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ABSTRACT

Context. Galactic bars are found in the majority of disc galaxies. They rotate nearly rigidly with an angular frequency called pattern
speed. In idealised simulations, the bar pattern speed generally decreases with time due to dynamical friction exerted by the dark-
matter halo, while cold gas can reduce or even reverse this trend.

Aims. We want to understand how different galaxy properties affect the evolution of the bar pattern speed in more realistic situations,
including ongoing star formation, mass infall, active galactic nucleus (AGN) feedback, and galaxy interactions.

Methods. We traced the pattern-speed evolution of simulated bars in the TNG50-1 cosmological simulations.

Results. Simulated bars with an initially high pattern speed and a subsequent rapid slowdown are more likely found in more massive
galaxies. Lower mass galaxies, on the other hand, preferentially host bars that start at relatively low pattern speeds and retain the same
value until the end of the simulation. More massive simulated barred galaxies are also more affected by the AGN-feedback model,
which very efficiently removes the cold gas that could have prevented the slowdown.

Conclusions. We find that bars grow and strengthen with slowdown, in agreement with higher resolution simulations. We find that
strong correlations between the bar slowdown rate and galaxy mass weaken considerably when we use dimensionless measures to
quantify the slowdown. In TNG50, the AGN-feedback prescription amplifies the mass dependence. Turned around, this provides an

interesting statistic to constrain sub-grid physics by bar growth and slowdown.
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1. Introduction

Bars are ubiquitous in spiral galaxies in the local Universe,
with roughly two-thirds of them hosting a bar in their inner
disc (Eskridge et al. 2000; Menéndez-Delmestre et al. 2007;
Sheth et al. 2008; Masters et al. 2011; Cheung et al. 2013; Erwin
2018). Recent discoveries by the JWST show that bars are also
frequent at higher redshifts (Guo et al. 2023; Costantin et al.
2023; Le Conte et al. 2024).

The rotation rate or ‘pattern speed’ €, of bars was ini-
tially believed to stay constant with time, but numerical sim-
ulations of isolated galaxies have shown that €, can decrease
owing to the dynamical friction of the bar against the dark-matter
halo (Sellwood 1980; Weinberg 1985; Little & Carlberg 1991;
Debattista & Sellwood 1998; Athanassoula 2003), in agreement
with findings for the Milky Way bar (Chiba et al. 2021). Cold
gas, on the other hand, loses its angular momentum to the bar
as it is driven into the nuclear region, which reduces and may
even reverse the bar slowdown, which in turn tends to diminish
the bar strength (Friedli & Benz 1993; Villa-Vargas et al. 2009,
2010; Athanassoula et al. 2013; Athanassoula 2014; Beane et al.
2023).

A dimensionless measure for the bar rotation rate is the ratio
R = Rcr/Lpar of the corotation radius Rcr (Where the circu-
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lar frequency of stars rotating in the disc equals €2,) and the
bar length is Ly,. Theoretical arguments based on the extent
of bar-supporting orbits require R > 1 (Contopoulos 1980). Bars
with R < 1.4 are conventionally regarded as ‘fast’, and those
with R > 1.4 as ‘slow’ (Debattista & Sellwood 2000). While
observational estimates of R are plagued by various difficul-
ties, which may lead to spurious findings of ‘ultra-fast’ bars
(R < 1, Cuomo et al. 2021), most observed bars appear to be
fast (Corsini 2011; Aguerri et al. 2015; Guo et al. 2019). This
seems to be at odds with emerging cosmological simulations,
which produce slow (Algorry etal. 2017; Peschken & Lokas
2019; Roshan et al. 2021) or short bars (Frankel et al. 2022).
The findings of Fragkoudi et al. (2021) suggest that this tension
lessens with increasing resolution of the simulated barred galax-
ies.

In this study, we trace the pattern speeds of a sample of
simulated barred galaxies from the TNG50-1 run of the Illus-
trisTNG suite of simulations (Pillepich et al. 2019; Nelson et al.
2019b,a). We aim to identify factors that affect the time evolu-
tion of €, and to relate them to the knowledge acquired from
isolated idealised N-body experiments. One goal of this work is
to understand how the astrophysics implemented in TNG50 via
sub-grid models affects the pattern speeds of bars and their time
evolution.

The paper is structured as follows. Section 2 briefly intro-
duces the simulations and the sample of simulated barred
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Fig. 1. Example barred galaxy at z = 0 with marked boundaries of the
bar region derived as outlined in Sect. 3. The maximum of A, amplitude
for this snapshot is 0.38.

galaxies that we considered in our analysis. Section 3 details how
we measure £,. In Sect. 4, we correlate averaged properties of
bar slowdown and host galaxies and identify the most relevant
ones. Section 5 describes the relation between bars simulated in
TNGS50 and AGN feedback that we found to occur in the sim-
ulation. In Sect. 6, we discuss our findings in a broader context
and summarise them.

2. Sample selection

IlustrisTNG is a suite of magnetohydrodynamical cosmolog-
ical simulations that tracks the formation and evolution of
galaxies. Besides gravity and magnetohydrodynamics, it also
numerically approximates, via so-called sub-grid models, many
other physical processes that are relevant to galaxy evolu-
tion (such as star formation), the growth of supermassive
black holes (SMBHs), and feedback from both AGNs and
stars. The run TNGS50-1 has the highest resolution, with a
typical stellar particle mass of 8.5 x 10*M, and a gravita-
tional softening length of 288 pc. Different aspects of bars
in TNG50-1 were previously studied by Rosas-Guevara et al.
(2022), Frankel et al. (2022), Izquierdo-Villalba et al. (2022),
Zanaet al. (2022), Ansar & Das (2024), Lopez et al. (2024),
Rosas-Guevara et al. (2024), Anderson et al. (2024).

First, we used a list of 105 galaxies with bars at z=0
compiled by Rosas-Guevara et al. (2022). We measured the
azimuthal Fourier transform 3, of the surface density of these
galaxies at snapshot 86 (which is z = 0.17; i.e. ~2.1 Gyr before
the end of the simulation), obtaining the relative m = 2 ampli-
tude A, = |22|/5:0. To ensure sufficient signal, we cut the sam-
ple to those 79 simulated galaxies for which the maximum is
A, > 0.2 and for which the number of star particles inside the
radius of this maximum exceeds 5x 10*. This excludes objects in
the original sample that only form a bar later on, such that their
bar history is too short to meaningfully study bar evolution.
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After this initial selection, several simulated galaxies still
have several snapshots where our method did not work. A visual
inspection revealed that the measurements were affected by var-
ious factors substantially disturbing the bar shape. These factors
were strong interactions with external galaxies passing through
the bar (minor mergers), very strong m = 2 spiral arms, and
double bars (see Semczuk et al. 2024). Additionally, a few other
cases have very weak, round bars that marginally pass A, > 0.2
in some snapshots, but are too weak to allow the tracing of the
continuous evolution of the pattern speed in others. After reject-
ing these cases, we are left with a final sample of 62 simulated
galaxies with stellar masses in the range of 10'°—10"> Mg at
z=0.

3. Measurements of the bar pattern speeds

To track the evolution of the bar pattern speeds, €2,, we employed
the program patternSpeed.py (Dehnen et al. 2023), version
0.5.3. The program uses the instantaneous method derived and
described by Dehnen et al. (2023), which obtains the pattern
speed as the time derivative,

dy oY dx;
Q= = Z =.

— 1
ox; dt ’ M

of the m = 2 Fourier phase ¢, which is widely used to track
the bar orientation. Particles can enter and leave the radial range
(bar region) over which ¢ and €, are measured, which can lead
to systematic errors of 5-25% (Dehnen et al. 2023) if not cor-
rectly accounted for. In order to take this radial flux into account,
the bar region must have smooth radial boundaries, such that
Oy /OR is finite and the effect of particles entering and leaving
is fully incorporated by their radial velocity. patternSpeed.py
has already been widely used to estimate the pattern speed of
bars in simulations (e.g. Bland-Hawthorn et al. 2023; Hey et al.
2023; Machado et al. 2024) and also in 6D data of real galaxies
(Jiménez-Arranz et al. 2024; Zhang et al. 2024).

The new method used to identify the bar region (from which
€, is measured) that is in version 0.5.3 is somewhat different
from that described by Dehnen et al. (2023). In particular, we
measure, for a range of overlapping annuli, the relative azimuthal
Fourier amplitudes, A, = Iﬁml /2o, of the surface density and
define, for each annulus, the bar strength as

s=[a3+Az+ a2 - [a]+ A3+ A2)" 2)
Where § > 0.1 at any radius, the bar region is identified as the
range of annuli for which S > 0.025, and the Fourier phases
Ym=2 are within a 15° interval. An example bar region derived
with this new method is compared with the density distribution
of one of the simulated galaxies in Fig. 1, where it successfully
separates the bar from the extended spiral.

Figures 2 and 3 show typical pattern-speed evolutions for
bars from the considered sample (dots). Also shown (vertical red
dashed lines) is the time, fagn, at which the cumulative amount
of kinetic AGN-feedback energy injected into surrounding gas
reaches the threshold of 10" Mo/h(ckpc/h)z/(0.978 Gyr/h)z.
We find that this coincides well with the carving out of the gas
hole in the simulated discs, caused by the kinetic feedback (in
conjunction with the fact that the cold gas phase is not realisti-
cally modelled at the resolution of these simulations). A larger
bar slowdown occurs preferentially after fagn, as we discuss in
Sects. 4 and 5. In the top row of Fig. 2, we show four cases
where the bar starts rotating at high absolute values of €, >



Semczuk, M., et al.: A&A, 692, A159 (2024)

200

i i i i i
S e i i i
1504 ’V~: ID=394621 s ID=414917 i : ID=503437 : ID=565089
5 + K S : !
o ® - i i
= 1001 4 is 1 :ﬂ.’“ < +‘¢ : ) :
= e
¢ ! ! v -, |
1 ! ] ! ] ° :M A \*
1 1 1 1
1 1 1 1
1 1 1 1
0 T L T T T T rl T T T T T L T T T T T 2 T T T
2 4 6 8 10 12 14 6 8 10 12 14 6 8 10 12 14 4 6 8 10 12 14
100
80 g 1
ID=117258 ID=608386 ID=519720 + ID=585282
E 60 4 Y 1 ee
[©) ¢+ Ipe, %00 %0q00,
4 . . Q (o T
= P 00y shene, L) Poeontooga, o0 ce
— L] ) L] (4 ' 0)
] 0000%e0 0 e, ] [ 4 + Laa LX) 1
& 4076 o%° 0 ay0en 00 e00teceee #‘,‘V ‘o:....w.’:’%'ﬁo.o,‘ﬂ-.\ + o
¢
201 B
0-— T T T T T T T T T T T T T T T T T T T T T T T
8 9 10 11 12 13 14 6 8 10 12 14 6 8 10 12 14 8 9 10 11 12 13 14
time [Gyr] time [Gyr] time [Gyr] time [Gyr]

Fig. 2. Eight examples of bar-pattern-speed evolution (the IDs given are for z = 0) with significant slowdown (top) or little evolution (bottom).
The time axis begins with the first snapshot where a bar is detected. Dashed vertical red lines indicate the time 56y When kinetic feedback from
the AGN reaches a threshold that coincides with the appearance of a hole in the simulated gas discs.
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Fig. 3. Same as Fig. 2, but for four cases with somewhat irregular pattern-speed evolution. Blue and cyan lines show the relative distance between
the host barred galaxies and an impacting interacting galaxy, whose total maximal masses M. prior to the interaction and distance of closest

approach are indicated.

100 Gyr~! and then drastically slows down to ~50 Gyr~'. Inter-
estingly, Guo et al. (2019) found a few observed galaxies with
Q,sini > 80 Gyr™! that would match the values of these simu-
lated bars in the rapid slowdown phase. In the bottom panel, bars
exhibit a different behaviour; their , ~ 40-60 Gyr‘l remains
approximately constant throughout the evolution.

Four examples with more irregular behaviour are shown in
Fig. 3, where we also plot (blue) the time evolution of the dis-
tances to the interacting or merging companion galaxies. The
first and third cases experience a minor merger (that ends at ~13
and ~10 Gyr, respectively), while the second and fourth are sub-
ject to fly-bys. The result of these interactions may vary from a
wiggle pattern in case one, through small jumps in cases two and
three, to a step-like jump in case four. We note that case four is
the most extreme jump within our sample. These irregularities
increase the noise when one attempts to find the main determi-
nants for the secular evolution of bar pattern speed.

Figure A.1 shows the time evolution of the pattern speed
of the remaining cases from our sample of simulated bars. It
demonstrates the spectrum of behaviours, together with the fre-
quency of fluctuations.

4. Bar slowdown and properties of galaxies

Previous studies of the slowdown of bars often used idealised
numerical experiments where the total amount of dark matter
and baryons is conserved or some components are injected arti-

ficially in order to understand its influence. While these are
instructive, they are also unrealistic, since galaxies accrete mass,
form stars, and interact with other galaxies throughout their his-
tory. The evolution is typically strongest in the earlier phases,
which often coincide with the bar formation. Cosmological sim-
ulations therefore offer a more realistic view on the combina-
tion of these effects on the bar evolution, albeit at a somewhat
reduced numerical resolution.

4.1. Absolute slowdown

From a quick look at the examples in Fig. 2, a simple conclusion
can be drawn that simulated bars that form with high absolute
values of , slow down by a lot over their evolution, while those
that start from lower values retain a similar speed over its course.
To verify this conclusion, a correct determination of the bar for-
mation time is needed, since, if this is mistakenly derived by
some automatic method at later times in cases from the top row
of Fig. 2, it may appear similar to the cases for the bottom row.
For this reason, we determined the bar formation time by visual
inspection of the surface density of stars in three projections (to
make sure that the existence or not of the bar is not affected by
the wrong inclination), a map of the average radial velocity vg,
and the radial profiles of m = 2 Fourier analysis. Three exam-
ples of main plots used to determine the bar formation times are
provided in Appendix B. In several cases, bars formed at high
redshifts were destroyed, and later a new bar emerged. When
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this happened, we took the last bar formation time, which lasted
until z = 0, to consider in our analysis. In Fig. 4, we show the
dependence of the initial pattern speed of bars € ;ni; (measured
by averaging the values of the first six snapshots after bar for-
mation in order to reduce noise) on the bar formation time #¢o;y
defined as above, colour-coded according to the total stellar mass
(also averaged in the first six snapshots after bar formation). Bars
that start with larger values of Q, tend to form earlier. The figure
also shows that our sample covers a continuous range of Q iy
and f¢;m values.

In the top section of Fig. 5, we plot the initial bar pattern
speeds against the final-to-initial ratios of the pattern speeds. We
stress that the final and initial values used for this and the follow-
ing plots Xgnaliniial = (X)n,,, Were averaged in the first (or last)
Nayg = 6 snapshots to smooth out any small deviations, such as
those discernible in Figs. 2 and 3. Changing the length of this
averaging interval did not affect the general conclusions drawn
from this and other plots. As inferred earlier from the exam-
ples in Figs. 2 and 3, €, i strongly determines the amount of
slowdown of bars. This can be understood based on findings of
Athanassoula (2003). Bars that have high values of ;, have their
resonances embedded at smaller angular momentum and energy
in dark matter haloes, where density is higher and so more mate-
rial is present that can take the angular momentum. While the
statistics of this correlation can be increased by correlating A ver-
sus B/A, this way of quantifying it does not determine its slope.
If there had been no slowdown, it would have been a straight line
at Qp,ﬁnal/Qp,init ~ 0.

Having established that €,y is a crucial parameter in the
evolution of €, we looked for additional correlations between
Qpinit and various galaxy properties. Galaxy properties that we
checked were the masses of stars, gas (‘cold’; i.e. T < 104K,
star-forming, and total), and dark matter measured within the
stellar half-mass radius ry.; the ratios of stars to dark matter; the
gas fractions; the half mass radii of stars and dark matter; ry,. and
rn,pMm; the initial values of R and the maximum circular velocities
Ve.max. To find the rotation curve and its maximum we calculated
the accelerations of stellar particles using the Griffin code that
employs the fast multipole method as force solver (Dehnen 2000,
2014).

We looked for correlations of the initial pattern €2 inie With
various global properties of the simulated galaxies. In the bot-
tom three panels of Fig. 5, we show those with Spearman corre-
lation coefficient |p| > 0.6. We confirmed with the permutation
test that the coefficients |p| > 0.6 were statistically significant by
finding their P-values <0.0001. We found that €, correlates
with stellar-to-dark-mass ratios M, /Mpy and the maximum cir-
cular speed V. max, but anti-correlates with the cold gas fraction.
We think that M, /Mpym and cold gas fractions are affected by
an artificial correlation between bar slowdown and AGN feed-
back (more details in the following section). In the bottom panel
(plotting fsas vs. Qp inic), We use colour to indicate the difference
between tagn, Which coincides with the kinetic-feedback-driven
central gas holes (defined in Sect. 3), and the bar formation time.
Galaxies that reached the kinetic feedback threshold at rogN are
also more likely to have their gas heated by the AGN during the
thermal feedback mode (since thermal energy emitted is propor-
tional to the accretion rate, which at the same increases SMBH
mass — a determining parameter of the switch between the two
modes), which reduces the amount of cold gas.

There are two possible explanations for the correlation
between V¢ max and Qp iy First, in more massive haloes every-
thing rotates faster, and this might transfer to newly formed bars.
Another explanation is that, since the particle resolution is fixed
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lated galaxies, averaged over the first six snapshots after bar formation.
Spearman’s correlation coefficient p is indicated.

in this simulation, more massive galaxies are better resolved,;
therefore, they can experience this initial phase of very high
absolute pattern speed, while for the less massive objects the low
resolution prevents this from happening.

4.2. Relative slowdown

As shown in the previous subsection, the initial absolute pattern
speed and therefore the absolute slowdown of bars scales with
the V. max of galaxies. This scaling means that comparing the
absolute values may be a bit misleading. To look at the problem
in a more dimensionless manner, following Chiba et al. (2021)
we adopted the slowing rate parameter 1 = —Qp / Q}% =dQ, l/de
and define an averaged slowing rate more suited to our numerical
study,

AQL /A 11 1 1
O

) =—g—— =
i Qp,init

Qp,init Qp,ﬁnal At Qp,ﬁnal

where At is the time between measuring €2, finai and € inigial -

The top two panels of Fig. 6 show the correlations between
() and € ;nic and V, max. Mean slowing rate scales with these
two values, just as £2p fina/ €y inic. However, when we normalise
the Qpinic With a characteristic frequency defined as Qcpyr =
Q.(rp), the correlation is no longer there (middle panel of
Fig. 6). This is unsurprising since Qe approximately scales
with V. max, which, as we found, correlates with €, ;ni¢. The lack
of correlation in this space reinforces the notion that the galaxy
mass (and therefore resolution) scaling may be the dominant fac-
tor determining €, inii. The weakening of the correlations is also
seen in the two bottom panels of Fig. 6, where we look into the
initial stellar-to-dark-mass ratio and cold gas fractions (already
dimensionless).

4.3. Slowdown and the evolution of bars

When bars slow down, the position of the bar resonances moves
outwards, thus enabling the trapping of new stars and an increase
in bar size. It is still under debate at what rate both things occur,
which influences the evolution of R. It has long been known that
R is a problematic parameter for calculating in observations and
simulations. Because it is a ratio, a small deviation in the denom-
inator can change significantly its value and physical interpreta-
tion. Simulations have shown (e.g. Michel-Dansac & Wozniak
2006; Ghosh & Di Matteo 2024) that the bar length, that is,
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Fig. 5. Correlations between initial bar pattern speeds of €, ;i and its
ratio with the final value Q, gy, (top panel), the stellar-to-dark-mass
ratio measured within the stellar half-mass radius M., /Mpy(r < rps)

(second top), normalised initial pattern speeds of bars Qp i/ Qchar (mid-
ratio measured within the stellar half-mass
radius M, /Mpm(r < ry.) (second bottom), and the cold gas fraction fo,,
(T < 10*° K) also measured inside r < r,, (bottom). The colour-scale
for the bottom panel is the same as for Fig. 5.

dle), the stellar-to-dark-mass

(second top panel), the maximum circular velocity V. m.x (second bot-

tom panel), and the cold gas fraction fy (T < 10*° K) also measured
inside » < r,. (bottom panel). The values are averaged from six con-
secutive snapshots at the bar formation. The colour in the bottom panel
marks the difference between the times when AGN-feedback prescrip-
tion switched from thermal to kinetic and the bar formation times (or
black crosses if this switch never occurred). In each panel, Spearman’s

correlation coeflicients p are provided.

the denominator in R, is a very problematic parameter to mea-
sure. It is also true for the methods we used for the analysis
of this simulation, and an example is shown in Fig. 7. In the
top panel, we show the time evolution of the bar length Ly,
assumed to be the outer radius of the bar region, as calculated
by patternSpeed.py (Dehnen et al. 2023), and the corotation
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Fig. 7. Example of time evolution of bar length Ly, and corotation
radius Rcg (top) and their ratio R = Rcr/Lp. (bottom) for a barred
galaxy of ID=333425 at z = 0. A black dashed horizontal line marks
the customary boundary of R = 1.4 between relatively fast and slow
bars. While the average evolution of the bar length and the corotation
radius is stable, small deviations in both of them make the ratio noisy,
which complicates the interpretation of the values of this parameter.

radius Rcr, which was calculated using the pattern speed mea-
surements and the rotation curves as described in Sect. 4.1. We
note that the primary purpose of the outer bar region given by
patternSpeed.py is to estimate , and that using it as an Ly,
is a rough proxy. The bottom panel shows the time evolution of
the ratio of these two parameters (i.e. R with the marked bound-
ary separating the slow and fast bars). We see that while the aver-
age time evolution of the Ly, and Rcg shows a stable increasing
trend, its ratio has a very noisy pattern, where the classification
from the slow-to-fast bar changes multiple times. Rcr fluctuates
in this example galaxy because of its strong spiral structure, as
described by Wu et al. (2016). Because of the difficulties pre-
sented in this example, we abstain from analysing the time evo-
lution of R as the noise combined with a sharp numerical limit
of R may lead to false conclusions. Instead, we focus on looking
directly at the co-evolution of bar slowdown and growth of the
bar.

Figure 8 shows the correlations between the ratios of the
final-to-initial values of bar lengths Ly, and pattern speeds €,
(top) and corotation radii Rcg (bottom). Both figures confirm
that when bars slow and the corotation radii grow, they also
increase in size. The growth of the corotation radius is greater
than the growth of the bar size for the galaxies that slow down
more and reside in more massive galaxies. In the bottom panel
of Fig. 8, we plot a line of Rna/Rinic = 1 and colour the points
with values of the mean slowing rate (17). Bars that slow down
more lie over the plotted line; therefore, their R would increase
and they would also slow down in terms of this parameter. Bars
with low values of (1) lay below the dashed line, which would
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Fig. 8. Correlations between final-to-initial ratios of pattern speeds €,
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Rina/Rinit = 1. The colour of points in the top panel indicates the
mean slowing rate (r7). The bars that slow down more lie above the
Riinat/Rinit = 1, which means their R goes up and they also slow down
in terms of R.

imply that they speed up in terms of R. While their €, remains,
on average, constant throughout their evolution, the decrease in
R is caused by the noise, as in the example in Fig. 7. While the
bar length is already a noisy parameter, its initial values suffer
more from noise, since bars are usually weak in their early evo-
lutionary stages and strengthen with time.

Besides looking at the growth of the bars in their sizes, we
also looked at how their final properties are related to the slow-
down. Figure 9 shows the correlation between €, fina1/€2p init and
the final bar pattern speed, length, and strength. The bar strength
here is defined as the maximum of the m = 2 Fourier amplitude.
We find that bars that slowed down significantly end up stronger,
longer, and with lower absolute pattern speeds than those that
retain an approximately constant pattern speed. Bars that do not
slow down do not reach amplitudes higher than 0.4-0.5. This
correlation is in agreement with the findings of Athanassoula
(2003) from the simulations of isolated galaxies. Bars grow-
ing stronger and longer is also exacerbated by their low gas
fractions, since gas has long been known to hamper the bar
evolution (e.g. Athanassoula et al. 2013). Low gas fractions are
linked to AGN feedback (see the bottom of Fig. 5 and Sect. 5),
which in TNG100 was also linked to the growth of stronger bars
(Rosas-Guevara et al. 2020; L.okas 2022a,b).

5. Bar slowdown and AGN-feedback relation

The AGN feedback in the IllustrisTNG suite is constructed with
two modes: thermal and kinetic (Weinberger et al. 2017, 2018).
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Fig. 9. Correlations between final-to-initial pattern-speed ratio and the
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maximum of the m = 2 Fourier amplitude. Red points mark cases with
more irregular evolution of €,. Bars that have slowed down signifi-
cantly tend to grow stronger and longer and have lower absolute pattern
speed.

The SMBH is first seeded with an initial mass of 1.2 x 10° Mg,
at which point the mass of the galaxy exceeds 7.4 x 10'°M,
and thereafter grows through mergers and gas accretion. AGN
feedback is modelled initially in a thermal model, where energy
is transferred to the surrounding gas. Once the SMBH reaches
a mass of 108 Mo, the feedback prescription is switched from
thermal to kinetic mode, where both energy and momentum are
transferred to the gas. Shortly afterwards, at around fagN, the
feedback quickly creates a large central hole in the gas distribu-
tion, reaching 2—8 kpc in radius.

We noticed a correlation between the time evolutions of bar
pattern speeds and stellar half-mass radii: cases of decreasing
Q, have growing r., while for near-constant Q, also ry,. stayed
constant. This behaviour is summarised in Fig. 10. The explana-
tion is that bars that slow down more reside in galaxies whose
SMBHs grow earlier and faster. For these galaxies, the simula-
tion prescriptions switch feedback earlier to kinetic mode, which

8.4

=
o
|

Qp flnaI/Qp init
o
(6]
©
o
l0g(Mgn/M o)

0.11 7.6

h, final/Th*, init

Fig. 10. Correlation between final-to-initial ratios of the stellar half-
mass radii of the barred galaxies and the bar pattern speeds. The colour
bar marks the final mass of the SMBH of those galaxies. Those galax-
ies where the SMBH lies above the threshold of 108 M,, had their AGN
feedback switch to kinetic mode. We argue in the text that this corre-
lation is at least partly a result of the AGN-feedback prescription of
IlustrisTNG.

clears the gas from the inner parts of the galaxy. The formation
of these holes and the distribution of gas, which is a star for-
mation fuel, can be seen in the top row of Fig. 11, where the
examples are the same as in Fig. 2. This gas removal has two
effects. First, it limits star formation to the outer parts, which
results in enhanced increase of .. Second, removing cold gas
from the vicinity of the bar prevents gas inflow and the asso-
ciated angular momentum gain by and weakening of the bar;
that is, it shifts the balance towards bar slowdown and strength-
ening. Thus, we expect that the correlation between r, and the
amount of slowdown of simulated bars is created or at least exac-
erbated by the specific way AGN feedback is implemented in
MlustrisTNG. Another consequence of this relation is that aver-
age galaxy properties measured at or within ry,. are affected by
the AGN-feedback-driven evolution of r,, confusing the inter-
pretation of any correlations.

After the publication of our paper, Frosst et al. (2024) con-
firmed our findings on the connection between bars and AGN
feedback in TNGS50.

6. Discussion and summary
6.1. Discussion

We found a continuous distribution of pattern speed evolutions
in the considered sample. In terms of the evolution of the abso-
lute values, the behaviour ranges from those starting at very high
pattern speed, €2, and later slowing down drastically, to those
for which Q, starts at a lower value and remains roughly con-
stant. We found that the change in this behaviour correlates with
the galaxy mass (quantified by V max). Since the stellar particle
masses in TNG simulations do not vary much, the more mas-
sive galaxies are better resolved than the less massive ones. This
suggests that evolution differences in €, in this simulation suite
are affected by resolution. Indeed, Frankel et al. (2022) found
that €, of bars simulated at an eight times lower mass resolution
(TNG50-2 vs. TNG50-1 with otherwise identical initial condi-
tions) is on average more than two times smaller. Similarly, the
(initial) Q, of bars formed in isolated idealised simulations with-
out gas decreases with resolution (e.g. Sellwood & Debattista
2009), though much less so than found by Frankel et al. (2022).
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This resolution effect exacerbates the effect shown in Fig. 10
and discussed in Sect. 5 of enhanced bar slowdown as a con-
sequence of gas removal due to stronger AGN feedback in more
massive galaxies. As the latter is at least to some degree unrealis-
tic, it appears that simulated bar slowdown is plagued by numer-
ical artefacts in several ways.

The AGN-feedback prescription is another factor that is tied
to galaxy mass (and resolution) and shapes the bar pattern speed
evolution, as discussed in Sect. 5. For more massive galaxies,
the AGN switches to kinetic feedback earlier, removing the
cold gas from their inner parts and preventing gas inflow that
would otherwise oppose the slowdown. Therefore, it is not yet
clear to what extent the mechanism of the bar gaining angular
momentum from the gas and losing it to the halo (which was
confirmed in idealised isolated simulations by Friedli & Benz
1993; Villa-Vargas et al. 2009, 2010; Athanassoula et al. 2013;
Athanassoula 2014; Beane et al. 2023) applies in more realistic
simulations or even real galaxies.

A natural next step in the investigation of physics behind bar
slowdown in cosmological setups, with ever-changing galaxy
components, is to use higher resolution, but also a range of ide-
ally more realistic sub-grid prescriptions of all unresolved pro-
cesses, but in particular AGN feedback. This would show the
extent to which the simulations converge and the results reported
here are artefacts of the simulation prescriptions or are general
laws ruling the bar pattern speed evolution. While higher reso-
lution cosmological runs are very expensive, zoomed-in simu-
lations such as Auriga (Grand et al. 2016) are more affordable
and can give some partial answers. The changes in terms of
R (Fragkoudi et al. 2021) suggest that the evolution of €, is
also different from TNGS50. Another possibility for future explo-
rations of the bar slowdown could be a more detailed analysis
of this sample of galaxies by, for example, looking into dark-
matter distribution during the bar slowdown for those bars that
have their gas removed.

6.2. Summary

In this work, we studied the pattern speed evolution of a sam-
ple of 62 simulated barred galaxies from the TNGS50-1 run
of the magnetohydrodynamical cosmological suite [llustrisTNG
(Pillepich et al. 2019; Nelson et al. 2019b,a). We used our recent
code (Dehnen et al. 2023) to measure the bar pattern speeds from
individual snapshots. We found bars that start their evolution
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with high absolute values of €, and quickly slow down. We also
found bars whose €2, start at lower values and remain approx-
imately constant until the end of the simulation. The transition
between the two behaviours seems to be smooth, without any
apparent gaps. We find the former behaviour more frequently in
more massive, and thus more resolved, galaxies, while the latter
happens more often in the low-resolution cases. The prescription
for AGN feedback in the TNG simulations results in the more
massive galaxies having more intense feedback, which leads to
a coincidence between the bar slowdown and the removal of the
cold gas from the inner parts of the disc. Most of the simulated
bars that did slow down are found in galactic discs with inner
holes in their gas discs. Had this gas not been removed, it could
potentially prevent the slowdown, according to previous experi-
ments on isolated galaxies.

A central point arising from our analysis is the connection
between the specific AGN-feedback model and bar slowdown.
This differs from common arguments targeting how bars feed the
AGN or drive quenching. Here, we outline how the excavation
of the inner galaxy ISM by AGN feedback drives accelerated
bar slowdown, which strongly depends on how long and to what
extent the cold ISM persists. This dynamical behaviour thus pro-
vides an independent way to distinguish AGN-driven quench-
ing by removing the star-forming gas or by starving it via the
removal of the coronal gas from which the star-forming gas is
replenished.
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Appendix A: Evolution of the pattern speed of the
remaining cases

Figure A.1 shows the pattern speed evolution of the remaining
50 cases from our sample, that were not shown in the main body
of the paper. It demonstrates different behaviours of the pattern
speed that bars in TNGS50 exhibit.

Appendix B: Determination of the bar formation
time

As mentioned in Sect. 4.1 we determined the bar formation time
by the visual inspection of the surface density maps, the face-
on vg maps, and radial profiles of m = 2 Fourier amplitudes
and phases. Figures B.1 and B.2 show the most important plots
(without the vertical projections) for this analysis for three exam-
ple galaxies. The central column in those figures shows the snap-
shot we identified as the bar formation time.
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Fig. A.1. Time evolution of the pattern speed for remaining cases from our sample of barred galaxies from TNG50-1. Dashed vertical red lines
indicate fagn; as in Fig. 2 and ig. 3.
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Fig. B.1. Plots used to determine the bar formation time for the simulated galaxy with ID=371127 at z = 0. Top row: face-on surface-density maps
for five consecutive snapshots around that identified as bar-formation time (center column). Second row: face-on vg maps for the same snapshots.
Third and fourth rows: radial profiles of the m = 2 Fourier amplitudes and phases.
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Fig. B.2. Same as Fig. B.1 but for the simulated galaxy with ID=494709.
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Fig. B.3. Same as Figs. B.1 and B.2 but for the simulated galaxy with ID=598112.
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