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A B S T R A C T 

One of the main properties of galactic bars is their rotation (or pattern) speed, which is driven by both internal galactic 
properties, as well as external interactions. To assess the influence of these internal and external drivers on bar rotation in 

a cosmological setting, we use the Auriga suite of cosmological hydrodynamical zoom-in simulations. We calculate the bar 
pattern speed and the bar rotation rate – the ratio of corotation radius to bar length – at the time of bar formation and at 
z = 0 , and compare these to bar age, bar strength, baryon dominance, galaxy stellar mass, and the hist ory of ext ernal galaxy 

interactions. We find that galaxies which are more baryon dominated at z = 0 – and which lie above the observed stellar 
mass–halo mass abundance matching relation – host faster bars, while more dark matter dominated galaxies host slower 
bars. Bary on-dominat ed galaxies also form their bars earlier and their rotation rates stay constant or even decrease over 
time; this leads to older bars being faster than their younger counterparts – in contrast to the expectation of bar slow-down 

from dynamical friction imparted by the dark matter halo. We also find a trend in stellar mass, with ‘faster’ bars being 

hosted in more massive galaxies, which could be driven by the underlying higher baryon-dominance of more massive 
g alaxies. Furthermor e, we find that external interactions, such as mergers and flybys, correlate with lower bar rotation 

rates, particularly for strong interactions that occur around bar formation time. This correlation is relatively weak, leaving 

int ernal bary on-dominance as the main driv er of fast bar rotation rat es. 

Key words: methods: numerical – galaxies: bar – galaxies: disc – galaxies: evolution – galaxies: interactions – galaxies: 
kinematics and dynamics. 
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 INTRODUCTION  

alactic bars are prevalent structures present in approximately 70 
er cent of disc galaxies at redshift zero ( z = 0 ; P. B. Eskridge et al.
000 ; I. Marinova & S. Jogee 2007 ; K. Menéndez-Delmestre et al.
007 ; K. Sheth et al. 2008 ; R. J. Buta et al. 2015 ; P. Erwin 2018 )
nd have been detected out to cosmic noon, with their fraction
ecreasing to below 10 per cent by z ∼ 4 (K. Sheth et al. 2008 ; Z.
. Le Conte et al. 2024 ; A. Amvrosiadis et al. 2025 ; T. Géron et al.
025 ; Y. Guo et al. 2025 ; M. Huertas-Company et al. 2025 ; Z. A. Le
onte et al. 2026 ). These numbers imply that galactic bars have
een present in a significant number of disc galaxies for much
f their evolution: indeed, observations have found some bars 
o be ancient structures as old as 13.5 Gyr (D. A. Gadotti et al.
015 ; J. Bovy et al. 2019 ; J. Grady, V. Belokurov & N. W. Evans
020 ; C. Sá-Freitas et al. 2025 ). Additionally, simulations of disc
alaxies in L. S. Sparke & J. A. Sellwood ( 1987 ), I. Marinova &
. Jogee ( 2007 ), K. Kraljic, F. Bournaud & M. Martig ( 2012 ), E.
thanassoula, R. E. G. Machado & S. A. Rodionov ( 2013 ), and F.
 r agkoudi et al. ( 2025 ) confirm that bars are generally long-lived
tructures, which ev olv e significantly across cosmic time. 
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Bars mediate the e x change of angular momentum and energy
f galactic material and, given their prevalence and longevity in 

isc galaxies, they are significant drivers of secular evolution. 
his angular momentum e x change is most efficient at resonances
set by the pattern speed of the bar, �p – where the orbits of stars
nd other matter can by significantly altered by becoming trapped
n or pushed away from the resonance (e.g. G. Contopoulos &
. Mertzanides 1977 ; W. Dehnen 2000 ). In the disc, these reso-
ances have been seen to have strong effects on the presence and
roperties of spiral arms (R. H. Sanders & J. M. Huntley 1976 ; M.
. Schwarz 1984 ; N. Bissantz, P. Englmaier & O. Gerhard 2003 ),
he migration and mixing of stellar populations across the disc 
W. Dehnen 2000 ; I. Minchev & B. Famaey 2010 ; M. Brunetti, C.
hiappini & D. Pfenniger 2011 ), and the driving of gas towards

he centre of the galaxy, which can in turn form structures such
s nuclear discs and rings (T. Matsuda & A. H. Nelson 1977 ; S. M.
imkin, H. J. Su & M. P. Schwarz 1980 ; K. Sakamoto et al. 1999 ;
. Sheth et al. 2005 ; D. R. Cole et al. 2014 ). Meanwhile, the stellar
nd dark matter haloes absorb angular momentum from the bar, 
hich can also spin these components up and change the overall
ass profile of the halo (J. A. Sellwood 1980 ; M. Tagger et al.

987 ; L. Hernquist & M. D. Weinberg 1992 ; M. D. Weinberg &
. Katz 2002 ; E. Athanassoula 2003 ; E. Athanassoula et al. 2013 ).
her efor e, in or der to understand the evolution of disc galaxies,
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t is essential to understand the evolution of their bars and their
attern speeds in particular. 
Angular momentum e x change with the rest of the galaxy has

n effect on the bar pattern speed in turn. Studies t end t o find
hat, as they ev olv e, bars lengthen and slow while trapping more
tars on elongated bar-supporting orbits and transferring their
ngular momentum outwards (S. Tremaine & M. D. Weinberg
984a ; I. Martinez-Valpuesta, I. Shlosman & C. Heller 2006 ; B.
. Elmegreen et al. 2007 ). Bars can also slow down (without

ignificantly lengthening) due to dynamical friction imparted by
he dark matter halo (S. Tremaine & M. D. Weinberg 1984a ; M. D.

einberg 1985 ; B. Little & R. G. Carlberg 1991 ; V. P. Debattista &
. A. Sellwood 2000 ; E. Athanassoula 2003 ; J. K. O’Neill & J. Du-
inski 2003 ; J. A. Sellwood & V. P. Debattista 2006 ; S. K. Kataria &
. Das 2019 ). To e xplor e the effect of dynamical friction on the

low down of bars, we can use the ratio of their corotation radius
the radius at which circular orbits within the disc have angular
 elocity mat ching the rotation of the bar) t o their semimajor axis
ength (e.g. V. P. Debattista & J. A. Sellwood 1998 , 2000 ). This
atio is sometimes r eferr ed to as the ‘rotation rate’ (e.g. V. Cuomo
t al. 2019 ; C. But tit ta et al. 2023 ) and denoted by R. R increases
hen the growth of corotation radius – due to the decrease of the
attern speed – outpaces the lengthening of the bar. Bars with
 > 1 . 4 are considered slow and bars with 1 < R < 1 . 4 are

onsidered fast (V. P. Debattista & J. A. Sellwood 2000 ). Bars with
 < 1 are called ultr afast, since consider ation of the main bar-

upporting orbits theoretically places the ends of any bar within
he corotation radius (G. Contopoulos 1980 ). In practice, obser-
 ations of ultr afast bars are not unusual (R. J. Buta & X. Zhang
009 ; J. A. L. Aguerri et al. 2015 ; R. Guo et al. 2019 ) but may be
 result of errors such as artificial lengthening of the bar caused
y alignment of spiral arms (T. Hilmi et al. 2020 ; V. Cuomo et al.
021 ). 

Ther e ar e a number of both internal and e xt ernal fact ors that
an affect the slow down (or lack thereof) of the bar, leading to
epartur es fr om the pictur e of inevitable slow-down in both �p 
nd R. For example, bars in highly bary on-dominat ed discs will
 end t o experience less of an impact from dynamical friction (V.
. Debattista & J. A. Sellwood 1998 , 2000 ; E. Athanassoula 2003 ).
dditionally, X. Li et al. ( 2023 ) show that if the dark matter halo
as a high spin, then slow down from dynamical friction can be
alted for an extended period of up to 5 Gyr , due to the wake of 

he bar in the dark matter following the stellar bar very closely
nd so imparting very little torque. E. Athanassoula ( 2003 ), A.
lypin et al. ( 2009 ), and Y. Zheng & J. Shen ( 2025 ) also find that
 higher vertical velocity dispersion in the disc can reduce the
fficiency of angular momentum e x change and delay bar slow
own. 
Simulations of barr ed g alaxies in I. Ber entzen et al. ( 2007 ),

. Romano-Díaz et al. ( 2008 ), J. Villa-Vargas, I. Shlosman & C.
eller ( 2010 ), E. Athanassoula ( 2014 ), and A. Beane et al. ( 2023 )
nd that bars in galaxies containing higher fractions of gas slow
own less compared to those with lower gas fractions: the former
ither maintain a constant pattern speed or speed-up. The speed-
p occurs as the gas is direct ed t owards the centre of the galaxy
y the bar, but the exact mechanism by which the bar slow-
own is delay ed/halt ed is unclear. F. Bournaud, F. Combes & B.
emelin ( 2005 ) and A. Beane et al. ( 2023 ) claim that the inflowing
 as pr oduces a positive torque on the bar directly, whereas I.
erentzen et al. ( 2007 ) and E. Romano-Díaz et al. ( 2008 ) find

hat it is instead the build up of mass in the centre of the
NRAS 547, 1–19 (2026) 
alaxy due to the inflow which both weakens the bar and speeds
t up. 

Another source of angular momentum for existing bars is in-
eractions and mergers with external galaxies. Simulations find
hat interactions can affect bars in a variety of ways: interac-
ions can slow-down bars (as in M. Sundin, K. J. Donner & B.
undelius 1993 ; E. Athanassoula 1996 ; Ó. Jiménez-Arranz & S.
oca-Fàbr eg a 2025 ), speed-up bars (see M. Gerin, F. Combes &
. Athanassoula 1990 ; E. L. Łokas et al. 2014 ; M. Semczuk et al.
024 ), or even destroy them in e xtr eme cases (R. Kannan et al.
015 ; D. Bi, I. Shlosman & E. Romano-Díaz 2022 ; M. K. Cavanagh
t al. 2022 ) – although this last scenario is rare (T. Zana et al.
018 ). While the effects of individual interactions are determined
n the above papers, there is no comprehensive understanding of 
he net effects of multiple galaxy interactions and mergers on a
opulation of galactic bars in a cosmological setting. 
Galaxy interactions and mergers can also trigger bar forma-

ion in unbarred discs through induced perturbations in the host
 alaxy (e.g . M. N oguchi 1987 ; M. Gerin et al. 1990 ; M. Lang, K.
olley-Bockelmann & M. Sinha 2014 ; E. L. Łokas et al. 2014 ;
. Moetazedian et al. 2017 ), including potentially in our own
alaxy (A. Merrow et al. 2024 ). T. Miwa & M. Noguchi ( 1998 ),

. Martinez-Valpuesta et al. ( 2017 ), G. Gajda, E. L. Łokas & E.
thanassoula ( 2017 ), and D. Bi et al. ( 2022 ) find that tidally trig-
ered bars tend to be slower than their secularly formed coun-
 erparts in simulations. How ev er, Y. Zheng & J. Shen ( 2025 ) ar-
ue that this trend is due to the internal properties of galaxy
imulations which have been set up to r equir e an interaction
n order to form their bar: initial conditions for idealized sim-
lations of tidally induced bars are often tuned such that a bar
oes not form in isolation. Tuning in this way means that prop-
rties like the velocity dispersion of discs are higher than their
ecular bar-forming counterparts. Y. Zheng & J. Shen ( 2025 )
onclude that this bias in disc initial conditions (mainly the
 ertical v elocity dispersion in the disc, although the circular
elocity in the inner disc differs slightly between models) re-
ults in slower bars in tidal interaction simulations. However,
. R. Pet tit t & J. W. Wadsley ( 2018 ) find no consistent differ-

nce in pattern speed between tidally induced bars and bars
ormed in isolation, and N. Peschken & E. L. Łokas ( 2019 ) even
nd that tidally induced bars tend to be slightly faster than

heir secularly formed counterparts (in terms of rotation rate R)
n the Illustris cosmological simulation (M. Vog elsberg er et al.
014 ). 

Observations in P. Rautiainen, H. Salo & E. Laurikainen ( 2008 ),
. M. Corsini ( 2011 ), J. A. L. Aguerri et al. ( 2015 ), and R. Guo
t al. ( 2019 ) point towards most bars in the nearby Universe
eing fast, or close to fast. While more recent data suggest that
here may instead be an approximately equal number of slow
nd fast bars (L. Garma-Oehmichen et al. 2022 ; T. Géron et al.
023 ), these bars are not extremely slow, with bars slower than
 = 2 . 5 being relatively uncommon. In contrast, cosmological

imulations show either a lack of bars, as J. Reddish et al. ( 2022 )
hows in the NewHorizon simulation (Y. Dubois et al. 2021 ), or a
revalence of slow bars. D. G. Algorry et al. ( 2017 ), N. Peschken &
. L. Łokas ( 2019 ), M. Roshan et al. ( 2021 ), and A. Habibi et al.
 2024 ) show that the bars in the EAGLE (Evolution and Assembly
f GaLaxies and their Environments; R. A. Crain et al. 2015 ; J.
chaye et al. 2015 ), Illustris (M. Vog elsberg er et al. 2014 ) and
llustrisTNG (The N e xt Generation Illustris Simulations) – both
NG100 (F. Marinacci et al. 2018 ; J. P. Naiman et al. 2018 ; D.
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1 These initial conditions and simulations are publicly available and ac- 
cessible via https://wwwmpa.mpa-g ar ching .mpg .de/aurig a/data.html 
2 Au18 is an e x ception since each of its 3000 snapshots contain informa- 
tion for all simulat ed matt er. Ther efor e, all types of matter ar e output at 
∼5 Myr interv als r ather than just the star particles. 
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elson et al. 2018 ; A. Pillepich et al. 2018 ; V. Springel et al. 2018 )
nd TNG50 (D. Nelson et al. 2019 ; A. Pillepich et al. 2019 ) –
imulations have rotation rates much slower than those from 

bservations (most have R > 2 . 5 ), and S. Ansar et al. ( 2025 )
nd no fast bars (i.e. with R < 1 . 4 ) in the FIRE-2 (Feedback in
ealistic Environments) simulations (P. F. Hopkins et al. 2018 ; A. 
etzel et al. 2023 ) despite lower average rotation rates. N. Frankel

t al. ( 2022 ) attribute the lack of fast bars in the IllustrisTNG
imulations to the bar lengths being too short on average in com-
arison to observations, which is exacerbated for low-numerical 
esolution. How ev er, F. F r agkoudi et al. ( 2021 ) show that the
uriga cosmological zoom-in simulations do produce fast bars, in 

eeping with observations. They argue that these faster bars are 
ecause Aurig a g alaxies hav e a higher st ellar mass t o dark matt er
ass ratio compared to other cosmological simulations, which 

inimizes the slow-down impact from dynamical friction. In this 
aper, we expand on previous work (F. F r agkoudi et al. 2021 ), by

ncreasing the sample of barred galaxies for which we e xplor e bar
attern speed to lower masses and also by exploring how the bar
attern speed evolution is affected by internal galactic properties 
nd external perturbations, such as interactions and mergers. 

The paper is structured as follows: We first outline the Auriga 
uite of simulations in Section 2.1 before establishing the mea- 
urements we extract in Section 2.2 . In Section 3.1 , we present
he time evolution of bar pattern speeds in our sample, and subse-
uently examine how they have been impacted by baryon fraction 

n Section 3.2 and from external interactions in Section 3.3 . We
iscuss the implications and context of these results in Section 

.1 and how they compare to observations in Section 4.2 . Lastly,
e summarize and conclude our results in Section 5 . 

 METHODOL  OG  Y  

.1 The Auriga simulations 

hroughout this w ork, w e use the Auriga suite of simulations (R.
 . J . Grand et al. 2017 , 2019 ), a set of 39 magnet ohy drodynamical
osmological zoom-in simulations of Milky Way mass haloes. 
he initial conditions for the simulations were generated by first 

dentifying haloes with 0 . 5 < M 200 / 10 12 M � < 2 from the z = 0
napshot of the dark matter-only run of the Lambda cold dark
atter ( �CDM) EAGLE cosmological simulations (R. A. Crain 

t al. 2015 ; J. Schaye et al. 2015 ). The most isolated quartile of 
hese haloes was randomly sampled (see R. J . J . Grand et al. 2017 ,
or details). Once identified, the resolution of the dark matter par-
icles of the Lagrangian region of each halo at z = 127 is refined
o higher r esolution, wher eas the particle resolution outside of 
his region is progressively worsened to increase computational 
fficiency while retaining the large-scale gravitational tidal field 

rom the Cosmic Web. Dark matter particles are then split into
ark matt er-bary on pairs according t o cosmological paramet ers
aken from Planck Collaboration XVI ( 2014 ): h = 0 . 677 , �b =
 . 048 , �m 

= 0 . 307 , and �� = 0 . 693 . Typical mass resolutions in
he highest resolution region are 5 × 10 4 M � for baryons and 

 × 10 5 M � for dark matter. The dark matter and stars are given
 softening length of 500 h 

−1 cpc up to being fixed at 369 pc from
 = 1 onwards. The softening length of a gas cell varies from these
alues as a minimum up to a maximum of 1 . 85 kpc , scaling with
he size of the gas cell. The simulations are run with the moving-

esh magnet ohy drodynamic code arepo (V. Springel 2010 ; R.
akmor et al. 2016 ), which includes a TreePM gravity solver and
he Auriga sub - grid galaxy formation physics model. The sub-
rid physics include: uniform ultraviolet back gr ound radiation 

ntil z = 6 (C.-A. Faucher-Giguère et al. 2009 ); a subgrid model
f the int erst ellar medium with tw o phases (V. Springel & L.
ernquist 2003 ); star particles forming stochastically out of gas 

enser than 0.1 atoms cm 

−3 r epr esenting simple stellar popula-
ions; primordial and metal line cooling; st ellar ev olution with
eedback from type Ia and type II supernovae and AGB stars;
lack hole seeding with subsequent accretion and active galactic 
ucleus (AGN) feedback; a model of magnetic fields (R. Pakmor, 
. Marinacci & V. Springel 2014 ; R. Pakmor et al. 2017 ). For full
etails of the Auriga code, see M. Vog elsberg er et al. ( 2013 ), F.
arinacci, R. Pakmor & V. Springel ( 2014 ), and R. J. J. Grand et al.

 2017 ). For further information on the details of the Auriga sim-
lations as a whole, see R. J. J. Grand et al. ( 2017 ) and r efer ences

herein. 
The initial conditions of our simulations are the same as those

f the Original /4 and LowMassMws /4 suites described in R.
 . J . Grand et al. ( 2024 ). 1 How ev er, our analysis r equir es a much
ner snapshot cadence than these simulations provide in order 
 o accurat ely measure the patt erns speeds of bars. Ther efor e, we
esimulated each halo that produces a barred galaxy at z = 0 (ac-
ording to F. F r agkoudi et al. 2025 ) with additional 5 Myr-cadence
napshots of the stellar particles only. These higher cadence out- 
uts, which we call ‘snipshots’, allow us to compute pattern speed
ir ectly fr om the change in the phase angle of the bar without
sing any assumptions such as those r equir ed for the commonly
sed Tremaine–Weinberg method (S. Tremaine & M. D. Weinberg 
984b ). In addition, we appr o ximately double the number of full
napshots (which contain dark matter particles, gas cells, black 

oles, and tracer particles as well as star particles) such that their
adence becomes ∼60 Myr at late times. 2 These snapshots are 
ccompanied by a merger tree, which tracks the paths and merger
istories of each dark matter halo in the simulation. 

.2 Galaxy and interaction properties 

.2.1 Disc and bar parameters 

efore analysing each snipshot, we first centre and rotate the 
alaxy. Beginning with the int erpolat ed coordinat es from the
erger tree at the snapshot times, we centre the galaxy by taking

he centre of mass of the stars within a sphere of radius 30 kpc ,
epeating for spheres of radius 10 and 4 kpc to converge on the
rue centre. We then align the mean angular momentum v ect or
f the stars within the effective (half-mass) radius of the galaxy
ith the z -axis, such that the region containing most of the mass,

nd ther efor e most of the bar, lies within the x –y plane. 
We also find the angle between the bar and the x -axis for each

nipshot, using the angle of the second Fourier mode A 2 of the
tellar mass profile in the inner 4 kpc , e x cluding the inner 0 . 5 kpc
nd restricting to within 1 kpc of the disc plane. This angle is
alculated as 

2 = 

1 
2 

arctan 

∑ 

k m k sin 2 θk ∑ 

k m k cos 2 θk 
(1) 
MNRAS 547, 1–19 (2026) 
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Figure 1. Summary of the main bar parameters used for halo 22 of the 
Auriga simulations plotted against lookback time. The top panel shows 
the pattern speed of the bar, from the bar formation time onwards. The 
second panel shows the bar length calculated from the A 2 Fourier mode 
(light orange) and the corotation radius (blue) from the bar formation 
time onwards, alongside the disc extent (black). The colour scale shows 
the radial profile of the A 2 Fourier mode with light er, y ellow er colours 
indicating higher values. The white crosses give the values of bar length 
from ellipse fitting. The third panel shows the maximum of the A 2 Fourier 
mode at each time, which we also define as our bar strength; the red 
dashed line indicates A 2 , max = 0 . 2 , our cutoff for bar formation. The bot- 
tom panel shows the rotation rate as calculated from the bar length with 
A 2 and corotation rate (blue line), with the red dashed lines indicating 
rotation rates of 1 and 1.4. The white crosses give the values of rotation 
rate using bar lengths from ellipse fitting, as used in our results. In all 
panels, the vertical solid black line shows the time of bar formation t bar , 
and the vertical black dashed line shows 0 . 5 Gyr later, when we take our 
measurements at t i . 
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with an associated magnitude for the mode given by 

 2 = 

√ √ √ √ 

( ∑ 

k 

m k cos 2 θk 

) 2 

+ 

( ∑ 

k 

m k sin 2 θk 

) 2 

, (2) 

where m k and θk are the mass and angle from the positive x -
xis, respectively, for each particle in the chosen volume. The
agnitude is normalized to the A 0 Fourier mode, the total mass

n the same volume. The pattern speed, �p , is then the rate of 
hange of the bar angle between adjacent snipshots. We show
n example of the pattern speed evolution as calculated by this
ethod for Au22 in the top panel of Fig. 1 , conv ert ed from

ad Gyr −1 t o km s −1 kpc −1 t o mat ch the typical units used in ob-
ervations. We can see that in this case, the pattern speed is nearly
onstant, e x cept for a small increase from 4 –2 Gyr lookback time.

To find the time of bar formation, we first use the maximum
f the A 2 mode magnitude to measure bar strength. We calculate
 2 of stars in 250 pc -wide radial annuli within 1 kpc of the disc
lane. The 2D histogram in the second panel of Fig. 1 shows the
ependence of the normalized A 2 Fourier mode on both galaxy
adius and time. Consistent higher values in the inner regions
ndicate the presence of a bar and this feature can be seen in the
ower portion of the panel from ∼6 Gyr lookback time onwards.

e ther efor e use, for any given time, the maximum value for any
in in the inner 6 kpc as our measure of bar strength, A 2 , max . We
how bar strength in the third panel of Fig. 1 , with the red dashed
ine indicating A 2 , max = 0 . 2 . In Au22, as is common for many of 
ur haloes, the bar strength exhibits some variation at early times
ue to transient featur es, befor e quickly incr easing past 0.2 and
emaining above this line for the remainder of the simulation. We
et the bar formation time as the time of the snipshot for which
 2 , max last surpasses this value of 0.2. 3 The vertical solid line

hown across all panels of Fig. 1 indicates the bar formation time
alculated in this way, t bar . 0 . 5 Gyr after t bar is the time at which
e take initial measurements of bar properties, t i , to give values

ust after the bar forms, but while allowing the bar to somewhat
ettle from any chaotic perturbations inv olv ed in its formation. If 
 halo has A 2 , max < 0 . 2 at z = 0 , we say that the halo is unbarred.

Although, following the definition above, the bar formation
ime is known to within half a snipshot, the definition itself is
omewhat arbitrary due to the selection of A 2 , max cutoff. There-
or e, we e xamine the sensitivity of the bar formation time by
arying the limit from A 2 , max by 10 per cent to see how the change
ffects the resultant bar formation time. We find that the bar
ormation time is changed by less than 2.5 per cent for the oldest
0 bars, with only five others (A u12, A u20, A u28, A uL2, and
uL10) changing by more than 0 . 5 Gyr . Each of these five bars

s younger than 3 Gyr and have bar strengths at z = 0 weaker
han 0.31. We conclude that our definition of bar formation time
s stable for older, stronger bars, but is sensitiv e t o the choice of 
imits for weak and young bars. 

Not e that w e make 3 e x ceptions to our definition of bar forma-
ion time: Au17 which forms its bar e xtr emely early in its evolu-
ion, Au23 which periodically produces snipshots with A 2 , max <

 . 2 due to a double barred system, and AuL2 which has a bar that
s destroyed by z = 0 . In the latter two cases, we choose a time
NRAS 547, 1–19 (2026) 

 We note that this is a different value of A 2 , max to the 0.25 used in F. 
 r agkoudi et al. ( 2025 ) for the same suite of simulations. We make this 
hange due to some of the haloes in our rerun suite now with 0 . 2 < 

 2 , max < 0 . 25 but visible bars in face-on projection images. 

b  

p  

t  

f

a  
hen the bar is clearly present in the face-on stellar distribution,
ut before any subsequent dips in A 2 , max below 0.2, and only
se the snipshots before this time t o calculat e the bar formation

ime. For Au17, we delay our bar formation time until a bar has
ecome visually present in the face-on stellar distribution, since
rominent, consistent spirals which reach to the inner 6 kpc lead
 o a consist ently high ‘bar str ength’ befor e a genuine bar has
ormed. 

In the following, we primarily use the rotation rate R = 

R corot 
R bar 

s our measure of how fast or slow the bar is, since this gives
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4 The Elmegreen parameter is strictly intended for use at pericentre pas- 
sage, but the quantities used to calculate it are meaningful at any time 
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 greater insight into the disc dynamics than pattern speed (see
ection 1 ). R r equir es the bar length and cor otation radius, which
 e calculat e at tw o times for each halo: 0 . 5 Gyr after the time
f bar formation, t i , and at the end of the simulation, at z = 0 .
e find the bar length from ellipse fittings to the contours of 

he face-on stellar surface density profile – see Appendix A for 
urther details. For the corotation radius, we take the pattern 

peed �p and the circular rotation velocity curve (as calculated 

rom the total mass inside spherical bins centred on the origin)
t each snapshot, and int erpolat e the rotation curve across each
nipshot. We then int erpolat e the resulting circular rotation curve
ith respect to radius to match the pattern speed and find the

orotation radius. 
The second panel of Fig. 1 shows illustrative versions of these

engths at each snipshot. The blue line is the corotation radius
s calculated above, and the white crosses are the bar lengths
rom ellipse fitting which we use throughout the rest of the paper.
he black line gives the radius of the disc, here defined as the
rst radial bin in the disc plane for which the surface density
rops below 1 M � pc −2 . We also show a second version of bar

ength in this figure, which we call R A 2 , in the orange line. This
akes the first radial bin to drop below 0 . 7 A 2 , max in each snipshot.
his calculation is more easily aut omat ed, so helps to show the
ontinuous ev olution of paramet ers for this figure, although we 
nly use the ellipse fitting derived R bar for the results that follow,
ince R A 2 is more susceptible to being artificially extended by 
alaxy inter actions. Observ ations also t end t o use ellipse fitting t o
nd bar lengths in external galaxies, so taking a similar method

mproves comparison with observations. We note that, despite 
ar lengths from ellipses tending to be longer than those from
ourier decomposition (S. Ghosh & P. Di Matteo 2024 ), our results
r e qualitatively br oadly similar when using R A 2 instead of R bar .
he bottom panel shows that the resulting rotation rate, R A 2 , is
ppr o ximat ely constant, aft er initially decreasing for the first few
yr signifying an early speed up. The white crosses in the bottom
anel show R calculated from R bar instead – in this case the two
ersions of bar length are very similar, and so the white crosses
atch the blue line at both times. 
In addition to these parameters, in what follows we also use the

irial mass, the stellar mass within 20 kpc , and the baryon domi-
ance within one effective radius. The last of these is calculated as

he ratio of the circular velocity at the effective radius induced by
he enclosed stellar mass to the circular velocity at the effective 
adius from the total enclosed mass. Many of these parameters 
ary apparently randomly on short time-scales. For most param- 
t ers, w e account for their dispersion by taking the mean value
cross 200 Myr (40 snipshots), with the standard deviation from 

he same interval giving a basis for the error bars shown below
these error bars are propagated through as uncertainties for 

erived quantities. Since we do not calculate bar length for every 
nipshot, we treat these error bars slightly differently and describe 
his in Appendix A . 

.2.2 Galaxy interaction parameters 

o parametrize the accretion and int eraction hist ory of each Au-
iga halo, we use the masses, positions, and velocities from their

erger trees. Using the merger tree, we calculate, for each snap-
hot output time, the Elmegreen parameter S (D. M. Elmegreen 
t al. 1991 ) for each halo within 50 kpc of the main halo. 4 This
aramet er giv es a dimensionless measure of the tidal forces im-
arted during the course of an interaction. The Elmegreen pa- 
ameter S is given by 

 = 

(
Gm � M p R g 

R p 3 
τp 

)(
m � R g 

τg 

)−1 

= 

M p 

M g 

(
R p 

R g 

)−3 
τp 

τg 
, (3) 

where M p is the total mass of the perturbing halo, M g is the total
ass of the central halo, R p is the distance between the centres of 

he two haloes, R g is the extent of the disc in the main halo, τp is
he time taken for the perturber to orbit 1 rad around the central

alo (from its angular velocity at that time), and τg = 

√ 

R 3 g 
GM g 

is the
ime taken for a star (of mass m � ) on a circular orbit at the edge
f the disc to orbit 1 rad . 

The first e xpr ession for S in equation ( 3 ) is arrived at directly
rom the physical motivation for the parameter: it is the ratio
f the tidal impulse imparted to a star in the outer disc by the
erturber (left bracket) and the momentum of such a star in its
ssumed circular orbit (right bracket). This, in effect, gives the 
elative impact of the tidal force on stars in the outer disc over the
ourse of the interaction. While the first e xpr ession of equation
 3 ) is already dimensionless, we can remove constants from the
 xpr ession by substituting for τg , thereby arriving at the second
 xpr ession for S in equation ( 3 ). For further details, see D. M.
lmegreen et al. ( 1991 ). 
In Fig. 2 , we illustrate S and its component parameters for one

 xample interaction fr om Au22. The top panel shows the mass
erms, with M p in blue and M g in orange. The perturber is less

assive than the main halo, and over the course of their extended
nteraction the main halo accretes matter from the perturber. The 
ccretion concludes with a merger at ∼2 . 5 Gyr lookback time,
ith M p dropping significantly before being fully accreted into 

he main halo. The Elmegreen parameter is larger for higher mass
atios, since these have a larger impact on the main galaxy; as
ccr etion pr ogr esses, this contributes a decr easing fact or t o S.
he second panel shows the distance terms, with R p in blue and
 g in orange. The disc extent R g is calculated according to the
efinition given in Section 2.2.1 . We can see the disc growing
ver time, while the perturber experiences three pericentres in a 
ecaying orbit. Since closer interactions pr oduce str onger for ces,
he Elmegreen parameter is larger when the perturber is closer 
o the centre of the main halo relative to the disc extent, so is
ncr eased ar ound pericentr es. The thir d panel shows the time
erms, with τp in blue and τg in orange near the lower axis of the
anel. The total force imparted by the perturber is larger when

t acts over a longer time (greater τp ) and this is included in the
lmegreen parameter, normalized to τg . As such, increases in S 

rom the short separation at pericentres are somewhat reduced 

y the shorter times inv olv ed as the perturber speeds up near
ericentre. 
The final panel of Fig. 2 shows S at each snapshot for this

xample interaction, compiling the behaviours of the individual 
uantities described above into one value, shown as the blue line.
rom the evolution of S, we take the local maxima (defined as
ny snapshot whose value of S is larger than any other snapshot
ithin ∼1 Gyr ) to be the strength and time of the interaction.
or this example, our approach yields two interactions for the 
MNRAS 547, 1–19 (2026) 
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M

Figure 2. An illustrative example of the Elmegreen parameter calcula- 
tion for one interacting halo in Au22. Shown against lookback time, the 
panels show from top to bottom: the halo mass for the perturber (blue) 
and main halo (light orange); the distance between the main halo and the 
perturber (blue) and the extent of the disc in the main halo (light orange); 
the time to complete 1 rad of orbit around the centre of the main halo for 
the perturber (blue) and stars at the edge of the disc (light orange); the 
r esulting Elmegr een parameter (blue line) with its local maxima (black 
crosses). Other interactions in Au22 are shown by the grey crosses. 
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5 Au23 also has an unusual bar since it is the outer bar of a double-barred 
system. 
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erturber from its first two pericentres – by the time of the merger,

he perturber’s mass is too low to produce a significant tidal effect.
e show these maxima of the blue line as black crosses. We also

how the maxima for other interacting haloes with Au22 as grey
rosses. We can see there are a few other small interactions after
he bar forms at ∼6 Gyr , but the example highlighted here with
he blue line and black crosses dominates the external forces on
he main halo. 

We employ this method of local maxima rather than simply
alculating S at pericentre for two reasons. First, for a merging
 alaxy ther e is no well defined pericentre for its final accretion
s it disappears from the merger tree, whereas the maximum S
an be reliably found in all cases. Secondly, during close orbits
NRAS 547, 1–19 (2026) 
nd mergers, the haloes of the two galaxies can mix, most often
rtificially decreasing the recorded mass of the interacting galaxy
or single snapshots (see section 7.4 of V. Springel et al. 2021 ,
or an examination of this effect) and producing an artificially
ower value of S. By taking the local maximum of S, we avoid an
 xtr emely low value if this effect is significant for the snapshot at
ericentre, taking the next best snapshot instead. 

 R E S U LT S  

n this section, we use the methods described in Section 2 to
nalyse the evolution of the pattern speeds of bars. We begin with
 description of the evolutions of the bars over their lifetimes in
ection 3.1 , followed by a discussion of how this is affected by the
hanging composition of the host galaxies in Section 3.2 and by
nteractions with external galaxies in Section 3.3 . 

.1 Evolution of bar properties 

ig. 3 shows the bar length and corotation radius for each of the
2 bar-forming simulations from our sample, at z = 0 in the right
anel and at the initial time t i ( 0 . 5 Gyr after the bar forms) in the

eft panel, alongside z ∼ 0 measurements from the local Universe
aken from E. M. Corsini ( 2011 ), J. A. L. Aguerri et al. ( 2015 ),
. Guo et al. ( 2019 ), L. Garma-Oehmichen et al. ( 2022 ), and T.
éron et al. ( 2023 ). Of the 22 simulations, four haloes form their
ars less than 0 . 5 Gyr before the end of the simulation, so we only
how these values for z = 0 . There is also one case, AuL2, of a bar
hich is weakened beyond our bar formation threshold before

he simulation ends; for this halo we only show initial values
f bar properties. We show only one time for these five haloes
hroughout the rest of the paper. 

We see that the bars in our sample have lengths in the range
f 3 . 5 –8 kpc , with the e x ception of Au23 whose bar is length is
lmost 10 kpc by z = 0 . 5 These lengths are consistent with mea-
urements of bar lengths from the local Universe in D. A. Gadotti
 2011 ), which finds a median of 4 . 5 kpc , a standard deviation of 
 . 9 kpc and some values reaching up to 13 kpc . The corotation
adii found in our sample t end t o be larger, ranging from ∼5 kpc
p to ∼24 kpc in a handful of cases with very slowly rotating
ars. By comparing with the observations in the right panel, we
an see that our sample at z = 0 generally overlaps well with the
epr ojected pr operties of r eal bars, albeit with a scar city of short
ars with similarly small corotation radii. It appears that the bars
r om Aurig a have pr operties compatible with those of the bars in
imilar mass galaxies in the local Universe, at least in terms of the
adii shown here, but may not cover the full range observed. 

Using the red dashed lines to indicate R corot 
R bar 

= R = 1 , 1 . 4 , we
ee that, at initial times, the majority of the bars in our sample are
low (points lying above both lines). However, most of the bars at
 = 0 are fast or very close to fast (between the two lines) and four
re ultrafast (A u10, A u13, A u14, and A u17 lie below both lines).
ince the fast bar region of Fig. 3 is predominantly populated by
 = 0 bars, the bars appear t o hav e sped up on average. For the
argest cluster of points, presumably representing the more typ-
cal population of barred galaxies, the points mostly move from
eft to right; this suggests that the primary driver of the bar speed
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Figure 3. Bar length and corotation radius for each halo in our barred sample, with uncertainties, at t i (left panel) and z = 0 (right panel). The colour 
scale indicates the bar formation time in each case. In the right panel, we also plot in grey with uncertainties the observational bar lengths and corotation 
radii from E. M. Corsini ( 2011 ) (downwards triangles), J. A. L. Aguerri et al. ( 2015 ) (with r edshifts fr om G. Paturel et al. 2002 ; R. García-Benito et al. 
2015 ) (upwards triangles), R. Guo et al. ( 2019 ) (upwards tri-points), L. Garma-Oehmichen et al. ( 2022 ) (downwards tri-points), and T. Géron et al. ( 2023 ) 
(crosses). For each set of observations, we only include those with uncertainties less than the maximum uncertainty in our simulations (32 per cent) 
for reliability. The upper and lower dashed red lines correspond to ratios of 1.4 and 1, respectively, with the red labels in the left panel indicating the 
resulting slow, fast, and ultrafast regions. 
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p is an increasing bar length, with corotation radius remaining 
lmost constant. 

The evolution of the bar pattern speed and rotation rate in
uriga is shown in Fig. 4 , which shows pattern speed versus bar

ormation time in the top panel and R versus bar formation time
n the bottom panel. Grey points show the initial R i and black
oints the final R 0 . From the top panel, we see that while a
ignificant number of older bars have sped up or slowed down, 
here is no reliable net change in speed across the population.
n contrast, it is clear in the bottom panel that the majority of 
he bars have a higher value of R at t i , so are initially slower
n this measure. At z = 0 , we can also see the trend that older
ars are faster on average in both panels. This trend is most
bvious in R for the bars younger than 2 Gyr , which are almost
ll – e x cept for A u12 – slower than an y of the older bars. The
ame trend is also apparent, but with a more gradual slope for
ars older than � 2 Gyr. The speed-up in the Auriga bars does
ot appear to be a constant, gradual process, since the relation
etween change in R and bar age is relatively weak (see panel f 

n Fig . B1 ). A dditionally, many of the younger bars ar e also slow
t t i , which indicates an effect on rotation rate before the bar can
ge. 

In Fig. 5 , we show the bar pattern speed in the top panel and
he normalized rotation rate R in the bottom panel. In the bottom
anel, we see that stronger bars tend to be faster when using R.
his mirrors the trend seen in Fig. 4 , since age and strength are
ositiv ely correlat ed in our sample (see panel e in Fig. B1 ), but
ppears str onger her e acr oss the whole sample than the trend
etween R 0 and t bar . As seen in the top panel, this relation with
ar strength holds when using pattern speed instead of rotation 

ate, albeit with significantly greater scatter. Stronger bars still 
 end t o be fast er, but ther e is a wide spr ead especially for the
 p  
eaker bars, indicating that the clearer trend with R relies on
oth pattern speed and bar length. 

Put t ogether, w e find a typical picture of bar ev olution in the
uriga simulations: The bar forms somewhat slow, or very slow 

f it forms late, but as it evolves over time it becomes stronger
nd longer, and lowers its rotation rate to become faster. This is
erhaps rather surprising, given that we tend to expect bars to
low with time (M. D. Weinberg 1985 ; B. Little & R. G. Carlberg
991 ; V. P. Debattista & J. A. Sellwood 2000 ; E. Athanassoula
003 ). In the following sections, we e xplor e the causes of this
r end, e xamining how the internal and external properties affect
he rotation rate. 

.2 The effect of changes in the host galaxy 

ars do not exist in static syst ems, inst ead belonging t o host galax-
es that have a wide variety of evolving properties. This section ex-
mines how the wider galaxy affects the rotation rate, focusing on
he mass and radial distributions of the stellar and dark matter
omponents of the galaxies. Section 3.2.1 explores this at the 
hole galaxy and halo scales, while Section 3.2.2 restricts this to

he inner few kpc . 

.2.1 Global galaxy composition 

he left panel of Fig. 6 shows the stellar mass halo mass relation,
omparing the masses of the haloes in our sample to the semi-
mpirical abundance matching relation from B. P. Moster et al. 
 2013 ). We first note that our sample sees a steeper slope than the
bservational relation, with the barred galaxies in particular lying 
ignificantly above the relation at higher masses, in keeping with 

r evious r esults fr om the Aurig a simulations (see F. F r agkoudi
MNRAS 547, 1–19 (2026) 
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M

Figure 4. Top: the relation between bar formation time and pattern 
speed at z = 0 , shown as the black points, and at 0 . 5 Gyr after bar for- 
mation, shown as the connected light grey points. Bottom: the same, but 
for R instead of pattern speed. The red dashed lines indicate R = 1 , 1 . 4 . 
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Figure 5. The dependence at z = 0 of bar pattern speed and rotation rate 
on bar strength. The top panel shows the pattern speed at z = 0 �p , 0 , 
coloured by the rotation rate at z = 0 R 0 , while the bottom panel shows 
R 0 on the axis and �p , 0 in the colour scale. Both have error bars shown. 
The bottom panel shows red dashed lines indicating R = 1 , 1 . 4 . 

o  

p  

a  

m  

6  

w  

f  

d  

d
 

m  

w  

a  

H  

r  

e  

a  

o
s  

m  

D  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/4/stag371/8494937 by Sarah D
akin user on 12 June 2026
t al. 2025 , for more details). We can also see from the colour
cale that the haloes in the upper right portion of the figure, with
igher stellar masses and a greater offset from the abundance
atching relation, tend to host faster bars. 
We show R as a function of stellar mass in the middle panel

f Fig . 6 , wher e w e can see that the low er mass galaxies in our
ample tend to host slower bars, with just one fast bar for galaxies
ith stellar masses below 6 × 10 10 M �. This relation may link to

he trend in the left panel of more massive galaxies lying further
bove the abundance matching relation. The right panel explores
his, showing the vertical offset from the abundance matching re-
ation (the difference in log 10 (M � / M �) between a galaxy’s stellar

ass and the stellar mass predicted by the abundance matching
elation at the same halo mass), normalized to the observed 1 σ
ispersion of the relation. It confirms that, at z = 0 , faster bars
re indeed hosted by haloes lying at higher abundance matching
NRAS 547, 1–19 (2026) 
ffsets. Although there is a large scatter in R 0 , this trend ap-
ears across the full range of the sample, suggesting it may be
 stronger trend compared to the relation between R 0 and stellar
ass, which only appears to affect rotation rates in galaxies below
 × 10 10 M �. Indeed, we find Spearman correlation coefficients
ith R 0 of −0.57 for the abundance matching offset and −0.45

or the stellar mass. As such, the rotation rate appears to be more
irectly dependent on the relative masses of the galaxy and its
ark matter halo than the stellar mass alone. 
The tr end of incr easing bar r otation rate with decr easing stellar
ass is an observable prediction of the Auriga physics model
ithin a �CDM cosmogony, in particular: how baryons inter-

ct with dark matter for differ ent g alaxy masses. How ev er, A.
abibi et al. ( 2024 ) find the opposite trend of higher rotation

ates with higher stellar mass in the TNG50 simulation (D. Nelson
t al. 2019 ; A. Pillepich et al. 2019 ). This indicates that while
 �CDM cosmology does lead to a dependence of rotation rate
n stellar mass, it does not necessarily specify the direction of 
uch a relation. Since baryon fraction is not meaningful in cos-
ology models without dark matter – e.g. Modified Newtonian
ynamics (MOND; M. Milgrom 1983 ), Modified Gravity (MOG;
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Figure 6. Left: final dark matter halo mass compared with final stellar mass for each halo in our sample. The colour scale shows the final value of R 

for each bar. Haloes which ar e unbarr ed at z = 0 are marked as black crosses. The black line shows the abundance matching r elation fr om B . P. Moster, 
T. Naab & S. D. M. White ( 2013 ), with the grey shaded region showing the 1 σ dispersion at each halo mass. Middle: final R plotted against final stellar 
mass, for those haloes which are barred at z = 0 . The colour scale shows the vertical offset of the halo from the abundance matching relation in the left 
panel, given in units of the σ dispersion at the relevant dark matter mass. Right: final R plotted against the vertical offset from the abundance matching 
relation, for those haloes which are barred at z = 0 . The colour scale shows the final stellar masses of the haloes. In the two rightmost panels, error bars 
are shown for R 0 and the red dashed lines, as before, indicate R = 1 , 1 . 4 . 
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. W. Moffat 2006 ), or Non-Local Gravity (NLG F. W. Hehl & B.
ashhoon 2009 ) – we would not expect to see a dependence of 

otation rate on galaxy mass in such models. Indeed, S. T. Nagesh
t al. ( 2023 ) employ MOND to simulate three barred galaxies
ith masses 10 9 –10 11 M � and find that the bar in each case is

imilarly fast ( R ∼ 1 . 6 ) 6 , confirming the lack of mass depen-
ence for bar rotation speed within these frameworks without 
ark matter. 

.2.2 Baryon dominance in the inner regions 

ars are structures of the inner few kpc of the stellar disc, and as
uch their formation and evolution is especially closely tied to the
roperties of the host galaxy in its inner region, in particular the
 elative pr operties of the stars and the dark matter . W e quantify
he relative contributions of stars and dark matt er t o the mass
f the inner galaxy using the ratio of the circular velocity due to
he stellar component within one effective radius of the centre 
f the halo, to the circular velocity from the total mass within
he same region. We refer to this as the baryon dominance. The
ffective radius for the simulated galaxies in our sample is in the
egion of 2 –10 kpc , matching the range of bar lengths as shown
n Fig. 3 . This definition of baryon dominance therefore describes
he prevalence of stars compared to dark matter in the inner bar-
orming regions. 

Fig. 7 shows the dependence of R at initial (left panel) and final
right panel) times on the baryon dominance of the host galaxy 
t the same time. We clearly see, at both bar formation and the
nd of the simulation, that rotation rate is strongly dependent 
 M. Roshan ( 2018 ), M. Roshan & S. Rahvar ( 2019 ), and N. Ghafourian, M. 
oshan & S. Abbassi ( 2020 ) show that simulations using MOG and NLG 

lso produce bars with lower rotation rates than those using dark matter, 
ow ev er, these studies do not inv estigat e any mass dependence. 

3

W  

l
i
m

n the baryon dominance of its host galaxy at the corresponding
imes. Focusing on the left panel, we see that all but one bar are
low initially, although the faster bars at t i reside in the more
ary on dominat ed hosts, with a gradual increase in R as bary on
ominance decreases. The colour scale shows that this trend is 

argely independent of the bar formation time. In the right panel,
t z = 0 , we see the same trend of faster bars tending to be hosted
y more baryon dominated galaxies, but now with a high propor-
ion of fast bars for V � 

V all 
| eff, 0 > 0 . 6 . The change is largely due to the

lder bars, whose galaxies become more bary on dominat ed since
heir bars formed and whose bars correspondingly decrease their 
otation rates to occupy the fast r egime. For e xample, Au17, the
ldest bar in the sample, begins as a slow bar in the fourth least
ary on dominat ed halo in the left panel of Fig. 7 , but by z = 0 is
he most baryon dominated galaxy in the right panel, and hosts
n ultrafast bar. 

In Fig. 8 , we show how each halo changes from t i to z = 0 , with
ractional changes in R and baryon dominance. There appears 
o be a trend present, with significant scatter: Galaxies that have
xperienced the largest increase in baryon dominance generally 
ost bars that have sped up mor e. A dditionally, the single bar that
as inst ead slow ed down experienced just a 5 per cent increase

n baryon dominance over its 6 Gyr lifetime, far less than many
f the other haloes. The colour scale indicates some weak corre-
ation with the bar formation time – here the time over which
he change is measured – with the oldest bars seeing some of 
he largest changes, speeding up while their host galaxies become 

ore baryon dominated. 

.3 The effect of galaxy interactions 

ithin a cosmological setting, galaxies ev olv e not just by secu-
ar processes, but also by interactions with other galaxies. These 
nteractions can induce torques, and thus change the angular 

omentum of discs and their internal structures, such as bars, 
MNRAS 547, 1–19 (2026) 



10 A. Merrow et al. 

M

Figure 7. The relation between baryon dominance (quantified as the ratio of circular velocities for stars and for all mat ter, ev aluated at the effective 
radius) and R. Both ax es ar e shown for z = 0 on the right and for 0 . 5 Gyr after bar formation on the left, coloured by the bar formation time. Error bars 
are shown for R in both panels. The red dashed lines indicate R = 1 , 1 . 4 in both panels. 

Figure 8. The fractional change in R from bar formation to z = 0 shown 
against the fractional change in baryon dominance (quantified as in 
Fig. 7 ) over the same time period. The colour scale shows the lookback 
time to bar formation. The red dashed lines indicate no change in R 

(horizontal) and baryon dominance (vertical). Bars below the horiztonal 
line have sped up and haloes to the right of the vertical line have increased 
their baryon dominance. 
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nd ther efor e may affect their pr operties. We parametrize her e
he strength of such interactions by the Elmegreen parameter as
utlined in Section 2.2.2 , and focus on the strongest interactions
n two time intervals to describe their potential impact on the
otation rates of bars. We are first int erest ed in the time around
ar formation, since this affects the conditions under which the
NRAS 547, 1–19 (2026) 

(  
ar first appears and has the potential to set its behaviour early in
ts evolution. Following this, we investigate the continued effect
f interactions on the rotation rate during the lifetime of the
ar, which may alter the bar as it evolves up to the end of the
imulation. 

Fig. 9 shows the dependence of rotation rate on the logarithm
f the maximum interaction strength around the time of bar
ormation (the 1 . 5 Gyr immediately preceding our t i ). We denote
his as log 10 S form 

. The top panel of Fig. 9 shows the initial R i 
nd final R 0 in grey and black points, respectiv ely. Despit e a
ide spread, we see a weak trend in R 0 where the fastest bars
y z = 0 formed alongside some of the strongest interactions. We
ote that the bars in A u20, A u25, and A uL10, while contradicting

his tr end, ar e each younger than 2 Gyr – this may be the r eason
or their high-rotation rat es giv en the trend in Fig . 4 . Ther e is,
ow ev er, no discernable trend in their initial rotation rates. This

s unexpect ed, since int eractions around the bar formation time
 ould intuitiv ely be more likely t o affect bar pr operties ar ound

he same time. Inst ead, w e see little to no effect at the initial time
tself, with a weak trend only arising at later times. We note that
here is a bias present: stronger interactions are more likely to
ccur at earlier times in the simulation. This results in earlier
orming bars being more likely to form amid strong interactions,
hereby having larger values of log 10 S form 

, and, as we saw in
ection 3.1 , earlier forming bars are also faster on average. The
nterdependence of log 10 S form 

and t bar can be seen in the thick-
or der ed panel (c) in Fig. B1 . 

Our finding that older bars experience stronger interactions at
heir time of formation relative to younger bars contrasts with
 esults fr om the TNG50 simulation, presented in M. Frosst et al.
 2026 ). These authors argue that secularly formed bars are older,
ecause they find: (i) that older bars form with higher baryon
ominance and; (ii) a weak anticorrelation betw een bary on dom-

nance and interaction strength around the bar formation time
note that they use different formulations of these quantities
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Figure 9. The relation between R and the maximum Elmegreen param- 
eter ( S) for any interaction from 1 Gyr before to 0 . 5 Gyr after bar forma- 
tion. The top panel shows R at z = 0 (black points) and at 0 . 5 Gyr after bar 
formation (grey points connected by the grey lines). The red dashed lines 
indicat e R = 1 , 1 . 4 . The bott om panel shows the fractional change in R 

between these two times. The colour scale shows the bar formation time 
for each halo, and the left/down/right pointing triangles indicate r etr o- 
gr ade/polar/progr ade orient ed int eractions, respectiv ely. The red dashed 
line in the lower panel indicates no change in R; bars below this line have 
sped up. 

t  

(  

a
b  

s
 

t  

s  

t
b  

m  

g
b  

(  

p
o  

a  

R
o  

w  

w  

o
p  

t  

t  

o
fl
T  

2
 

t  

s
b  

i
o  

i  

u
c
a
b

t  

t  

t  

r
t
a  

t
t  

n
o  

b  

s
w  

s
t
d

 

t  

e  

l
d

4

W  

l
t
a  

t  

s  

b

4

T  

a
s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/4/stag371/8494937 by Sarah D
akin user on 12 June 2026
han those used here). Our results are consistent with the former
see panel d in Fig. B1 ), but not with the latt er: w e do not see
ny relation between baryon dominance and S form 

(see panel 
 in Fig. B1 ), which accounts for the differing results between
imulations. 

The bottom panel of Fig. 9 shows the fractional change in ro-
ation rate across the lifetime of the bar , 	R 

R i 
. W e see a somewhat

tr onger tr end with log 10 S form 

when looking at change rather
han instantaneous R, although the scatter is still significant: 
ars forming alongside stronger int eractions t end t o hav e sped up
ore by z = 0 than those which were formed in relatively isolated

alaxies. This is not entirely explained by the aforementioned 

ias from bar formation times, as can be seen by the colour scale
e.g. Au9 and Au-22 which have not sped up by more than 25
er cent and have not had strong interactions, but are relatively 
ld bars). In this panel, we also show the orientation of the inter-
ction relative to the spin of the disc by the shape of the points:
ight-pointing triangles indicate progr ade inter actions where the 
rbit of the perturber is aligned with the rotation of the disc to
ithin 60 ◦; left-pointing triangles indicate r etr ogr ade inter actions
here the orbit of the perturber is aligned opposite to the rotation
f the disc to within 60 ◦; upwards-pointing triangles indicate 
olar interactions where the orbit of the perturber is int ermediat e
o these two cases, i.e. approaching at or close to perpendicular
o the disc plane. There seems to be little coherent effect from the
rientation of the int eractions, despit e expectations that prograde 
y-by interactions should have greater effects on the galaxy (A. 
oomre & J. Toomre 1972 ; E. D’Onghia et al. 2010 ; M. Lang et al.
014 ; E. L. Łokas 2018 ). 

There is also a strong relation between log 10 S form 

and the frac-
ional change in baryon dominance (see panel a in Fig. B1 ), which
uggests some interdependency between these parameters since 
oth show a similar trend with 

	R 

R i 
. It is possible that a strong

nteraction around the time of bar formation produces an inflow 

f bary onic mat erial, increasing the bary on dominance of the
nner regions of the galaxy over a time-scale of a few Gyr . It is
nclear which relation is the genuine causation – whether in- 
rease in baryon dominance and maximum interaction strength 

round bar formation are mechanically linked, or they simply 
oth produce a similar speeding up of the rotation rate. 

Fig. 10 shows the highest Elmegreen parameter for any in- 
 eraction since 0 . 5 Gyr aft er bar formation, cov ering the life-
ime of the bar up to the end of the simulation. We denote
his maximum as log 10 S bl , using ‘bl’ t o denot e the bar lifetime
ather than ‘form’ which denoted the bar formation time. From 

he top panel we see little correlation between R and log 10 S bl 
t either of these times. How ev er, in the bott om panel w e see
hat the bars that have experienced stronger galaxy interac- 
ions speed up more. This correlation is quite weak, but does
otably account for the significant decreases in rotation rates 
f AuL3, which is unusual in Fig. 8 , having not increased in
aryon dominance, but here can be seen to have experienced the
trongest interactions since bar formation of the entire sample 
ith surviving bars at z = 0 . The pattern speed in AuL3 increases

teadily following its interaction until the end of the simula- 
ion, dramatically decreasing its large corotation radius and thus 
ecreasing R. 
Together with the results shown in Sections 3.1 and 3.2 , in-

eractions with e xternal g alaxies seem to have only a secondary
ffect on the rotation rates of their bars, with weaker corre-
ations than those seen with bar strength and with baryon 

ominance. 

 DISCUSSION  

e first discuss the physical processes that may lie behind the
ow, decreasing bar rotation rates in Auriga, given the correla- 
ions with baryon dominance and interaction strength presented 

bove, and how these compare to the literature. We then discuss
he ext ent t o which the trends with bar rotation rate above are
upported by observational studies, in particular those found with
oth bar strength and galaxy stellar mass. 

.1 Decr easing r otation rates 

he prevalent mode of evolution for the bars in the Auriga suite
ppears to be lengthening without significant slowing of pattern 

peed, resulting in bars which speed up in rotation rate through
MNRAS 547, 1–19 (2026) 
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Figur e 10. The r elation between R and the maximum Elmegreen pa- 
rameter ( S) for any interaction following 0 . 5 Gyr after bar formation. 
The top panel shows R at z = 0 (black points) and at t i (grey points 
connected by the grey lines). The red dashed lines indicate R = 1 , 1 . 4 . 
The bottom panel shows the fractional change in R between these two 
times. The colour scale shows the bar formation time for each halo, and 
the left/down/right pointing triangles indicate r etr ograde/polar/pr ograde 
orient ed int eractions, respectiv ely. The red dashed line in the lower panel 
indicates no change in R; bars below this line have sped up. 
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heir lifetimes (see Fig. 4 ). While an increasing bar length is ex-
ected for bars evolving secularly, the e xpectation fr om theory
nd tailored simulations is that their pattern speeds, and there-
or e r otation rates, will slow down, primarily due to dynamical
riction from the dark matter halo (M. D. Weinberg 1985 ; B. Lit-
le & R. G. Carlberg 1991 ; V. P. Debattista & J. A. Sellwood 2000 ;
. Athanassoula 2003 ). In some cases, the increase in corotation

adius from a slowing pattern speed is not sufficient to outpace
he increase in bar length, resulting in the bar maintaining a fast
otation rate, i.e. low R (e.g. J. K. O’Neill & J. Dubinski 2003 ; I.

artinez-Valpuesta et al. 2006 ). Additionally, J. A. Sellwood &
. P. Debattista ( 2006 ) find that the presence of a gravitational
erturbation which increases the pattern speed briefly – such as
n interaction with an external galaxy – can halt the slow down
rom dynamical friction for a few Gyr . How ev er, they also show
hat this state of ‘metastability’ is sensitive to further perturba-
ions, which are frequent in a cosmological setting. Therefore, the
NRAS 547, 1–19 (2026) 
etastable state is unlikely to last long in reality, allowing slow
own from dynamical friction to resume. 
In this study, we do not seem to find dynamical friction acting

s a persistent, gradual mechanism, which would slow down bars
n long time-scales. In contrast, we find that dynamical friction
s likely acting on much shorter time-scales, since Figs 6 and 7
how that bar rotation rates are mainly dependent on the ratio of 
he stellar to dark matter (with more baryon dominated galaxies
osting faster bars) at formation time, as well as at subsequent

imes. This trend is established by t i (just 0 . 5 Gyr after the bar
orms), which is a much shorter time-scale than the 5 –10 Gyr
ound in B. Little & R. G. Carlberg ( 1991 ), V. P. Debattista & J.
. Sellwood ( 2000 ), E. Athanassoula ( 2003 ), J. K. O’Neill & J.
ubinski ( 2003 ), and J. A. Sellwood & V. P. Debattista ( 2006 )

or dynamical friction, potentially on the same time-scale as bar
ormation. Instead, the corr elation of r otation rat e and bary on
ominance that we see in our sample may suggest the fast-acting
ynamical friction originally described in M. D. Weinberg ( 1985 )
hich acts over a few bar rotation times (r oughly 0 . 1 –1 Gyr her e)

or bars that form fast. 
In addition to acting over a short time-scale, dynamical friction

s relativ ely w eak in the bary on-dominat ed syst ems w e e xplor e
ince bars remain fast and even decrease in rotation rate as they
v olv e. As mentioned in Section 1 , some studies suggest that there
ould be mechanisms arising from channelling g as towar ds the
entre of the galaxy that can speed the bar up (F. Bournaud et al.
005 ; I. Berentzen et al. 2007 ; E. Romano-Díaz et al. 2008 ; J. Villa-
argas et al. 2010 ; E. Athanassoula 2014 ; A. Beane et al. 2023 ).
ven if this effect is not enough to counter dynamical friction
n its own, J. A. Sellwood & V. P. Debattista ( 2006 ) finds that
as inflows may be able to r eliably pr oduce the perturbation in
attern speed r equir ed to trigger a metastable state. 
Interactions with other galaxies are an unlikely main candidate

or speeding up bars in Auriga, since the associated trends in
ection 3.3 are relatively weak, and there is no evidence for tidal
orces during an interaction reliably increasing the pattern speed
f a bar, instead showing a mixture of speeding and slowing the
ar as in e.g. M. Gerin et al. ( 1990 ), E. L. Łokas et al. ( 2014 ),
nd M. Semczuk et al. ( 2024 ). Panel (a) in Fig. B1 does, how ev er,
ndicate a correlation between stronger interactions around the
ime of bar formation and greater changes in baryon dominance
etween t i and z = 0 . This correlation may be linked to inflows
f gas that could increase the bar rotation rate, or higher rates of 
 as accr etion on to the g alaxy that could add angular momentum
o the disc and the bar. Both mechanisms r equir e a lasting effect
n the radial motion of gas in order to cause a speed up of the
ar over its lifetime, consistently maintaining the influence of the

nteraction for at least 1 Gyr after its pericentre. 
Further clues may come from comparison with other cosmo-

ogical simulations in which the speeding up of bars seen here
r e not pr esent. As mentioned in Section 1 , most cosmological
imulations which form bars tend to produce bars which are too
low, particularly in rotation rate (D. G. Algorry et al. 2017 ; N.
eschken & E. L. Łokas 2019 ; M. Roshan et al. 2021 ; A. Habibi
t al. 2024 ; S. Ansar et al. 2025 ), potentially as a r esult of e x ces-
ive slow down from dynamical friction (significant slow down
s seen in D. G. Algorry et al. 2017 ; A. Habibi et al. 2024 ) or a
ack of lengthening through their evolution (N. F r ankel et al.
022 ). These studies examine bar rotation rate in five different
imulations, which we compare with Auriga in turn. 

In Illustris (M. Vog elsberg er et al. 2014 ), N. Peschken & E. L.
okas ( 2019 ) find a mean bar rotation rate of 5 . 6 ± 3 . 8 . In EAGLE
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R. A. Crain et al. 2015 ; J. Schaye et al. 2015 ), D. G. Algorry et al.
 2017 ) find rotation rates of 1 . 4 –10 for the strong bars in EAGLE
ef-L100N1504 (the 100 cMpc box run). Additionally, M. Roshan 

t al. ( 2021 ) find mean rotation rates of 2 . 4 +1 . 1 
−0 . 8 in EAGLE Ref-

100N1504 and 1 . 9 +1 . 7 
−0 . 9 in EAGLE Ref-L050N0752 (the 50 cMpc 

ox run). For these two simulations, F. F r agkoudi et al. ( 2021 )
nd that the higher values of baryon dominance found in Auriga 
 alaxies ar e the likely r eason for its faster bars. Incr eased baryon
ominance in the inner r egions of g alaxies can significantly re-
uce the effects of dynamical friction (V. P. Debattista & J. A. Sell-
ood 1998 ) and allow the bar to lengthen without significantly
ecreasing pattern speed. 
F. F r agkoudi et al. ( 2021 ) not e that this higher bary on domi-

ance is likely due to the models of stellar and AGN feedback
sed in Auriga being ‘smoother’ than those in EAGLE and Il-

ustris. This is confirmed for EAGLE in A. J. Kelly et al. ( 2022 ),
hich e xplor es the effects of r erunning a pair of zoom-in cosmo-

ogical simulations from Apostle (A. Fattahi et al. 2016 ; T. Sawala
t al. 2016 ) with the Auriga baryon physics model from the same
nitial conditions. Apostle uses the same model as EAGLE but 
ith effectiv ely w eaker AGN feedback and a higher resolution.
hey find that increased stellar feedback in Apostle is responsible 

or suppressing the accretion of gas thus lowering the baryon 

ominance of their haloes. 
In the IllustrisTNG simulations, M. Roshan et al. ( 2021 ) find
ean rotation rates of 2 . 8 +1 . 6 

−1 . 0 in TNG100 (F. Marinacci et al. 2018 ;
. P. Naiman et al. 2018 ; D. Nelson et al. 2018 ; A. Pillepich et al.
018 ; V. Springel et al. 2018 ) and 3 . 0 +1 . 8 

−1 . 1 in TNG50 (D. Nelson et al.
019 ; A. Pillepich et al. 2019 ). Also, A. Habibi et al. ( 2024 ) find
hat most bars have rotation rates of 1 . 4 –5 in TNG50. Using the
tellar mass fractions for discs in TNG100 (from A. Marasco et al.
020 ) and for barred galaxies in TNG50 (from Y. R osas-Guev ar a
t al. 2022 ) we can see that both simulation runs also have lower
aryon dominance than in Auriga, with TNG100 being compa- 
able with the original Illustris and TNG50 being slightly more 
ary on dominat ed but still less so than Aurig a. Ther efor e, fol-

owing the conclusions of F. F r agkoudi et al. ( 2021 ), this likely
ccounts for the most of the difference in bar rotation rates. 

The question remains: What is the cause of the difference in
ary on dominance betw een Auriga and TNG50? M. Semczuk et 
l. ( 2024 ) and M. Frosst et al. ( 2025 ) find that kinetic mode AGN
eedback in galaxies in TNG50 with stellar masses 10 10 –10 11 . 2 M �
s effective at removing cold gas from the inner disc, creating 
gas holes’ up to 15 kpc in radius, most often in barred discs. M.
emczuk et al. ( 2024 ) show that these gas holes are linked to
ncreased bar slow-down in TNG50. While AGN feedback can 

e effective in reducing star formation in barred Auriga galaxies 
e.g . D. Ir odot ou et al. 2022 ), w e find no such g as holes pr esent in
ur sample of Auriga galaxies. This is likely because the Auriga 
GN feedback model uses a relatively gentle thermal radio mode 

o heat halo gas (R. J. J. Grand et al. 2017 , 2024 ), whereas TNG
nstead includes a jet-driven kinetic AGN feedback mode that 
irectly kicks out gas from the central disc (R. Weinberger et al.
017 , 2018 ). These differences in AGN feedback between Auriga 
nd TNG likely account for the higher baryon dominance and 

ower bar rotation rates in Auriga. 
Since the baryon dominance in TNG50 is the closest to that

n Auriga, we also consider the spin of the dark matter haloes.
. Li et al. ( 2023 ) find from tailored N -body simulations that a
igh value of dark matter halo spin can halt slow down from
ynamical friction. Milky Way mass haloes in TNG50 have spin 

arameters in the range 0 . 02 –0 . 07 , skewing t owards low er values
or barred galaxies (Y. R osas-Guev ar a et al. 2022 ), whereas all
riginal Auriga haloes have spin parameters above 0.08 (R. J. 
. Grand et al. 2017 ) – this is in the regime where X. Li et al.
 2023 ) find spin to halt bar slow down for up to 5 Gyr . It is also
otable that A. Habibi et al. ( 2024 ) find that two of the three bars

n TNG50 that have sped up significantly are also in the minor-
ty that experience major mergers after z = 1 , pointing towards
alaxy interactions playing a key role in speeding up bars. We see
 similar, albeit very weak, trend in Section 3.3 . 

Lastly, in the FIRE-2 simulations (P. F. Hopkins et al. 2018 ; A.
etzel et al. 2023 ), S. Ansar et al. ( 2025 ) find bar rotation rates

f 1 . 6 –6 . 5 . Examining the stellar masses and haloes masses from
. F. Hopkins et al. ( 2018 ), we see that FIRE-2 also has lower
aryon dominance than Aurig a, pr oviding an explanation for its
lower bars. We also note that the bars in FIRE-2 are very weak,
ith none stronger than A 2 , max = 0 . 21 (only this strongest bar
ould be considered a barred galaxy in this work). Since we find

hat rotation rate is negativ ely correlat ed with bar strength, we
ould expect such weak bars to also be slow in Auriga. Indeed,

he strongest bar in FIRE-2 also has the lowest rotation rate. S.
nsar et al. ( 2025 ) find that the weak bars in FIRE-2 may result

r om r epeating cycles of star formation and str ong stellar feed-
ack, disrupting the bar-forming resonances by perturbing the 
otential as in M. D. Weinberg ( 2025 ). 
We see that the disc galaxy population in Auriga has a higher

aryon dominance than each of these five other cosmological 
imulations (EAGLE, Illustris, TNG50, TNG100, and FIRE-2), in 

ddition to significantly lower average bar rotation rates. This 
ndicates that having a high-baryon dominance, likely achieved 

hr ough smoother, less aggr essive feedback models, is the most
mportant factor in forming fast bars within cosmological sim- 
lations. Other ingredients, potentially including properties of 
erger histories and dark matter halo spin, may contribut e t o in-

reasing the fraction of fast bars formed. The higher baryon domi-
ance found in Auriga is consistent with the SPARC (Spitzer Pho-

ometry and Accurate Rotation Curves) sample of spiral galaxies 
F. Lelli, S. S. McGaugh & J. M. Schombert 2016 ), as found in
. F r agkoudi et al. ( 2021 ), which also lies above the expected
bundance matching relation (L. Posti, F. F r aternali & A. Marasco
019 ). R. J . J . Gr and et al. ( 2017 , 2024 ) show further observ ational
omparisons of the full Auriga suite, indicating that the relatively 
igh-baryon dominance in Auriga is consistent with, e.g. the 
ully–Fisher relation, z = 0 star formation rates, and half-light 
adii. 

.2 Comparison with observations 

hile ther e ar e significant challenges of observationally measur- 
ng bar pattern speeds (e.g. V. P. Debattista 2003 ; Y. Zou et al. 2019 ;
. Garma-Oehmichen et al. 2020 ), here we discuss some of the
tudies that have e xplor ed bar pattern speeds and compared these
o different parameters. In particular, we compare our results of 
rends with bar strength and with stellar mass, since these are

easur ed mor e easily in observations than the other quantities
sed in this paper. 
We first address the correlation between bar strength and rota- 

ion rate. P. Rautiainen et al. ( 2008 ) used models of the rotating
ar pot ential, fitt ed based on the r esponse featur es pr oduced by
umerical simulations of the disc, to find bar pattern speeds for
8 z ∼ 0 bright spiral g alaxies fr om the Ohio State University
right Spiral Galaxy Survey (P. B. Eskridge et al. 2002 ). Although
sing a different measure of bar strength than that used in this
MNRAS 547, 1–19 (2026) 
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aper – the ratio of tangential and radial for ces e x erted by the bar
otential in their best fit model – they find that all but one of the
low ( R > 1 . 4 ) bars in their sample have a bar strength less than
.3. This matches the tendency for slow bars to be weaker in Fig. 5 .
t is, how ev er, w orth noting that their sample only contains six
ther galaxies stronger than this limit, meaning the majority of 
heir fast bars are also weaker than 0.3. T. Géron et al. ( 2023 ), use
he Tremaine–Weinberg method (S. Tremaine & M. D. Weinberg
984b ) to find the pattern speeds of 255 bars from the MaNGA
urvey (K. Bundy et al. 2015 ); they also find that strong bars have
ower rotation rates in agreement with Auriga. The bars in this
ork are classified by Galaxy Zoo (C. J. Lintott et al. 2008 ; M.
almsley et al. 2022 ) into strong and w eak cat egories which hav e

otation rates of 1 . 53 +0 . 74 
−0 . 53 and 1 . 88 +1 . 08 

−0 . 75 , respectively. 
Other works find no such relation between rotation rate and

ar strength in observations. R. Guo et al. ( 2019 ) also use the
remaine–Weinberg method to find pattern speeds in a smaller
ample (53) from the MaNGA survey and find no correlation
ith bar strength. V. Cuomo et al. ( 2020 ) adds 18 bars from

he literature and 31 bars from the CALIFA survey (Calar Alto
egacy Integral Field spectroscopy Area survey; S. F. Sánchez
t al. 2012 ; C. J. Walcher et al. 2014 ) to this sample, making
7 bars once additional quality cuts are imposed, and finds the
ame lack of correlation. It is unsurprising that these studies
gree with each other, given the large overlap in galaxy sample.
nother similarity which may affect their results, is that they find

orotation radii by assuming that the rotation curve of the disc
 ery quickly flatt ens t o a constant circular velocity. P. Rautiainen
t al. ( 2008 ) and T. Géron et al. ( 2023 ), the two studies which do
ee a correlation between bar strength and rotation rat e, inst ead
odel the rotation curve for a (potentially) more accurate corota-

ion radius. In summary, although not all observations support a
orrelation between bar strength and rotation rate, the relatively
arge sample and accurate method for measuring the corotation
adius of T. Géron et al. ( 2023 ) is compelling evidence for a
orrelation. 

The correlation between stellar mass and bar rotation rate is of 
articular interest since, as mentioned in Section 3.2.1 , it provides
 test of �CDM cosmology. The correlation could be caused by
he underlying trend of higher stellar mass galaxies having higher
aryon dominance. Due to the lack of dark matter, in a Modified
ewtonian Dynamics framework (M. Milgrom 1983 ), we would
ot expect to see a dependence of rotation rate on galaxy mass

n such scenarios (since there is no trend or change in ‘baryon-
ominance’). Indeed, the study of S. T. Nagesh et al. ( 2023 ) ex-
lored bars in a MOND framework, showing that galaxies with
asses 10 9 –10 11 M � all have similar rotation rates of R ∼ 1 . 6 . 
In observations, T. Géron et al. ( 2023 ) show a weak negative

orrelation between bar rotation rate and stellar mass in their fig.
3. This figure shows that weak bars tend to have higher rotation
at es in low er mass galaxies for M � � 3 × 10 10 M �. Above this

ass, bars have rotation rates which are lower, but appr o ximately
onstant with stellar mass. We see a similar shape in the rotation
at e-st ellar mass relation for Auriga in Fig. 6 , but with a slightly
igher transitional mass of 6 × 10 10 M �: Five of the six galaxies
ith stellar masses below 6 × 10 10 M � in our sample have slow
ars, all of which have weaker bars than the median. 

Two other works examine the relation between bar rotation
at e and st ellar mass: L. Garma-Oehmichen et al. ( 2020 ) which in-
 estigat es 18 galaxies from the MaNGA and CALIFA surveys, and
. Garma-Oehmichen et al. ( 2022 ) which applies the Tremaine–
einberg method to 97 g alaxies fr om the MaNGA survey with
NRAS 547, 1–19 (2026) 
asses and morphology similar to the Milk y Wa y. Both studies
nd no correlation between rotation rate and stellar mass. We
ot e, how ev er, that both studies have a smaller sample size than
. Géron et al. ( 2023 ), especially L. Garma-Oehmichen et al.
 2020 ), which only finds a convergent pattern speed for 13 galax-
es due to its focus on galaxies, which present challenges to the
remaine–Weinberg method. L. Garma-Oehmichen et al. ( 2022 )
lso has a low er st ellar mass limit of 2 × 10 10 M � – this would
ikely hide a trend like in T. Géron et al. ( 2023 ), which only
ppears below 3 × 10 10 M �, especially since the relation is pre-
ented as a correlation coefficient only. 

R. Guo et al. ( 2019 ) additionally inv estigat es the dark matter
raction within an effectiv e radius, the inv erse of bary on domi-
ance. In their fig . 11, ther e is a weak neg ative corr elation be-

ween rotation rate and dark matter fraction (more slow bars
ave higher dark matter fractions, corresponding to lower baryon
ominance) in the discs with the most reliable position angles.
his is in agreement with our results in Fig. 7 , although the
bservations show a much weaker correlation. 

The relationships between bar rotation rate and bar strength,
t ellar mass, and bary on dominance found in some observations
re consistent with our findings. While not all observational stud-
es agree with our work, those that do have either have larger
ample sizes or fewer assumptions in calculating their rotation
at es, which lends t entativ e support t o the bar ev olution in the
uriga simulations, the baryon physics inv olv ed, and the �CDM

osmology producing it. Future observations may clarify the pic-
ur e curr ently pr esented, allowing the tr ends w e hav e present ed
ere t o giv e a mor e r obust t est of bar ev olution in Auriga. In
articular, studies of bars in lower mass disc galaxies may provide
 crucial test for the relations that we find. 

 CONCLUSIONS  

n this paper, we investigated the internal and external physical
rocesses that set the bar pattern speed and drive its evolution in
imulated Milky Way mass galaxies. We used 27 high-temporal
 esolution r eruns fr om the Aurig a suit e of magnet ohy drody-
amic cosmological zoom-in simulations to compare bar rotation
 ates, R (the r atio of corotation r adius to bar length), with bar
ormation times and strengths, as well as with the baryon/dark

atter composition and interaction histories of their host galax-
es. 

We summarize our conclusions as follows: 

(i) All but one of the bars in the Auriga suite of simulations
ecr ease in r otation rate fr om their formation to the present day,

argely due to an increase in bar length and appr o ximately con-
tant corotation radius (e.g. Figs 3 and 4 ). This speed-up in R is
ne xpected when compar ed t o the lit erature, and implies that any
ynamical friction acts on short time-scales, having little effect
ollowing 0 . 5 Gyr after the bar forms. 

(ii) Younger (older) bars tend to have a slower (faster) rotation
 ate (r atio of corotation r adius to bar length) by the end of the
imulation (Fig. 4 ). Younger bars are also slower than older bars
hortly after the bar formation time, suggesting that the mech-
nism responsible for the difference acts mostly within the first
 . 5 Gyr of bar evolution. 

(iii) Bars that ar e str onger at z = 0 tend to be faster (Fig. 5 ).
his is a relation that can be t est ed in the nearby Universe and is
onfirmed in some, but not all, observational studies. 
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(iv) Galaxies with higher stellar masses tend to host faster bars 
Fig. 6 ). This relation acts as a test of the �CDM model of cos-

ology and baryon physics in Auriga, since it seems to be driven
y the higher fractions of st ellar t o dark matter in high-mass
 alaxies. This r elation has so far been observed in weak bars at
tellar masses below 3 × 10 10 M �. 

(v) The ratio of stellar to dark matter (or baryon dominance) 
ithin galaxies appears to be the strongest factor in setting the

otation rate at both the start and end of the lifetime of their bars
p to z = 0 . Reg ar dless of epoch, bars in more bary on dominat ed
nvir onments ar e faster (Figs 6 and 7 ); additionally, bars t end t o
peed up when their host galaxies increase in baryon dominance 
Fig. 8 ). 

(vi) Galaxy interactions at the time of bar formation have little 
mmediate effect on pattern speed, however bars formed along- 
ide stronger interactions tend to speed up more through their 
ife and become slightly faster by z = 0 (Fig. 9 ). The mecha-
isms behind this are unclear, but may relate to the trends with
aryon dominance – possibly due t o int eractions driving in situ
ary ons t owar ds the g alactic centr e or by adding gas to the sys-
em dir ectly. Reg ar dless of mechanism, this contradicts the e x-
ectation fr om literatur e that tidally formed bars are slower on
verage. 

(vii) There is a weak trend between stronger galaxy interac- 
ions after the bar has formed and a gr eater decr ease in bar
otation rate (Fig. 10 ). This effect is, how ev er, minimal when
ompared to the other correlations presented here. 

The Auriga simulations give an insight into how fast bars in
ilk y Wa y mass haloes can arise in cosmological simulations.
 high-baryon dominance in the inner regions appears to be 

rucial, as do relatively early-forming bars. Comparison with 

ars in other cosmological simulations supports the need for 
igh-baryon dominance in order to produce fast bars in Milky 
ay mass discs. Having this baryon dominance likely counters 

ynamical friction in Auriga to stop these bars slowing down 

 x cessively by pr esent day and even allowing the majority to
peed up. Our study highlights the potential constraining power 
f bar rotation rates on the nature of dark matter and baryonic
hysics. 
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P P E N D I X  A:  BAR  L E N G T H  MEASUREMENT  

his section gives a description of the method we use to calculate
he bar lengths in our sample. Fig. A1 illustrates an example 
f this pr ocedur e for Au24 at z = 0 , in the final snapshot of its
imulation. 

After aligning the disc to the x –y plane and the bar to the x -axis
s described in Section 2.2.1 , we find the contours to the face-on
tellar surface density. We show every 10 th calculated contour in 

he upper left panel of Fig. A1 . For each cont our lev el, w e fit an
llipse to the longest closed loop, centred on the origin, as shown
n the upper right panel in blue. 

The low er tw o panels show the eccentricity and angle from the
ligned bar axis, respectively, against the semimajor axis of each 

llipse up to 12 kpc . The bar length is then the minimum of three
adii: the first minimum in eccentricity outside the visually strong 
ar region, the first turning point in angle outside the visually
trong bar region, and the first deviation in angle of more than
5 ◦/ π12 rad from the bar axis (e x cluding the inner 1 kpc which
hows little bar signal). These three radii are shown in Fig. A1
s the middle, right, and left vertical dashed lines respectively. In
his case, we find a bar length of 6 . 5 kpc , corresponding to the
eft-most dashed line. 

To match observations where only one time is available, we 
ake our bar length measurements from the individual snipshot 
or each initial and final time. How ev er, ther e ar e effects which
an introduce inaccuracies, most notably artificial lengthening 
f the bar from spir al arms tempor arily aligning with the ends
f the bar (see N. Bissantz & O. Gerhard 2002 ; A. C. Quillen
t al. 2011 ; T. Hilmi et al. 2020 ). To acknowledge this in our
esults, w e comput e a measure of uncertainty as the range of bar
engths found for a few snipshots within 100 Myr of the quoted 

ime. For temporary/oscillating inaccuracies in the bar length 

easurement, these uncertainties should reliably encompass the 
rue bar length. 
i

 

p

/8494937 
P P E N D I X  B :  COMPREHENSIVE  

OR R E L AT I O N S  

e present in Fig. B1 an overview of the correlations existing
etween each of the parameters presented above. This includes 

nt erdependences betw een each pair of paramet ers, in addition
o the relations with pattern speed and rotation rate shown in
he lower four rows. Each panel contains points for each relevant
alaxy, a line of best fit, and a colour t o indicat e the strength
f the correlation between the pair of paramet ers, with y ellow
s the most correlated and blue as the least. For example, the
anel in the third column from the left and third row from the
op shows the relation between the most strongly correlated pair 
f parameters, M � and σ (M) – as seen in Fig. 6 and e xplor ed
urther in F. F r agkoudi et al. ( 2025 ), galaxies in the Auriga sim-
lations with higher stellar masses tend to lie further above the
bundance matching relation from B. P. Moster et al. ( 2013 ). In
ontrast, the panel in the fifth column from the left and sixth
 ow fr om the bottom shows the r elation between the least cor-
elat ed pair of paramet ers, A 2 , max and 

	 V � 
V all 

| eff 
V � 

V all 
| eff, i 

– this indicat es that

he relative change in baryon dominance in the inner regions 
ince the bar formed has no relation to the final strength of 
he bar. 

In the abov e, w e directly mention six of the relations shown
ere, outside of the focal relations with measures of bar speed.
n Fig. B1 , these six relations are labelled (a–f) and each have
 thick border. In Section 3.1 , we refer to the weak correlation
etween t bar and 

	R 

R i 
, shown in panel (f), as well as the posi-

ive correlation between A 2 , max and t bar , shown in panel (e). In
ection 3.3 , we refer to four relations. The positive correlation
etween log 10 S form 

and t bar is shown in panel (c). The weak pos-
tiv e correlation betw een 

V � 
V all 

| eff, i and t bar is shown in panel (d).
he lack of correlation between log 10 S form 

and 

V � 
V all 

| eff, i is shown 

n panel (b). Lastly, the positive relation between log 10 S form 

and 

	 V � 
V all 

| eff 
V � 

V all 
| eff, i 

, which is also r eferr ed to in Section 4.1 , is shown in

anel (a). 
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Figure A1. An illustration of of our method for finding the bar length for Au24 at z = 0 . Top left: the contours of the face-on stellar surface density 
profile within 12 kpc . Top right: the ellipse fitting (blue) to the largest closed loop of each contour level from the previous panel (grey). Middle: the 
eccentricity plotted against semimajor axis of each ellipse fit ted. Bot tom: the angle plot ted against semimajor axis of each ellipse fit ted, with ± π

12 r ad 
shown by the red dashed lines. In both the lower two panels, the vertical grey dashed lines indicate the radius of the three features used to determine 
the bar length. 
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Figure B1. Plots comparing, in pairs, the parameters shown in figures within Section 3 : �p , 0 the pattern speed at z = 0 in units of rad Gyr −1 ; R 0 the 
rotation rate at z = 0 ; R i the rotation rate at time t i ; 	R 

R i 
the fractional change in rotation rate from t i until z = 0 ; t bar the lookback time to bar formation 

in units of Gyr ; A 2 , max the bar strength at z = 0 ; V � 
V all 

| eff, 0 the baryon dominance within the effective radius at z = 0 ; V � 
V all 

| eff, i the baryon dominance 

within the effective radius at t i ; 
	 V � 

V all 
| eff 

V � 
V all 

| eff, i 
the relative change in baryon dominance within the effective radius from t i until z = 0 ; M � the stellar mass in 

units of M �; σ (M) the vertical offset from the abundance matching relation in units of the 1 σ dispersion in the relation (see Section 3.2.1 ); log 10 S bl the 
logarithm of the maximum interaction strength from t i until z = 0 ; log 10 S form 

the logarithm of the maximum interaction str ength fr om 1 Gyr befor e to 
0 . 5 Gyr after t bar . In each panel, we include all haloes in our sample for which the parameters involved have a physical meaning (e.g . unbarr ed g alaxies 
are not included in panels involving pattern speed). Each panel contains a linear line of best fit. The colours of points indicate the magnitude of the 
Spearman’s rank correlation coefficient r S between the two parameters in the panel, with high correlation in yellow and no correlation in blue. The six 
labelled panels with thick borders indicate the panels referred to from the main body of this paper. 
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