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ABSTRACT

The physical mechanisms responsible for bar formation and destruction in galaxies remain a subject
of debate. While we have gained valuable insight into how bars form and evolve from isolated idealized
simulations, in the cosmological domain, galactic bars evolve in complex environments with mergers,
gas accretion events, in presence of turbulent Inter Stellar Medium (ISM) with multiple star formation
episodes, in addition to coupling to their host galaxies’ dark matter halos. We investigate bar formation
in 13 Milky Way-mass galaxies from the FIRE-2 (Feedback in Realistic Environments) cosmological
zoom-in simulations. 8 of the 13 simulated galaxies form bars at some point during their history: three
from tidal interactions and five from internal evolution of the disk. The bars in FIRE-2 are generally
shorter than the corotation radius (mean bar radius ~ 1.53 kpc), have a wide range of pattern speeds
(36-97 km s~'kpc~1), and live for a wide range of dynamical times (2-160 bar rotations). We find that
bar formation in FIRE-2 galaxies is influenced by satellite interactions and the stellar-to-dark matter
mass ratio in the inner galaxy, but neither is a sufficient condition for bar formation. Bar formation is
more likely to occur, and the bars formed are stronger and longer-lived, if the disks are kinematically
cold; galaxies with high central gas fractions and/or vigorous star formation, on the other hand, tend
to form weaker bars. In the case of the FIRE-2 galaxies these properties combine to produce ellipsoidal
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bars with strengths Ay/Ag ~ 0.1-0.2.

1. INTRODUCTION

Bars are triaxial structures at the centers of galaxy
disks that form through global disk instabilities. Stars in
barred potentials follow elongated orbits. Studies using
isolated galaxy simulations have explored different for-
mation mechanisms in controlled simulations with fine-
tuned initial conditions (Hohl 1971; Julian & Toomre
1966; Ostriker & Peebles 1973; Sellwood & Wilkinson
1993; Sellwood 2014). These studies have shown that
bars can form during isolated evolution of disk galax-
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ies (Gadotti 2011; Sellwood 2014) and during encoun-
ters with other galaxies or satellite galaxies (Gerin et al.
1990; Ghosh et al. 2021). Some studies have also shown
that bars can be destroyed and re-generated (Cavanagh
et al. 2022).

Detailed studies of the bar in the Milky Way (MW)
have played a crucial role in understanding its dynam-
ics, formation and evolution using voluminous new sur-
vey data (e.g. Wegg et al. 2015, 2019; Bovy et al. 2019;
Lucey et al. 2022). Other studies estimate the MW bar
pattern speed using action space (Trick et al. 2021; Trick
2022) and transverse velocities (Sanders et al. 2019), and
Grion Filho et al. (2021) have studied high resolution nu-
merical simulations of galaxy interactions (analogous to
MW-Sagittarius dwarf galaxy system) that can result
in bar formation. Bars are thought to play a major role
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in star formation (e.g. Aguerri 1999; Masters et al. 2011,
2012), internal evolution of galaxies (e.g. Gadotti 2011;
Sellwood 2014), and stellar and gas dynamics (Sheth
et al. 2005; Khoperskov et al. 2018; Seo et al. 2019; Lokas
2020). The bar-halo connection has been explored in
detail using isolated galaxy evolution simulations (e.g.
Athanassoula 2002; Athanassoula & Misiriotis 2002),
where bars slow down through the transfer of angular
momentum to the dark matter halos and the rest of the
disk in the host galaxy due to angular momentum ex-
change.

However, bars in the Universe evolve in a complex en-
vironment: their host galaxies undergo satellite interac-
tions, mergers, gas accretion, and star formation while
the bars simultaneously interact with the host’s dark
matter halo. Galaxies also contain a multi-phase, tur-
bulent ISM, which many studies of bar dynamics have
not considered. Past studies have also shown that bars
can direct material into the central supermassive black
hole in a galaxy, coupling bar formation to black hole
feedback (Shlosman et al. 1989; Hopkins & Quataert
2011; Anglés-Alcazar et al. 2021; Gonzalez-Alfonso et al.
2021). All the above processes can simultaneously af-
fect bar formation in cosmological simulations, making
it difficult to disentangle the contribution of each phe-
nomenon. Even after decades of studies, bar formation
in the cosmological context is a subject of debate.

The properties of bars have recently been studied
in both large volume simulations like Illustris (Vogels-
berger et al. 2014a,b), IlustrisTNG (Weinberger et al.
2017; Pillepich et al. 2018) and EAGLE (Schaye et al.
2015), and in zoomed simulations like Auriga (Grand
et al. 2017) and NIHAO (Wang et al. 2015). While the
large boxes can produce a substantial number of galax-
ies with different morphologies, they are constrained to
balance mass and spatial resolution with computational
time. Hence their ability to resolve the detailed dynam-
ics of bars is somewhat limited. Cosmological zoom sim-
ulations like Auriga (Grand et al. 2017), NTHAO (Wang
et al. 2015), and FIRE-2 (Feedback in Realistic Envi-
ronments') (Hopkins et al. 2018) have moderately-sized
samples of galaxies in a narrow galaxy mass range, but
can resolve the disk scale height and some of these sim-
ulations have a multiphase ISM (FIRE-2 and NIHAO)
(Ma et al. 2017; Garrison-Kimmel et al. 2018; Gensior
et al. 2023). Most importantly they contain enough par-
ticles in the bar-forming region to resolve bar dynamics
(Weinberg 1994; Dubinski et al. 2009; Weinberg & Katz
2007a,b) and the coupling to gas and dark matter.
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The zoomed cosmological simulations thus provide
useful tests of how differences in bar properties are re-
lated to differences in the implementation of physical
processes that affect bar formation, which differ widely
between simulation suites.

In this work, we look at the 13 high resolution Milky
Way mass galaxies from the FIRE-2 suite (Hopkins et al.
2018). Ome of the galaxies in this simulation suite
(m12m) has been studied in detail by Debattista et al.
(2019), where the authors have found a bar that trans-
forms into an X-shaped bulge at the end of evolution.
We use the FIRE-2 simulations to determine how bars
form, and when and how bar formation fails. We inves-
tigate whether the FIRE-2 bars are transient or long-
lived. We also ask if the disk properties affect the bar
formation process.

In this paper, we first describe the FIRE-2 simulations
and the sample of galaxies that we use in our study (Sec-
tion 2). We then present the different methods we use
to analyse the sample galaxies in Section 3. We present
the results in Section 4 on the different mechanisms of
bar formation in FIRE-2 galaxies, how bar formation is
affected by the host disk and halo properties. We discuss
our results in Section 5 and in Section 6 we summarize
and discuss the major findings of this study.

2. THE FIRE-2 SIMULATIONS

We use the set of 13 Milky Way-mass galaxies in the
FIRE-2 suite, all of which are run with the GIZMO
code (Hopkins 2015, 2017). GIZMO implements a grav-
ity solver (TREE+PM) with a Lagrangian meshless,
finite-mass method for hydrodynamics with the FIRE-2
physics model (Hopkins et al. 2018). In this prescription
stellar feedback is determined and injected locally by fol-
lowing the evolution of the individual mono-age, mono-
abundance stellar populations represented by each star
particle using the stellar evolution models from STAR-
BURST99 (Leitherer et al. 1999) and the Kroupa (2001)
initial mass function (IMF). The simulations evolve from
a redshift z, ~ 100 to z, = 0. The galaxies form hierar-
chically, individually transitioning from an early phase
of multiple interactions and large starburst events to
well settled disks (Ma et al. 2017; Yu et al. 2021; Gur-
vich et al. 2022a; Hopkins et al. 2023; Gensior et al. 2023;
McCluskey et al. 2023) with a variety of star formation
histories.

FIRE-2 simulations account for multiple physical
phenomena to implement stellar feedback: radia-
tive heating and cooling with free-free photoioniza-
tion/recombination, photoelectric, Compton effect, dust
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Table 1. Summary of z,. ~ 0 properties of the FIRE-2 Milky Way-mass galaxies used in this

study.
Simulation My 90(Mg) Ma20o(Me) Roo(kpc) Vmax(kms™) Rupax(kpc) Reference
(1) (2) 3) (4) (5) (6) (7
m12r 1.3 x 10'%  1.10 x 10*2 10.4 147 9.8 (S20)
Louise 2.3 x 10'1°  1.15 x 10*2 11.2 182 9.8 (G19a)
Juliet 3.3 x 10" 1.10 x 10'? 8.1 209 1.4 (G19a)
Remus 4.0 x 10'°  1.22 x 10"2 11.0 298 1.5 (G19b)
ml2w 4.8 x10'°  1.08 x 10" 7.3 247 3.2 (S20)
ml2c 5.1 %10 1.35 x 10*2 9.1 241 3.2 (G19a)
m12i 5.5x 10 1.18 x 10*2 8.5 265 2.0 (W16)
Romeo 5.9 x 10 1.32 x 10*2 12.4 255 3.4 (G19a)
Thelma 6.3 x 10'°  1.43 x 10"? 11.2 237 6.6 (G19a)
m12f 6.9 x 10'°  1.71 x 10" 11.8 276 2.2 (G17)
m12b 7.3 x 10  1.43 x 10" 9.0 316 1.8 (G19a)
Romulus 8.0 x 10'°  2.08 x 10'2 12.9 299 1.5 (G19b)
m12m 1.0 x 10" 1.58 x 10'2 11.6 284 7.1 (H18)

NoTE—Columns: 1.

Simulation name; 2. M, go : Stellar mass within a cylindrical radius

(R = /x2 4+ y?) that encloses 90% of the stellar mass within R = 20 kpc and |z| < 2 kpc
(Santistevan et al. 2020); 3. Mago : total mass of the dark matter halo within the spherical
radius 7 = Raoo (r = /22 + y? + 2?) inside which the mean density is 200 X the matter
density of the Universe; 4. Roo : radius that encloses 90% of the stellar mass within R = 20
kpc and |z| < 2 kpc (Santistevan et al. 2020); 5. Vmax : maximum circular velocity; 6. Rmax :
spherical radius corresponding to the maximum circular velocity; 7. References: Samuel et al.
2020, (S20); Wetzel et al. 2016, (W16); Garrison-Kimmel et al. 2019a, (G19a); Hopkins et al.
2018, (H18);Garrison-Kimmel et al. 2017, (G19); Garrison-Kimmel et al. 2019b, (G19b). For
more details of the individual simulations, see Wetzel et al. (2022).

collision and cosmic rays). FIRE-2 considers molecu-
lar, metal-line and fine structure processes by tracking
11 different species separately. Star formation is imple-
mented in self-gravitating, Jeans-unstable molecular gas
that is self-shielding (following Hopkins et al. 2013) and
has number density n > 1000 cm~3. The FIRE simula-
tions are able to produce disk galaxies with masses, scale
radii, and scale heights that are comparable to observed
Milky Way mass galaxies (Ma et al. 2017; Garrison-
Kimmel et al. 2018; Sanderson et al. 2020; Yu et al.
2021; Gurvich et al. 2022a; Gensior et al. 2023) and also
realistic Giant Molecular Cloud populations (Guszejnov
et al. 2020; Benincasa et al. 2020). The FIRE-2 model
does not include feedback from black hole accretion.
The merger history of halos provides important infor-
mation about the satellite interactions that can have a
high tidal impact on the disk and lead to bar formation.
The Rockstar code (Behroozi et al. 2013a) is used on each
of the simulation runs to generate halo catalogues. To
study the evolution of the identified halos in each of the
simulation snapshots the code Consistent-trees (Behroozi

et al. 2013b) was used to link the subhalos over time for
each of the snapshots to from a merger tree. The stars
inside the virial radius of each of the dark matter halos,
having velocities less than twice the halo circular veloc-
ity in the simulations are identified and linked with the
respective halos.

In this work, we specifically study 13 galaxies in FIRE-
2 (see Table 1) having present day mass similar to the
Milky Way, Magg = 1-2 x 10'2 Mg, 7 of which are iso-
lated hosts (no large neighbor within 10 Mpc) and 6 that
are in systems analogous to the MW-Ma31 pair. The
initial mass of gas particles is 7100 Mg in the isolated
systems and 3500 Mg in the paired systems; star parti-
cles inherit the gas particle mass, which then decreases
due to stellar evolution, leading to a typical star parti-
cle mass of 2000-5000 My at late times. The stellar and
dark matter softening lengths are fixed based on the typ-
ical inter-particle spacing and the gas particles have an
adaptive softening length (minimum of 1 pc) (Hopkins
et al. 2018). The simulation snapshots are saved at a
frame rate of At ~ 25 Myrs between snapshots for most
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of the simulation and with At = 2.2 Myr for the last
22 Myr before z, = 0. We use gizmo_analysis (Wetzel
& Garrison-Kimmel 2020a) and halo_analysis (Wetzel &
Garrison-Kimmel 2020b) for post-processing of the sim-
ulation data.

We investigate whether the FIRE-2 galaxies form bars
from about z,. ~ 2 onward, after the galaxies have set-
tled into a disk (i.e. when the majority of disk particles
have more kinetic energy in circular motion compared
to random motion; see Garrison-Kimmel et al. 2018).
In the early phase of evolution, galaxy interactions are
frequent and the host galaxy is mostly dispersion domi-
nated. Each of the disks becomes rotation dominated
at a slightly different epoch, as studied in detail by
McCluskey et al. (2023); Hopkins et al. (2023); Gur-
vich et al. (2022b). In general, the FIRE-2 galaxies are
slightly more dispersion-dominated than MW estimates
at z, = 0, but not more so than the general population
of MW-mass galaxies (Garrison-Kimmel et al. 2018; Mc-
Cluskey et al. 2023).

In Figure 1 we present the total circular velocity
curves of the galaxies in our sample within a radius of
10 kpc at 2z, = 0. Most galaxies in the sample have simi-
lar mass distributions in the central region, except m12r
and Louise which have significantly smaller total stellar
mass than the others. The circular velocity V, ;(r) at ra-
dius r is defined by taking into account the mass of the

it" component (stars, gas or dark matter) in the galaxy:
GM;(r)
Vealr) = || =22 (1)

The total circular velocity curve is due to the combined
mass of all components. The maximum rotation velocity
lies in the range 140 < Vj,4./(kms™!) < 320 and the
corresponding radius range is 1.4 < R4,/ (kpc) < 9.8
(see Table 1).

3. DETECTING AND CHARACTERIZING BARS
IN FIRE-2

In this Section, we first describe how we determine
whether the galaxies in the FIRE-2 simulations from
Table 1 develop bars during any time of evolution. We
then estimate the different bar characteristics for all the
galaxies and present the features of these bars.

3.1. The strength of FIRE-2 bars

We search each galaxy in Table 1 for bar-like features
from z, ~ 2 to the present day, by calculating the mass-
weighted bar strength as a function of radius in the plane
of the stellar disk. The bar strength is defined as the
maximum amplitude of the m = 2 Fourier mode of the
2D decomposition of the face-on stellar surface density

400F
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Figure 1. Circular velocity of all the FIRE-2 galaxies
in Table 1 at z, = 0. The coloured thick lines show the
galaxies that form bars (some of them do not survive till
zr = 0), the coloured thin lines with circular marks show
the unbarred galaxies and the dashed thick line is for m12r
which has low mass compared to the rest of the galaxies in
this sample. We use the above choice of color and line style
for the simulations throughout the article.

distribution of the galaxy (Athanassoula & Misiriotis
2002; Athanassoula et al. 2013),

A2 N \/ (l% + b% (2)
AO - EzN:lm“- ’

where, in general for the m!* mode, a, =
BN my cos(mb;), by, = SN my; sin(mé;), 6; is the az-
imuthal coordinate and my; is the mass of it" stellar
particle.

We calculate the bar strength from the star particles
as follows. First we define and rotate into a coordinate
system in which the z direction is perpendicular to the
“disk plane,” defined by computing the principal-axis
system from the youngest 25% of star particles among
the ones constituting the 90% mass within a 10 kpc ra-
dius and using the z direction as the eigenvector cor-
responding to the smallest eigenvalue. Then we select
stars in the disk: within 10 kpc of the galaxy center in
R = /22 4 y? and within 2 kpc of the mid-plane in z.
We then divide the disk into annuli of width AR = 50
pc? and calculate Ay/Ag by applying Equation (2) to
the star particles in each annulus. We repeat this calcu-
lation in each snapshot of each simulation from z, = 2
to the present day.

This measurement of bar strength has two limitations.
First, it captures not only the bar but also any other

2 Even with a larger bin size of 100-200 pc, the barred structures

in the m=2 component persist.
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asymmetric features in the disk that have approximate
m = 2 symmetry, including spiral arms or remnants of
galaxy mergers. Thus, we also require that the phase
angle of the m = 2 Fourier mode,

¢2 = tan_l(bg/ag)/Q, (3)

be nearly constant over the length of the bar, which
should rotate like a rigid object. Second, since our mea-
sure is mass-weighted, it is not directly comparable to
the light-weighted bar strength measure calculated sim-
ilarly from images. However, in this work we are pri-
marily interested here in the mechanisms governing bar
formation, for which the mass-weighted version is ap-
propriate.

In Figure 2 we present face-on ‘images’ of the cen-
tral 4x4 kpc region of each of the 13 FIRE-2 galaxies
at the time of their maximum bar strength As/Ag|maz-
Each panel also shows the time t,,,, of maximum bar
strength for that galaxy in Gyrs. The bar strength pro-
file of each galaxy at t'** is shown in panel (a) of Figure
3. ml2f has the highest bar strength of As/Ap|maz =
0.203, while Juliet shows the lowest peak bar strength
(A2/Ap)maz = 0.038. We find bar strengths > 0.1 in 10
of the 13 galaxies.

In a different simulation run of m12m the bar has an
X-shape in the younger population of stars as studied
previously by Debattista et al. (2019), where the bar
is of higher strength (As/Ao|maz ~ 0.18). However we
find maximum bar strength of (A2/A¢)maez ~ 0.11 for
the version of m12m in this article. These differences
are of stochastic origin and not due to differences in the
physics of the simulation runs.

One notable characteristic of the bars in Figure 2 is
that their isodensity contours appear more rounded and
less rectangular in shape, as compared to the more rect-
angular bars commonly seen in N-body simulations and
some observations. As we will argue in Section 4.2.1, this
is because the circular velocity curves of the DM compo-
nent in the FIRE-2 barred galaxies are slow-rising, sim-
ilar to the model in Athanassoula & Misiriotis (2002).

According to the most commonly used definition of
a bar, (A2/A0)maz > 0.2, none of the FIRE-2 sys-
tems would be considered to host a bar. However,
this criterion was developed using light-weighted bar
strengths calculated from images rather than the mass-
weighted version that we calculate, making the value of
this cutoff somewhat arbitrary. Furthermore, even for
bar strengths below this nominal cutoff we observe long-
lived features in our simulations with m = 2 symmetry
in the inner galaxy. Therefore, we instead use the fol-
lowing criteria to define a bar:

e For an asymmetry to be called a bar, the instan-
taneous peak bar strength at any radius should be
(A2/A0)maz > 0.1 for at least 1.5T,, where T, is
the orbital time 271 /V,(r) at the outer edge of the
bar.

e The bar position angle ¢o (Equation 3) should
be constant within +5° over the entire bar length
(Figure 3, panel c).

Figure 3 panel (a) shows the bar strength as a function
of cylindrical radius R in the disk plane for all 13 FIRE-
2 galaxies at the time of their peak bar strength. All
the galaxies having bar strength As/Ag > 0.1 in panel
(a) are candidate bars, some of which we confirm in
Section 3.2 after measuring their duration. In panel (b),
we show the bar strength profiles of confirmed bars (i.e.
those lasting longer than 1.57,) as a function of R scaled
by the bar corotation radius (Section 3.5). The bar in
m12r is missing from panel (b) as we cannot measure
the pattern speed, and consequently the corotation of
its extremely short bar (more details in Section 3.4). In
panel (¢) we show the variation of mean-subtracted PA
2 — {¢P2) as a function of R scaled by the bar radius
as (Section 3.3). Here (¢3) is the mean of phase ¢o
around the radius of the peak bar strength. The PA of
each barred galaxy is constant within £5° over the bar’s
length (R/as < 1).

Figures 2 and 3 show that by our criteria, eight of the
FIRE-2 galaxies have bars: m12f, m12b, m12m, m12w,
Remus, Romeo, m12c and m12r. Some other galaxies,
such as m12i and Thelma, have asymmetries that main-
tain a constant PA but have Ay/Ag < 0.1 throughout
their evolution. The rest of the galaxies (Louise, Juliet
and Romulus) do not satisfy either criterion; nor could
we identify a bar-like structure in these galaxies through
visual inspection of their stellar disks all throughout
their evolution. Instead, we see a bulge-like stellar dis-
tribution at the centers of Louise, Juliet and Romulus
(see Figure 2).

3.2. Bar duration

We next determine the duration over which each bar
has (A2/A0)maz > 0.1 and constant phase ¢5. Figure 4
gives an example of the evolution of these quantities with
time for two of the strongest bars, in m12f (top panel)
and m12b (bottom panel). Both bars undergo episodes
of varying length where As/Ag > 0.1 (blue shaded re-
gions) and constant bar phase ¢5 (pink shaded regions).

Generically, we define any time interval with bar
strength (A3/A0)maz > 0.1 and constant bar PA to be a
“bar episode.” However, the full picture is slightly more
complex, as illustrated by the examples shown in Figure
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Figure 2. Bars in Milky-Way-mass galaxies from the FIRE-2 suite. Face-on projected stellar mass density for all star
particles in the central (4 kpc)® volume is shown in each panel at the time of maximum bar strength A,/Ag, with high-density
regions in each case scaled to red, medium density region in yellow and low-density in blue following the color bar of stellar
surface density ¥, (Mg kpc™2). The contours are at 90%, 70%, 50%, 40%, 30%, 20% and 10% of peak density in each galaxy.
The value of the bar strength and the time in Gyr are provided in each panel. Bars and bar-like structures show a variety
of shapes and sizes; for example, m12b (top row, second panel from right) is lopsided, and m12w (middle row, left panel) is
distinctly rectangular. Some galaxies (eg, Juliet, Louise and Romulus) do not show bars according to our definition (Section 3.1).

4. In m12f (panel a), there is an early bar episode from
t = 9.86-10.04 Gyr, followed by a long interval where
(A2/A0)maz > 0.1 occasionally but ¢3 is not constant.
Then the bar strength again rises to (Aa/Ag)maz > 0.1
for t > 12.38 Gyr with constant ¢5, and remains sta-
ble for a second bar episode of ~ 1 Gyr. The bar-like
asymmetry in m12f does not satisfy both bar criteria be-
tween 10.04-12.38 Gyr; hence we consider m12f to have
two bar episodes of durations 0.18 and 1 Gyr separated
by an unbarred period of 2.3 Gyr. On the other hand,
in m12b (panel b), the bar strength dips below 0.1 for
several very short intervals (0.20 Gyr, 0.148 Gyr and
0.048 Gyr), while the bar phase ¢9 is almost continu-
ously constant from ¢t = 8.05 — 13.8 Gyr. We consider
this to be one continuous bar episode with a duration of
nearly 5.7 Gyrs.

Our distinction between bar episodes is somewhat sen-
sitive to the lower bound on (As/Ag)maz. If we choose
a minimum strength of 0.08 instead of 0.1 there would
be more bar episodes for m12f according to our bar cri-

teria. This is a limitation of our bar definition criteria
and similar choices in the literature, as the choice of
this lower limit to bar strength is largely empirical. Ad-
ditionally, we note that the number of bar rotations is
sensitive to the radius at which we estimate orbital time
T,. We evaluate T, at the edge of the bar that varies
with evolution (see Appendix B).

All other galaxies in our simulation suite (m12m,
Romeo, Remus, m12w, m12c and m12r) undergo a sin-
gle episode of high bar strength that ends when the bar
strength either decreases below Az/Ap < 0.1 (m12m,
Romeo and m12r) or remains high (As/A4g 2 0.1) until
the end of the galaxy’s evolution (until ~ 13.8 Gyrs for
m12w, Remus and m12c). We list the durations of the
bar episodes for all the galaxies in Table 2.

Using the criteria for defining a bar in Section 3.1,
eight of the 13 FIRE-2 galaxies have bars at some point
in their evolution: m12f, m12b, Remus, Romeo, m12w,
m12m, m12c and m12r. The other five never reach the
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Figure 3. Bar profiles. Panel (a) shows Ay/A, profiles
as a function of disk radius for all the galaxies, both barred
(thick lines) and unbarred (dotted thin lines), at the time
of peak bar strength (see Figure 2). Panel (b) shows only
the barred galaxy profiles as a function of disk radius, scaled
by the bar corotation radius. For all the barred galaxies the
peak As/Ap is well inside corotation. We do not add m12r
in panel (b) as we cannot measure its pattern speed to de-
termine its corotation radius (Section 3.4). Panel (c) shows
the mean subtracted phase angle ¢2 — (¢2) as a function of
disk radius, scaled by bar radius (as), where the mean is over
the five data points around ¢» at the radius of peak As/Aq.
The bar phase ¢2 must be within 0 £ 5° (shaded) to main-
tain the nearly constant position angle (PA) characteristic of
a bar. Within the bar length (black dashed vertical line) the
PA is nearly constant for all the barred galaxies, except in
the very central region where the bar strength drops below
Az/Ao < 0.1.
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Figure 4. Bar duration in ml2f (panel a) and
ml2b (panel b): This Figure shows the evolution of max-
imum bar strength within a radius of 2 kpe, A2/Ag, (r<2kpc)
of two FIRE-2 galaxies m12f and ml2b (having the
strongest bars) with time (in Gyrs). When bar strength
(A2/A0)maz > 0.1 (blue shaded regions bounded by dashed
vertical lines) for a time interval At > T, (as per our bar def-
inition), and also when the bar PA is nearly constant (pink
shaded regions; for details on PA see Section 3.1) we call
it a bar episode (overlapping time interval of blue and pink
shades). For ml2f there are two major bar episodes: 1)
t = 9.86 — 10.04 Gyr and 2) ¢t > 12.38 Gyr. For m12b the
bar episode is from ¢t = 8.05 — 13.8 Gyr (~ 5.7 Gyrs) as
there is more uniform overlap between the high bar strength
(blue shaded region) and constant bar phase ¢2 (pink shaded
region) for 5.7 Gyrs. For more details of bar episodes see Sec-
tion 3.2.

As/Ag > 0.1 limit during their evolution: m12i, Thelma,
Louise, Romulus and Juliet.

3.3. Bar length

We estimate the bar length from the face-on stellar
density distribution (as shown in Figure 2) at the time
of peak bar strength, using four different methods from
the literature: (1) ellipse fitting of the bar region and
bar PA measurement, (2) radial bar strength profile, (3)
the difference between surface densities along the bar
major and minor axes (Athanassoula & Misiriotis 2002;
Erwin 2018) and (4) bar and inter-bar density contrast
(Aguerri et al. 2000). Each method gives a slightly dif-
ferent bar length, as discussed in Appendix A. For the
galaxies that have bars according to our definition, we
report the semi-major axis length a, (bar radius) aver-
aged across all four methods in Table 3. The lengths
measured by each of the individual methods are given
in Table 5 of Appendix A.

3.4. Bar pattern speed
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Table 2. Bar Duration Estimates

Simulation Duration Ty Orbital time 7T, %
(Gyr) iy (Gyr)

1) (2) (3) (4)
m12f-(episode-1) 0.18 0.024 7.4
m12f-(episode-2) 1.28 0.041 31.2

ml2b 5.74 0.035 163.5
Romeo 0.77 0.034 22.6
Remus 0.79 0.035 22.4
ml2w 0.13 0.037 3.5

ml2m 0.069 0.04 1.73
ml2c 0.066 0.037 1.78
ml2r 0.39 0.052 7.6

NoTE—Columns: 1. Simulation name; 2. Duration Ty
for a single bar episode according to the criteria in Sec-
tion 3.1 (m12f has two bar episodes); 3. Orbital time
T, = 2nr/Ve(r) estimated at the edge of the bar, r = as
(see Section 3.1 and Appendix B); 4. Number of times the
bar rotates during its duration.

Except just before z, = 0, the simulation snapshots
are spaced too far apart to estimate the bar pattern
speed (1, directly, by calculating the rate of change of
the m = 2 mode Fourier phase angle ¢ with time. In-
stead we apply the Tremaine-Weinberg (TW) method
(Tremaine & Weinberg 1984) to optimally projected 2D
density maps of star particles older than 100 Myr?, fol-
lowing the method outlined in Merrifield & Kuijken
(1995). Complete details of how we apply the TW
method to the simulated bars are in Appendix C.

To validate the TW method on our simulations, we
compare the result with the pattern speed measured di-
rectly from the time derivative of the m = 2 Fourier
phase angle, 0, = d¢/dt, in the four galaxies hosting
a bar during the last 22 Myrs of evolution, for which
10 snapshots are saved with a time interval of 2.2 Myrs.
We can compare the pattern speed determined by both
methods for m12b, m12c and Remus. We find that es-
timates from both methods are consistent for bars with
Az /Ao|maz = 0.1 and 2a, 2 2.5 kpe.* Among our sam-
ple, this allows us to measure the pattern speed using

3 The TW method is based on the continuity equation and is there-
fore applicable to a population of stars of the same age; as the
stars in bar orbits are mostly old, we select stars older than 100
Myr.

4 The TW method requires an inclined disk (~ 45°) that shortens
the apparent bar length by a factor 1/\/5

the TW method with confidence for m12b, m12f, Romeo,
and Remus. We can additionally get a direct measure-
ment of the pattern speed at z,. = 0 for the bars in m12c,
m12m, and m12w, for which the bars are too weak and
short to apply TW. These values are listed in Table 3.
We discuss the consistency of the TW method with di-
rect measurements of the pattern speed in more detail
in Appendix D.

3.5. Corotation

We calculate the corotation radius, R¢,, at which the
circular speed in the disk plane, Q(R), is equal to the
pattern speed of the bar obtained in Section 3.4. To de-
termine the circular speed Q(R) as a function of cylindri-
cal radius R, we use a composite potential model of each
FIRE-2 galaxy as described in Arora et al. (2022) for
the appropriate snapshots of each simulation. In brief,
the models are implemented using the Agama dynamics
package (Vasiliev 2019) with a spherical harmonic basis
expansion for the halo (dark matter and hot gas) and a
cylindrical spline basis expansion for the disk (cold gas
and stars). Both components are constrained to be ax-
isymmetric for consistency with the assumptions used to
define R.,. Using this smooth model we calculate the
derivative of the axisymmetric potential ®(R, z) at the
disk midplane to determine the circular speed:

_ 1 09(R,2)

SUR) R OR

: (4)
z=0
The radius at which Q(r) = Q, then gives the bar coro-
tation radius R, as presented in Table 3. All the bars
are well within the corotation radius.

Using the bar length 2a4 and the corotation radius, we
estimate the R-parameter R = R, /as, also provided in
Table 3. R is greater than 1.4 for all the bars. How-
ever, the pattern speeds we measure are not appreciably
different from those measured for real systems: they lie
between 36-97 km s~'kpc~—! (Table 3). All the bars in
FIRE-2 are shorter than their corotation radius, with
as < Reo (see Table 3).

3.6. Disk stability

Global disk instabilities like bars can form via swing
amplification (Julian & Toomre 1966), a process that
depends sensitively on the properties of the central re-
gions of the disk. The tendency to swing-amplification
is usually quantified using one of several metrics, includ-
ing the Toomre () parameter that compares the radial
velocity dispersion of the disk stars to the mass surface
density of a disk. A value of @) lower than one indicates
that the disk is unstable to gravitational instabilities.

One of the necessary conditions for swing amplifica-
tion is that @ 2 1, so that local overdensities have a
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Figure 5. Evolution of (). during bar formation for the
8 barred galaxies in descending order of peak bar strength
(rows 1-8) and a typical unbarred galaxy (Louise; row 9).
The first column shows each system prior to bar formation;
the second shows the onset of bar instability, the third shows
when Az /Ao first exceeds 0.1 and the fourth shows the snap-
shot of peak bar strength.

chance to grow by swing-amplification rather than grav-
itational instability, but not by so much that the random
motion measured by o , excludes bar-supporting radial
orbits. Toomre (1981) showed that 1 < @ < 2 is neces-
sary to form a bar in a Mestel disk.

To investigate whether this condition is still reflective
of our cosmological bars, and to understand whether
gas flows in the central galaxy can contribute to bar
formation, we calculate ) for both the stellar disk and
the gas disk of each simulated galaxy in our sample.
We calculate @, for the stellar disk by modifying the
expression in Toomre (1964) to include the gravity of
the gas and dark matter,

. ORKR
336G (Sy + Xgas + Spur)

Qx (5)
where ogr is the stellar dispersion in the plane of
the disk, & is the epicyclic frequency (xk2(R) =
0?®(R, ,z)/5'2R|Z:0 + (3/R) 0®(R,z)/0R|,_,; esti-
mated using the potential model of each FIRE-2 galaxy
presented in Arora et al. 2022; see Section 3.5), and
Yy 4+ Xgas + Xpu are the surface densities of stars, gas,
and dark matter respectively within +0.5 kpc of the disk
plane, as we intend to measure the local instability close
to the mid-plane. The gas disk Qgasis determined using
an analogous expression from Orr et al. (2020),

V20,9
ans = T AN v v (6>
TG (Egas + 7Ex)

where o, is the gas dispersion perpendicular to the disk
plane, Q is the circular speed, and + is the fraction of
the stellar component that lies within the gas disk scale
height and therefore contributes to the self-gravity of
the gas disk.

We calculate @, and Qgas for all barred galaxies in
our sample in the central 10 x 10 kpc? region of the disk
with |z| < 0.5 kpc. We evaluate the surface densities
using face-on bins of 0.1 x 0.1 kpc? area. The mean
Qgas is in the range of 0.36 < (Qgas) < 1.1 in the inner
5 kpc of most of the galaxies’ centers. We do not find a
correlation between bar strength and @445, so we focus
on @, in the rest of this Section.

In Figure 5, we show the evolution of @, in the cen-
tral region (10 x 10 kpc?, |z| < 0.5 kpc) of the disk of
each barred galaxy during bar formation. The first eight
rows show the barred galaxies in descending order of bar
strength, and the last row shows a typical example of an
unbarred galaxy: Louise, which has (A2/A¢0)maz = 0.06.
The first column shows each disk in an unbarred phase
(A2/Ap << 0.1). The second column shows the disk
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Table 3. Bar Characteristics
Name (%ﬁ)max Tpeak Zr ,peak Qp,D <Qp,TW> AZ'r|TV\/ Qp,peak Rco as R Q*,min
(Gyr) (kms™'kpc™')  (kms 'kpc™!) (kms™'kpc™') (kpc) (kpc)
&) (2) 3) ) 5) (6) (M ®) (9 (1o a1y (12

Disks with bars: As/Ag > 0.1

m12f 0.203 12.94 0.064 73.9 70.50 0.07-0.05 91.07 2.93 1.86 1.67 0.94
m12b 0.182 13.17  0.046 89.5 85.37 0.0016-0.0 81.6 3.5 1.79 1.95 0.87
m12b 0.182 13.17  0.046 89.5 84.23 0.055-0.036 81.6 3.5 1.79 1.95 0.87
m12w 0.163 13.79 0.0 46.8 - - - 5.17 1.35 3.82 1.08
Romeo 0.144 13.28 0.038 - 69.37 0.055-0.023 82.9 2.9 1.32  2.19 1.07
m12r 0.133 12.98 0.061 - - - - - 0.81 - 1.06
ml2c 0.123 13.77  0.001 67.0 - - 97.4 2.3 1.27  1.81 0.97
Remus 0.113 13.21  0.041 93.8 42.81 0.048-0.034 36.09 10.25 1.58 6.48 1.72
m12m 0.112 12.68 0.084 - - - 49.5 5.3 1.53  3.59 1.14
Disks with A2/Ap < 0.1

m12i 0.092 13.62 0.013 90.19 - - - - 0.7 - 0.99
Thelma 0.082 13.46  0.024 57.50 - - - - 1.0 - 1.18

NOTE—Columns: 1. Simulation name; 2. Peak bar strength overall times; 3. Time of peak bar strength; 4. redshift of peak bar strength; 5.
Bar pattern speed measured directly from high-cadence snapshots (0.0016 < z» < 0.0); 6. Median bar pattern speed measured using the TW
method; 7. range of redshifts used for the TW method; 8. TW pattern speed at peak bar strength (for more details see Appendix D); 9. Reo,
corotation radius at peak bar strength; 10. as, bar semi-major axis length (bar radius) at peak bar strength; 11. R = Rco/as at peak bar
strength; 12. mimimum @, within 5 kpc (see Section 3.6) at peak bar strength. The missing values of p.p (column 5) indicate the bar does
not exist at the end of the simulation and there is no constant pattern speed in the bar region. The missing value in columns 6, 7, 8, 9 and
11 means that we cannot measure these quantities as the bars are weak and short in length. We could measure the TW pattern speed for two
episodes in m12b (see columns 6 and 7 for m12b) and both episodes have all other quantities same for the rest of the columns (1-5, 8-12).

when the bar instability has begun to grow, but still
As/Ag < 0.1. The third column is when Ay/Ag ~ 0.1
in each barred system, and the fourth column shows
Q@ at the peak bar strength. At peak bar strength, we
can easily trace the 1 < Q4 < 2 region (yellow and or-
ange colors) associated with each bar. Extended spiral
structures with nearly as low Q extend from each end
of the bars in many cases, and the bars often show a
two-lobed structure. These features all trace the com-
bined high stellar and gas surface density (X, + Xgq5)
from the denominator of Equation 5, showing that this
factor plays the leading role in setting Q4. The other
quantities in the equation that vary with position (og,
k and Xpps) do not show any prominent features in
their maps. Louise, the unbarred galaxy in the last row
of Figure 5 looks very different from the barred galaxy
maps, showing no features with low Q.

Every galaxy in Figure 5 reaches its lowest @4, close
to 1.0, in the center of the galaxy at the time of peak
bar strength. Table 3 lists these values. At larger R, Q.
gradually increases, creating a fairly large region where
@ is high but not too high, appropriate for the growth

of the bar by swing amplification. The typical @, in
this region is between 2 and 3 rather than 1 and 2 as
for the Mestel disk example, which is strikingly similar
given the significant differences between the idealised
case and our simulations.

4. THE ORIGINS OF FIRE-2 BARS

Bars can form during satellite interactions with galax-
ies and during internal evolution (Gadotti 2011; Sell-
wood 2014) in the disk under favourable conditions as
the disk undergoes gravitational instabilities (Hohl 1971;
Ostriker & Peebles 1973). A cold disk (Ostriker & Pee-
bles 1973) with high surface density and low gas content,
which is centrally baryon dominated, favours bar forma-
tion. On the other hand, the presence of a centrally con-
centrated bulge or DM halo, that does not participate in
transfer of angular momentum from the disk to the DM
halo, may make the disk stable against bar formation
(Ostriker & Peebles 1973). However, previous studies
have also shown that the distribution of dark matter (in
live halos) in the central region of the disk affects the bar
morphology by transfer of angular momentum from the
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disk to the DM halo (Combes & Sanders 1981; Athanas-
soula 2002; Athanassoula & Misiriotis 2002), making the
bar stronger and more rectangular for a disk dominated
by dark matter.

In this Section, we investigate how many of these
phenomena affect bar formation and bar morphology
in the FIRE-2 galaxies: satellite interactions (Section
4.1), internal evolution of the disk (Section 4.2), the rela-
tive concentration of different components in the central
galaxy (Section 4.2.1), kinematic coldness of the disk
(Section 4.2.2) and disk gas fraction (Section 4.2.3).

4.1. Bar Formation from Satellite Interactions

In this subsection, we investigate which FIRE-2 simu-
lations likely had bar formation triggered by interactions
with satellites.

Karachentsev & Makarov (1999) defined a tidal index,

O = log, (Aéi‘ ), and used it to quantify the effects of
satellites and minor mergers on the disks of host galaxies
(see also Weisz et al. 2011; Pearson et al. 2016), where
Mt is the mass of the satellite (in units of Mg) and
Dy is the distance of the satellite from the host galaxy’s
center (in units of kpc).

However, disks with different masses respond differ-
ently to satellite interactions. To compare the impact of
satellites on the various galaxies in FIRE-2, we need to
consider how the properties of the host disks vary across
the simulation suite. We therefore define a scaled tidal
index: I' = log;, % , where Ryis the effective
radius of the host and Mj,sis the host galaxy’s mass.
The quantity Mpost/ Ryu® can also be expressed in terms
of the circular velocity V. at a given radius R in the
host galaxy, Mhost/ Ry = Vf / GR?, and measures the
concentration of the host galaxy. We are interested in
interactions close enough to the galaxy center to affect
orbits on the rising part of the rotation curve (see Sec-
tion 3.6) so we evaluate the quantity Mpost/Ry; at the
peak of the circular velocity curve:

Mens/ D?
I' = logy (V2 Sa;GRI; )

max

(7)

where V¢ max is the maximum circular velocity and Ryax
is the corresponding radius. Both these quantities are
given in Table 1). In this expression, we take masses in
units of M), distances in kpc, and speed in km s1.
We search for the satellites that interact with the
host disks in FIRE-2 simulations at different times dur-
ing evolution by investigating the merger trees of dark
matter subhalos in each system. Merger trees are con-
structed using the codes ROCKSTAR (Behroozi et al.

2013a) and Consistent Trees (Behroozi et al. 2013b),

that identify dark matter subhalos and trace their evo-
lutionary history. We present the details of the steps we
use for finding the satellites in Appendix E.

To compare the impact of different satellites on bar
formation in each of the FIRE-2 simulations, we first
calculate T" for each satellite in each of the FIRE-2 sim-
ulations as function of time. Since Dy varies as a func-
tion of time, so will I', which reaches its maximal value
when a satellite is at pericenter or during merger.

We select satellites for which I' > —2.45 during at
least one pericentric passage. This value for I' is based
on work by Purcell et al. (2011), who showed that a
Sagittarius-like dwarf galaxy (M. = 10'°° Mg) at a
pericenter of 30 kpc produced a pronounced bar in their
isolated N-body simulations of a MW-like galaxy with
Mpost = 3.59 x 1010 M. We take Rpost = Refp = 4.77
kpc and use this to calculate I' since a rotation curve is
not provided in the paper from which we could deter-
mine the peak velocity and radius. Whether a satellite
induces bar formation also depends on other factors such
as the kinematic temperature of the inner disk and the
orbit of the satellite (see e.g., Cavanagh & Bekki 2020).
Thus, the choice of T' in this Section is not meant as an
ultimate lower limit, but is instead used to select satel-
lites of interest in each of the FIRE-2 simulations. If we
set a lower limit to the tidal index I" we will find more
satellites but none of those seems to lead to bar forma-
tion within 10 dynamical times. We explore the effects
of varying this limit in I in Appendix E.

We consider a satellite with sufficiently high I" to be
the trigger of bar formation if the bar begins form-
ing within 10 dynamical times of its pericentric pas-
sage. We also calculate the angle between the satel-
lite orbital angular momentum and the spin of the disk,
cos Oprpit = j’orbit 'j* where cosf,.4;: = +1 for a per-
fectly prograde orbit, -1 for a perfect retrograde orbit,
and 0 for a perfect polar orbit. Prograde satellite en-
counters are considered more likely to trigger bar for-
mation (Lokas 2018), but we include all satellite orbits
in our analysis for now. In Appendix E, we describe
the detailed steps we follow to determine which satel-
lites meet the criteria outlined above using the scaled
tidal index and in Table 4 we summarise the properties
of the satellites in FIRE-2 galaxies.

In Figure 6, we show the three FIRE-2 simulations
(m12f, m12b, and m12r) that had satellite encounters
which met these criteria. In the top panels, we show
the evolution of bar strength as a function of disk ra-
dius (R < 10 kpc) in time. The color bar represents the
bar strength, As/Ag, for each simulation. In the bottom
panels we show the evolution of the scaled tidal index I'
for each satellite that meets the criteria. The different
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colored lines indicate different satellites within each sim-
ulation. Consistent with prior work, all satellites that
meet our criteria are on prograde or partially prograde
orbits (0 < cos Oprpir < 1).

All simulations in Figure 6 have bars in the central
regions of the disks, which appear as dark red patches
within r < 2 kpc in the top panels. Similar dark red
patches in the outer parts of the disks are either spiral
arms or other deformations of the stellar density from an
azimuthally symmetric distribution during the satellite
interaction.

Below, we discuss each of the cases in Figure 6 in more
detail.

m12f: In Figure 6, one of the massive satellites in m12f
(blue line in bottom panel) undergoes close pericentric
passage with the disk and interacts for more than a Gyr
before attaining a maximum tidal index of I' = —0.53 at
the time of merger at 12.4 Gyrs (the time when Az/Ag
crosses 0.1). This event forms the strongest bar among
all the FIRE-2 galaxies. During the merger, the mass
ratio of the stellar disk of the host to the satellite is
M, host/Msqr = 0.5 and this event causes a large per-
turbation in the outer disk (note the dark red patches
in the outer disk that coincide with the black vertical
line tracing the merger). These perturbations propa-
gate to the inner disk. The bar grows stronger (dark
patch within radius r < 2 kpc, around 13 Gyrs ) after
the merger. After 13.6 Gyr the bar weakens significantly
and the bar strength dips below 0.1 in the last 0.11 Gyr
of evolution (see Figure 4).

m12b: The bar in m12b is lopsided (Figure 2) and
grows inside-out, maintaining its lopsidedness over a pe-
riod of more than 5.7 Gyrs (Figure 6) even as it increases
in size. One of the massive satellites in m12b, which has
Mgat = 6.1 x 101% Mg, at pericenter with I' = —2.3 (blue
curve in Figure 6), interacts with the disk for more than
2 Gyrs, during which it undergoes two pericentric pas-
sages before merging with the disk at 10.9 Gyrs. The
rise and fall of the bar strength is in phase with the two
pericentric passages. By the time the satellite ultimately
merges with the disk, its mass has decreased to 1 /Sth
the disk mass at Dy = 14.8 kpc, yielding I' = —3.39
(see Table 4), and is no longer massive enough to affect
the bar.

The bar gains strength again via internal evolution
and remains in the disk till the end of the simulation.
Other than the above satellite, m12b undergoes multiple
satellite interactions of lower I" between 7-12.5 Gyrs (not
shown in Figure 6). As a result, large perturbations
appear in the outer disk throughout its evolution.

ml2r: Not all strong satellite interactions lead to
the formation of a strong bar. Galaxy ml2r under-

goes multiple satellite interactions, two of which are
on highly prograde orbits (cosfu,pir ~ 0.9) and have
high tidal indices that disturb and distort the outer disk
(thick blue line with T4, = 0.61 and golden line with
Fyae = —0.22 in Figure 6; see also Table 4). The
pericentric passage of the satellite close to 12.6 Gyrs
(in blue) raises As/Ag in the outer disk (r > 3 kpc)
and increases the bar strength in the inner disk (r < 2
kpc). This satellite’s final pericentric passage at 13.11
Gyr has I' = 0.43, one of the highest values of any
interaction in the simulation suite. Another satellite
in a highly prograde orbit (cos 8yt = 0.9) with high
tidal index (I' = —0.22; shown in gold) merges with
the disk at nearly the same time (13.37 Gyr). These
strong tidal interactions with multiple satellites create
large asymmetries in stellar density that are also ob-
served in As/Ag. A weak, short bar is seen to form
momentarily in the inner disk of m12r but is quickly
dissipated under the strong tidal forces, consistent with
results from N-body simulations that show that mass
ratios above Mgut/Mpost ~ 0.1 are not conducive to bar
formation (e.g. Cavanagh & Bekki 2020). In Section
4.2.2 we explore further the transient nature of the bar
in m12r.

4.2. Bar Formation from disk internal Evolution

Five of the FIRE-2 galaxies host bars that do
not form through any kind of satellite interaction
(merger /pericenter), but during internal evolution of the
disk (Table 4). In addition, only some of the bars in
other galaxies are instantiated by a satellite passage. In
Figure 7 we present the evolution of the bar strength
As /Ao with radius and time for the galaxies m12m,
Remus, m12w, m12c and Romeo. The bar length and
strength (reddish color) in the central regions of the
disks (r < 2 kpc) appears to oscillate at several frequen-
cies, and the outer regions of the disks in Remus and
Romeo are much less perturbed compared to the disks
hosting bars that form through satellite interactions in
Figure 6. This is unsurprising since these galaxies have
far fewer satellite interactions than those hosting bars
triggered by satellites, and of those even fewer have high
tidal index T' (Table 4). None of the satellites in these
systems meet the two criteria for bar formation outlined
in Section 4.1 simultaneously. For example, one of the
satellites in m12c has a pericenter passage with tidal in-
dex I' = —1.87, which fits the first selection criterion,
but a bar does not form for more than 20 dynamical
times after this interaction so we consider it uncorre-
lated with bar formation.
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Table 4. Satellites in FIRE-2 galaxies

Name ﬁ—imax logm(l\f;;“) Du M*%TDH) Tidal index  cosorp;¢  Time of merger (M) Time of
(kpc) r or pericenter (P) (Gyr) 3—(2) = 0.1 (Gyr)
(1) (2) () (4) &) (6) (7) (8) )
Simulations with bars affected by satellites
ml2f 0.203 10.97 4.44 0.50 -0.53 0.99 12.38 (M) 12.38
ml2b 0.182 11.21 39.1 0.36 -3.42 0.07 8.78 (P) 8.06
10.79 12.01 1.08 -2.3 0.92 10.44 (P)
9.96 14.81 7.6 -3.39 0.84 10.96 (M)
9.29 12.16 40.5 -3.81 -0.94 12.43 (P)
ml2r 0.133 9.63 5.17 2.29 -0.22 0.94 13.37 (M) 12.92
10.69 7.13 0.18 0.42 0.99 12.64 (P)
10.47 5.21 0.29 0.61 0.88 13.01 (P)
10.78 7.54 0.19 0.43 0.94 13.11 (M)
Simulations with bars not significantly affected by satellites
Romeo 0.144 8.42 8.7 187 -3.52 -0.60 10.24 (P) 12.64
9.1 17.08 50.11 -3.71 -0.04 10.92 (P)
Remus 0.113 10.23 26.34 6.36 -3.99 0.19 13.64 (P) 12.22
9.56 20.55 22.4 -4.34 0.22 10.65 (P)
ml2m 0.112 8.9 18.54 129 -3.45 -0.42 11.64 (P) 12.96
9.2 56.26 76.6 -4.61 0.33 12.77 (P)
ml2w 0.163 7.14 6.66 3206 -4.47 0.39 12.73 (P) 13.66
ml2c 0.123 11.02 18.12 0.58 -1.87 0.79 12.89 (P) 13.73
7.81 5.85 699 -3.61 -0.22 13.78 (M)
Simulations with weak bar-like perturbations
ml12i 0.092 9.58 29.99 9.1 -4.46 -0.73 9.86 (P) -
9.08 10.43 25.48 -3.57 -0.53 7.79 (P)
Thelma 0.082 10.53 7.26 0.49 0.79 0.89 8.01 -
9.80 3.38 1.58 1.06 0.06 8.11
Simulations without bars
Romulus 0.07 10.18 41.41 4.27 -5.26 7.74 -
9.14 8.87 25.65 -4.29 6.61
Louise 0.06 10.29 5.12 0.93 2.33 13.48 -
Juliet 0.05 10.23 35.45 2.46 -4.43 13.10 -
8.22 6.99 139.3 -4.32 8.32

NOTE—Summary of the massive (Mpqio > 107]\/[@) satellite interactions with varied tidal index I' in the FIRE-2 galaxies that induce bar
formation in some galaxies during merger or pericenter passage and in some galaxies do not. The table has 4 parts with the galaxies separated
by horizontal lines: (1) galaxies that undergo interactions with satellites with I' > —2.45 at pericenter and form bars (m12f, m12b, and m12r),
(2) galaxies that form bar but not due to satellite interactions (Romeo, Remus, m12m, m12w and m12c), (3) galaxies that undergo strong
interactions (not during growth of A2/Ag) but only form weak bar-like perturbations (m12i and Thelma), and (4) galaxies that do not form
bars, but have strong bulges that hinder bar formation even with strong satellite interactions. Columns: 1. name of the simulation; 2. peak
bar strength; 3. Maoo mass of satellite in log scale; 4. distance of the satellite from host galaxy center (at pericenter or merger); 5. mass ratio
of the satellite and the host galaxy within a radius of Dy from the host center; 6. the tidal index I" at pericenter or merger (Equation 7; see
Section 4.1); 7. cosine of the angle between angular momentum vector of the satellite orbit and the disk angular momentum, 8. time of the
merger (M) or pericenter passage (P) of the satellite; 9. time when the bar strength crosses Az2/Ao = 0.1, i.e., when the bar forms. If the
time interval between the time of the interaction (merger or pericenter passage) and the time of bar formation is greater than 10 dynamical
times, we do not associate bar formation with satellite interaction.
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Figure 6. Bar formation due to satellite interaction in m12f, m12b and m12r. The upper half of all panels show
the evolution of the bar strength (A2/Aop) with time (in Gyrs), at different radii (in kpc) of the stellar disk. The color bar shows
the range of bar strength, 0.0 < Az/Ag < 0.2, where yellow is for the lower limit and dark red is for the upper limit. The dark
red patch in the central region (radius < 2 kpc) shows the presence of the bar. The dark red stripes at the outer part of the
disk may be perturbations due to the interaction of different satellites (black lines for mergers and green lines for pericenter
passage) or due to transient spiral arms in the disk. The lower half of each panel shows the evolution of the tidal indices
I' (y-axis; Equation 7) of the satellites with I" > —2.45 (dashed horizontal line; see Section 4.1) at least once during evolution.
The x-axis is time (in Gyrs). The blue thick curve of I' evolution shows the strongest satellite interaction in each system. In
m12r, a satellite with a similar maximum tidal index as the blue one is shown in golden color. The thick vertical lines (black and
green) represent the strongest tidal impact interactions, while the thin lines are for smaller tidal index satellites. The dashed
vertical lines represent the retrograde motion of the satellite with respect to the stellar disk (see details in Table 4). For more
details on each system see Section 4.1.
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Figure 7. Bar formation during internal evolution of the disk in Remus, Romeo, m12w, m12c and m12m. Similar
to Figure (6), the dark patch in the central region (radius < 2 kpc) shows the presence of the bar. We highlight the bars in
m12w and m12c with dashed rectangles as their time duration is short. The dark red stripes at the outer part of the disk are
perturbations. In these five cases either the satellite interactions are less impactful (seen from the very calm outer disk for
Remus and Romeo), or time between the satellite interaction and rise of the bar strength above 0.1 is more than 10 dynamical
times (m12w, m12c and m12m). However, bar instabilities arise in the disk. In Appendix F we present the satellite interactions
that have failed to trigger bar instability in Remus, Romeo, m12w, m12c and m12m.

In the absence of satellite interactions, the bar
strength grows from the center outward, showing oscil-
lations in As/Ap at multiple frequencies. Once formed,
the bar persists until the end of the simulation for Re-
mus, m12w and m12c but dissolves for Romeo and m12m.
The bar in m12w appears to form in somewhat unique
circumstances, as gas is expelled from the central region
during an epoch of high star formation rate. As the gas

content decreases, a rectangular bar arises in the disk at
13.6 Gyr and stays till the end of the simulation.

All five bars in Figure 7 have lower As/Ag max than
the bars in Figure 6 formed through satellite interac-
tions. It is complicated to directly predict the R ratio
of a bar that is satellite-induced, compared to a bar that
forms during internal evolution (Miwa & Noguchi 1998;
Lokas et al. 2016; Martinez-Valpuesta et al. 2017), how-



16 ANSAR ET AL.

ever here we find that bars formed through satellite in-
teraction have lower R ratios (Rco/as) than bars formed
through internal evolution (see Table 3).

Given that FIRE-2 galaxies can clearly form bars
through internal processes, we now consider which prop-
erties of the central region create favourable conditions
for bar formation to occur via internal evolution. Are
the intrinsic properties of the galactic disk and dark mat-
ter halo playing any role that makes it more likely for
bars to form in some disks rather than others, or in
the eventual length and strength of the bar? To address
these questions, we looked at a variety of disk properties
for the simulations that form bars through internal pro-
cesses: the central density and concentration of stars,
gas and DM (§4.2.1); the kinematic coldness of the disk
(§4.2.2); and the role of gas fraction and stellar feedback
(8§4.2.3).

4.2.1. The central density profile

We examine the central mass profiles of stars, gas and
DM in the FIRE-2 disks to investigate their effect on
bar formation, since the relative distribution of stars,
gas and DM in the central galaxy has a significant effect
on bar properties (Athanassoula 2002). Athanassoula
& Misiriotis (2002) show that stronger, more rectan-
gular bars form in more dark matter-dominated disks,
provided there is interaction between the DM halo and
the disk (Athanassoula 2002). Furthermore, a standard
condition for swing amplification of a bar instability is
a rising central rotation curve that is dominated by the
stellar circular velocity at the peak and falls to the cir-
cular velocity of the DM halo at higher radii (Efstathiou
et al. 1982; Debattista & Sellwood 1998; Marioni et al.
2022).

In Section 2 we presented the total circular velocity
profiles of all the FIRE-2 galaxies (see Figure 1). In
Figure 8, we present the rotation curves and mass pro-
files in the inner 10 kpc of the FIRE-2 galaxies separated
by species (stars, gas, and DM). The top panel of Fig-
ure 8, which shows the rotation curves, shows that the
barred and unbarred galaxies in FIRE-2 have sharply
rising stellar circular velocity curves (panel a) that dom-
inate over the DM (panel b) and gas (panel c¢) com-
ponents, in agreement with bar instability theory. For
example, in m12f the circular velocity of the DM com-
ponent rises slowly and matches the circular velocity of
the stellar component at a radius of ~ 10 kpc. m12f has
Rgp = 11.8 kpc (Table 1) and within nearly this entire
region the mass distribution is dominated by the stel-
lar component. The other FIRE-2 galaxies are similarly
baryon-dominated at the center.

In the bottom row of Figure 8, we show the mass frac-
tions of the different components with radius. Similar to
the results from the circular velocity curves (top row),
we find that FIRE-2 galaxies have more stars than DM
in their centers (panels d and e). However, we do not
see any prominent difference in mass fractions between
the barred and unbarred galaxies in FIRE-2. Hence the
barred and unbarred galaxies have similar proportions
of their mass in stars, DM and gas. Interestingly, the
central gas mass fraction contributes significantly to the
rotation curve (panels ¢ and f), which is thought to sup-
press bar formation (Masters et al. 2012; see §4.2.3).

We also compare bar length to the radius correspond-
ing to the peak of the circular velocity curves (Rpax)-
The peak circular velocity for the barred galaxies is in
the range V40 ~ 147 — 316 kms~! and the correspond-
ing radius R4z ~ 1.5 — 9.8 kpc, with m12r, the low-
est stellar mass galaxy, having the lowest peak velocity
Vinez = 147 kms™! and largest radius Ryez = 9.8 kpc
in our sample. Nearly all the bars have R4 > as; in
other words, they lie within the rising part of the total
circular velocity curve (except Remus; see Table 1 and
Table 3) Furthermore, the peak circular velocity (Viax)
is greater than the maximum circular velocity of the
DM halo in all systems except for m12r, another clas-
sic criterion for bar formation (Efstathiou et al. 1982;
Debattista & Sellwood 1998), although not a sufficient
criterion (Efstathiou et al. 1982; Marioni et al. 2022).

Additionally, we investigate the density profile of the
DM component of the barred and unbarred galaxies in
FIRE-2 to examine the role of the DM density in the
central region close to the disk (also see Lazar et al.
2020). Figure 9 shows the DM density profile ppp () (in
Mgkpe™3, in log scale) as a function of radius (in kpc)
of the FIRE-2 galaxies, using the same color scheme and
line-style as Figure 1. Figure 9 shows that the barred
and unbarred galaxies both have flat or “cored” cen-
tral density profiles with a range of maximum densities.
There is no distinct difference between the barred and
unbarred galaxies, which means that the DM density
profile is not an indicator of barred/unbarred disk mor-
phology in this sample. However, preliminary studies
using N-body simulations show that cored DM profiles
are less likely to form strong bars compared to cuspy
DM profiles (Ansar et al. in prep).

The slow-rising DM component of the rotation curve
in most of the FIRE2 galaxies can explain why bars
formed in FIRE-2 galaxies are more rounded and less
rectangular, similar to the idealized N-body model MD
in Athanassoula & Misiriotis (2002) which forms a
rounded bar in a stellar disk with similar mass and a
slow-rising DM component. The more rounded bar mor-
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Figure 8. Rotation curves and mass fractions. The top row (panels a—c) shows rotation curves (Equation 1) of all the
FIRE-2 galaxies at their peak bar strength for stars (a), gas (b) and DM (c); the bottom row (panels d—f) shows relative mass
fractions of different species within |z| < 2 kpc for the same species. All quantities are plotted as a function of spherical radius
r (not cylindrical R). Thick lines represent the barred galaxies, thin lines with circular markers represent unbarred galaxies.
The thick dashed line is for m12r, which is significantly less massive than all other galaxies. Note that the vertical axis range is

different for each component.

phology also results in lower bar strength As/Ag, which
shows a higher amplitude for rectangular bars. How-
ever, all the FIRE systems, both barred and unbarred,
fit many of the classic criteria for bar formation, with
few obvious differences between the two groups, and all
have similarly cored DM profiles that have previously
been associated to weaker bars. Thus the relative dis-
tribution and concentration of the stars, gas, and DM
can explain the shape, and perhaps the weakness, but
not the origin of bars in FIRE.

4.2.2. The kinematic coldness of the disk

In idealized disk galaxy simulations, “kinematically
cold” disks with a high fraction of stars in rotational mo-
tion in a common plane are the most susceptible to the
bar instability (Ostriker & Peebles 1973). To determine
whether this is so in our simulations we measure the frac-
tion of stellar mass that contributes to rotationally sup-
ported orbits in near circular motion in the disk plane,
faisk as a proxy for kinematic coldness. To estimate
faisk, we calculate the circularity € = j, ;/jeirc,i(Ei) (de-
fined in Abadi et al. 2003) for each star particle ¢ in the
disk with cylindrical radius R < 10 kpc and |z| < 2
kpc. Here, j,,; = jz,i -Jnet/linet| is the component of
the specific angular momentum of the i*" star particle
towards the direction of the total specific angular mo-
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Figure 9. Cores in the DM density profile at peak
bar strength. Thick lines represent barred galaxies, thin
lines show unbarred galaxies and the thick dashed line shows
m12r (one of the lowest DM densities). The central density
profiles are similar for barred and unbarred systems.

mentum jyet of the disk (also see El-Badry et al. 2018),
and jeire,i(E;) is the specific angular momentum of the
circular orbit with the same energy F; as the star parti-
cle. The maximum specific angular momentum an orbit
can have is for a circular orbit, so € lies between =+1,
with 41 indicating a prograde circular orbit and —1 for
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Figure 10. Kinematically colder disks host strongly barred galaxies. Higher fg;sx shows the large fraction of star
particles in rotational orbits in the disk plane, which is a proxy for a kinematically cold disk that is prone to bar instability.
Panel (a): faisk(r) profile of all FIRE-2 galaxies at their peak bar strength, with the annular bin size of AR = 0.1 kpc. Panel
(b): The same fq;s,(r) profile for the barred galaxies at their peak bar strength, with the x-axis scaled by the bar length. The
black vertical line denotes the edge of the bar for all the galaxies. In panel a, thick lines are for barred galaxies and thin lines
with solid circles for unbarred galaxies. In both panels, the galaxies are color coded with the value of their peak bar strength
from the color bar of As/Ap. Strongly barred galaxies (for example, m12f and m12b) are kinematically colder compared to
weakly barred ones (for example, m12m and Romeo). The dashed line in both panels is for m12r, which has very different

properties than the rest of the galaxies.

a retrograde circular orbit in the galaxy disk’s plane. A
value of € ~ 0 can represent either a circular orbit nearly
perpendicular to the disk plane or a radial orbit.

The energy F; can be written in terms of the radius
R, ; of the circular orbit in the plane of the disk with
the same energy as star particle i:

- GM(T < Rc,i)

FE.
' 2Rc,i

+ ®(Re,i,0); (8)

the corresponding specific angular momentum is

Jeire(Fy) = ReiVes(Rei) = \/JGM(r < Rei)Res (9)

Here ®(R.,;,0) is the total potential due to all compo-
nents evaluated at radius R.; in the disk plane. For
each star particle we calculate E;, R, and jeirc,i(E;)
to obtain ¢; for each star and calculate the mass frac-
tion of stars with circularity greater than 0.7; that is,
faisk(r) = My e>0.7/M,, in annular radial bins of width
AR = 0.1 kpc.

Figure 10 shows f4;sx as a function of disk radius R,
for all the galaxies in our FIRE-2 sample at z,. = 0 (panel
a) and separately for the barred galaxies only (panel b)
at their peak bar strength, which is at a different time
for each galaxy. The line color in panel b is proportional
to maximum bar strength. Overall, kinematically colder
disks with high fg;sx and galaxies with strong satellite
interactions (for example, m12f and m12b) form stronger
bars than the cold disks without any strong satellite
interactions (for example, m12m, Remus and Romeo) in
the FIRE-2 galaxy sample. The central regions of the

disks are also clearly kinematically hotter than the outer
disks in all the galaxies.

To establish a causal connection between the kine-
matic coldness of the stellar disk and bar strength, we
consider the evolution in time of the bar strength and
kinematic coldness at different radii for all 13 FIRE-
2 galaxies. We expect the bar strength As/Ag to be
anticorrelated with the coldness parameter fg;sr, with
the bar growing in strength after the disk becomes cold.
We find that the disks in the FIRE-2 galaxies have a
broad range of kinematic temperatures. In Figure 11,
we present some instructive examples across this range;
similar plots for all 13 galaxies are in Figures 21 and 22
of Appendix G. The color scheme for the bar strength
is the same as in Figures 6 and 7. For fgsx we use
darker shades of blue for kinematically cold regions of
the disk, while lighter shades of blue and green to show
the kinematically hot regions (see Figure 11).

m12b and ml2f (top row of Figure 11) are the
strongest barred galaxies in the sample, and both have
very kinematically cold stellar disks. The bar in m12b
begins to form around 7.5 Gyr, just as the disk has be-
come significantly cooler. When m12f reaches a similar
coldness, around 9.5 Gyr, a bar also begins to grow, al-
though it does not get very strong until a satellite inter-
action around 12.7 Gyr. Both m12f and Romeo (middle
row, left panel) show that even if the disk is very kine-
matically cold, the bar subsequently formed by internal
evolution is not very strong (other examples are m12m
and Remus, both shown in Figure 21). ml2r (middle
row, right panel) forms a weak, short bar in a kinemat-
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Figure 11. Stronger bars in kinematically colder disks. The history of bar strength (A2/Ag) evolution (top panels
for each simulation with color bar for bar strength: 0.0 < A2/A¢ < 0.2) along with kinematic coldness parameter fgisk(r) =
M, e>0.7/M, of the stellar disk (bottom panels for each simulation with color bar: 0.0 < fgisk < 1.0) for all the barred galaxies
in FIRE-2. In the lower half of all panels, the higher the f4;5x value, the colder is the disk. Lighter shades of grey show the
high faisk, darker shaded of blue show very low fu;sk, while different shades of orange, green and purple have intermediate
values of fgisk. This Figure shows examples of bars forming during satellite interactions (m12f and m12b) and internal evolution
(Romeo) in kinematically cold disks, a weak, short and transient bar in kinematically hot disk (m12r), a failed bar (m12i) and
an unbarred galaxy with a bulge and kinematically hot disk (Louise).
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ically hot disk only after a strong satellite interaction,
around 12.7 Gyr. This bar quickly fades out as it is
dissolved by the high fraction of random motion. In the
absence of a strong external perturbation, kinematically
hot disks in our sample such as m12r, m12i, and Louise
(bottom row, left panel) do not form bars (see also Juliet
and Romulus in Figure 22). Thus, we find that in the
cosmological environment of galaxy evolution the kine-
matic coldness of the disk is still an important factor
bar formation. Although a cold disk by itself does not
appear to be a sufficient condition for bar formation, it
is clearly a necessary one for bars that form via internal
evolution. The lifetime of a bar after it forms, whether
due to internal evolution or satellite interaction, also de-
pends on the state of the kinematic coldness of the disk.

Additionally, we note that McCluskey et al. (2023)
showed that vg ., 0. and vy, /o, for “young stars” in
FIRE-2 agree well with M31, M33, for galaxies in the
PHANGS survey and in the cold gas. There are no evi-
dent signs that gas or young stars in the FIRE-2 galaxies
are too hot dynamically. However, this may have some
tension with the MW and the old stars that the authors
did not compare with.

4.2.3. Gas fraction and stellar feedback

Observational studies have shown that bars are less
likely to form in gas-rich star-forming galaxies, and
are instead mainly found in gas-depleted red galaxies
(Barazza et al. 2008; Masters et al. 2012). The gas frac-
tion in the disk is expected to affect the morphologi-
cal properties of bars, and bar formation in a gas-rich
disk is thought to proceed more slowly (Athanassoula
et al. 2013). As shown in Figure 12, the FIRE-2 galaxies
mostly have a mass fraction of nearly ten percent in gas
in the central 2 kpc, and would likely not be considered
gas-depleted. There is also a significant amount of gas
infall and outflow in the central regions of the FIRE-2
galaxies, driven by feedback from star formation. Con-
sequently, the central gas fraction Mgas/(Mgas + M)
fluctuates rapidly, modifying the disk potential on free-
fall timescales.

In Figure 12, we show the evolution of gas fraction
Mgyas/(Mgqs + M,) in the central region (r < 2 kpc)
of the disk for each of the FIRE-2 galaxies. The color
scheme and line thickness are same as in Figure 1. We
use thick lines for barred galaxies, thin lines with solid
circles for unbarred galaxies and a thick dashed line for
m12r.

In Figure 12, we find that m12w (in pink) and m12r
(dashed magenta line) have the highest gas fractions
that also vary the most compared to the other galax-
ies. Our investigation shows that m12w and m12r un-

dergo repeated “starbursts”—episodes of very high star
formation rate over a short time interval.

This rapid change in the star formation rate (within
R < 2 kpc) leads to rapid fluctuations in the feedback
strength and hence in the gas fraction (El-Badry et al.
2016; Orr et al. 2018; Yu et al. 2021; Gurvich et al.
2022a). These changes in gas fraction alter the ability
of the galaxy to form a bar. For example, in m12w a
bar forms immediately following a large outflow of gas,
which itself is induced by a strong interaction with a
satellite. Similarly, m12r undergoes a strong tidal in-
teraction with a satellite galaxy that forms a bar, but
has a high gas fraction that should suppress bar forma-
tion, and indeed the bar dissolves rapidly. Conversely,
the barred galaxies with the highest strengths, m12f (in
orange) and m12b (in red) show the lowest gas fractions
by the end of their evolution.

Rapid, quasiperiodic fluctuations in the gas fraction
near the galaxy center, driven by feedback processes, can
destabilize bar orbits by modifying the central potential,
as a result of the mass redistribution of gas. Only a small
change in the potential when stars are at apocenter—the
most likely place for them to be, given that bar orbits
are quasi-radial—is needed to alter the orbit. Prelimi-
nary investigation with the FIRE-2 galaxies show that a
low degree of burstiness in the SFR is indeed necessary
though not sufficient to form a bar. The ability of such
fluctuations to suppress bar formation will be explored
in more detail in a forthcoming paper (Sanderson et al.

in prep).

5. SO WHY ARE FIRE BARS WEAK AND SHORT?

A superficial comparison with the bars arising in the
zoomed cosmological simulations of MW-mass galaxies
from Auriga (Fragkoudi et al. 2021) reveals that the
bars that arise in the FIRE-2 galaxies appear much
weaker (A2/A4p < 0.2) and more ellipsoidal. We cau-
tion that although the two suites share similar particle
mass resolution, many other choices in the numerical
models are quite different, especially the representation
of the multi-phase ISM and clustered nature of star for-
mation (we do; they don’t), the locality of stellar feed-
back (scales of 3 vs 100 pc), and whether AGN feed-
back is included (we don’t; they do). Taken together,
these differing choices lead to both small- and large-scale
differences in the environment of the inner galaxy that
can explain the differences in the types of bars that are
formed. Broadly, the stellar feedback model in Auriga
leads to smoother ISM, smoother star formation, and
less core formation, which may lead to the formation of
stronger bars.
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Figure 12. Evolution of central gas fraction for barred and unbarred galaxies. Each line shows Mgas/(Mgas + M)
in the central region of the disk (R < 2 kpc and |z| < 1 kpc). As in Figure 1, thick lines are barred galaxies, thin lines with solid
circles are for unbarred galaxies and the dashed magenta line is for m12r. No trend in barred vs unbarred systems is at first
apparent, but m12w (pink) and m12r (dashed magenta), the two weakest bars, have high gas fractions that vary substantially
with time, while the two strongest bars, m12f (orange) and m12b (red), have low gas fractions that are relatively steady in time.

5.1. Influence of the inner rotation curve

The FIRE-2 galaxies are consistently baryon-
dominated in their centers, with a slow-rising circular
velocity in the inner dark matter component compared
with a very sharply rising baryonic component. They
hence produce relatively short bars, since the region
where the overall rotation curve is rising, permitting
swing amplification to operate, is relatively small. The
subdominant DM component also leads to the formation
of ellipsoidal bars (Athanassoula 2002; Athanassoula &
Misiriotis 2002; Berentzen et al. 2006). Conversely, a
larger DM fraction in the center at fixed stellar surface
density can permit the formation of the longer, more
rectangular bars apparent in simulations that form this
type of galaxy in their halos (Athanassoula & Misiriotis
2002).

Another test for the relative influence of the cen-
tral mass distribution comes from additional simula-
tions in the FIRE-2 suite that include cosmic ray (CR)
physics. These “CR-run” simulations use the same ini-
tial conditions as those in our study but form less mas-
sive disks in the same DM halos, since the cosmic rays
help moderate star formation (but are otherwise not ex-
pected to influence bar formation) (Hopkins et al. 2023).
A bar does form in the CR version of ml12b, m12b-
CR, which has a similar inner circular velocity profile
as the suite of galaxies without CRs: the stellar cir-
cular velocity peaks at the center (Ve = 248 km
sl at Rypas = 1.0 kpc) and dominates over the slow-
rising DM circular velocity up to a radius of r < 6
kpc. The stellar disk in m12b-CR is also kinematically
colder than the other CR-run galaxies, which favours
bar formation (Section 4.2.2). The less massive m12f-CR
fails to satisfy our bar criteria as it does not maintain
As /Ay > 0.1 for long enough. The other CR-run galax-

ies (m12f-CR, m12¢c-CR, m12w-CR and m12m-CR) are
all less massive and have slow-rising DM rotation curves
that peak at larger radii (150 < Vi maqe/(kms™!) < 200
and 10 < R4/ (kpc) < 22); none of them form bars.

5.2. The impact of stellar feedback on bar formation

The bars in FIRE-2 galaxies exhibit periodic oscil-
lations in the bar strength, As/Ag, at vastly different
frequencies. The overall bar strength varies on long
timescales of more than a Gyr in the longest-lived bars,
sometimes leading to intervals spent below the cutoff of
0.1 that we use to define a bar (Figure 4). At shorter
timescales of about 0.1 Gyr the bar strength and length
(in the sense of the region in which A3 /Ay > 0.1) also os-
cillates. This timescale is consistent with the timescale
of “breathing modes” initiated by cycles of star forma-
tion and feedback, similar to the process that can create
cores in dwarf galaxies (Mashchenko et al. 2006; Pontzen
& Governato 2012). Just as these relatively small but
repetitive fluctuations in the potential can induce large
scale changes in the inner DM distribution, so they can
also suppress bar formation since the timescale of the
breathing modes is comparable to the orbital period of
the radial orbits needed to sustain the bar (both are
essentially the dynamical time). An impulsive change
in the potential due to stellar feedback does not have
to be very large to significantly change the eccentricity
of stellar orbits caught at apocenter, thereby repeatedly
disrupting the bar as it forms and leading to the short-
period oscillations seen in the FIRE-2 bars. We defer a
complete study of the physical phenomena behind the
bar oscillations to future work.

The significant role of stellar feedback in suppress-
ing bar formation leads to several important implica-
tions. First, it implies that bar length and strength
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should be anti-correlated to the star formation rate or
gas fraction in the inner galaxy, as shown for our sim-
ulated bars in Figure 12. In other words, we do not
expect bars to coincide with periods in which the star
formation rate fluctuates significantly, consistent with
the results of Neumann et al. (2020), or be common in
gas-rich galaxies, consistent with Masters et al. (2012)
and Fraser-McKelvie et al. (2020). Second, it implies
that simulations that do not account for this process,
either by ignoring stellar feedback entirely (as in colli-
sionless N-body simulations, but also those that include
gas but not star formation, such as Athanassoula et al.
2013) or implementing it in a way that does not produce
these small-scale fluctuations in the potential, as in Au-
riga (Fragkoudi et al. 2021), EAGLE (Cavanagh et al.
2022), and Ilustris/IustrisTNG (Zhao et al. 2020), are
likely probing the upper limit of the strength of the bar
instability in MW-mass galaxies.

An important caveat to this discussion is that the
FIRE-2 galaxies do not include a model for feedback
from a central supermassive black hole, which can in
principle regulate star formation in the inner galaxy by
lowering the gas fraction (Wellons et al. 2023; et al.
2023). Indeed, the FIRE-2 galaxies appear to have
somewhat higher SFR at z, ~ 0 than the Milky Way,
although this conclusion depends somewhat on which
measurements of the MW’s SFR are used for the com-
parison (Gandhi et al. 2022). Simulations in which a
subgrid AGN model does have this effect should there-
fore form longer and stronger bars; however, the effi-
ciency of AGN to remove gas from galaxy centers at this
mass scale is observationally difficult to constrain thanks
to the complexity of the multiphase gas (e.g. Fabian
2012; Morganti 2017; Harrison 2017; Richings et al.
2021; Wellons et al. 2023). The FIRE-3 suite does in-
clude a model for BH formation and feedback; however,
it also includes multiple other changes to other physical
prescriptions that prevent apples-to-apples comparisons,
especially since the net effect is to lower the total stel-
lar masses of the galaxies by a factor of a few relative to
FIRE-2 (Hopkins et al. 2023), which in turn changes the
predisposition of the galaxies to form bars by lowering
their surface density (as we found with the CR suite).
Bars are also thought to funnel material toward a cen-
tral BH (e.g. Hopkins & Quataert 2011), altering the
mass accretion rate and making this a deeply nonlinear
relationship. We thus defer a detailed study of the im-
pact of introducing a BH feedback model on simulated
bars to future work.

Another noteworthy aspect of bar formation is
whether there exists a connection between the bar
strength and the disk formation time scale (Khoperskov

et al. 2023). We do not observe such a correlation be-
tween bar strengths at z, = 0 and the lookback time of
the Early-Disk Era (see McCluskey et al. 2023) for the
13 galaxies in the FIRE-2 sample in the bar strength
range 0.0 < As/Ag < 0.2. Two of the earliest settling
disks in the FIRE-2 sample (m12m and Romeo) form
bars that are transient and do not last till z,. = 0.

6. SUMMARY

In this work we use the 13 MW-mass galaxies from the
FIRE-2 zoom-in cosmological-hydrodynamical simula-
tions (Hopkins et al. 2018) to study bar formation and
destruction in a complex cosmological environment with
realistic star formation histories and feedback. Here we
summarize our main findings.

How bars form in FIRE-2 galazies: We define an asym-
metric instability to be a bar if bar strength As/Ag > 0.1
and bar phase ¢- is constant within £5 degree within
the bar length for at least ~ 2 bar rotations. We find
that in the FIRE-2 simulations, 8 out of 13 galax-
ies form bars at some point in their evolution. Not
all are barred at z, = 0. We consider 3 of these bars
(m12f, m12b, m12r) to result primarily from an inter-
action with a massive satellite, 4 (m12m, m12c, Remus,
Romeo) to arise from internal evolution of the disk in
the absence of any strong tidal forces, and 1 (m12w) to
be due to the rapid evacuation of gas from the central
few kpc. While the bars triggered by tidal interactions
can form in slightly more dispersion-supported systems,
bars arising from internal evolution preferentially form
in the most strongly rotation-supported, and therefore
most kinematically cold, systems in our sample, and
bars induced by tides last longer in colder systems (Sec-
tion 4.2.2).

How bars do NOT form in FIRE-2 galazies: Disk insta-
bilities like bars and spiral arms arise in galaxies in the
physical Universe either due to gravitational instabili-
ties in the disk or due to satellite interactions or flyby
events, or a combination of both. Their origin in our
simulations is likewise physical and is not due to Pois-
son noise, as is sometimes observed for bars forming in
constrained galaxy simulations at lower resolution (Du-
binski et al. 2009). At FIRE-2 resolution, the N-body
relaxation timescale for the region of interest is longer
than a Hubble time.

Galazies without bars: 5 of the 13 galaxies in the FIRE-
2 sample (m12i, Thelma, Louise, Romulus and Juliet)
either do not form a bar at all or show only small in-
creases in Ag/Ag for short intervals. The underlying
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reason in most cases is that the galaxy is too kinemat-
ically hot in the inner region, either because it hosts a
large dispersion-supported central bulge (Louise, Juliet
and Romulus) or because it has a large number of satel-
lite interactions that disturb and heat its disk (Thelma,
m12i).

Bar characteristics: The bars that form in FIRE-2 MW-
mass galaxies have peak dipolar amplitudes As/Aq in
the range 0.1-0.2, lengths 1.4-3.7 kpc, and pattern
speeds 36-97 km s~! kpc™! (Table 3). The coro-
tation radius tends to be much larger than the bar
length in most cases, so by the traditional R mea-
sure the bars in FIRE-2 would be considered “slow”
(0.15 < as/Reo < 0.59) although their pattern speeds
are not intrinsically low. Their lifetimes range very
widely: there are galaxies that host a bar nearly their
entire existence (ml12b) once the disk settles, those
that form a bar only in the last ~ 500 Myr (ml2w),
and nearly everything in between (Table 2). Our bar
properties are measured directly from the simulation
particles, not from synthetic observations, and there-
fore we caution against their direct comparison
to observational measurements since the effects
of light-weighting, extinction, projection, and observa-
tional selection have not been accounted for. We plan to
consider the observed properties of the simulated bars
in future work.

Future observational surveys will play an imperative
role in the study of formation of stellar bars and their
properties across different redshifts. For a better un-
derstanding of bar formation and bar dissolution in a
cosmological context, further study on the dynamical
interactions between the bar, the stellar and gaseous
disks, the surrounding DM halo and the external satel-
lite interactions is crucial.
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APPENDIX

A. MEASUREMENT OF BAR LENGTH

We estimate the bar lengths in the FIRE-2 barred
galaxies using four different methods that are frequently
used in the literature (Athanassoula & Misiriotis 2002;
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Figure 13. Estimation of bar lengths in the FIRE-2 galaxies using four methods. Method 1: panel (a) and (d) show
the ellipse fitting method. The central bar region is chosen within the radius where there is a 20% decrease in peak ellipticity
value (marked with a blue dotted vertical line) and the corresponding PA is marked with a dashed magenta horizontal line. A
deviation of +5 degrees in PA marks the edge of the bar/bar length (blue dashed vertical line). Method 2: in panel (b), the
difference in surface density X, along the bar axis (x-axis) and X, perpendicular to the bar axis (y-axis) is used to estimate bar
length at 10% of the peak value of (X, —3,) (marked with blue dashed line). Dissimilarity in (X, — X;) along the positive and
negative x-axis shows a slight asymmetry in the distribution, although the bar length estimate is the same for both. Method 3:
Bar length is measured from 50% decrease in bar strength in (¢) (also marked with a blue dashed line). Method 4: in panel (e),
the bar length is measured (marked with a blue dashed vertical line) from the ratio of stellar density in the bar and inter-bar
region Iy /I; (from Aguerri et al. (2000)). The radius of maximum I,,/I;, is marked with a black dashed vertical line and the
minimum is marked with a black dotted vertical line.

Aguerri et al. 2000; Erwin 2018). We also discuss how
some of the methods are more suitable for certain types
of bars than others and how the following methods per-
form for bar length estimation in the FIRE-2 galaxies.

e Method 1: Fitting elliptical isophotes in the bar
region.

e Method 2: Using the bar strength distribution
(A3/Ap) as a function of disk radius.

e Method 3: From the difference in surface densities
between the bar major axis and the minor axis in
the disk plane.

e Method 4: From decomposition of the stellar sur-
face density into Fourier modes from (Aguerri
et al. 2000).

In Figure 13 we present examples of the above four
methods to estimate bar length in m12f close to its peak
bar strength. We show the fitted elliptical isophotes on
the face-on density distribution (panel a) that is used

to determine the PA (magenta curve in panel d) and
ellipticity (dark green curve in pnel d) as a function of
disk radius. Panel b shows bar length estimation using
surface densities along the bar major axis and the minor
axis; panel ¢ shows how we estimate bar length using
bar strength profile As/Ag as a function of disk radius
R and panel e shows the method using bar and inter-bar
intensities (method 4). The blue dashed vertical line in
all panels mark the bar length of m12f using different
methods.

In the first method, we fit the bar in m12f with el-
liptical isophotes (see panel a in Figure 13) using the
python package photutils (Bradley et al. 2020) to find
the PA and the ellipticity profile as a function of the
disk radius (see panel d in Figure 13). We define a cen-
tral bar region with an upper bound of radius set by
the 20% decrease in the peak ellipticity (vertical blue
dotted line in panel d in Figure 13). We define the bar
length (blue dashed vertical line in panel d) to be the
radius at which the PA (magenta curve) changes by +5
degrees from its value at the edge of the central bar re-
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Table 5. Bar semi-major axis length as estimates using different

methods
Simulation 2, peak as,1 Qs,2 Qs,3 asa  Average as
(kpc)  (kpe)  (kpc)  (kpc) (kpc)
(1) (2 (3) (4) (5) (6) )

ml12f 0.064 1.4 2.1 2.0 1.97 1.86
ml12b 0.046 1.6 1.96 1.85 1.77 1.79
ml2m 0.084 1.62 1.5 1.68 1.32 1.53
Romeo 0.038 1.26 1.21 1.45 1.16 1.32
Remus 0.041 2.1 1.42 1.55 1.25 1.58
ml2w 0.0 1.35 1.41 1.45 1.18 1.35
m1l2c 0.0016 1.5 1.27 1.4 0.90 1.27
ml2r 0.061 0.95 0.77 0.85 0.66 0.81

NOTE—Columns: 1. Simulation name; 2. Redshift of maximum bar
strength; 3. bar semi-major axis length as measured using Ellip-
ticity/PA (Method 1); 4. as measured using bar strength profile

(Method 2); 5.

as measured using the difference in surface den-

sities between the major and minor axis of the bar (Method 3);
6. as measured using the bar—inter-bar density contrast method
of Aguerri et al. (2000) as discussed in Section 3.3 (Method 4); 7.
average of all as measurements in columns (3)-(6).

gion (blue dotted vertical line in panel d). The bar in
m12f and other FIRE-2 galaxies are more round and
do not show a sharp change in PA. The bars have the
peak ellipticity close to the center (R < 1 kpc), with a
gradual decrease of ellipticity away from the peak (see
dark green line of ellipticity in Figure 13). We, there-
fore, do not expect to find sharp changes in the PA and
ellipticity at the edge of the bars as typically observed
for rectangular/boxy-edge bars in studies with N-body
simulations or in observations.

In the second method (panel ¢ in Figure 13), we esti-
mate the bar length at the radius where the bar strength
As/Ag drops to 50% of its peak value (see blue vertical
line in panel c).

In the third method (panel b in Figure 13), we esti-
mate the bar length from the difference in surface den-
sity along the bar major-axis (x-axis) and along the bar
minor-axis (y-axis) (X; —X,). The bar length (blue ver-
tical dashed line in panel b) is defined to be the radius
at which (X, — X,) decreases by 80% of the peak value
(magenta dotted horizontal line).

In the fourth method (panel e in Figure 13), we use
the ratio of the density contrast in the bar (I,,) and inter-
bar (I;) region, first introduced by Ohta et al. (1990))
and redefined in Aguerri et al. (2000), where the authors

defined the bar region as follows:

(Ib/Iib)mam — (Ib/‘[lb)mzn
2

where, I, = Ag+As+As+Agand I, = Ag— As+ Ay —
Ag and A,, is the amplitude of the m*" Fourier mode.
Here we use the condition from Aguerri et al. (2000) to
determine the bar length (blue dashed vertical line in
panel e).

We present the semi-major axis length a, (or half bar
length) of the bars estimated using the four methods, as
well as the average as from the four methods in Table

5

Ib/Iib > + (Ib/Iib)min (Al)

The ellipse fitting/PA method yields the shortest bar
lengths for the strongest bars in m12f and m12b, while
for other galaxies the method using the bar and inter-
bar density contrast yield the shortest bar lengths. The
largest estimate of bar length for m12f and m12b comes
from the method using bar strength profile (method 2).
While for other bars, the methods using surface density
and using ellipticity /PA estimate provide the largest bar
length. We note the similarity between the nature of
ellipticity and PA profiles in the FIRE-2 galaxies and the
model MD in Athanassoula & Misiriotis (2002). This is
expected given the structural resemblance of the FIRE-
2 bars to the bars having a round shape in model MD
in Athanassoula & Misiriotis (2002).
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Figure 14. The evolution of bar length (top panels) along with the evolution of bar strength (bottom panels) in
ml2b (panel a and b) and in m12f (panel ¢ and d). Top panels: bar length (blue lines with dots), Max(l/I;») (dashed
blue line) and Min(1/I;) (dotted blue line) is shown for m12b (panel a) and m12f (panel ¢) (Aguerri et al. 2000). The black
vertical lines indicate the satellite mergers. Bottom panels: The bar strength As/Ao (dark blue line), A4/Ap (dashed blue
line) and Ag/Ao (dotted blue line) is shown for m12b (panel b) and m12f (panel d). The maximum and minimum values of
I,/ I, are for comparison. The large fluctuations in the bar length measurement are due to oscillations in the bar strength (see
bottom panels) and occasionally due to satellite mergers. The bar length in m12b grows to ~ 2 kpc over a period of more than
5.7 Gyrs and in m12f the bar length is most stable at 2 kpc when bar strength As/Ao > 0.1.

B. BAR LENGTH EVOLUTION

Estimating bar length at different time intervals is es-
sential for determining the orbital time T, = 27r/V.(r)
at the edge of the bars. We estimate the bar lengths of
the FIRE-2 galaxies at multiple time intervals to esti-
mate the orbital time T, (see Section 3.1 and Table 2).
We show two examples of bar length estimation in the
FIRE-2 galaxies m12b and m12f in Figure 14.

In Figure 14 we present the evolution of bar length
for m12b (left panel a and b) and m12f (right panel
¢ and d), estimated with the bar and inter-bar inten-
sity ratio Iy, /I;, from Section A. The bar in m12b grows
steadily in length inside-out for a long duration of 5.7
Gyrs, while, the bar in m12f maintains almost a con-
stant length when bar strength As/Ag > 0.1 (see panel
c in Figure 14). Panels b and ¢ show the evolution of
the bar strength (m = 2) and other even Fourier modes
(m = 4 and m = 6), that are in phase with the evolu-
tion of the higher amplitude of m = 2 mode. Some of
the large fluctuations in the bar length are due to large
perturbations in the disk as a result of mergers (indi-
cated by the black vertical lines), however, most of the
mergers do not affect the bar length estimates.

C. BAR PATTERN SPEED ESTIMATION WITH
THE TW METHOD

In this Section, we present the TW method of pattern
speed estimation of the bars in FIRE-2 in detail. The
TW pattern speed is given by (Merrifield & Kuijken

1995),

ffooo Z(X? Y)VLOS(X> Y)dX

Q,sin(i) = (V)

ST B(XY)XdX (X)

(C2)

where, X & Y are the sky coordinates, ¥(X,Y) and
VLos(X,Y) are the projected surface density and line
of sight velocity on the sky plane. The numerator (V')
and denominator (X) are weighted with surface density
¥(X,Y) along slits that are kept parallel to the kine-
matic PA of the disk, here the x-axis (see panels a and
¢ in Figure 15).

The TW method works best when the galaxy disk is
inclined by ~ 45° to the line of sight of the observer
and the angular separation between the bar PA and the
kinematic PA (x-axis marked with PAk in panel ¢ Figure
15) of the disk is ~ 41°. With the freedom to orient
the simulation volume towards any line of sight, we fix
the galaxy disk at the described orientation as shown
in panels a and b in Figure 15. The TW method is
based on the asymmetry about Y = 0 line in the surface
density and line of sight velocities (red and blue curves
in panels d and e) for slits that are off the X — axis
(red and blue slits in panel a). For each slit, we get a
point in the (V) and (X) plot in panel f. Ideally, all
the points in panel f should lie on a straight line passing
through the origin. Practically, all the points do not lie
exactly on a straight line as in panel f, and we estimate
the bar pattern speed from the slope of the fitted line.
At peak bar strength, the bar pattern speed in m12f is
Q, = 88kms ™ 'kpce .
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Figure 15. Application of the TW method to measure bar pattern speed in ml12f at its peak bar strength. In
the TW method slits are placed on the projected 2D density (a) and velocity map (c) of the galaxy m12f (at maximum bar
strength) along the kinematic PA (PAk) when the disk is oriented at a most suitable inclination of 45° from the line of sight (b)
and the bar PA is ~ 41° from the (PAk) of the disk. PAk is kept along the x-axis (black horizontal line in (c¢)). (d) shows the
surface density distribution and (e) shows line of sight velocity Vios distribution for the middle slit (Y = 0 kpc black curve) and
the extreme slits (Y = 0.5 kpc (blue) and Y = —0.5 kpc (red)). The slope of (V) vs (X) gives the bar pattern speed 2, = 88.5

km s™! kpc~! for m12f at peak bar strength.

In the TW method, the disk is inclined by 45° to the
line of slight and that decreases the bar length by 1/v/2
on disk re-orientation. Hence the TW method fails for
short and weak bars in FIRE-2, m12w, m12c and m12r
even though their bar strength As/Ag|maes > 0.1. For
short and weak bars we find that the surface density
Y(X,Y) and line-of-sight velocity Vios(X,Y) profile
along the two extreme slits (+0.5 kpc) overlap and the
asymmetry about Y =0 in ¥(X,Y) and Vi0s(X,Y) is
lost. The similarity in the ¥(X,Y) and Vi,0s(X,Y") for
different slits leads to large errors in the estimation of
(X) and (V) (Equation C2), which results into wrong
estimates of the slope that is directly related to the pat-
tern speed £2,,.

D. DIRECT ESTIMATION OF BAR PATTERN
SPEED FROM FOURIER PHASE ANGLE

We present the direct measurement of bar pattern
speed in the FIRE-2 galaxies m12b, m12f, m12w, m12c
and Remus, which have nearly constant bar PA (within
+5%; similar to panel ¢ in Figure 3) in the last 22 Myrs
of their evolution. We have 10 high-cadence snapshots

(0.0016 < z, < 0) with a time interval of 2.2 Myr be-
tween subsequent snapshots, for each of which we esti-
mate the bar phase angle ¢ (Equation 3) in an annular
ring of width 200 pc at their bar length R = a,. We
measure the bar length as using the bar and inter-bar
density contrast (see Section A and B). The slope of
¢2|R=a, Vst is the bar pattern speed Q, = d¢/dt.

In Figure 16, we present the evolution of ¢o with time
for bar in the galaxies m12b, m12f, m12w, m12c and Re-
mus. The slope of the fitted lines is the pattern speed
Q, = d¢/dt. We show the bar pattern speed €, (in
kms~'kpc™!) at the bar length as for all the barred
galaxies mentioned above. For m12b and m12f we esti-
mate the pattern speed at two radii close to bar length.

We compare the bar pattern speed estimation by the
direct method as described above with the pattern speed
estimated using the TW method (see Section 3.4). In
Figure 17 we present the comparison of bar pattern
speeds in m12b, m12c and Remus for the last 22 Myrs.
The pattern speed estimation through the TW method
matches with the direct method when the bar is long and
strong. For example, for m12b the pattern speed esti-
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Figure 16. Direct measurement of pattern speed from high-cadence snapshots (0.0016 < z, < 0.0) in the last 22
Myr of evolution of the FIRE-2 galaxies. We measure the pattern speed from the rate of change of Fourier phase angle

¢ = 3 tan"'(b2/az).

mates closely match the value of 89.47 km s~! kpc™!

from the direct method. While for m12c and Remus the
bar length is much shorter. During applying the TW
method an inclination ~ 45° of the galaxy plane with
the line of sight makes the effective projected bar length
further smaller, making it difficult to get a correct esti-
mate of the slope for the (X) vs (VLos) plot. In Figure
18 we present the median pattern speed estimation of
the bars in m12f, m12b, Romeo and Remus for a range
of snapshots where we otherwise cannot apply the direct
estimation of pattern speed. We find that if either the
bar length or the bar strength is low the TW method
cannot be applied. For example, for the bars in m12m,
m12c and m12w the mean bar length is very short (2.49
kpc, 2.12 kpe, and 2.32 kpc respectively) and the bar
strength is also less (0.08, 0.11 and 0.15 respectively),
and the inspection of the fits of (X) vs (Vi,0g) in the
TW method are not reliable in these cases. Thus, the
TW method does not give correct estimates of pattern
speeds for m12m, m12c, and m12w.

E. USE OF TIDAL INDEX TO SEARCH FOR
SATELLITES

We investigate the FIRE-2 galaxy satellites that can
induce bar formation in the disk. Previously many stud-
ies have looked into the formation of bars during galaxy
encounters and flyby events (Lang et al. 2014; Lokas
et al. 2014; Lokas 2018) and found that during the en-
counter of two galaxies, bars form in both galaxies hav-
ing similar masses. Bars also form in the minor galaxy

as it interacts with the more massive one (Lang et al.
2014). Bar formation depends on the orientation of the
satellite galaxy orbit with respect to the direction of
the total disk angular momentum of the more massive
galaxy (Lokas 2018; Cavanagh & Bekki 2020).

To find the satellites we investigate the merger trees of
dark matter halos that are constructed using the codes
ROCKSTAR (Behroozi et al. 2013a) and Consistent
Trees (Behroozi et al. 2013b), that identify dark mat-
ter halos and trace their evolutionary history. We read
the merger trees using the python package halo analysis
by Wetzel & Garrison-Kimmel (2020a) to find out the
instantaneous satellite mass and distance from the host
center of mass. We use the python package gizmo anal-
ysis by Wetzel & Garrison-Kimmel (2020b) to read the
stellar particle positions of the satellite galaxies and find
the retrograde or prograde orientation of the satellite or-
bit. With the motivation of finding the satellites that
may induce bar formation, we search for all the satellites
(Myotar > 107 M) in the FIRE-2 galaxies that undergo
close tidal interactions with the host galaxy.

Figure 19 shows the tidal index I' (Equation 7) of the
satellite galaxies in colored solid circles (color bar range:
—5 < T' < 1), along with their instantaneous DM halo
mass (Mg,t) in x-axis and their instantaneous distance
(Dy) from the host center of mass (y-axis), at each time
snapshot between 6.6-13.7 Gyrs. Note that I" encapsu-
lates the properties of the satellites as well as the host
disk properties (see Section 4.1). In Figure 19 we present
the different satellites in the FIRE-2 simulations, the
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Figure 17. Comparison of bar pattern speed from direct measurement and using the TW method. The black
horizontal line indicates the pattern speed estimated from the direct method and the brown dots represent that from the TW
method at different times between redshift 0.0016 < z, < 0.0. TW measurements at some snapshots do not give a good fit and
are not plotted. (A2/Ao) and (Lg) are the mean bar strength and mean bar length for the same snapshot range. Bar length at
each snapshot is measured using Method 4 in Section 3.3. TW method pattern speed matches with the direct method pattern
speed for the bars with high strength and longer length like m12b, while it does not match for bars with lower strength and
shorter length, like m12c and Remus.
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Figure 18. Median bar pattern speed measurement using the TW method from a range of time steps when
the bar has maximum strength. The pattern speed estimation through the TW method is possible for bars in m12f, m12b,
Romeo, and Remus with high strength and long in length (see Figure 17). The black horizontal line indicates the median of
the pattern speeds measured at each snapshot (brown dots) using the TW method and the median value lies between 70-84 km
s™! kpc™! for the three galaxies. The dark grey shades indicate the 1o and 20 regions. (A2/Ao) and (Lg) are the mean bar
strength and mean bar length for the same snapshot range. Bar length at each snapshot is measured using Method 4 in Section
3.3 from Aguerri et al. (2000). The bar in Remus is shorter in length and weaker in strength compared to m12f, m12b, Romeo
and hence the pattern speed measurement is less reliable for Remus. We summarise the pattern speed estimations for all the
FIRE-2 galaxies in Table 3.

maximum tidal index I';,4, and the corresponding time
(in Gyrs), for each simulation.

We find that the galaxies m12f, m12¢c, m12r and Louise
undergo the highest tidal index interaction after 10 Gyrs
of evolution when bar formation takes place, while the
rest have their largest interaction in the early stages of
evolution. One exception is m12b where the bar forms
early (~ 8 Gyrs). While studying bar formation in the
FIRE-2 galaxies we search for the satellite interactions
close to the bar formation time. We investigate the high

I" satellites that are close to the bar formation time and
enlist the satellites and their properties in Table 4.

We test the effect of choosing a lower limit of I
(' < —2.45). We find that such a choice will increase
the number of satellite interactions, but the new inter-
actions will not be leading the bar formation process
in these simulations. For example in the simulations
m12f, m12b and m12r, we still have the strongest satel-
lites (shown in blue in Figure 6) playing the major role
in bar formation. A lower cutoff of tidal index will in-
crease the number of satellite galaxies in m12m, m12w,
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m12c, Romeo and Remus, that we present in Section 4.2
to be forming during the internal evolution of the disk.
However the new satellites (see Figure 20) do not have
their pericenter passages or mergers within 10 dynami-
cal time of the bar formation in these galaxies. Hence,
selecting a lower limit of I' does not seem to affect our
results.

F. RARE SATELLITE INTERACTIONS IN M12M,
REMUS, M12W, M12C AND ROMEO

In this Section, we present a few cases of satellite inter-
actions in m12m, Remus, m12w, m12c and Romeo that
are either very weak with a low tidal index (I' < —2.45)
and/or the time of interaction with the host galaxy disk
is a lot early to bar formation (more than 10 dynami-
cal times), such that bar formation can not be causally
related to the satellite interaction (see Figure 20). We
present the quantitative measurements of the highest
tidal index satellite interactions in m12m, Remus, m12w,
m12c and Romeo in Table 4. Two of the strongest satel-
lite interactions for Romeo are in retrograde and polar
orbits (cos fyrpit ~ —0.6 and -0.04) and also more than
1.7 Gyr early (> 50 dynamical times) to bar forma-
tion. The interactions in Remus are not only very weak,
but the interactions happen either after the bar has al-
ready formed in the disk or more than 1.5 Gyr early

(> 40 dynamical times) to bar formation. The ineffec-
tiveness of the satellite interactions is similar in the case
of m12m and ml2w as they impart weak tidal forces
(with low T' =-3.45, -4.61 for m12m and T' =-4.47 for
m12w) and/or the interactions are more than 10s of dy-
namical times before bar formation (33 Tgy, for m12m
and 25 Ty, for m12c). So the bars in these galaxies
form as a result of the internal evolution of the disk.

G. KINEMATIC COLDNESS OF DISKS IN FIRE-2

In this Section, we present the history of the kine-
matic coldness of the stellar disks for the FIRE-2 barred
galaxies (m12m, m12w, m12c and Remus) in Figure 21
and the unbarred galaxies (Juliet, Thelma and Romulus)
having central bulges in Figure 22.

We note that among the barred galaxies m12m, Re-
mus, m12w and ml2c have similar kinematically cold
inner disk (r < 5 kpc) at later stage of evolution (> 11
Gyrs), even though the outer disk is kinematically hot-
ter for m12w and ml12c compared to the colder disk in
m12m and Remus. The kinematic coldness of the inner
disk is important for the bar instability to grow.

In Figure 22, both the disks in Juliet and Thelma ap-
pear to be kinematically hotter compared to the disk in
Romulus, however, none of them show a bar instability,
probably due to the presence of stellar bulge.
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Figure 19. The tidal index I' of all the satellites within a distance of 100 kpc from the host center, in the 13
FIRE-2 galaxies for a time period of 6.6-13.7 Gyrs of evolution. The points in each panel represent the satellites at
each snapshot with their instantaneous DM halo mass Mq: (in Mg) on the x-axis and the instantaneous total distance from
the galaxy center Dy (in kpc) on the y-axis. The tidal index of the satellites for all the simulations, I" is shown with the color
bar in the range —5 < I' < 1. All satellites having I' 2 —2.45 may impart significant tidal force to the stellar disk. Often the
time of the maximum tidal impact by a satellite (i.e., time of Max I" for each simulation) does not coincide with the time of bar
formation.
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Figure 20. Low tidal index satellite interactions in m12m, Remus, m12c, m12w and Romeo. Top panel for each
simulation: Evolution of bar strength (shown with color bar in the range: 0.0 < Az/Ap < 0.2). The dark reddish patch in
the central region (radius < 2 kpc) in the top panels shows the presence of the bar. Bottom panel for each simulation:
Evolution of scaled tidal index I' for the highest tidal index satellites close to bar formation. Colours and lines are same as
Figures 6. We highlight the bar in m12w and m12c with dashed rectangular boxes as their duration in the disk is short. In
the galaxies m12m, m12c, Remus and Romeo, the satellite interactions are less impactful with low tidal indices (I" << —2.45).
Even though the satellite in m12¢ has high I' (> —2.45), it forms bar after 22 dynamical times, too long to be causally related.
Apart from low tidal index, the time of maximum tidal impact of the satellites and the time of formation of the bar (around
Az /Ap ~ 0.1) is well separated such that satellite interactions cannot be the reason of the formation of the bars in these systems.
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Weak bars and kinematic coldness of the stellar disk. The history of bar strength (A2/Ao) evolution

(top panels for each simulation with color bar for bar strength: 0.0 < A2/A¢ < 0.2) along with kinematic coldness parameter
faisk(r) = My e>0.7/M, of the stellar disk (bottom panels for each simulation with color bar: 0.0 < fgisr < 1.0) for all the
barred galaxies in FIRE-2 (same as Figure 11). The bars in m12m and Remus form in kinematically hotter disks than m12b
and m12f, during the internal evolution of the disks. m12w and m1l2c are short bars that arise in disks that are not so cold

kinematically.
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Figure 22. Unbarred galaxies and the kinematically hotness/coldness of their stellar disks. The colors and axes
are the same as Figure 11. Thelma is a failed bar with A2/A¢ < 0.1. Juliet have a bulge at its center and a kinematically hot
stellar disk. Romulus has a bulge at the center but the outer stellar disk is relatively cold kinematically.
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