurement of the bar pattern
peed – as these are spatially mixed with bulge and disc material. 
lternative ways of estimating this quantity have been proposed. The 
ost direct approach is to apply the definition of the pattern speed

sing consecutive snapshots, i.e. calculate the time variation of the 
hase of the mode-2 Fourier transform within the bar. In order to
et reliable results, adequate temporal resolution is needed so that 
hanges in the position angle of the bar between different simulation 
utputs can be computed. Ho we ver, this condition is hardly met
n cosmological simulations. An alternative approach is to use star 
articles near the outer end defined by the bar length, and calculate
heir rotational frequencies (Marioni et al. 2022 ). The bar pattern 
peed can thus be estimated as the mean rotational frequency at 
he bar length. Another approach, commonly used in observations 
ut applicable to simulations as well, is the Tremaine-Weinberg 
ethod (Tremaine & Weinberg 1984 ). Ho we ver, in the recent work

f Dehnen, Semczuk & Sch ̈onrich ( 2023 ), the authors argue that
mploying this method in simulations is not entirely suitable as it
ssumes a steady pattern and uses only one of the three velocity
omponents. In order to a v oid the limitations or previously used
ethods, Dehnen, Semczuk & Sch ̈onrich ( 2023 ) suggest an unbiased
ay of calculating the pattern speed of a galactic bar from a single

imulation snapshot. We applied this method to measure the bar 
attern speed of our simulated barred galaxies, and found values in 
he range ∼ 28 − 35 km s −1 at z = 0, as shown in Table 2 . 

The corotation radius, R CR , where the gravitational and centrifugal 
orces cancel out in the rest frame of the bar (Guo et al. 2018 ), is
he radius at which the angular frequency of the galaxy matches that
f the bar, �( R CR ) = �bar . Using the values obtained for �bar and
stimating the angular frequency of the galaxy as �( r ) = V circ ( r )/ r
with V circ being the circular velocity of the galaxy), we calculate 
he corotation radii for our barred galaxies, at z = 0. Fig. 4 shows
he radial profile of the angular frequency of each barred galaxy, at
 = 0, together with the value of �bar obtained through the Dehnen,
emczuk & Sch ̈onrich ( 2023 ) method, depicted by the horizontal
lue dotted line. The intersection of these two lines determines the 
orotation radius, which are indicated by the vertical dashed purple 
ine in this figure. The values obtained for R CR are in the range

5 . 3 − 6 kpc (see Table 2 ). The corotation radius is an important
uantity, as it can influence the stability of the bar. If the bar extends
eyond R CR , the stars in the bar may have a higher angular velocity
han the rotational velocity of disc stars at that distance, which can
ead to the bar weakening or breaking up. As shown in Fig. 4 , R CR is
arger than R bar (identified by vertical dashed black lines), in all four
ases. 

Bars can also be classified into fast or slow rotators, using the
arameter R , defined as the ratio between the corotation radius
nd the bar length, i.e. R = R CR / R bar . Theoretical arguments (Con-
opoulos & Papayannopoulos 1980 ) require R > 1, and there is a
redisposition that R � 1 (Sell w ood & Wilkinson 1993 ). Bars with
 ≤ R ≤ 1 . 4 are classified as ‘fast’ bars, those for which corotation
s not far beyond the bar’s end; those with R > 1 . 4 are ‘slow bars’
Debattista & Sell w ood 2000 ). At z = 0, our simulated bars have R
alues in the range ∼ 1 . 09 − 1 . 79 kpc (see Table 2 ), which set half
f them into the slow rotator category and the other half into the fast
otator category. 

 E VO L U T I O N  O F  BA R  PROPERTIES  

.1 Formation time of the bars 

hile the formation of a bar is not instantaneous, it is useful to define
 formation time ( t bar ) to identify when a bar can be considered fully
ormed. This allows us to study the properties of the galaxy that hosts
he bar and its disc prior to t bar , as well as the evolution of the bar
fter its formation. The most common way to estimate t bar is through
he analysis of the time evolution of A 

max 
2 – the maximum of the

adial profile of the A 2 parameter (see Section 2.3 ) – and adopting a
riterion to determine the presence or absence of a bar at each time.
 or consistenc y with our z = 0 analysis, we assume that a galaxy
as a bar if, at any time, A 

max 
2 > A 

thres 
2 with A 

thres 
2 = 0 . 2. Thus, the

ormation time is defined as the moment at which A 

max 
2 surpasses

 

thres 
2 and continues to grow, maintaining values abo v e A 

thres 
2 until
MNRAS 529, 979–998 (2024) 
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Figure 5. Time evolution of the maximum value of A 

max 
2 for galaxies with 

a bar (upper panel) and galaxies without a bar (lower panel). The horizontal 
dashed line is the limit to determine the presence or absence of a bar in the 
galaxies ( A 

thres 
2 = 0 . 2). The vertical dashed lines correspond to the formation 

times of the bars ( t bar ) present in each galaxy. This moment is defined as 
the point at which A 

max 
2 surpasses A 

thres 
2 and continues to grow, maintaining 

values abo v e A 

thres 
2 until z = 0. The circles positioned o v er the curv es denote 

the snapshots when the galaxies are identified as satellites. All the barred 
galaxies in our sample develop their bars while being central galaxies. 
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Figure 6. Time evolution of the bar length, R bar (upper panel) and pattern 
speed, �bar (lower panel) for the simulated barred galaxies, starting at the 
formation time of each bar, t bar (vertical dashed lines). 
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 = 0. This definition is adequate, with the only caution at those
imes where significant noise is present, which might occur at early
imes when galaxies are still in a first formation phase and the spatial
istribution is highly asymmetric. 
Fig. 5 shows the time evolution of the A 

max 
2 parameter for the

imulated barred (upper panel) and unbarred (lower panel) galaxies
f our sample. The corresponding formation times of the bars are
ndicated as vertical dashed lines in the figure. It is interesting to
ote that, even though we have only four galaxies in our sample,
he formation times are diverse, with two systems forming their bars
uite early, and the other two exhibiting a more recent formation
see Table 2 ). The black dots in this figure represent the times where
alaxies are identified as satellites of a more massive, central halo
thinner curves illustrate the raw computation, while the thicker
urves result from a smoothing process employing a Butterworth
lter). These galaxies inhabit denser environments compared to the
est of the sample; we explore possible environmental effects in
ection 5 . 
It is also worth noting that all simulated bars, and particularly

hose formed early on, have been able to survive until the present
ime. From the lower panel of this figure we can observe that, in
eneral, the unbarred galaxies in our sample keep A 

max 
2 values below
NRAS 529, 979–998 (2024) 
he adopted threshold at all times, consistent with a lack of a bar, with
he exception of NB 2 . As we have seen (Fig. 3 ), the radial profiles of
 2 and 
 at z = 0 for this galaxy is inconsistent with the presence of
 bar, although by examining these radial profiles for earlier times it
eems that NB 2 is starting to develop an asymmetry in the very inner
egions, which could lead to the formation of a bar. 

.2 Evolution of the bar length and pattern speed 

n this section we investigate the time evolution of the bar properties
or the simulated barred galaxies. Fig. 6 shows the evolution of the
ar length and the pattern speed of the bar as a function of time;
tarting at the formation time of each bar ( t bar ). In all cases, the bar
ength (upper panel) increases with time, varying from ∼1 kpc at
arly times and reaching typical values of ∼4 kpc at the present day,
egardless of their formation time. The galaxies whose bars formed
arly on, B 1 and B 2 , show a smoother evolution of the bar length
ompared to B 3 and B 4 . 

Bars that have formed more recently (B 3 an B 4 ) achieved the
ighest maximum values of �bar ( ∼ 70 km s −1 ). The values of R bar 

nd �bar achieved at z = 0 are so similar (see Table 2 ) that we cannot
onclude from this small sample that shorter bars rotate faster, and
ice versa, as expected (Cuomo et al. 2020 ). In general, the pattern
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Figure 7. Upper panels: Time evolution of the spin of the dark matter halo 
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galaxies (left) and for unbarred galaxies (right). Lower panels: Same as upper 
panels but considering the dark matter within the virial radius; in this case, 
we refer to the spin parameter simply as λ.The vertical dashed lines in the 
left-hand panels correspond to the formation times of the bars ( t bar ). 
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peed of the bars (lower panel of Fig. 6 ) increases right after the
ormation of the bar for a short period and decreases thereafter, 
ccompanied by an increase of the bar length. 

The decrease in the bar pattern speed is consistent with expecta- 
ions that angular momentum keeps being transferred outwards to 
he disc and halo after the bar has formed, a scenario suggested by
as-less simulations focusing on non-rotating, isolated dark matter 
aloes (Athanassoula 2014 , and references therein). This transfer 
ccurs through the interactions of disc and halo particles trapped at 
ower resonances. Bars experiencing a loss of angular momentum 

ndergo a slo wdo wn and strengthening due to the transition of
tellar orbits within the bar towards a more radial configuration. 
he reduction of the bar’s pattern speed facilitates the sweeping of
rbital resonances across the majority of the dark matter halo phase 
pace, leading to the widespread distribution of angular momentum 

mong the halo particles. Consequently, the angular momentum of 
he halo increases o v er time (Dubinski, Berentzen & Shlosman 2009 ). 
he ef fecti veness of this angular momentum transfer depends on 

he amount of near-resonant material and its dynamical temperature 
Athanassoula 2003 ). Despite the typically higher temperature of the 
alo’s material, bars within substantial haloes exhibit greater strength 
ompared to bars in less massive haloes due to their significant 
ontribution of material in relation to the outer disc. 

More recently, utilizing models of stellar disc galaxies within dark 
atter haloes, it has been demonstrated that the dynamic and secular 

volution of bars is influenced by various properties of their parent 
ark matter halo. These properties include the cosmological spin 
arameter (a dimensionless representation of angular momentum), 
alo shape, and density distribution (Saha & Naab 2013 ; Long, 
hlosman & Heller 2014 ; Collier, Shlosman & Heller 2018 ; Li et al.
023 ; Joshi & Widrow 2024 ). The halo spin at the virial radius,
 vir , is given by λ = J h / ( 

√ 

2 M vir R vir V circ ( R vir )), where J h is the
ngular momentum of the dark matter halo and V circ ( R vir ) is the
ircular velocity at R vir (Bullock et al. 2001 ). The expected range of
osmological spin values spans λ ∼ 0–0.09, with λ̄ ∼ 0 . 035 − 0 . 04
epresenting the mean value of its lognormal distribution. In these 
imulations of isolated disc-halo systems, the bar evolution is 
learly divided into two phases: an initial dynamical phase from 

ar instability to the first vertical buckling instability (a process 
hat breaks the symmetry with respect to the disc equatorial plane 
esulting in the vertical thickening of the bar and the formation of
 boxy/peanut-shaped bulge), and a subsequent phase of secular 
rowth of the stellar bar. Key findings from these investigations 
eveal that the time-scale of bar instability shortens with growing λ, 
nd that the ef fecti veness of angular momentum absorption by haloes
iminishes with increasing λ values. As a consequence of the latter 
spect, the bar pattern speed experiences a sudden decrease during 
uckling for models with low spin ( λ � 0.03), while it remains rather
onstant for models with higher spin values ( λ � 0.03). As a result,
utcomes for low spin values are consistent with those observed in 
on-rotating haloes, as discussed previously. It is noteworthy that 
arying either the halo shape or the dark matter density affects the
volution of the bar along λ-sequence (Collier, Shlosman & Heller 
018 ; Li et al. 2023 ). 
While the studies described previously suggest that faster-spinning 

aloes reduces the amplitude of stellar bars during their secular evo- 
ution, this finding is contradicted by the recent analysis conducted 
y Kataria & Shen ( 2022 ). The y observ e that bars continue to grow
uring secular evolution regardless of the halo spin. The discrepancy 
rises because these authors examine models with increasing spin 
chieved by augmenting the angular momentum in the central 
egions ( < 30 kpc ) of the galaxy, as most of the disc–halo angular
omentum interaction occurs within the bar region. 2 Consequently, 
heir results demonstrate that although the disc-to-halo transfer of 
ngular momentum decreases with increasing spin, strong bars can 
till exchange angular momentum and grow through torquing down 
ue to the dynamical friction of the haloes. 
Our sample of galaxies with and without bars is derived from a

osmological hydrodynamical simulation, placing them within dark 
atter haloes that exhibit varying values of key properties such as
ass, concentration, and spin. We now examine the influence of the

ark matter halo spin on determining the presence or absence of
 bar in our chosen galaxy sample. Fig. 7 considers the evolution
f the spin parameter for both barred and unbarred galaxies. The
pin parameter for dark matter particles within 10 ckpc , λ10 ckpc , is
resented in the upper panels, while the lower panels depict the
pin parameter estimated from dark matter particles within R vir , 
enoted simply as λ. The former choice involves estimating the spin
pproximately at twice the corotation radius of barred galaxies (see 
alues of R CR in Table 2 ), and is based on the fact that bar formation
s more likely to be affected by the inner halo angular momentum
lose to the bar region (Kataria & Shen 2022 ). In this figure, it is
vident that the initial values of the dark matter halo spin, λ10 ckpc 

nd λ are below ∼0.03 for both barred and unbarred galaxies. The
nitial values are determined at ∼ 2 . 5 Gyr into the galaxy’s evolution,
 point when the galaxy’s disc is well-defined, as confirmed through
isual inspection of the time evolution of the stellar mass density in
hree spatial projections. 

Focusing on the evolution of λ10 ckpc , we observe that their values
ncrease monotonically with time for barred galaxies (with the ex- 
eption of B 3 ) and present more variable trends for unbarred galaxies
either increasing, remaining rather flat, or also decreasing during 

ome periods. The z = 0 spin values achieved by barred galaxies
xceed ∼0.04, larger than those reached by unbarred galaxies, which 
MNRAS 529, 979–998 (2024) 
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Figure 8. Circular velocity curves (solid lines) for barred galaxies at t bar (upper panels) and at ∼ 1 Gyr before the bar formation time (lower panels), as a 
function of radius r . The contributions of the dark matter , stellar , and gaseous components are identified by dotted, dashed, and dash–dotted lines, respectively, 
as indicated in the legend. 
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o not exceed this value in any case. The general trend indicates that
ars form as a result of substantial angular momentum transfer from
he disc to the halo, a process not occurring in unbarred galaxies.

hile this aligns with results from simulations of isolated disc-halo
ystems, the crucial aspect to emphasize from our results is that the
nitial value of λ10 ckpc is similar in all cases and close to the low spin
alues that promote bar formation according to other studies (e.g.
ollier, Shlosman & Heller 2018 ; Li et al. 2023 ). Ho we ver, despite

hat, some galaxies do not develop a bar. Thus, it seems that the spin
f the dark matter halo cannot be regarded as the primary and only
actor influencing bar evolution, and additional modulation by other
alo properties (mass, shape, concentration) as well as the influence
f external processes might also play a role in the development of disc
nstabilities and bar growth, as envisaged by previous studies. In this
ontext, it is noteworthy that the unique behavior in the spin evolution
f galaxy B 3 could be elucidated by the fact that this galaxy becomes
 satellite as soon as it develops a bar, and its preceding dynamical
istory might be influenced by the high density environment in which
t is moving prior to being accreted by a larger halo (see Fig. 18 and
ection 5.2 ). 
On the contrary, the trajectory traced by the o v erall spin parameter
(depicted in the lower panels of Fig. 7 ) deviates significantly from

he pattern illustrated by λ10 ckpc : it remains relatively constant for
arred galaxies, staying below ∼0.04–0.05 at z = 0, while steadily
ncreasing for unbarred galaxies, reaching values exceeding ∼0.04.
learly, the redistribution of angular momentum among dark matter
articles exhibits notable distinctions between barred and unbarred
alaxies. Examining the temporal evolution of the radial distribution
f the spin parameter could provide crucial insights into unraveling
he underlying cause of bar formation in disc galaxies. A more
etailed analysis of such aspects is intended for future investigations.

.3 Evolution of the CMC 

s we have shown in Fig. 2 , the simulated unbarred galaxies have,
t z = 0, smoother rotation curves compared to galaxies with
ars, which exhibit a peak in the inner regions dominated by the
NRAS 529, 979–998 (2024) 
tellar component. Here, we show that this characteristic of the
alaxies that form bars originates at early times, even prior to their
e velopment. Fig. 8 sho ws circular v elocity curv es for the barred
alaxies, including the total circular velocity, as well as the separate
ontribution of the dark matter, stellar and gaseous components.
e show, for each bar, the circular v elocity curv es at the formation

ime of the bars ( t bar ), as well as at approximately 1 Gyr before the
ar formation time ( ∼t bar − 1 Gyr). In all cases, the central mass
udget is predominantly go v erned by the stellar component, with its
ontribution surpassing that of gas and dark matter. This behaviour
s not originated as a consequence of the formation of the bar, as it is
lready evident prior to the bar emergence. It is worth noting that the
entral stellar mass concentration becomes more pronounced when
he bar forms, reaching its maximum at z = 0 (Fig. 2 ). This aligns
ith findings reported by Dubinski, Berentzen & Shlosman ( 2009 )

n their examination of bar instability in galactic models featuring
n exponential disc and a cuspy dark matter halo. Both stars and gas
ithin the corotation radius experience a loss of angular momentum,

ausing them to mo v e inward gradually . Consequently , the formation
f the bar also results in an enhanced central concentration in the gas
omponent. 

The CMC is defined as the total baryonic mass (comprising stars
nd gas) within the central region (e.g. Athanassoula, Machado &
odionov 2013 ; Seo et al. 2019 ). To explore the relationship between

he development of this CMC and bar formation, we examine the
emporal evolution of the CMC for both barred and unbarred galaxies,
onsidering the baryonic mass contained within 1 ckpc (comoving
pc). This is shown in our Fig. 9 . The CMC increases monotonically
ith time for both barred and unbarred galaxies, with a higher

ate of increase observed for the former, resulting in larger CMC
alues at z = 0. Barred galaxies generally exhibit a higher CMC
hroughout their evolution, aligning with our previous findings based
n circular velocity curves. For all barred galaxies except B 3 , the rate
f increase tends to decrease after bar formation, while the opposite
s true for B 3 . As discussed in the previous section and elaborated
n later, B 3 , residing in a high-density environment and becoming
atellite after forming its bar, might experience close encounters
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Figure 9. Time evolution of the CMC, defined as the sum of gas and stars 
within 1 ckpc for barred galaxies (upper panel) and unbarred galaxies (lower 
panel). The vertical dashed lines indicate the formation time of the bars ( t bar ). 

t  

C

w  

a
S  

l  

b
W
i
t  

c  

S  

h
(  

H  

o
i  

d
r
a  

w
t  

i

d
s
n
w
m

Figure 10. Time evolution of the mass ratio f 1 ckpc 
star between the stellar 

component and the sum of dark matter mass and stellar mass within 1 ckpc , 
for barred galaxies (upper panel) and for unbarred galaxies (lower panel). 
The vertical dashed lines indicate the formation time of the bars ( t bar ). 

(
i  

d
s  

f  

r  

m  

g  

l  

f  

a  

v  

o  

i
 

t
r
w
v  

b
o  

f  

t  

r  

t  

1  

(
f

 

g

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stae576/7612987 by guest on 07 M

arch 2024
riggering gas inflows that contribute to a more abrupt increase in its
MC. 
These patterns are in contrast to findings that suggest a scenario 

here the formation of a high mass concentration, such as a massive
nd compact bulge, hinders bar development (Kataria & Das 2018 ; 
aha & Elmegreen 2018 ) or prevents the formation of strong and

ong bars (Jang & Kim 2023 ). These studies have utilized N-
ody simulations incorporating dynamic halo and bulge components. 
hen accounting for the presence of gas, the situation becomes more 

ntricate as gas, being dissipative, is highly responsive and can alter 
he density distribution of the entire disc. Once bars are formed, they
an induce gas inflows (Regan & Teuben 2004 ; Berentzen et al. 2007 ;
hin et al. 2017 ). In numerical simulations of discs embedded in rigid
aloes with gas dynamics considered, Bournaud, Combes & Semelin 
 2005 ) find that a growing CMC does not completely dissolve a bar.
o we ver, the gravitational torques exerted by gas on the bar cause
rbits to become rounder, significantly weakening and dissolving 
t in ∼ 2 Gyr . According to Berentzen et al. ( 2007 ), the bar is not
estroyed, but its amplitude decreases due to vertical buckling and 
egrows after this process concludes. In gas-rich models, vertical 
symmetry (buckling) of the bar is dampened by the forming CMC,
hich heats up the central kiloparsec in the stellar disc on a dynamical 

ime-scale but also puffs it up. Thus, the degree of stellar thickening
s practically independent of the gas fraction in the disc. 

Considering simulations of disc galaxies that include a gaseous 
isc component undergoing star formation and feedback, Athanas- 
oula, Machado & Rodionov ( 2013 ) demonstrate that bars, while 
ot completely destro yed, weak en more significantly in galaxies 
ith larger fraction of gas since the CMC component is more 
assive in simulations with more gas. More recently, Seo et al. 
 2019 ) conducted high-resolution simulations of Milky Way-sized, 
solated disc galaxies comprising a live halo, and stellar and gaseous
iscs. These simulations incorporate radiative heating and cooling, 
tar formation and feedback, and assessed the effect of gas on bar
ormation in models with a cold and a warm disc that differ in
adial velocity dispersions. They find that a bar forms earlier and
ore strongly in the cold discs with larger fraction of gas, while

as progressively delays bar formation in the warm discs due to the
arger value of the Toomre parameter, Q T . The CMC grows faster
or a stronger bar, resulting in a faster decay of the bar strength
fter reaching a peak because the CMC excites stellar motion in the
 ertical direction. Therefore, o v erall, the bar strength in the late phase
f the disc evolution is inversely proportional to the gas fraction,
ndependent of Q T . 

To understand the role of the CMC in our galaxy sample and
he respective contributions of stars and gas, we evaluate the 
elative proportions of these components with respect to dark matter 
ithin the inner regions. As previously observed in the circular 
 elocity curv es presented in Fig. 2 , there are systematic differences
etween barred and unbarred galaxies in the mass distribution 
f baryons and dark matter. We quantify this using the ratio
 

1 ckpc 
star ≡ M 

1 ckpc 
star / ( M 

1 ckpc 
star + M 

1 ckpc 
DM 

), where M 

1 ckpc 
star and M 

1 ckpc 
DM 

refer
o the stellar and dark matter masses in the inner 1 ckpc, and the
atio f 1 ckpc 

gas ≡ M 

1 ckpc 
gas / ( M 

1 ckpc 
gas + M 

1 ckpc 
DM 

), where M 

1 ckpc 
gas represents

he mass of the gaseous component in the inner 1 ckpc. Figs 10 and
1 sho w, respecti vely, the e volution of these ratios for the barred
upper panel) and unbarred (lower panel) galaxies, along with the 
ormation time of the bars. 

The o v erall trend of f 1 ckpc 
star is similar for both barred and unbarred

alaxies, indicating a rapid and significant increase in the stellar 
MNRAS 529, 979–998 (2024) 
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M

Figure 11. Time evolution of the mass ratio f 1 ckpc 
gas between the gaseous 

component and the sum of dark matter mass and gas mass within 1 ckpc , 
for barred galaxies (upper panel) and for barred galaxies (lower panel). The 
vertical dashed lines indicate the formation time of the bars ( t bar ). 
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ass relative to dark matter for both types of galaxies. An exception
s NB 3 , where the increase in the ratio of stellar to dark matter mass is
moother and sustained o v er longer time periods. These behaviours
re, of course, entirely consistent with the shape of the velocity
urves in the inner regions. The main difference between barred
nd unbarred galaxies is that the former reach values of f 1 ckpc 

star �
 . 7 after its rapid rise during the early stages of galaxy evolution,
hich is larger than those attained by unbarred galaxies spanning
 wider range although initial values are within the same range for
oth types of galaxies ( f 1 ckpc 

star � 0 . 4). On the other hand, Fig. 11
hows that, in general, galaxies with bars tend to possess larger
as reservoirs compared to their non-barred counterparts, especially
efore the formation of bars. This aligns with observations indicating
hat g as-rich g alaxies exhibit longer and stronger bars compared to
 I g as-deficient g alaxies at a constant stellar mass (Zhou, Ma & Wu
021 ). 
It is noteworthy that the proportions of stars and gas in relation

o dark matter, along with the circular velocity curves for each
omponent, indicate that unbarred galaxies are characterized by
 higher amount of dark matter. This result is consistent with
hose of Athanassoula, Machado & Rodionov ( 2013 ) and Reddish
t al. ( 2022 ) who find that the presence of a massive spheroid can
revent the formation of bars. Bars do not form in systems where
ark matter dominates in the inner regions. Our results are also
n line with the work of Bland-Hawthorn et al. ( 2023 ), based on a
ydrodynamical simulations of a halo-bulge-disc systems, who argue
hat the dominance of inner baryons o v er the dark matter component
n early massive galaxies is a key factor in producing galactic bars. 

Our findings highlight the occurrence of substantial gas inflows
uring the formation of bars, resulting in ele v ated le vels of star
NRAS 529, 979–998 (2024) 
ormation not only in the very inner regions, but also within the stellar
alf-mass radius of the barred galaxies, as illustrated in Fig. 12 .
alaxies possessing bars display more prominent star formation
ursts compared to unbarred galaxies, which exhibit smoother rates
hroughout their evolution, except for galaxy NB 2 , which shows
vidence of non-axisymmetry at z = 0 (see Fig. 1 ). The more
ronounced bursts of star formation in barred galaxies contribute
o lower fractions of cold gas in the inner regions at lower redshifts,
onsistent with the circular velocity curves presented in Fig. 2 .
n exception is galaxy B 3 , characterized by particular features in

elation to inhabiting a richer environment and becoming a satellite
f a larger system, where bar formation occurs later than in the
ther barred galaxies, and there has not been sufficient time to
eplete the central gas, with potential interactions triggering new gas
nflows. 

In summarizing the results gleaned from the analysis of evolution-
ry trends in various properties of barred and unbarred galaxies, it
ecomes apparent that both sets of galaxies initially are located within
aloes characterized by comparable spin values and share similarities
n their initial stellar content. Ho we ver, the initial gas levels in
he inner regions are higher for barred galaxies. The subsequent
ubstantial increases in stellar mass and spin values exhibited by
arred galaxies result from the ongoing disc instability and bar
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evelopment, involving the transfer of angular momentum from the 
isc to the dark matter halo. The associated increments in gas inflows
ontribute to a larger stellar content in the centre, leading to a more
ignificant increase in the CMC in barred galaxies. This latter aspect 
ligns with findings from simulations of isolated disc-halo systems, 
s mentioned earlier, indicating that a higher gas fraction leads to a
arger growth of the CMC (e.g. Athanassoula, Machado & Rodionov 
013 ). Ho we ver, the contradiction lies in the fact that strong bars can
evelop when there are large initial gas fractions, and consequently, 
n the presence of a high CMC. 

Concerning the contrasting correlation with the initial gas fraction 
xhibited by our model galaxies, it is crucial to underscore that, 
nlike in idealized simulations, the amount, characteristics, and 
istribution of gas are contingent on various interrelated processes. 
hese processes, including gas accretion (from the intergalactic 
edium, if it can permeate the halo), gas cooling, star formation, 

nd feedback mechanisms, interact in a complex and non-trivial 
anner. Stellar feedback, in particular, induces substantial alterations 

n the gas distribution: following periods of star formation, supernova 
xplosions rapidly release a significant amount of energy, injecting 
ressure and prompting the circulation of gas from the star-forming 
egions to the outer parts of the galaxy. In the context of bar formation,
here gas inflows and star formation appear to play a key role, it

s imperative to acknowledge that feedback will inevitably occur 
nd influence the amount and spatial distribution of gas in galaxies. 
he intricate interplay among these processes makes it exceedingly 
hallenging to draw definitive conclusions about how gas affects the 
ar formation or how the bar impacts the gas component, particularly 
ith the concurrent formation of a CMC. These aspects deserve a 
ore in-depth analysis of the hydrodynamical connection between 

he inner disc of the galaxy, the formation of the bulge, and the inner
isc’s susceptibility to bar formation under specific conditions within 
 cosmological context where galaxies undergo continuous growth 
nd evolution. 

 BA R  F O R M AT I O N :  INSTABILITIES  A N D  

E R G E R S  

.1 Disc instabilities 

t is known that a fa v ourable scenario for the formation of bars
ccurs when an instability is triggered in the stellar disc (Sell w ood &
ilkinson 1993 ). Several works have approached the study of 

nstability mechanisms, distinguishing between ‘global’ or ‘local’ 
ypes (Toomre 1964 ; Efstathiou, Lake & Negroponte 1982 ). In this
ection, we analyse a number of proposed parameters to determine 
hether a system undergoes stellar disc instabilities, and test if they 

re able to predict the formation of bars in the simulations. 
Following Algorry et al. ( 2017 ), we first calculate two of these

arameters. The first one, referred to as f disc , measures the relative
mportance of the disc and the dark halo, and is defined as 

 disc = 

V circ ( R 50 ) √ 

GM star /R 50 
(3) 

here R 50 is the stellar half-mass radius, V circ ( R 50 ) is the total
ircular velocity e v aluated at the stellar half-mass radius, and M star 

s the stellar mass of the galaxy. This parameter measures the local
ravitational importance of the disc and is an approximation of the 
arameter εELN (Efstathiou, Lake & Negroponte 1982 ) discussed in 
ection 1 . If f disc < 1.1, the disc is unstable to bar formation. 
The second parameter, f dec , measures the global gravitational 
mportance of the disc. It is defined as 

 dec = 

V circ ( R 50 ) 

V 

dm 

circ , max 

(4) 

here V 

dm 

circ , max is the maximum circular velocity of the dark matter
alo. If f dec > 1, the speed of rotational velocity of the disc is high
ith respect to the speed of the dark matter halo, and it is prone to

he development of a bar. 
Fig. 13 shows f disc versus f dec for our barred (inverted triangles) and

nbarred (full circles) galaxies. The parameters are measured at the 
ime of formation of the bar ( t bar ) for the barred galaxies, and at z =
 

3 for the unbarred galaxies. The grey area delimits the instability
egion, where f disc < 1.1 and f dec > 1. All barred (unbarred) galaxies
all in the instability (stability) regions in this figure. 

In order to investigate in more detail the parameters f disc and f dec 

nd their ability to detect instabilities, we analyse their temporal 
volution. Fig. 14 shows the evolution in time of f disc , for the
arred galaxies (upper panel) and the unbarred ones (lower panel). 
n the case of the barred galaxies, we observe that they enter the
nstable region around ∼ 4 Gyr . In the case of B 1 and B 2 , this time
pproximately coincides with the formation time of the bar. Ho we ver,
 disc falls below 1.1 between ∼4 and 6 Gyr before the bars of B 3 and
 4 are detected in the simulations. In all four cases, once the galaxy

s unstable according to this criterion, it stays in this regime until
 = 0. Consistently, the parameter remains stable, at all times, in our
nbarred galaxies. 
Fig. 15 shows the time evolution of f dec , for the barred galaxies

upper panel) and the unbarred ones (lower panel). Unlike the case
f f disc , both the barred and unbarred galaxies remain in the unstable
egime during most of their evolution, and only around z = 0 their
 dec v alues fall belo w the threshold value. According to our findings,
 dec is not an adequate estimator for assessing the possibility of bar
MNRAS 529, 979–998 (2024) 
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M

Figure 14. Time evolution of the parameter f disc , for the barred galaxies 
(upper panel) and the unbarred galaxies (lower panel). The vertical dashed 
lines in the upper panel are the time formation of each bar, t bar , and the shaded 
area depicts the instability region: f disc < 1.1. 
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ormation. Predictions could impro v e if this is used in combination
ith f disc (Algorry et al. 2017 ; Marioni et al. 2022 ). 
Another parameter usually used in this type of studies is based on

he Toomre local stability criterion, introduced by Toomre ( 1964 ),
hich measures the stability of a rotating, self-gravitating disc.
his criterion aids in predicting whether a disc will maintain its
tability when exposed to the growth of axisymmetric disturbances,
ommonly manifesting as density waves. Such disturbances have the
otential to trigger the development of non-axisymmetric structures
ike spirals or bars. The Toomre criterion considers the balance
etween rotational support, pressure forces, and self-gravity within
he disc, quantified by the parameter: Q T = ( σκ)/(3.36 G �), where σ
s the velocity dispersion, � is the stellar surface density of the disc
estimated considering stars with a circularity parameter ε > 0.7),
nd κ is the epicyclic frequency. The latter is estimated as 

2 ( R) = 

(
R 

d �2 

dR 

+ 4 �2 

)
R 

, (5) 

here � is the angular frequency (see Fig. 4 ). According to theory,
hen Q T > 1, the stabilizing influence of rotation and pressure
revents the formation of a bar, ensuring the disc’s stability by
issolving any axisymmetric perturbations. On the other hand,
f Q T < 1, the destabilizing effects of self-gravity come to the
orefront, potentially amplifying axisymmetric perturbations and
hereby facilitating the formation of structures such as spirals or
ars. Fig. 16 displays the time evolution of the minimum Toomre
NRAS 529, 979–998 (2024) 
arameter value, Q T, min (found from the inspection or the radial
rofile of Q T at different snapshots of the simulation) for barred
alaxies (upper panel) and unbarred galaxies (lower panel). It can
e observed that, although all galaxies present values greater than
 T, min = 1, for almost their whole evolution, the barred galaxies have

o wer v alues than the unbarred ones. Thus, this parameter could be
sed to guide the tendency of galaxies to become unstable. It is worth
oting that the failure to meet the theoretical threshold is anticipated,
iven the complex nature of the physical processes involved in bar
ormation and not fully captured by theoretical estimations. 

.2 External triggers: mergers, flybys, and environment 

he role of mergers and flybys in the formation and development of
ars remains a subject of debate. From the analysis of Illustris, most
arred galaxies at z = 0 appear to have their bars triggered by external
erturbations through mergers or flybys rather than forming through
ecular evolution (Peschken & Łokas 2019 ). Conversely, results
rom a cosmological zoom-in simulation that led to the formation
f a Milky Way-like galaxy hosting a central bar in its central few
iloparsecs (ErisBH simulation; Bonoli et al. 2016 ) demonstrate that
he origin of bar formation is not necessarily linked to any specific
idal event; instead, it depends on the disc reaching a sufficient mass
o sustain global non-axisymmetric modes, particularly for massive
isc galaxies at z � 1. Additionally, a fly-by interaction could delay
ar growth by increasing the stellar velocity dispersion, resulting in
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Figure 16. Evolution with time of the minimum value of the Toomre 
parameter, Q T, min for the barred galaxies (upper panel), and the unbarred 
galaxies (lower panel). The shaded area represents the theoretical instability 
region ( Q T, min < 1). 
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 more stable disc (Zana et al. 2018 ). Ho we ver, at high redshifts,
idal interactions with satellites tend to promote bar formation, 
hich can subsequently drive the growth of a bulge or pseudo-bulge 

Guedes et al. 2013 ). While bulges are primarily triggered by major
ergers at high redshifts (e.g. Fiacconi, Feldmann & Mayer 2015 ), 

seudobulges grow gradually through non-axisymmetric secular disc 
nstabilities (e.g. Devergne et al. 2020 ). Furthermore, results obtained 
rom the application of two convolutional neural networks to galaxies 
n the EAGLE ‘reference’ hydrodynamical simulation with stellar 

asses � 10 10 M �, spanning redshifts from z = 1 to 0, indicate
hat barred galaxies undergo episodes of bar creation, destruction, 
nd regeneration; major mergers are connected to the destruction of 
ars, while minor mergers and accretion are associated with both the 
reation and dissolution of bars (Cavanagh et al. 2022 ). 

We have conducted a global analysis of the mergers experienced 
y each of the barred galaxies, through the use of the merger trees
n the TNG simulations (Rodriguez-Gomez et al. 2015 ), to provide 
n initial approach to this topic. The selection was based on the
ollowing criteria: 

(i) We only consider mergers that occurred at times later than 
.5 Gyr, as at very early times the structure of the discs is not yet
ell-defined (see also Iza et al. 2022 ). 
(ii) We focus on mergers with maximum (stellar) mass ratios 

reater than 0.03. Note that the stellar mass ratios (i.e. the ratio
etween the stellar mass of the merging galaxy and that of the host)
ary with time. Consequently, we compute this ratio at each time step
nd identify cases where the maximum stellar mass ratio exceeds our 
redetermined threshold value instead of using its value at the time 
f the merger. In this way, we are certain that the mass ratio is not
nderestimated, which can occur as a result of the mass loss at times
receding the merger. 

The results can be observed in the upper panels of Fig. 17 , where
e show the distance between each selected satellite and the mass

entre of the host, as a function of time, for barred galaxies. The
olours represent the evolution of the mass ratios for the selected 
erger events. Higher ratios (more pinkish colours) are found at very 

arly times (recall that we ignore times prior to 2 . 5 Gyr ) when the
atellites are still quite far from the host. As satellites approach their
ost, they can lose stellar mass producing a decrease in the mass ratio,
nd also the host can gain stellar mass, producing the same effect.
he satellites are followed until they are no longer identified as a
istinct substructure in the merger tree. The formation time of each
ar is indicated with a dashed gre y v ertical line. Superimposed, we
nclude the time evolution of A 2 , max and present their corresponding 
alues on the right y-axis. Additionally, for reference, we also show
s a black dashed line the evolution of 0.17 × R vir , which corresponds
o the central region of the galaxies (equi v alent to ∼ 30 kpc at z =
). We observe that our barred galaxies undergo a limited number
f merger ev ents: B 1 e xperiences no mergers based on our selection
riteria; B 2 encounters two merger events, with one merging satellite 
issolving close to the formation of the bar; B 3 has only one merger,
n event that concludes significantly earlier than the bar’s formation; 
nd B 4 undergoes two mergers, with the satellites dissolving around 
 Gyr before the bar forms. 
The information from the upper panels of this figure does not

efinitively indicate whether mergers act as triggers for bar forma- 
ion: stellar mass ratios are quite small, and most mergers did not
ccur immediately before the formation of the bar, even though it
ay take several Gyr to form bars. 
To better quantify the importance of these interactions, we calcu- 

ate a scaled tidal index, as defined by Ansar et al. ( 2023 ) in their
quation (7), i.e. 

 = log 10 

(
M sat /D 

3 
sat 

V 

2 
circ , max /GR 

2 
max 

)
(6) 

here M sat is the mass of the satellite, D sat is its distance to the
ost galaxy, V circ, max is the maximum circular velocity, and R max is
ts corresponding radius. They constructed this parameter based on 
he tidal index ( � ) initially defined by Karachentsev & Makarov
 1999 ). The difference between both parameters is that � depends
nly on the mass of the satellite and its distance to the host, while
 introduces information about the dynamics of the host galaxy 

the rotation curve). The authors make a choice for the value of  

rom which an interaction can be considered significant:  t = −2.45
see their paper for more details). The evolution o v er time of  for
ach of the merged satellites is shown in the lower panels of Fig. 17 ,
eeping the same line style as in the upper panels. We can see that the
elected mergers might have had a tidal influence on the host galaxy.
articularly, in the case of B 2 , the tidal index of one of the satellites
ecomes higher as the satellite approaches the host and exceeds 
he threshold value  t only 1 Gyr before the formation of the bar.
 similar evolution of the tidal index is found for B 3 ; however, the

ormation of the bar occurs significantly later than the merger, and it is
herefore unlikely that it might have induced the formation of the bar.
inally, the tidal index of the two mergers experienced by B 4 increase
apidly reaching the threshold value around 3 Gyr , suggesting that 
hese might have affected the structure of the host, perhaps inducing
n instability leading to bar formation. In this case, the bar forms at

7 Gyr , and thus, if the mergers were the triggers of bar formation,
t took about 5 Gyr for the system to form the bar. We also analysed
he merging satellites of our simulated unbarred galaxies, and found 
hat none of them experienced significant merger events throughout 
heir evolution, and the  parameter never exceeded  t . 

An analysis of flybys has also been carried out, focusing specif-
cally on those that might have had an impact on bar formation:
or barred galaxies, the analysis focuses on times before t bar , while
or unbarred galaxies, we consider all times until z = 0. Flybys
ere identified as satellites that approach, at any time during their

volution, to at least 50 ckpc from the host (excluding those that have
erged, which enter in our merger list). We have used a minimum

tellar mass ratio of 0.03, similarly to our merger analysis. Based
MNRAS 529, 979–998 (2024) 
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M

Figure 17. Upper panels: Time evolution of the distance of various satellites to the galactic centre of their host, for the barred galaxies. Each curve represents 
the distance evolution followed by a satellite, reaching its end when the merger event occurs; the thin dotted curve shows, for reference, the evolution of 
0.17 × R vir as a function of time which corresponds, at z = 0, to ∼ 30 kpc . Each line is colour-coded according to the stellar mass ratio between the satellite 
galaxy and its host. Lower panels: Scaled tidal index , defined in the text, together with the threshold value of  t = −2.45 (horizontal dashed lines). The 
line styles for the satellites remain consistent with those used in the upper panels. In all panels, the dashed vertical line represents the bar formation time, 
t bar , for each barred galaxy. The dash–dotted line depicts the time evolution of the bar strength, A 2 , max , with the corresponding values indicated in the right 
y-axis. 

Figure 18. Time evolution of the density of the environment for our barred 
and unbarred samples, measured as the number of neighbouring galaxies 
located within a sphere of 1 cMpc radius around the host. 
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n these criteria, only B 4 experienced a flyby and, for the unbarred
alaxies, NB 2 (2 flybys), and NB 3 (1 flyby) have had such events.
one of the flybys has a tidal index above our threshold value to be

onsidered significant, except for one of the flybys of NB 2 with  >

2.45 right before the time where A 2 starts to grow, at ∼ 12 . 5 Gyr .
his, together with other indications discussed throughout the text,
uggests that NB 2 might be initiating the process of developing a bar,
nd this might be related with the close passage of a satellite galaxy.

Finally, we examine the possibility that environment might affect
ar formation. In Fig. 18 we show the environmental density of barred
nd unbarred galaxies as a function of time. Environmental density
as been estimated as the number of galaxies within 1 cMpc radius
round the host. Black dots indicate moments when galaxies are
NRAS 529, 979–998 (2024) 
ecorded as satellites of their host haloes (similar to Fig. 5 ). We find
hat the barred galaxies live in denser environments compared to the
nbarred sample, except for NB 2 which exhibits a fast growth in the
umber of galaxies within the considered radius, and interestingly,
his is the galaxy that seems to be starting to form a bar recently,
t ∼ 12 . 5 Gyr (see Fig. 5 ). Despite differences in the environmental
ensities, both the barred and unbarred galaxies are central (and not
atellites of a larger system) during most of their e volution. Ho we ver,
or all barred galaxies the environmental densities increase with time,
ut remain relatively constant for the unbarred sample (except for
B 2 , as discussed abo v e). This means that barred galaxies might be

uffering environmental changes, and it is still to be seen whether
his can have an impact in the triggering of instabilities and bar
ormation. 

 DI SCUSSI ON  

n this Section we discuss our results and compare them to those
resented in other studies based on numerical simulations. Compar-
sons primarily focus on simulations within a cosmological context,
ith additional consideration given to results from models of isolated
alo-disc systems, if appropriate. When available, we also investigate
he level of agreement between our findings for bar properties and
bservational estimates. 
In general terms, our results are consistent with those based

n cosmological simulations. First, we find that barred galaxies
xhibit a faster growth at early times compared to their unbarred
ounterparts, and posses more massive stellar components, which
re achieved as the bar develops even prior to the bar formation
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ime ( t bar ). These results are consistent with the findings of Algorry
t al. ( 2017 ), Rosas-Gue v ara et al. ( 2022 ), and Izquierdo-Villalba
t al. ( 2022 ), based on the EAGLE and TNG simulations. The bar
roperties obtained in our work – bar length, bar strength, corotation 
adius, and parameter R – are also compatible with these works. Our 
esult that unbarred galaxies have low stellar to dark matter mass
atios is also consistent with results from isolated galaxy simulations 
Athanassoula, Machado & Rodionov 2013 ; Reddish et al. 2022 ; 
land-Hawthorn et al. 2023 ). 
Even though we have a small sample of four barred galaxies, they

xhibit a wide range in formation times, from ∼3.74 to ∼ 10 . 3 Gyr .
his is consistent with the bar formation times obtained in Izquierdo- 
illalba et al. ( 2022 ) and in Algorry et al. ( 2017 ), although in this last
ase they found that very few of their galaxies have measurable bars
hat formed in the first 5 Gyr . Our four bars are strong, and have a
elati vely quick gro wth since they are first identified at t bar , similarly
o the findings of Algorry et al. ( 2017 ) for their strong bar sample.
t is interesting to note that, from our four barred galaxies, the two
alaxies with lower t bar (i.e the two that formed their bars earlier)
row o v er longer time-scales compared to the two galaxies whose
ars developed later ( z < 1). 
Irrespective of their formation time, these bars exhibit low gas 

ontent in the inner regions at z = 0, except for B 3 as previously
iscussed, due to substantial consumption by high levels of star 
ormation. This aligns with the findings of Algorry et al. ( 2017 ),
ndicating that bars tend to develop more frequently in systems that 
re presently gas-poor. It is crucial to consider the specific moment 
hen gas content is assessed when presenting such correlations. 
otably, our barred galaxies initially have higher gas fractions, 

eading to conflicting trends compared to isolated galaxy simulations. 
hese trends typically suggest a reduction in bar strength with larger 
as fractions as the CMC becomes more massive and induces vertical 
tellar motion (Athanassoula, Machado & Rodionov 2013 ; Seo et al. 
019 ). In contrast, our barred galaxies exhibit a pronounced and 
ustained growth of the CMC o v er time, resulting from a combination
f high initial gas levels and subsequent increased rates of star
ormation. 

The evolution of the bar strength ( A 

max 
2 ) of our barred galaxies

upper panel Fig. 5 ), exhibits a pattern akin to the bar growth observed
n the non-cosmological simulations conducted by Kataria & Shen 
 2022 ) and differs from those obtained in the other disc-halo models
escribed in Section 4.2 . From our findings, we can conclude that
he internal angular momentum transfer is key in determining the 
ar growth and that dynamical friction e x erted by the halo also
lays an important role (Shlosman & Noguchi 1993 ; Athanassoula 
014 ). A deeper analysis of the angular momentum transfer and the
elation between bar formation and halo properties in the context 
f cosmological simulations (L ́opez et al., in preparation) will be 
arried out in follow-up works. 

Our analysis of the instability parameters showed that no single 
arameter can predict the formation of a bar. In particular, f disc is
he one where a correlation between the time where the system
ecomes unstable ( f disc < 1.1) and the identification of the bar is
ore clear. On the other hand, f dec sets our galaxies – both barred

nd unbarred – into the unstable regime ( f dec > 1) for all times,
ith the exception of the unbarred galaxies very near z = 0. When
oth instability conditions ( f disc < 1.1 and f dec > 1) are considered
ogether at t bar (for barred galaxies) and at z = 0 (for unbarred
alaxies), our sample is properly divided into systems that do/do not 
osses a bar, consistent with the results of Algorry et al. ( 2017 ; note,
o we ver, that at pre vious times this does not hold). Our findings
uggest that both the local and global stability of a disc-halo system
lays a crucial role in determining the likelihood of bar formation.
o we ver, the precise threshold for determining (in)stability may 
ot fully capture the complexity inherent in galaxies formed within 
 cosmological context. Finally, the Toomre instability criterion 
redicts systematically dif ferent v alues for the barred and unbarred
alaxies, although the threshold value commonly assumed to separate 
nto stable and unstable systems does not work in our sample. This
s in line with other works that also found that the Toomre parameter
lone can not predict the formation of a bar, and generally this is
sed in combination with, e.g. the swing amplification parameter 
e.g. Spinoso et al. 2017 ). 

Among the galaxies that formed bars early on, B 2 is found to have
ossibly formed due to a merger that occurred 1 Gyr before t bar ,
nd B 1 shows no signs of mergers under the chosen criteria. This
ontrasts with the results of Peschken & Łokas ( 2019 ) who find that,
t high redshift, bars are more likely to form due to interactions and
ater tend to disappear through secular evolution, meanwhile the bars 
n our sample are able to survive until z = 0. The other two barred
alaxies experienced mergers with high tidal index, but they merged 
 4 Gyr prior to t bar , which suggests that mergers were not linked

o the formation of the bars. We find no clear correlation between
he environment where galaxies live and the presence or absence of
 bar, although all unbarred galaxies (with the exception of NB 2 )
ere found to be in less dense environments compared to the barred
alaxies. Ho we ver, at times similar of the formation of the bars, the
nvironmental densities are still moderate and similar to those of 
he unbarred systems. This aligns with the conclusions drawn in the
tudy done by Sarkar, P ande y & Bhattacharjee ( 2020 ), who utilized
DSS data and found no notable impact of the environment on bar
ormation. 

While comparisons between observational and simulation studies 
hould al w ays be interpreted with caution due to the very different
echniques used to derive the bar quantities (which might be influ-
nced by observational biases or numerical aspects), comparisons 
re useful and can provide clues on the formation processes of
ars. In our work, we find that the simulated bars are in general
n good agreement with observational results. In particular, bar 
engths are well within in the range of observed bars, as well as
 values (e.g. Gadotti 2011 ; Aguerri et al. 2015 ; G ́eron et al. 2021 ,

ased on the SDSS, CALIFA and MaNGA surv e ys). The recent
bservational study of G ́eron et al. ( 2023 ), who analyse 225 barred
alaxies using IFU data from MaNGA, also reported measurements 
f the bar pattern speed for their sample. They obtained a median
alue of �bar = 23 . 36 + 9 . 25 

−8 . 1 km s −1 kpc −1 for the whole sample, which
omprises systems with a broad range of stellar masses [log( M ∗/M �)
etween ∼10 and 11.5]. For stellar masses similar to those of our
imulations [log( M ∗/M �) ∼ 10.7], the corresponding median is about 
5 km s −1 kpc −1 , which is somewhat lower than but still consistent
ith the pattern speeds obtained in the simulations. 
Finally, our findings related to the barred galaxies exhibiting 

tronger star formation episodes at early times compared to the 
nbarred sample (similar to the result obtained by Rosas-Gue v ara
t al. 2022 , for galaxies in the TNG100 simulation) seem consistent
ith the observational study of Fraser-McKelvie et al. ( 2020 ), who

lso found that the star formation histories of barred galaxies peak at
arlier times than those of unbarred systems. 

 SUMMARY  A N D  C O N C L U S I O N S  

e used the magnetohydrodynamical cosmological simulations of 
he IllustrisTNG project, in particular TNG50, to study the formation 
f galactic bars. For this purpose, we selected eight galaxies, four
MNRAS 529, 979–998 (2024) 
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f which have bars at z = 0, based on the classification of barred
nd unbarred galaxies of Rosas-Gue v ara et al. ( 2022 ). The simulated
alaxies have present-day virial masses in the range 3.2 × 10 11 –
.5 × 10 12 M �. We comparatively studied the evolution of the
arred and unbarred galaxies, with the aim of identifying the physical
rocesses that can trigger instabilities and induce the formation of
ars. 
We used a Fourier decomposition of the stellar distributions to

dentify bars and calculated their bar length ( R bar ), strength ( A 

max 
2 )

nd pattern speed ( �bar ). We found, at z = 0, the following values
or these quantities: R bar in the range ∼3–5 kpc, A 

max 
2 between 0.41

nd 0.58 – setting them into the strong bar category – and �bar ∼
0 km s −1 kpc −1 . We also calculated the corotation radii ( R CR ), which
re in the range ∼5–6 kpc, and the parameter R = R CR / R bar which
llows to classify bars into slow or fast rotators. From the four
imulated bars, half of them are, at z = 0, slow bars and the other
alf are fast. 
We analysed the time evolution of the bars, and calculated their

ormation times ( t bar ). We found a great variety of formation times in
ur four simulated galaxies, between 3.74 and 10.3 Gyr. All simulated
ars grow steadily with time since their formation, both in terms of
heir A 

max 
2 parameters and lengths, and even those formed very early

n survive until the present time. The evolution of the pattern speed
s more complex, with a general behaviour of an increase right after
he formation of the bars and a subsequent decrease until z = 0. 

The comparative analysis of the evolution of the galaxies with
nd without bars allowed to identify some differences which we
ummarize below: 

(i) The circular velocity curves of the barred galaxies are, in the
entral regions, more peaked compared to those of the unbarred
ystems. This is due to the contribution of stars in the centre of the
alaxies, which largely dominate o v er the dark matter component.
he unbarred galaxies have circular velocity curves that are smoother

n the central regions, and the stellar mass relative to dark matter mass
s lower compared to the case of barred galaxies. This behaviour is
ound at all times and, in the case of galaxies with bars, is present
ven before the bars form. This suggests that the characteristics of the
alo and the relative contribution of stars and dark matter in the inner
egions play a role in bar formation, as found by previous studies. 

(ii) When examining the spin of the halo within the inner 10
kpc, we observed a consistent pattern where bars originate due
o angular momentum transfer from the disc to the halo (only the
ehaviour of B 3 differs from the others). Ne vertheless, e ven though
he initial value of λ10 ckpc is quite similar for all the galaxies and
ligns with the low spin values for bar formation, as suggested by
revious studies, certain galaxies do not undergo bar formation, and
he total spin of their halo remains relatively constant over time.
his suggests, on the one hand, that the initial spin value alone is
ot sufficient to determine whether a bar forms or not. On the other
and, it underscores the importance of the radial distribution of spin
or distinguishing between barred and unbarred galaxies. 

(iii) The differences detected in the circular velocity curves
etween barred and unbarred galaxies are also noticeable from the
atio f 1 ckpc 

star ≡ M star / ( M star + M DM 

) with M star and M DM 

measuring
he stellar and dark matter masses within the inner 1 ckpc. The f 1 ckpc 

star 

eveal that barred galaxies exhibit a higher fraction compared to
nbarred ones, despite having similar initial values. When analysing
he gas fraction relative to dark matter f 1 ckpc 

gas , it was observed that
arred galaxies harbour larger gas reservoirs in the inner regions
n contrast to unbarred ones. This behaviour aligns with the high
ates of star formation found in barred galaxies, contributing to
NRAS 529, 979–998 (2024) 
he increased stellar content in the inner regions. On the other
and, unbarred galaxies show a more gradual history of star for-
ation, with the exception of NB 2 , which exhibits more pronounced

eaks. 
(iv) The CMC parameter, estimated from our simulations as

he sum of stars and gas within the inner 1 ckpc confirms the
forementioned trends based on the relative contribution of baryons
ith respect to dark matter in the inner regions and the shape of the
 elocity curv es. Although the CMC increases monotonically with
ime for both barred and unbarred galaxies, the former experience
 higher rate of increase than the latter, consistent with the fact
hat they have initially more gas content. This results in larger
MC values at z = 0 for barred galaxies, and contradicts earlier
ndings drawn from simulations of isolated disc-halo systems,
hich proposed that a compact, centrally concentrated compo-
ent would provide stability against bar formation. Nevertheless,
he cosmological simulations employed in this study, along with
hose presented by other researchers, underscore the highly in-
ricate nature of the bar formation process, which involves gas
nflows and outflows affecting the radial distribution of the baryonic
omponent. 

(v) From our merger/flyby analysis, we conclude that while these
vents might trigger the formation of bars, similar interactions occur
n galaxies that form/do not form a bar. It is therefore extremely
ifficult to disentangle the effects of mergers and interactions on the
tability properties of galaxies formed within the standard cosmologi-
al model and their ability to form bars, and other properties probably
lay a role as well. We also performed an analysis of environment and
ound that barred galaxies inhabit denser environments, and present
tronger environmental evolution compared to the unbarred ones,
hich (with the exception of one galaxy) stay as relatively isolated

ystems with low environmental densities. This might suggest a
onnection between the large-scale structure around galaxies and
he development of instabilities, presumably in connection with a
icher merger/interaction history. 

(vi) We investigated various stability parameters used in the
iterature, in order to test whether any of them can predict the
ormation of bars. In particular, we used estimations from Algorry
t al. ( 2017 ; f disc and f dec ; the former being a proxy of the instability
arameter introduced by Efstathiou, Lake & Negroponte 1982 ), and
oomre ( 1964 ; Q T ; in particular the minimum of the radial profile
or each time). According to our results, only the f disc parameter
s able to separate galaxies into stable (the unbarred galaxies) and
nstable (the barred galaxies). Ho we ver, the times at which the barred
alaxies become unstable do not al w ays relate to the times where bars
re detected in the simulations. A similar situation is observed in the
ase of the Toomre parameter, and the standard threshold to separate
alaxies according to their stability properties does not work for our
ample, although barred galaxies do have systematically lower Q T 

alues than the unbarred ones. 

The cosmological simulations used here, as well as those presented
y other authors, highlight that the process of bar formation is
 xtremely comple x, and is not captured when a single parameter
s considered to e v aluate the disc instability. While the phenomeno-
ogical connection between the evolution of different properties we
ave presented provides insights into the bar formation process,
t does not offer a clear explanation for the physical cause or
articular combination of parameters that trigger the disc instability.
 comprehensiv e e xamination of the radial distribution of the central
alaxy’s components, coupled with a detailed analysis of gas inflows
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nd outflows, is imperative to draw definitive conclusions about the 
nfluence of various parameters as indicators of bar formation. 
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