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A B S T R A C T 

Does the environment of a galaxy directly influence the kinematics of its bar? We present observational evidence that bars 
in high-density environments exhibit significantly slower rotation rates than bars in low-density environments. Galactic 
bars are central, extended structures composed of stars, dust and gas, present in approximately 30–70 per cent of luminous 
spiral galaxies in the local Universe. Recent simulation studies have suggested that the environment can influence the bar 
rotation rate, R , which is used to classify bars as either fast ( 1 ≤ R ≤ 1 . 4 ) or slow ( R > 1 . 4 ). We use estimates of R obtained 

with the Tremaine–Weinberg method applied to Integral Field Unit spectroscopy from Mapping Nearby Galaxies at Apache 
Point Observatory and Calar Alto Legacy Integral Field Ar ea. After cr oss-matching these with the projected neighbour 
density, log �, we retain 286 galaxies. The analysis reveals that bars in high-density environments are significantly slower 
(median R = 1 . 65 

+0 . 13 
−0 . 11 ) compared to bars in low-density environments (median R = 1 . 39 

+0 . 09 
−0 . 08 ); Anderson–Darling p -value 

of p AD 

= 0 . 002 ( 3 . 1 σ ). This study marks the first empirical test of the hypothesis that fast bars are formed by global 
instabilities in isolated galaxies, while slow bars are triggered by tidal interactions in dense environments, in agreement 
with predictions from numerous N -body simulations. Future studies would benefit from a larger sample of galaxies with 

reliable Integral Field Unit data, required to measure bar rotation rates. Specifically, more data are necessary to study the 
environmental influence on bar formation within dense settings (i.e. groups, clusters and filaments). 

Key wor ds: g alaxies: bar – galaxies: evolution – galaxies: formation – galaxies: kinematics and dynamics – galaxies: statis- 
tics – g alaxies: structur e. 
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 INTRODUCTION  

 bar in a galaxy is a central, extended, long-lived structure com-
osed of stars, dust and g as, pr esent in appr o ximately 30–70 per
ent of luminous spiral galaxies in the local Universe, with the bar
raction depending on factors such as bar strength, wave-band in 

hich it is observed, galaxy colour and mass (P. B. Eskridge et
l. 2000 ; K. Sheth et al. 2008 ; K. L. Masters et al. 2011 ; P. Erwin
018 ; T. Géron et al. 2021 ). Although James Webb Space Telescope
as now det ect ed bars bey ond z ∼ 3 (a look-back time of 11 . 5 Gyr ;
. Costantin et al. 2023 ; I. Smail et al. 2023 ; A. Amvrosiadis et al.
025 ; T. Géron et al. 2025 ), simulations mark the epoch of bar
ormation to be around z ∼ 0 . 7 − 1 , coinciding with the galaxies’
ransition to being dynamically cool and disc-dominated and a 
ecline in major mergers (K. Kraljic, F. Bournaud & M. Martig
012 ; T. Melvin et al. 2014 ). In this secular epoch, slow processes
ecome more dominant in galaxy evolution, providing a stable 
nvironment for bars to form and persist over long timescales. 

Galactic bars are thought to play a critical role in galaxy evo-
ution, funnelling gas to the centre of the galaxy, triggering star-
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ursts and facilitating quenching (K. L. Masters et al. 2012 ; E.
heung et al. 2013 ; S. J. Kruk et al. 2018 ; T. Géron et al. 2021 ).
ars allow mass and angular momentum redistribution, stabliz- 

ng stellar orbits and influencing subsequent evolution of disc 
alaxies (J. P. Ostriker & P. J. E. Peebles 1973 ; F. Combes 2009 ; J.
. Sellwood 2012 ). Ther efor e, studying bars is pivotal to building
 coherent description of galaxy dynamics. 

Both galaxy stellar mass and dark matter halo mass have been
uggested as important factors in bar formation and evolution 

M. S. Fujii et al. 2018 ; Y. R osas-Guev ar a et al. 2020 ; A. Kumar,
. Das & S. K. Kataria 2022 ; J. Bland-Hawthorn et al. 2023 ).
lthough some studies argue that bar formation and evolution 

r e pr edominantly influenced by the internal pr ocesses of the
ost galaxy (S. Sarkar, B. Pandey & S. Bhattacharjee 2021 ; J. A.
. Aguerri et al. 2023 ), the dynamical impact of events such as
ybys, minor mergers and sat ellit e int eractions on the formation
nd evolution of barred galaxies has been ext ensiv ely studied (P.
. Kyziropoulos et al. 2016 ; R. Moetazedian et al. 2017 ; M. K.
avanagh & K. Bekki 2020 ; S. Ghosh et al. 2021 ). It has long been
stablished that bar formation can be triggered by either tidal in-
eractions (M. Noguchi 1987 ; M. Lang, K. Holley-Bockelmann & 

. Sinha 2014 ; E. L. Łokas et al. 2016 ; G. Gajda, E. L. Łokas & E.
thanassoula 2017 ; E. L. Łokas 2018 ) or by internal instabilities
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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n cold isolated discs (F. Hohl 1971 ; J. P. Ostriker & P. J. E. Peebles
973 ; E. Athanassoula, R. E. G. Machado & S. A. Rodionov 2013 ;
. A. Sellwood 2014 ). Simulations further show that tidal inter-
ctions can trigger bar formation in galaxies, which would have
ot otherwise been able to form a bar in isolation (T. Miwa & M.
oguchi 1998 ; M. Lang et al. 2014 ; I. Martinez-Valpuesta et al.

017 ). While the internal dynamics and morphologies of hosts are
n important factor in the study of bars, bar formation and evo-
ution are also strongly linked to the environment of the galaxy. 

How ev er, observational evidence for a relationship between
nvironmental density and bar pattern speed has been lacking.
ar pattern speed, �bar , is a fundamental parameter of a bar, as

t measures the angular frequency of the bar’s rotation about the
 alactic centr e. Given the variation in g alaxy sizes, bar pattern
peed is normally parametrized by the bar rotation rate, defined
s the dimensionless ratio of the bar’s corotation radius, R cr , and
ts semimajor axis, R bar (V. Cuomo et al. 2019 ), that is 

 = 

R cr 

R bar 
. (1) 

he corotation radius is the radius at which the bar and the
tars in the disc rotate at the same speed. The bar rotation rate
arameter is used to classify bars as either slow ( R > 1 . 4 ) or fast
 1 ≤ R ≤ 1 . 4 ), with the median value of R being around 1.66 (T.
éron 2023 ). Slow bars fall short of R cr , while fast bars extend out

o the corotation radius and their pattern speeds are close to the
aximum rotation speed allowed at a given bar length. Despite

ltrafast bars ( R < 1 ) being unphysical (G. Contopoulos 1980 ; E.
thanassoula 1992 ), they are repeatedly measured observation-
lly (P. Rautiainen, H. Salo & E. Laurikainen 2008 ; J. Font et al.
017 ; R. Guo et al. 2019 ). This is likely a measurement artefact,
s the ultrafast bar phenomenon essentially disappears when bar
adius is measured carefully (V. Cuomo et al. 2021 ; M. Roshan
t al. 2021 ). In this paper, w e refer t o all bars with R ≤ 1 . 4 as fast.

N -body simulations indicate that bars triggered by instabilities
ithin the discs of isolated galaxies are typically fast, whereas
ars formed due to tidal interactions are slow (T. Miwa & M.
oguchi 1998 ; I. Berentzen et al. 2004 ; E. L. Łokas et al. 2014 ,

016 ; G. Gajda et al. 2017 ; I. Martinez-Valpuesta et al. 2017 ; E.
. Łokas 2018 ). Simulations show that bar evolution in isolated
 alaxies pr oceeds thr ough thr ee distinct phases. Once the bar
merges, it continues to grow in the vertical direction for the first

2 Gyr , after which it buckles (bends out of the galactic disc
orming a boxy/peanut bulge) becoming shorter and weaker for
he next ∼ 1 Gyr (F. Combes & R. H. Sanders 1981 ; N. Raha et al.
991 ; I. Martinez-Valpuesta & I. Shlosman 2004 ). Eventually it
nters a phase during which it slows down and gradually grows
n length and strength over several Gyr (N. Raha et al. 1991 ; I.

artinez-Valpuesta, I. Shlosman & C. Heller 2006 ; E. Athanas-
oula 2013 ; J. A. Sellwood 2014 ). R fluctuates across all three
tages, but in general, R � 1 . 4 for most of the time (T. Miwa & M.
 oguchi 1998 ; I. Ber entzen et al. 2004 ; I. Martinez-Valpuesta et al.

017 ). Simulations of bars influenced or triggered by tidal interac-
ions (i.e. tidal bars) indicate that tidal bars initially undergo weak
uckling, after which their rotation rates, R , decrease gradually
or ∼ 4 Gyr (T. Miwa & M. Noguchi 1998 ; G. Gajda et al. 2017 ; I.

artinez-Valpuesta et al. 2017 ; E. L. Łokas 2018 ), such that the
ars eventually enter the fast regime, with R ∼ 1 . 4 (I. Martinez-
alpuesta et al. 2017 ). None the less, for most of the time, tidal
ars are very slow, with R ∼ 2 − 3 (T. Miwa & M. Noguchi 1998 ;
. Berentzen et al. 2004 ; E. L. Łokas et al. 2014 , 2016 ; G. Gajda
t al. 2017 ; E. L. Łokas 2018 ). T. Miwa & M. Noguchi ( 1998 )
NRAS 547, 1–9 (2026) 
uggest angular momentum transfer to the perturber as a possible
xplanation for this slow rotation. 

Ther efor e, R could be an observational parameter which dis-
inguishes between tidal bars and bars triggered by internal in-
tabilities. E. L. Łokas et al. ( 2016 ) simulated bar formation on
ifferent orbits in a cluster, demonstrating that tidal interactions
an trigger or influence bar formation in cluster cores but not in
luster outskirts. Similarly, tidal features in galaxies have been
hown to be more frequent in groups and clusters compared to
solated galaxies (J. W. Fried 1988 ). Ther efor e, we e xpect that a
igher environmental density would lead to a higher fraction of 

idal bars. We hypothesize that measurements of bar rotation rate
nd environmental density should reveal a positive correlation
etw een the tw o variables. This study is the first observational
est of this hypothesis. 

To determine whether the simulation results are confirmed
y observational data, we use estimates of the rotation rate,
 , obtained for 334 galaxies in the local Universe using the

remaine–Weinberg method applied t o Int egral Field Unit (IFU)
pectr oscopy fr om Mapping N earby Galaxies at Apache Point Ob-
ervatory (MaNGA; K. Bundy et al. 2015 ) and Calar Alto Legacy
ntegral Field Area (CALIFA; S. F. Sánchez et al. 2012 ) surveys,
cross six studies (J. A. L. Aguerri et al. 2015 ; V. Cuomo et al.
019 ; R. Guo et al. 2019 ; L. Garma-Oehmichen et al. 2020 , 2022 ;
. Géron et al. 2023 ). We cross-match these with projected neigh-
our densities, log 10 (�/ Mpc −2 ) (i.e. log �), from I. K. Baldry
t al. ( 2006 ) using a 10 arcsec search radius, retaining 286 galax-
es. To test whether galaxy stellar mass could be responsible for
ariations in R , we additionally cross-match the log � sample
ith stellar masses, log 10 ( M � / M �) (i.e. log M � ), from the MPA–

HU collaboration (Max-Planck Institute for Astrophysics & John
opkins University; G. Kauffmann et al. 2003 ), retaining 275

alaxies. This marks the first empirical test of the assumption
hat fast bars are formed by global instabilities in the galactic
iscs of isolated galaxies, while slow bars are triggered by tidal

nteractions in dense environments. 
This paper proceeds as follows: In Section 2 we provide a de-

ailed description of our data sour ces, g alaxy sample and analysis
ethods. In Section 3 we present the measured relationships

etween R , log � and log M � . We discuss the results in Section 4 .
inally, we summarize our findings in Section 5 . 

 DA  T  A  AND  METHODS  

.1 Bar rotation rate R and Tremaine–Weinberg method 

e obtain the dimensionless R measurements for 210 galaxies
r om T. Gér on et al. ( 2023 ), who applied the model-independent
inematic Tremaine–Weinberg (TW) method based on the work
f S. Tremaine & M. D. Weinberg ( 1984 ) to line- of- sight stellar ve-
ocity and stellar flux measurements. The TW method measures
he bar pattern speed, �bar , by calculating the velocity component

isalignment with the major axis of the galaxy. To determine the
or otation radius, T. Gér on et al. ( 2023 ) combined their measure-
ents of �bar with g alaxy r otation curves derived from stellar

elocity data. For each galaxy, the authors multiplied �bar by a
 ange of r adii, obtaining a measure of the bar’s speed as a function
f r adius. The r adius at which this curve intersected the galaxy
otation curve was the corotation radius. T. Géron et al. ( 2023 )
ubsequentlycombined their measurements of R cr with manual
ar length measurements to calculate R . The authors obtained
t ellar v elocity and st ellar flux data fr om MaNG A IFU in the
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Table 1. Summary of the bar rotation studies used in our study. The table outlines the IFU spectroscopy catalogue used in the studies and the number 
of galaxies added to our bar rotation rate, projected neighbour density, and galaxy stellar mass samples. 

Study Catalogue R log � log M � 

T. Géron et al. ( 2023 ) MaNGA 210 190 185 
L. Garma-Oehmichen et al. ( 2022 ) MaNGA 56 51 46 
L. Garma-Oehmichen et al. ( 2020 ) MaNGA & CALIFA 6 3 3 
V. Cuomo et al. ( 2019 ) CALIFA 16 9 9 
R. Guo et al. ( 2019 ) MaNGA 34 28 27 
J. A. L. Aguerri et al. ( 2015a ) CALIFA 12 5 5 

Total 334 286 275 

Table 2. Median values of R in low, int ermediat e, and high-density environments ( R low , R mid , and R high ) with 1 σ uncertainties for different 
subdivisions of log �. N low , N mid , and N high ar e the corr esponding sizes of the subgr oups. p ad is the Anderson–Darling p -value between the low and 
high-density subgroups. (1) 33.3rd and 66.7th percentiles, (2) 33.3rd and 66.7th percentiles shifted to the nearest 0.2 dex, (3) 50th percentile, (4) isolated; 
groups (A. Iovino et al. 2010 ), (5) v oids; clust ers (I. K. Baldry et al. 2006 ; M. Mouhcine et al. 2007 ), and (6) low-density environments with log � < 0 (S. 
P. Bamford et al. 2009 ). 

log � cut-offs R low N low R mid N mid R high N high p ad 

(1) −0 . 46 ; 0 . 13 1 . 39 +0 . 09 
−0 . 08 95 1 . 52 +0 . 11 

−0 . 10 96 1 . 65 +0 . 13 
−0 . 11 95 0 . 0019 (3 . 1 σ ) 

(2) −0 . 4 ; 0 . 2 1 . 40 +0 . 09 
−0 . 08 106 1 . 53 +0 . 11 

−0 . 10 97 1 . 66 +0 . 14 
−0 . 12 83 0 . 0028 (3 . 0 σ ) 

(3) −0 . 15 1 . 40 +0 . 08 
−0 . 07 143 – – 1 . 63 +0 . 10 

−0 . 09 143 0 . 0032 (2 . 9 σ ) 
(4) −0 . 4 ; 0 . 4 1 . 40 +0 . 09 

−0 . 08 106 1 . 54 +0 . 09 
−0 . 09 124 1 . 71 +0 . 20 

−0 . 16 56 0 . 0033 (2 . 9 σ ) 
(5) −0 . 8 ; 0 . 8 1 . 40 +0 . 15 

−0 . 12 45 1 . 52 +0 . 07 
−0 . 06 221 1 . 68 +0 . 25 

−0 . 22 20 0 . 065 (1 . 8 σ ) 
(6) 0 1 . 45 +0 . 07 

−0 . 07 175 – – 1 . 62 +0 . 11 
−0 . 10 111 0 . 015 (2 . 4 σ ) 
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ev ent eenth data release of the Sloan Digital Sky Survey (SDSS;
bdurr o ’uf et al. 2022 ). Additionally, they made use of Galaxy
oo DESI (M. Walmsley et al. 2023 ) to identify barred galaxies in

he IFU survey. 
T. Géron et al. ( 2023 ) provide the largest sample of kinemat-

cally classified bars to date. However, given the rigorous con- 
traints on data necessary for the TW method, this is still only
 small fraction of bars observed by MaNGA. Specifically, the 
ethod can only be applied to galaxies with intermediate inclina- 

ions ( 20 ◦ < i < 70 ◦), since edge-on galaxies do not hav e accurat e
patial measurements, while face-on galaxies lack accurate stellar 
elocity measur ements. A dditionally, the bar may not be aligned 

ith the axes of the galaxy, presenting an additional constraint 
S. Tremaine & M. D. Weinberg 1984 ; T. Géron et al. 2023 ). As a
esult, the authors were able to retain only 2 per cent of MaNGA
arr ed g alaxies identified by Galaxy Zoo DESI. Ther efor e, we sup-
lement the galaxy sample with R measurements from five other 
tudies which also applied the TW method, retaining only the 
ost recent R estimate in cases of duplicates, in the same order

s they appear in Table 1 . This results in a sample containing 334
alaxies with measured R . Our sample covers the local Universe,
ith a redshift range 0 . 017 < z < 0 . 078 . 

.2 Local environmental density log �

e use the dimensionless projected neighbour density, 
og 10 (�/ Mpc −2 ) , from I. K. Baldry et al. ( 2006 ), as a measure
f envir onmental density (measur ed using spectr oscopy fr om
he seventh release of SDSS; K. N. Abazajian et al. 2009 ). The
rojected neighbour density is available for 286 g alaxies fr om our
riginal sample. log � is derived by averaging log 10 (�N / Mpc −2 ) 
or N = 4 and 5, where 

N = 

N 

πd 

2 
N 

, (2) 
nd d N [ Mpc ] is the projected comoving distance to the N 

th near-
st neighbour. A larger (smaller) value of log � corresponds to a 
enser (less dense) environment. The galaxies in our sample have 

ocal densities in the range −1 . 46 < log � < 1 . 92 . The median
easurement uncertainty in our sample is 0.05 dex. 
As our sample size is small, with galaxies in the highest-density

nvir onments underr epr esent ed, w e set cut-offs for the low, in-
 ermediat e, and high-density environments at the 33.3rd and 

6.7th percentiles of log � ( −0 . 46 and 0.13, respectively). This
ppr oach pr oduces r oughly equal-sized density bins. Our low-
ensity bin has a higher cut-off than the log � < −0 . 8 cut-off
ometimes used to distinguish voids (I. K. Baldry et al. 2006 ;

. Mouhcine, I. K. Baldry & S. P. Bamford 2007 ). How ev er, it
ligns with how isolated g alaxies ar e defined by A. Iovino et al.
 2010 ), who use the −0 . 8 < log � < −0 . 4 range. S. P. Bamford
t al. ( 2009 ) apply an even mor e gener ous cut-off of log � < 0 for
ow-density environments. Our high-density bin ( log � > 0 . 13 )
alls below typical cluster ranges. M. Mouhcine et al. ( 2007 ) use
og � > 0 . 8 for inner parts of galaxy clusters and I. K. Baldry
t al. ( 2006 ) use log � > 0 . 8 for cluster -lik e en vironments. It
lso falls below the lower limit for group environments ( 0 . 4 <
og � < 0 . 8 ) set by A. Iovino et al. ( 2010 ). Ther efor e, our low,
nt ermediat e, and high-density labels refer t o relativ e sample
ensity, with the low-density bin predominantly containing iso- 

ated galaxies in void-like regions, and the high-density bin con- 
aining a range of dense environments (including groups and 

lusters). 
To test the robustness of our results against the choice of den-

ity cut-offs, we repeat the analysis using density cuts shifted to
he nearest 0.2 dex relative to the 33.3rd and 66.7th percentiles
f log � ( −0 . 4 and 0.2). We also e xplor e other subdivisions of 
og � (outlined in Table 2 ). We verify that the galaxy stellar mass
istributions of the low and high-density subsamples are not sta- 
istically distinguishable for each log � subdivision (Anderson–
arling p -value < 1 . 75 σ ). This justifies our decision not to apply
MNRAS 547, 1–9 (2026) 
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ass matching, which would further reduce sample sizes. Such
n approach ensures that our results are robust to reasonable
ariations in sample definition and are unlikely to be driven by
ample-selection biases. 

.3 Galaxy stellar mass log M � 

e use the dimensionless logarithmic median total stellar
asses, log 10 ( M � / M �) , from the MPA–JHU collaboration (G.
auffmann et al. 2003 ). The authors derived the masses through
ts to the seventh release of SDSS photometry (K. N. Abaza-

ian et al. 2009 ). Stellar masses are available for 275 galaxies
rom the log � sample described in the previous par agr aph. The
alaxies in the log � sample have stellar masses in the range
 . 38 < log M � < 12 . 05 . The median measurement uncertainty in
ur sample is 0.09 dex. 

In literatur e, ther e ar e no agr eed-upon thr esholds for g alaxy
tellar mass which we could use to separate our sample into low,
nt ermediat e, and high-mass bins. For example, S. Sherman et
l. ( 2020 ) use a 10 11 M � threshold to define high-mass galaxies,
hile I. Pérez et al. ( 2025 ) use 10 10 . 5 M � as a cut-off for low-
ass and high-mass galaxies. T. Géron et al. ( 2021 ) refer to the
 � < 10 10 M � range as low. A reasonable threshold is M � ∼

0 10 . 2 M � − 10 10 . 3 M �, which marks a reversal of bar fraction
rends in the local Universe (P. B. Nair & R. G. Abraham 2010 ;
. A. Skibba et al. 2012 ; K. Mukundan et al. 2025 ). How ev er,
ecause of the small sample size in our study, we choose to set the
ut-offs at the 33.3rd and 66.7th percentiles of log M � , producing
oughly equal-sized galaxy stellar mass bins. This corresponds to
alaxy stellar masses of 10 10 . 51 M � and 10 10 . 85 M �, respectively.
her efor e, our low-mass bin is consistent with the one used in

. Pérez et al. ( 2025 ), whereas the high-mass cut-off lies between
he ones used by S. Sherman et al. ( 2020 ) and I. Pérez et al. ( 2025 ).

.4 Statistical analysis 

o assess the significance of differences between subgroups, we
erform the Anderson–Darling test. The null hypothesis is that
he values in the low and high-density, or equivalently the low
nd high-mass subgr oups, ar e drawn fr om the same population.
e r equir e 3 σ for statistical significance. We calculate medians

f subsamples and their respective uncertainties via bootstrap re-
ampling 5000 times with replacement. We verify that increasing
he number of resamples beyond 5000 does not change the in-
erred medians and confidence intervals. We compute the median
or each iteration, and obtain the final median and 1 σ uncer-
ainties from the 50th, 16th, and 84th percentiles of the bootstrap
istribution. 
To account for large asymmetric measurement uncertainties in
 (median individual 1 σ measurement uncertainties of −0 . 37

nd +0 . 59 ), we explicitly propagate them. In each of the 5000
esamples, we perturb the measured values of R using a distri-
ution constructed from two half-normal distributions joined at
he measured value of R . Such modelling of posterior distribu-
ions of R ensures that we draw values above and below R with
qual probability. In other words, this ensures that the measured
alues of R coincide with the medians of the modelled poste-
ior. As such, we sample the downw ard (upw ard) perturbations
rom half-normal distributions with parametrizations set to the
 eported neg ative (positive) measurement uncertainties. By con-
truction, this method ensures that the medians and the 16th and
NRAS 547, 1–9 (2026) 
4th percentiles of the modelled posterior distributions coincide
ith the measured values of R and their corresponding lower and
pper bounds. 
To add a simple measure of the strength of the relationship

etween R and log �, we also calculate the Pearson correlation
oefficient, r, along with its p -value, requiring 3 σ for statistical
ignificance. While r does not account for measurement uncer-
ainties or intrinsic scatter, it is an easily interpretable metric. As
ll bars go through multiple phases of evolution, with rotation
ates fluctuating across them, we expect substantial scatter in
ach density bin rather than a tight, one-to - one relation between
 and log �. To quantify the relationship between the two vari-

bles, we use the bivariate correlated errors and intrinsic scatter
 egr ession, BCES y | x (M. G. Akritas & M. A. Bershady 1996 ).
his method accounts for both measurement uncertainties and

ntrinsic scatter and is a direct extension of the ordinary least-
quar es appr oach. 

In Section 3 , we investigate the dependence of the bar rotation
at e on project ed neighbour density and galaxy stellar mass by
xamining the relationship between R and log �, as well as
omparing the distributions of R across low and high-density en-
ironments and between low and high-mass galaxies. We discuss
he results of these tests in Section 4 . 

 R E S U LT S  

.1 Local environmental density log �

he distributions of R in the low and high-density subgroups,
et by the cut-offs at the 33.3rd and 66.7th percentiles of log �,
re shown in Fig. 1 . The median values of R in the low, inter-
ediate, and high-density environments follow a clear positive

rend, with R = 1 . 39 +0 . 09 
−0 . 08 , R = 1 . 52 +0 . 11 

−0 . 10 , and R = 1 . 65 +0 . 13 
−0 . 11 ,

espectively. To assess the significance of the difference between
he low-density and high-density environments, we perform the
nderson–Darling test. The null hypothesis is that the R values

n the low and high-density subgroups are drawn from the same
opulation. Both subgroups contain 95 galaxies. We obtain a p -
alue of p ad = 0 . 002 , which corresponds to a 3.1 σ result. Since
e r equir e at least 3 σ for statistical significance, the Anderson–
arling test indicates that bars hosted in galaxies in low-density

n vironments ha v e significantly low er values of R (i.e. tend to be
aster) than galaxies in high-density environments, despite a big
v erlap betw een the tw o distributions (see Fig. 1 ). 

We repeat the analysis using other subdivisions of log � to test
he robustness of our results (see Table 2 ). Shifting the fiducial
ocal density cuts to the nearest 0.2 dex (cut 2) preserves the
alues of median R to within 1 per cent, maintains the posi-
ive tr end acr oss the low, int ermediat e, and high- density sub -
roups, and yields a significant Anderson–Darling test ( p ad =
 . 003 , 3 . 0 σ ). Using the 50th percentile of log � (cut 3) or the
og � = −0 . 4 , 0 . 4 cuts (cut 4; A. Iovino et al. 2010 ) results in
lightly lower Anderson–Darling significances ( 2 . 9 σ ), likely due
o reduced contrast between subsamples and lower high-density
ample size, r espectively. N one the less, the positive tr end in R
nd log � is maintained. The e xtr eme log � = −0 . 8 , 0 . 8 density
uts (cut 5; I. K. Baldry et al. 2006 ; M. Mouhcine et al. 2007 ) result
n very small sample sizes ( N low 

= 45 and N high = 20 ) and a non-
ignificant Anderson–Darling test ( p ad = 0 . 065 , 1 . 8 σ ), while us-
ng log � = 0 as a threshold for low/high local densities (cut 6;
. P. Bamford et al. 2009 ) results in moderate Anderson–Darling
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Figure 1. Distributions of the bar rotation rate, R , for 286 galaxies. 
The error bar in the top-right corner r epr esents the median measure- 
ment uncertainty in R for individual galaxies. The distributions for the 
low, int ermediat e, and high-density samples fitted with Gaussian k er - 
nel estimates are blue, red, and black, respectively. The dashed verti- 
cal lines indicate the bootstrapped median values of R in the samples. 
The thr ee err or bars on the dashed vertical lines r epr esent the boot- 
strapped asymmetric 1 σ uncertainties on the values of median R in 
each environment. The Anderson–Darling p -value with the null hypoth- 
esis being that the R values in the low and high-density samples are 
drawn from the same population is p ad = 0 . 002 , a statistically signif- 
icant result ( 3 . 1 σ ). This means that galaxies in low-density environ- 
ments pr efer entially host faster bars (with lower R ) than galaxies in 
high-density environments, despite a significant overlap between the two 
distributions. 
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Figure 2. Scatter plot of the bar rotation rate, R , against projected 
neighbour density, log �, for 286 galaxies. The error bars represent 
the median measurement errors in R and log � for individual galax- 
ies. Low, int ermediat e, and high-mass galaxies are coloured blue, red 
and black, respectively (the same colouring has been used for the his- 
tograms). 11 galaxies with unknown mass are coloured grey. The black 
dashed line shows a robust linear r egr ession obtained with the BCES y | x 
method with the grey shaded region representing 1 σ confidence. The 
best-fitting slope to the data obtained with this method is β = 0 . 39 ± 0 . 13 . 
The Pearson correlation coefficient between R and log � is r = 0 . 20 
with 3 . 3 σ significance, indicating a statistically significant weakly posi- 
tiv e correlation. The hist ograms show low, int ermediat e, and high-mass 
galaxy samples fitted with Gaussian kernel estimates. The Anderson–
Darling p -value with the null hypothesis being that the R values in 
the low and high-mass samples are drawn from the same population is 
p ad = 0 . 17 ( 1 . 4 σ ), so the distributions are not statistically significantly 
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est significance ( p ad = 0 . 015 , 2 . 4 σ ). In all cases, median R 

onsistently show a positive trend with log �, demonstrating that 
ur results are robust to reasonable variations in the choice of 
og � cut-offs. 

Fig. 2 shows a scatter plot between R and log � along with his-
ograms depicting the distributions of both variables. The error 
ars r epr esent the median measur ement err ors in R and log �
or individual galaxies. We see a weak positive trend between R 

nd log �. A r obust linear r egr ession accounting for intrinsic
catter, obtained with the BCES y | x method (bivariat e correlat ed
rrors and intrinsic scatter; M. G. Akritas & M. A. Bershady 1996 ),
s depicted with the black dashed line. The best-fitting slope be- 
ween R and log � is β = 0 . 39 ± 0 . 13 ( 1 σ uncertainty). To better
aptur e the tr end in the data, we calculate the Pearson correlation
oefficient between R and log � which yields a value of r = 

 . 20 with 3.3 σ significance, confirming a statistically significant 
 eakly positiv e correlation. 

.2 Ultrafast bars R < 1 

he fraction of bars with R < 1 in the subgroups with density cut-
ffs at the 33.3rd and 66.7th percentiles of log � decreases with 

ncr easing envir onmental density (19 per cent, 16 per cent, and 11
er cent from low to high local density), r einfor cing the observed
rend that bars in denser environments t end t o hav e higher ro-
ation rates. Excluding these bars reduces the significance of the 
nderson–Darling t est betw een R distributions in low and high-
ensity envir onments fr om 3 . 1 σ ( p ad = 0 . 002 ) to 2 . 7 σ ( p ad =
 . 007 ). Although this falls slightly below the 3 σ r equir ed for
tatistical significance, the trend across the low, int ermediat e, and
igh-density subgr oups r emains consistent, with median R of 
 . 54 +0 . 10 

−0 . 10 , 1 . 70 +0 . 12 
−0 . 11 , and 1 . 78 +0 . 15 

−0 . 13 , respectiv ely. If w e adopt a less
trict definition of ultrafast bars, defined as bars which have a 1 σ
pper limit below R = 1 (R. Guo et al. 2019 ; T. Géron et al. 2023 ),

he ultrafast bar fractions in the low, int ermediat e, and high-
ensity envir onments dr op to 4 per cent, 3 per cent, and 2 per cent,
espectively. The median R in the environments become R = 

 . 43 +0 . 09 
−0 . 08 , R = 1 . 56 +0 . 12 

−0 . 10 , and R = 1 . 67 +0 . 13 
−0 . 11 , and the Anderson–

arling t est giv es a statistically significant result, p ad = 0 . 003
 3 . 0 σ ). While ultrafast bars may be measurement art efacts, w e
iscuss in Section 4.2 why we choose not to e x clude them fr om
ur analysis. 
MNRAS 547, 1–9 (2026) 
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.3 Galaxy stellar mass log M � 

e ne xt e xamine whether bar r otation rate depends on galaxy
tellar mass. The data in the scatter plot and the histograms in
ig . 2 ar e colour ed based on the 33.3r d and 66.7th per centiles
f log M � . The median values of R in the low, int ermediat e,
nd high-mass subgroups are R = 1 . 49 +0 . 07 

−0 . 07 , R = 1 . 58 +0 . 06 
−0 . 06 ,

nd R = 1 . 40 +0 . 08 
−0 . 07 , respectively. To assess the significance of the

ifference between the low-mass and high-mass environments,
e perform the Anderson–Darling test. The null hypothesis is

hat the R values in the low and high-mass subgroups are drawn
rom the same population. We obtain a p -value of p ad = 0 . 17 ,
hich corresponds to 1 . 4 σ , indicating that the distributions do
ot differ significantly. 
The above results suggest that the dynamics of bars depend
or e str ongly on envir onmental density than on g alaxy stellar
ass, consistent with theoretical expectations and predictions

rom simulations. 

 DISCUSSION  

tudies by T. Miwa & M. Noguchi ( 1998 ), I. Berentzen et al.
 2004 ), E. L. Łokas et al. ( 2014 , 2016 ), I. Martinez-Valpuesta et al.
 2017 ), G. Gajda et al. ( 2017 ) and E. L. Łokas ( 2018 ) suggest that
idal bars tend to rotate slower with respect to the stellar discs
han bars formed by internal disc instabilities, possibly due to
ngular momentum transfer to the perturber during the interac-
ion, as proposed by T. Miwa & M. Noguchi ( 1998 ). Since tidal bar
ormation has been shown to be possible in cluster cores but not
n cluster outskirts (E. L. Łokas et al. 2016 ), we hypothesized that
 higher environmental density would lead to a higher fraction of 
idally triggered bars. Hence, if tidally triggered bars are slower,

easurements of R and log � should reveal a positive correla-
ion between the two variables. 

.1 Local environmental density log �

o test this prediction with observational data, our approach
as to compare the bar rotation rates of 286 galaxies across
iffer ent envir onmental densities (see Fig . 1 ). We verified that
he galaxy stellar mass distributions of the low and high-density
ubsamples are not statistically distinguishable for each log �

ubdivision, justifying our decision not to apply mass matching.
e have found that bars in high-density environments are sig-

ificantly slower than bars in low-density environments ( p ad =
 . 002 , 3 . 1 σ ). Specifically, in dense environments ( log � > 0 . 13 ),
 e hav e measured the median R = 1 . 65 +0 . 13 

−0 . 11 , whereas in low-
ensity environments ( log � < −0 . 46 ), we have measured it to
e R = 1 . 39 +0 . 09 

−0 . 08 . How ev er, please not e the ov erlap betw een the
istributions in Fig. 1 and the large median individual measure-
ent uncertainty in R ( 1 σ uncertainties of −0 . 37 and +0 . 59 ),
hich we pr opag ated to estimate the 1 σ uncertainties on median
 . A r obust linear r egr ession obtained with the BCES y | x method

ielded a best-fitting slope of β = 0 . 39 ± 0 . 13 between R and
og � (see Fig . 2 ). A dditionally, w e hav e calculat ed the Pearson
orrelation coefficient between R and log � to be r = 0 . 20 with
 3 . 3 σ significance, indicating a statistically significant, albeit
 eak, positiv e correlation betw een R and log �. 
To test the robustness of our results, we evaluated median R

cross low, int ermediat e, and high-density local environments
sing alt ernativ e log � cuts (see Table 2 ). While smaller subsam-
le sizes (cuts 4 and 5) and reduced contrast between subsamples
NRAS 547, 1–9 (2026) 
cuts 3 and 6) naturally decreased the Anderson–Darling test
tatistical significance, the positive trends between R and log �
emained consistent with the trend obtained using the fiducial
uts at the 33.3rd and 66.7th percentiles of log �. 

The Pearson correlation, alongside the outcome of the
nderson–Darling test and the BCES y | x linear r egr ession, is

onsistent with the scenario in which the rotation rates of bars
re influenced by the mechanism behind their formation, with
enser environments favouring the formation of slower, tidal
ars. This is in support of the predictions from simulations by T.
iwa & M. N oguchi ( 1998 ), I. Ber entzen et al. ( 2004 ), E. L. Łokas

t al. ( 2014 , 2016 ), I. Martinez-Valpuesta et al. ( 2017 ), G. Gajda
t al. ( 2017 ) and E. L. Łokas ( 2018 ). It is how ev er important t o
ote that these trends may also reflect variations in bar age or bar
lowdown timescales, rather than a dir ect envir onmental effect.
. Zheng & J. Shen ( 2025 ) argue that, when bar strength is taken

nto account, only galaxies which would not otherwise be able to
orm bars in isolation develop tidal bars which are slower than
nternally triggered bars. They propose that the differences in R
re driven by the internal properties of the host galaxies, rather
han the bar formation mechanism. 

The TW method can only be applied to galaxies which meet
trict criteria. Most importantly, the TW method assumes conti-
uity of the tracer (S. Tremaine & M. D. Weinberg 1984 ). This
ondition will not be met in a galaxy with a disturbed velocity
eld due to environmental mechanisms (tidal inter actions, r am-
r essur e stripping, etc.). As a r esult, g alaxies in high-density envi-
onments often do not meet the criteria for TW and are discarded
n bar studies. This may introduce bias against highly disturbed
luster galaxies and may reduce the sensitivity to the effects of 
 xtr emely dense environments on bar rotation rates. 

As an additional check, w e v erified that �bar , R cr and R bar show
o significant correlations with log � in the T. Géron et al. ( 2023 )
ample. 

.1.1 The Milky Way bar 

lthough we did not include the Milky Way (MW) in our sta-
istical analysis, it is instructive to consider the MW’s bar in the
ontext of the observed relationship between R and log �. Fol-
owing the definition of log � from I. K. Baldry et al. ( 2006 ),
e appr o ximated the MW’s local environmental density in Ap-
endix A as log � = −0 . 94 , placing the MW in a low-density
nvironment. Studies typically place the MW’s bar rotation rate
t R ∼ 1 . 2 , classifying it as a fast rotator (M. Portail et al. 2017 ;
. Shen & X.-W. Zheng 2020 ). Ther efor e, the MW’s bar rotation
ate is qualitatively consistent with the observed tendency for
ow-density environments to preferentially host faster bars. We
ot e how ev er that R ev olv es ov er time, so the MW’s current bar
 otation rate r epr esents only its pr esent ev olutionary stat e, and
he above consistency may be coincidental. None the less, the
bove result suggests that although the MW is atypical in colour–
agnitude space (S. J. Mutch, D. J. Croton & G. B. Poole 2011 ), its

ar is not atypical compared to the galaxies in our sample. 

.2 Ultrafast bars R < 1 do not drive the observed trends 

n theory, bars which extend beyond R cr should be unstable and
apidly dissolve (G. Contopoulos 1980 ; E. Athanassoula 1992 ).
espite this, bars with R < 1 are repeatedly measured observa-

ionally (P. Rautiainen et al. 2008 ; J. Font et al. 2017 ; R. Guo
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t al. 2019 ). Although these have been suggested to appear due
 o ov erestimat ed values of R bar (V. Cuomo et al. 2021 ; M. Roshan
t al. 2021 ), the existence of ultrafast bars is widely debated (J. A.
. Aguerri et al. 2015 ; R. Guo et al. 2019 ; V. Cuomo et al. 2020 ; T.
éron et al. 2023 ), and we choose not to e x clude them fr om our

nalysis. The issue r equir es further investig ation and we do not
esolve it this paper. 

We do how ev er t est the r obustness of our r esults to the e x clu-
ion of bars with R < 1 . Int erestingly, w e hav e found that the
raction of bars with R < 1 in the subgroups with log � cut-
ffs at −0 . 46 and 0.13 decreases with increasing environmental
ensity (19 per cent, 16 per cent, and 11 per cent from low to
igh-density local environments), which is consistent with the 
bserved trend that bars in denser environments tend to have 
igher median R . Excluding ultrafast bars reduced the signifi- 
ance of the Anderson–Darling test between R distributions in 

ow and high-density environments from 3 . 1 σ to 2 . 7 σ . Although
his falls slightly below 3 σ , the tr end acr oss the low, intermedi-
te, and high-density subgroups remained consistent (median R 

f 1 . 54 +0 . 10 
−0 . 10 , 1 . 70 +0 . 12 

−0 . 11 , and 1 . 78 +0 . 15 
−0 . 13 , respectively), with median

 increasing by ∼ 10 per cent in each environment. Adopting 
 more conservative definition of ultrafast bars, as those with 

he upper 1 σ limit below R = 1 (R. Guo et al. 2019 ; T. Géron
t al. 2023 ), we identified 4, 3, and 2 ultrafast bars in the low,
nt ermediat e, and high-density envir onments, r espectively. Ex- 
luding the ultrafast bars resulted in median R in the subgroups
qual to R = 1 . 43 +0 . 09 

−0 . 08 , R = 1 . 56 +0 . 12 
−0 . 10 , and R = 1 . 67 +0 . 13 

−0 . 11 , respec-
ively, and a statistically significant Anderson–Darling test ( p ad = 

 . 003 ; 3 . 0 σ ). The above results suggest that even if the systems
hich appear to have ultrafast bars are excluded from the analy- 

is, the positive correlation remains. In fact, removing these bars 
ispr oportionately r educed the sample size in the low-density 
in, which could itself be the source of the decreased Anderson–
arling test significance. While we cannot rule out the possibility 

hat bars with R < 1 arise due to overestimated values of R bar 
V. Cuomo et al. 2021 ; M. Roshan et al. 2021 ), their distribution
cross local density bins is consistent with the observed positive 
rend between R and log �. 

.3 Galaxy stellar mass log M � 

o test whether galaxy stellar mass could be responsible for vari-
tions in R , we compared the distributions of R across low, inter-
ediate, and high-mass barred galaxies, with their median values 

f R being R = 1 . 49 +0 . 07 
−0 . 07 , R = 1 . 58 +0 . 06 

−0 . 06 , and R = 1 . 40 +0 . 08 
−0 . 07 , re-

pectively. The Anderson–Darling test revealed no significant dif- 
erences between the distributions of R in the low and high-mass
ubgroups ( p ad = 0 . 17 , 1 . 4 σ ; see Fig. 2 ). It is how ev er important
 o not e the small sample size in this study. This issue could be
ddressed by increasing the sample size of barred galaxies for 
hich galaxy stellar mass is known and focusing specifically on 

he relationship between galaxy stellar mass and bar rotation rate. 
he upcoming IFU survey conducted by Hector (J. J. Bryant et al.
020 ) is of particular interest, as it aims to survey appr o ximately
5 000 galaxies. Assuming that due to the constraints on the TW
ethod only 2 per cent of the data are retained, this would allow

o add roughly 300 galaxies to the sample. 

 CONCLUSIONS  

e have used the estimates of R obtained with the TW method
pplied to IFU spectroscopy from SDSS MaNGA and CALIFA 
cross six studies (J. A. L. Aguerri et al. 2015 ; V. Cuomo et al.
019 ; R. Guo et al. 2019 ; L. Garma-Oehmichen et al. 2020 , 2022 ;
. Géron et al. 2023 ). Our sample consisted of 334 galaxies in
he local Universe ( 0 . 017 < z < 0 . 078 ), which we cross-matched
ith catalogues containing environmental densities (I. K. Baldry 

t al. 2006 ) and galactic stellar masses (G. Kauffmann et al. 2003 ),
arking the first empirical test of the assumption that fast bars

re formed by global instabilities in the galaxy disc, while slow
ars are triggered or influenced by tidal interactions. 

We have found significant evidence consistent with the sce- 
ario in which bar rotation rates correlate with formation history, 
ith denser environments preferentially hosting slower bars con- 

istent with tidal formation ( p ad = 0 . 002 , 3 . 1 σ ). Specifically, we
ave measured the median R in low ( log � < −0 . 46 ) and high-
ensity ( log � > 0 . 13 ) environments to be R = 1 . 39 +0 . 09 

−0 . 08 and R =
 . 65 +0 . 13 

−0 . 11 , respectively. Although the correlation between R and
og � was statistically significant, its strength was modest ( r = 

 . 2 ; 3 . 3 σ ), indicating a subtle environmental dependence. We
ubsequently t est ed the robustness of our r esults ag ainst differ-
nt density cut-offs. Although all subdivisions led to reduced 

nderson–Darling test significance, the positive trend between R 

nd log � remained consistent with our hypothesis. Additionally, 
 e hav e found no evidence suggesting significant differences in

he bar pattern speed between low and high-mass galaxies. 
These results will be solidified by new IFU data. An e x citing

pcoming survey will be conducted by Hector, a spectrograph in- 
talled on the Anglo- A ustralian Telescope. Hector aims to survey
ppr o ximately 15 000 galaxies up to two effective radii (J. J. Bryant
t al. 2020 ). This ext ensiv e surv ey will significantly increase the
umber of galaxies to which the TW method can be applied,
dding roughly 300 galaxies to the sample in this paper . W e en-
our age observ ations of barred galaxies with IFUs as a means of 
roviding insight into their formation and evolution. 
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P P E N D I X  A:  D E R I VAT I O N  OF  log � FOR  T H E  

I L K Y  WAY  

o place the Milky Way in the context of the observed relationship
etween bar rotation rate and environment, we estimate its local
nvironmental density, following the definition of log � from I.
. Baldry et al. ( 2006 ), outlined in Section 2.2 . This estimate is
nly appr o ximate, since the MW cannot be tr eat ed identically t o
alaxies in redshift surveys. 

I. K. Baldry et al. ( 2006 ) identified the 4th and 5th nearest
eighbours among galaxies with r-band absolute magnitudes
 r < −20 that are within 1000 km s −1 of the galaxy for which

og � is being measured. As no complete r-band catalogue exists
or the Local Volume, we instead identify the nearest significant
eighbours among galaxies with e xtinction-corr ect ed absolut e B -
and magnitudes M 

c 
B < −19 . 

We use the latest version of the Catalog & Atlas of the LV
alaxies (LVG; I. D. Karachentsev et al. 2013 ) which contains 1675
alaxies within 11 MPc of the MW with radial velocities with re-
pect to the centroid of the Local Group within 600 km s −1 . Unlike
he projected distances used by I. K. Baldry et al. ( 2006 ), we adopt
hree-dimensional distances to nearby galaxies available in the
VG catalogue. 

We identify NGC 4945 ( d 4 = 3 . 47 Mpc ) and Messier 82
 d 5 = 3 . 61 Mpc ) as the 4th and 5th nearest neighbours of the

W, yielding log �4 = −0 . 98 and log �5 = −0 . 91 . Following I.
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. Baldry et al. ( 2006 ), we appr o ximate the MW’s local density as
og � = −0 . 94 , placing it in a low-density environment, consis-
ent with typical definitions of voids (I. K. Baldry et al. 2006 ; M.

ouhcine et al. 2007 ). The LVG catalogue does not provide dis-
ance uncertainties, how ev er, varying distance by 10 −15 per cent
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ranslat es t o a � 0 . 1 dex shift in log �, which does not change the
lassification of the MW’s environment as low-density. 
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