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A B S T R A C T 

Double bars make up a significant fraction of barred galaxies. We propose a new formation scenario for double bars that involves 
tidal interactions. We demonstrate the viability of this scenario using two examples of simulated galaxies from run TNG50-1 

of the IllustrisTNG project. In the proposed scenario the inner bar forms first, either in isolation, via instabilities, or through 

previous tides. The outer bar forms later from the material that is tidally distorted by a strong interaction. The inner and outer 
bars formed this way rotate with different pattern speeds and can be mistaken for a single bar when their phases align. The 
double-barred structure is stable and can last for at least 3 Gyr. The inner bars of the tidally induced double bars can also have 
big sizes, which can possibly explain the origin of sizable inner bars recently found in some galaxies. 

K ey words: galaxies: e volution – galaxies: interactions – galaxies: kinematics and dynamics – galaxies: spiral – galaxies: 
structure. 
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 I N T RO D U C T I O N  

 majority of 60–70 per cent of spiral galaxies in the Local Universe
ost elongated structures in the form of bars (Eskridge et al. 2000 ;
hyte et al. 2002 ; Laurikainen, Salo & Buta 2004 ; Marinova & Jogee

007 ; Men ́endez-Delmestre et al. 2007 ; Sheth et al. 2008 ; Masters
t al. 2011 ; Cheung et al. 2013 ; Erwin 2018 ). Up to 30 per cent of
arred galaxies are double barred, i.e. have an inner bar embedded 
n a larger outer structure (Erwin & Sparke 2002 ; Laine et al. 2002 ;
rwin 2004 , 2023 ). The formation and evolution of bars in single-
arred galaxies have been well studied from a theoretical perspective. 
hey can form either in isolation via instabilities (for a re vie w,
ee Athanassoula 2013 ) or through tidal interactions (e.g. Łokas 
t al. 2016 ). Some ef forts, but fe wer have also been undertaken to
nderstand the formation and dynamics of the double bars. 
Maciejewski & Sparke ( 2000 ) showed that loop orbits exist in

otentials with two independently rotating bars and can be building 
locks of long-lived double-barred structures. It was shown via 
 -body simulations that idealized setups with a rotating bulge 

Debattista & Shen 2007 ) or a rotating cold disc (Du, Shen &
ebattista 2015 ) coexisting with a separate hot disc can produce long- 

ived double-barred structures. Models engineered in that manner 
esemble well the properties of observed double-barred systems (Du 
t al. 2016 ), ho we v er the y lack g as h ydrodynamics and do not explain
ow a galaxy got into a state (that is similar to the initial conditions)
hat later results in a double-bar formation. Saha & Maciejewski 
 2013 ) demonstrated that the formation of double bars can occur
 E-mail: marcin.semczuk@yahoo.com 
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ithout the need for a rotating second component, but in single hot
iscs dominated by a dark matter halo. 
Wozniak ( 2015 ) showed using N -body/hydrodynamical simula- 

ions that double bars can be formed in a nuclear stellar disc
mbedded in an older outer bar. In this scenario, the outer bar fuels
as into the centre, where star formation creates the nuclear disc,
hich forms its own inner bar. A strong prediction of this model is

hat the mean stellar ages of the inner bar should be smaller than
hose of the outer one. 

In this letter, we propose a new scenario of the double bar forma-
ion, in which the inner bar is created first and tidal interactions induce
he outer bar later on. We describe it by discussing two example
alaxies from the run TNG50-1 of the magnetohydrodynamical 
osmological simulations IllustrisTNG (Pillepich et al. 2019 ; Nelson 
t al. 2019a , b ) that have undergone such an evolution. This paper
riefly describes the formation and properties of the double bars cre-
ted in this way, including their lengths, kinematics, and stellar ages.

 F O R M AT I O N  O F  T H E  DOUBLE-BA RRE D  

TRUCTURE  

he example galaxies with double bars formed through the tidal 
cenario proposed in this paper have IDs at z = 0 of 294 868 and
80 406 (hereafter referred to as DB1 and DB2). Both of them
ere found using the catalogue of barred galaxies from TNG50 

ompiled by Rosas-Gue v ara et al. ( 2022 ). The left panels of Fig. 1
how their face-on stellar surface density distributions and their 
adial dependence of the m = 2 Fourier amplitude and phase.
he Fourier analysis was performed using the code of Dehnen, 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Face-on surface density distributions (left), bar strength (middle), and phase (right) profiles of the two double-barred galaxies from TNG50. For 
reference, the disc scale lengths of the two galaxies were 4.12 kpc for DB1 and 2.0 kpc for DB2. In addition to the visual impression from the surface density 
distributions, double bars are visible as two peaks in the bar strength profile and two regions of constant phases in the phase profile. 
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emczuk & Sch ̈onrich ( 2023 ) with adaptive radial binning (for details
ee appendix B of Dehnen, Semczuk & Sch ̈onrich 2023 ). The double-
arred morphology is clear in the surface density distributions, as well
s in the Fourier m = 2 analysis. The m = 2 stellar density amplitude,
hich is a bar strength measure, shows two regions of higher values

nd the bar phase has two corresponding regions of constant values.
The formation and evolution of the double-barred structure of

hese two galaxies can be viewed in Fig. 2 in snapshots of their
urface density distribution and in Fig. 3 in the time evolution of the
ar strength radial profiles. This shows that, before the epoch of the
ouble-bar formation, both galaxies were first single barred (in Fig. 3
B2 has a confusing signal of ∼0.2 at � 1.5 kpc around 9–10 Gyr,
hich we identified to be coming from strong m = 2 spiral arms). The
alaxy DB1 most likely formed its bar through disc instability, and
B2 through the previous interactions (with a galaxy of ID = 373135

t snapshot 50 that passes at 10 kpc near DB2 at 6 Gyr and merges
ith it at 7 Gyr). After the inner bars of the two galaxies were formed,

hey both experienced a strong tidal interaction at around 10.5 Gyr.
B1 passed near ( < 130 kpc) a heavy central galaxy (with a total
ass exceeding 10 13 M �) of a cluster, while DB2 was perturbed by
 flying-by galaxy of a mass of approximately 6.3 × 10 10 M � with
 pericentre of about 25 kpc. The effect of these interactions can be
een in Fig. 3 as redder regions at higher radii that correspond to
idal spirals, which later weaken, and the remaining oval becomes
he outer bar. In the later panels of Fig. 2 , we can see that both
ars rotate with different pattern speeds, which can be noticed by the
hange in their relative orientation. When the two bars are aligned, as
n the rightmost panel of DB2, such a galaxy can be easily taken for a
ingle-barred one. The change of the relative orientation between the
nner and outer bars can also be nicely seen in Fig. 3 in the form of
he chessboard-like pattern for DB2 at later times. A similar pattern,
ut with less clarity, can be noticed in Fig. 3 of Saha & Maciejewski
 2013 ) in the last few snapshots of their simulations. 
NRASL 528, L83–L87 (2024) 

n  
 KI NEMATI CS  A N D  STELLAR  AG ES  O F  T H E  

O U B L E  BA R S  

.1 Kinematics 

ne of the most significant kinematical signatures of single galactic
ars is a quadrupole structure in cylindrical velocity v R . It originates
rom the elongated orbits going around the bar shape and turning
round at its ends. In the left panels of Fig. 4 , we show the mean
 R distributions for DB1 and DB2 for the same snapshots as shown
n Fig. 1 zoomed in on the inner 4 kpc. We find that the inner
nd outer bar have their own independent quadrupole signals, whose
oundaries clearly align with the o v erplotted density contours. These
ecoupled features are consistent with those found in previous
imulations of isolated double bars (Du et al. 2016 ) formed through
 different channel. 

de Lorenzo-C ́aceres et al. ( 2008 ) found in observed galaxies that
ouble bars can affect the velocity dispersion field in the form of σ -
ollows associated with the inner bar. Du et al. ( 2016 ) later showed
sing N -body simulations of double bars how the observed σ -hollows
an arise from cylindrical σ z humps that are aligned with the minor
xis on the inner bar. The origin of σ z was further explored by
u et al. ( 2017 ). In the right panels of Fig. 4 , we show the σ z 

istribution for DB1 and DB2 with humps that lie on the minor axis
f the inner bar. We find that they rotate together with the inner bar.
e also find that distributions of σ R and σφ (not shown) look very

imilar to distributions presented by Du et al. ( 2016 ) for double-
arred simulated galaxies. 

.2 Stellar ages 

n the scenario proposed in this letter, the inner bar is dynamically
lder than the outer one, i.e. it forms first. This is contrary to the
uclear stellar disc formation scenario, where the outer bar forms
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Figure 2. Face-on surface density distribution, for five snapshots of both our double-barred galaxies, showing their evolution from single barred to double 
barred. The three right panels show different relative orientations between the inner and outer bars. When they align, like in the rightmost panel for DB2, the 
galaxy may appear as single barred. 

Figure 3. Time evolution of the radial profile of A 2 for both double-barred 
galaxies. Vertical lines mark the time of the pericentre passage of the perturber 
that induced the outer bar. In both cases, the inner bar was present before this 
event. 
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Figure 4. Mean radial velocity distribution (left) and vertical velocity 
dispersion distribution (right) for simulated double-barred galaxies DB1 
at time = 12.8 Gyr (top) and DB2 at time = 13.3 Gyr (bottom). Overlaid 
contours mark surface density distribution (as in left panels of Fig. 1 ). Both 
galaxies show characteristic kinematical features of double bars: the double 
quadrupole for mean v R and humps at the minor axis of the inner bar for σz . 
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rst and later funnels gas inward. This forms the nuclear stellar
isc, which later hosts the inner bar. The dynamical age of the bar,
o we ver, is not directly linked to the ages of stars. The simulations
f Wozniak ( 2015 ) predict that in the nuclear stellar disc scenario,
he mean ages of stars should be younger, because star formation 
s an essential ingredient in forming the inner bar. Ho we ver, as
iscussed by de Lorenzo-C ́aceres et al. ( 2019 ) in the case of NGC
291, star formation can still happen outside the inner bar, after this
as formed, and therefore ages of the inner bar can be still older than

ts surroundings. 
In Fig. 5 , we check what are the mean stellar age distributions
f the two simulated tidally induced double bars. We find that the
idal scenario can produce at least two cases of age distributions with
espect to the inner bar. For DB1, the stars inside the inner bar are on
verage younger than outside of it. This is because, after the double-
arred structure was created, there was intense enough star formation 
n the inner bar. At the edge of the inner bar, there is a ring of older
tars, and in the outer bar, there is an azimuthal dependence of the
ean age. For DB2, the stars inside the inner bar are on average

lder than those outside of it. Since the tidal scenario of the double
MNRASL 528, L83–L87 (2024) 
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Figure 5. Distributions of the mean stellar ages for simulated double-barred 
galaxies DB1 at time = 12.8 Gyr (top) and DB2 at time = 13.3 Gyr (bottom). 
Overlaid contours mark surface density distribution (as in Fig. 1 ). The right 
panel shows the zoomed inner 4 kpc region of the left panel, focused on the 
inner bar. 

Figure 6. Radial dependence of mean stellar ages for DB1 (left) and DB2 
(right) at three different times throughout the lifetime of the double bars. 
Dashed vertical lines mark bar lengths measured at times where the inner 
and outer bars are perpendicular ( t = 12.8 Gyr for DB1 and t = 13.3 Gyr for 
DB2). The method used to estimate bar lengths is described in Section 4 . 
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Figure 7. Inner ( a IB ) and outer ( a OB ) bar lengths for the simulated galaxies 
from this paper (DB1 and DB2, magenta points) compared with bar semimajor 
axes of the observed galaxies from de Lorenzo-C ́aceres et al. ( 2020 ; stars). 
Colours of the data from de Lorenzo-C ́aceres et al. ( 2020 ) indicate whether 
the ratio between the inner and outer bar length is a IB / a OB > 0.23 (green) or 
a IB / a OB < 0.23 (yellow) as defined in that paper. 
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ar formation can produce different distributions of stellar ages, such
bservables cannot be used to reliably discriminate between different
ays of forming double bars. On the other hand, this also means that

he proposed scenario is able to reproduce a variety of stellar ages
ound in observed double bars. 

We checked whether the spatial distribution of mean ages in DB1
nd DB2 changes with time. We found that the specific patterns
either in the case of DB1 or DB2) qualitatively do not evolve much.

e demonstrate it in Fig. 6 where radial dependences of mean ages
re shown for three different times. The younger (older) inner part
or DB1 (DB2) is present at these three separate times. 

 DISCUSSION  A N D  SUMMARY  

ecently de Lorenzo-C ́aceres et al. ( 2020 ) carefully analysed a
ample of 17 double-barred galaxies and found that their sample
an be divided into two populations based on the ratio between the
nner bar a IB and the outer bar length a OB . Inner bars in the long
nner bars group were found to be larger than some of the outer
ars in other galaxies. To check where the simulated tidally induced
NRASL 528, L83–L87 (2024) 
ouble bars lie in the plane of a IB versus a OB , we estimated the
ar sizes from the snapshots presented in Fig. 1 in the following
anner. First, we find the maxima of the bar strength corresponding

o the inner and outer bars. Then we extend the bar region inwards
nd outwards and measure the maximal difference of phases in that
adial region. We extend this bar region as long as the difference does
ot exceed 10 degrees or the bar strength reaches the threshold of
.07. It is similar to the method of finding the bar region in Dehnen,
emczuk & Sch ̈onrich ( 2023 ). Although this is a rather rough
stimate, comparing the obtained values with the visual impression
rom Fig. 1 , we find reasonably good agreement (possibly thanks
o the lack of spiral arms that could affect such measurements at
ther times). We also note that the obtained values for inner bars are
–6 times greater than the softening lengths of 288 pc of the stellar
articles in TNG50. 
Fig. 7 compares the estimates described abo v e for the simulated

ouble bars with the results of de Lorenzo-C ́aceres et al. ( 2020 ).
e note that the estimates of de Lorenzo-C ́aceres et al. ( 2020 )

one by the photometric decomposition may be slightly higher with
espect to estimates done in a similar way to those applied here to
he simulations. Both simulated galaxies lie close to the border of
.23 between the two populations, with DB1 abo v e and DB2 below
he line. It is noteworthy that the region where DB1 lies is not well
opulated in de Lorenzo-C ́aceres et al. ( 2020 ) and there is only one
alaxy from the group with small inner bars that has a bigger inner
ar than DB1. 

de Lorenzo-C ́aceres et al. ( 2020 ) note that the population of long
nner bars does not differ from the short inner bars either in terms
f the parameters of the host galaxy or the bulge properties. They
ypothesize that this bimodality could be due to different formation
cenarios of the double-barred structure. Based on the location of the
imulated tidally induced double-barred galaxies from TNG50 in the
 IB versus a OB plane we propose tidal interactions as discussed here
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s a potential explanation of the origin of the galaxies with relative
nd absolute big sizes of the inner bars. In the tidal scenario, the
nner bar can hypothetically grow very long until the outer bar forms
hrough the interaction. In the nuclear stellar disc scenario, the size of
he inner bar is constrained by the dynamics of the outer bar, and the
etails of the gas content responsible for the growth of the nuclear
tellar disc. The tidal nature of double-barred systems with long 
nner bars is also supported by the fact that NGC 3941, present in the
ample of de Lorenzo-C ́aceres et al. ( 2020 ; one of the green stars in
ig. 7 ), does not show signatures of hosting a nuclear stellar disc, as
nalysed in de Lorenzo-C ́aceres, Falc ́on-Barroso & Vazdekis ( 2013 ).

From the theoretical point of view, the two cases of tidally induced
ouble bars from TNG50 raise an open and interesting question 
bout the effect of tides on single-barred galaxies. It is unlikely 
hat DB1 and DB2 are the only barred galaxies from the sample
f Rosas-Gue v ara et al. ( 2022 ) that have undergone similar tidal
orcing, ho we v er, the y are the only ones so far that we found to
ave double bars. Łokas et al. ( 2016 ) carried out simulations of discs
aving their bars induced by a cluster-like potential and the following 
ericentres were inducing mostly grand-design spirals that would 
ind up and dissolve with time as discussed by Semczuk, Łokas &
el Pino ( 2017 ). Although a configuration similar to a double bar was
dentified in these simulations, for the galaxy on the tightest orbit
round the cluster, it was short lived, in contrast to stable structures
ound here (similarly to Mitra ̌sinovi ́c & Micic 2023 ). In our future
ork, we plan to study what conditions are essential for tides to

nduce secondary bars. For now, it is not clear whether it is the
trength of the interaction, a special orientation between the inner 
ar and the perturber, or the properties of the host, like gas fraction
r the kinematical state of the disc. 
In this paper, we propose a new scenario for the formation of

ouble bars in galaxies through tidal interactions. We demonstrate 
ts viability with two example cases from the TNG50 simulations 
Pillepich et al. 2019 ). In the proposed scenario the inner bar comes
rst, contrary to previous scenarios discussed in the literature, and 

he outer bar forms through tidal interactions. The double bars 
ormed that way are long lived ( > 3 Gyr) which is consistent with
he observational findings of M ́endez-Abreu et al. ( 2019 ) suggesting
he longevity of the double bars. Tidal double bars also rotate with
ifferent pattern speeds, which is consistent with simulated double 
ars formed in other ways. The double bars discussed here also have
 very similar kinematical structure to the previously studied double 
ars (especially Du et al. 2016 ). The double bars formed through tidal
nteractions are able to reproduce large inner bars similar to those 
ecently reported in observations by de Lorenzo-C ́aceres et al. ( 2020 ).
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