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A B S T R A C T 

The presence of dark gaps, a preferential light deficit along the bar minor axis, is observationally well known. The properties 
of dark gaps are thought to be associated with the properties of bars, and their spatial locations are often associated with bar 
resonances. Ho we ver, a systematic study, testing the robustness and universality of these assumptions, is still largely missing. 
Here, we investigate the formation and evolution of bar-induced dark gaps using a suite of N -body models of (kinematically 

cold) thin and (kinematically hot) thick discs with varying thick disc mass fractions and different thin-to-thick disc geometries. 
We find that dark gaps are a natural consequence of the trapping of disc stars by the bar. The properties of dark gaps (such as 
strength and extent) are well correlated with the properties of bars. For stronger dark gaps, the fractional mass-loss along the 
bar minor axis can reach up to ∼60 –80 per cent of the initial mass contained, which is redistributed within the bar. These trends 
hold true irrespective of the mass fraction in the thick disc and the assumed disc geometry. In all our models harbouring slow 

bars, none of the resonances (corotation, inner Lindblad resonance, and 4:1 ultraharmonic resonance) associated with the bar 
correspond to the location of dark gaps, thereby suggesting that the location of dark gaps is not a universal proxy for these bar 
resonances, in contrast with earlier studies. 
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 I N T RO D U C T I O N  

 substantial fraction of disc galaxies in the local Universe harbour
 stellar bar in the central region. The bar fraction reaches up to
50 per cent in optical wavelengths, while in infrared wavelengths,

his bar fraction increases to around two-thirds of the whole disc
alaxy population in the local Universe (e.g. see Eskridge et al. 2000 ;
en ́endez-Delmestre et al. 2007 ; Nair & Abraham 2010 ; Masters

t al. 2011 ; Buta et al. 2015 ; Kruk et al. 2017 ). Past observational
tudies revealed that the bar fraction and the bar properties vary with
tellar mass and Hubble type (e.g. see Kormendy 1979 ; Aguerri et al.
005 ; Marinova & Jogee 2007 ; Aguerri, M ́endez-Abreu & Corsini
009 ; Buta et al. 2010 ; Nair & Abraham 2010 ; Barway, Wadadekar &
embhavi 2011 ; Gadotti 2011 ; Erwin 2018 ). High-redshift ( z ∼ 1)
isc galaxies host prominent bars as well with the bar fraction
ecreasing with redshift (e.g. see Sheth et al. 2008 ; Melvin et al. 2014 ;
immons et al. 2014 , but also see Elme green, Elme green & Hirst
004 ; Jogee et al. 2004 ). Recent JWST observations further revealed
he presence of conspicuous bars even at higher redshifts ( z ∼ 3;
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ostantin et al. 2023 ; Guo et al. 2023 ; Smail et al. 2023 ; Tsukui 2023 ;
e Conte et al. 2024 ). Several numerical studies demonstrated that

n an N -body model, a bar often forms quite spontaneously (e.g. see
ombes & Sanders 1981 ; Sell w ood & Wilkinson 1993 ; Debattista &
ell w ood 2000 ; Athanassoula 2003 ). Furthermore, cosmological
imulations showed that bar formation already starts at z ∼ 1 or
ore (e.g. see Kraljic, Bournaud & Martig 2012 ; Fragkoudi et al.

020 , 2021 , 2024 ; Rosas-Gue v ara et al. 2022 ). At these redshifts, the
iscs are known to be kinematically hot (and turbulent) and more
as-rich, and possess a massive thick disc. However, recent N -body
imulations (with both thin and thick discs) demonstrated that even
n the presence of a massive thick disc (analogous to those high-
edshift galaxies), bars and boxy/peanut bulges can form, purely
rom the internal gravitational instability (see Ghosh et al. 2023 ,
024 ). 
Past theoretical works demonstrated that as a bar grows over time,

t continuously traps stars that are on nearly circular orbits on to
he x 1 orbits that serve as a backbone for the bar structure (e.g.
ee Contopoulos & Grosbol 1989 ; Athanassoula 2003 ; Binney &
remaine 2008 ). This transforms an initial azimuthally smooth light
rofile into a rather radially bright light profile, thereby causing a
ight deficit or ‘dark gap’ along the bar minor axis. The presence
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Table 1. Key structural parameters for the equilibrium models. 

Model a f thick 
b R d , thin 

c R d , thick 
d 

(kpc) (kpc) 

rthickS0.1 0.1 4.7 2.3 
rthickE0.1 0.1 4.7 4.7 
rthickG0.1 0.1 4.7 5.6 
rthickS0.3 0.3 4.7 2.3 
rthickE0.3 0.3 4.7 4.7 
rthickG0.3 0.3 4.7 5.6 
rthickS0.5 0.5 4.7 2.3 
rthickE0.5 0.5 4.7 4.7 
rthickG0.5 0.5 4.7 5.6 
rthickS0.7 0.7 4.7 2.3 
rthickE0.7 0.7 4.7 4.7 
rthickG0.7 0.7 4.7 5.6 
rthickS0.9 0.9 4.7 2.3 
rthickE0.9 0.9 4.7 4.7 
rthickG0.9 0.9 4.7 5.6 

a Name of the model. b Thick disc mass fraction. c Scale length of the thin disc. 
d Scale length of the thick disc. 
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f dark gaps has been shown observationally in barred galaxies 
e.g. see Gadotti & de Souza 2003 ; Kim et al. 2016 ; Buta 2017 ).
sing a sample of barred galaxies from the Spitzer Surv e y of Stellar
tructure in Galaxies (S 

4 G), Kim et al. ( 2016 ) showed that the
trength of the dark gap is strongly related to the bar size and to
ar-to-total light ratio, and the light deficit (along the bar minor 
xis) is directly proportional to bar size. In addition, Aguerri et al.
 2023 ) showed that for about 90 per cent of their chosen sample
f barred galaxies from the MaNGA (Mapping Nearby Galaxies at 
pache Point Observatory) surv e y, the ratio of bar length to dark
ap length remains greater than 1.2. Past N -body models showed 
hat indeed the formation of dark gaps is linked with the growth of
 stellar bar (e.g. see Kim et al. 2016 ; Ghosh & Di Matteo 2024 )
nd dark gaps are more prominent and are located at larger radii as
he bar evolves with time (Aguerri et al. 2023 ; Ghosh & Di Matteo
024 ). Past studies have associated the location of the dark gap with
ifferent resonances of the bar. Buta ( 2017 ), using ∼50 early-to-
ntermediate-type barred galaxies, associated the location of the dark 
aps with the corotation of the bar. On the other hand, recent studies
y Krishnarao et al. ( 2022 ) and Aguerri et al. ( 2023 ), using a sample
f MaNGA barred galaxies (and supplemented by an N -body model 
f a barred galaxy), showed that the locations of the dark gaps are
ssociated with the 4:1 ultraharmonic resonance of the bar. Ho we ver,
 systematic study of the variation of properties of dark gaps with the
roperties of bars as well as testing the robustness and universality of
he association of the location of dark gaps with different resonances 
associated with the bar) is still missing. We aim to pursue this
ere. 
In this work, we carry out a systematic study of the formation and

emporal evolution of bar-driven dark gaps as well as the detailed 
tudy of the correlation (if any) between the properties of the dark
aps and the bar. To achieve that, we make use of a suite of N -body
odels with (kinematically hot) thick and (kinematically cold) thin 

iscs, mimicking the presence of a thick disc in disc galaxies (e.g.
ee Pohlen et al. 2004 ; Yoachim & Dalcanton 2006 ; Comer ́on et al.
016 , 2019 ; Kasparova et al. 2016 ; Pinna et al. 2019a , b ; Martig et al.
021 ; Scott et al. 2021 ). Within the suite of N -body models, we vary
he thick disc mass fraction as well as consider different geometric 
onfigurations (varying ratio of the thin and thick disc scale lengths). 
ne of these models was studied in the context of properties of
ars and boxy/peanut bulges (Fragkoudi et al. 2017 ) and the whole
uite of models was studied concerning the formation of bars and 
oxy/peanut bulges in the presence of thick discs (Ghosh et al. 2023 ,
024 ). Furthermore, as shown later in this work, the thin + thick
odels harbour a slow bar , i.e. with R CR /R bar > 1 . 4, where R CR is

he location of bar corotation and R bar is the bar length (for further
etails, see Debattista & Sell w ood 2000 ). Therefore, it is well suited
o perform a systematic investigation of formation and evolution of 
ar-induced dark gaps as well as studying the correlation of their 
roperties with bar properties. In addition, we present here a detailed 
nvestigation of the robustness and universality of the association of 
ark gaps with different bar resonances, which is largely missing in 
he literature. 

The rest of the paper is organized as follows. Section 2 provides
 brief description of the suite of N -body models used in this work.
ection 3 presents our findings on the bar-induced dark gaps, their 
roperties, and the temporal evolution as well as the correlation 
etween the properties of the dark gaps and the bar. Section 4 presents
he details of mass redistribution (within the bar region) as dark gaps
row o v er time. Section 5 contains the results of the robustness
nd universality of the association of dark gaps with different bar 
esonances. Section 6 summarizes the main findings of this work. 
 SI MULATI ON  SET-UP  A N D  N - B O DY  M O D E L S  

o carry out a systematic study of the properties and the temporal
volution of dark gaps, we make use of a suite of N -body models,
ach consisting of a thin and a thick stellar disc, and the whole system
s embedded in a live dark matter halo. One such model is already
resented in Fragkoudi et al. ( 2017 ). In addition, these models have
een thoroughly studied in recent works of Ghosh et al. ( 2023 , 2024 )
n connection with bar and boxy/peanut formation scenarios under 
arying thick disc mass fractions. Here, we use a subsample (15 out
f a total of 25 models) of the entire suite of thin + thick models
o investigate bar-driven dark gaps and their temporal evolution with 
arying thick disc mass fractions. 

The details of the initial equilibrium models are already provided 
n Fragkoudi et al. ( 2017 ) and Ghosh et al. ( 2023 ). For the sake
f completeness, here we briefly mention the equilibrium models. 
ach of the thin and thick discs is modelled with a Miyamoto–Nagai
rofile (Miyamoto & Nagai 1975 ), having R d , z d , and M d as the
haracteristic disc scale length, the scale height, and the total mass
f the disc, respectively. The total stellar mass (thin and thick) is
xed to 1 × 10 11 M � for all the models considered here, while the
raction of stellar mass in the thick disc population ( f thick ) varies
rom 0.1 to 0.9. The scale heights of the thin and thick discs are fixed
t 0 . 3 and 0 . 9 kpc , respectively. The dark matter halo is modelled by
 Plummer sphere (Plummer 1911 ), having R H ( = 10 kpc ) and M dm 

 = 1 . 6 × 10 11 M �) as the characteristic scale length and the total
alo mass, respectively. The dark matter halo parameters are kept 
xed across the suite of thin + thick models considered here. The
alues of the key structural parameters for the thin and thick discs
re mentioned in Table 1 . For this work, we analysed a total of 15
-body models of such thin + thick discs. 
A total of 1 × 10 6 particles are used to model the stellar

thin + thick) disc, while a total of 5 × 10 5 particles are used
o model the dark matter halo. The initial conditions of the discs
re obtained using the iterative method algorithm (for details, see 
odionov, Athanassoula & Sotnikova 2009 ). For this work, we only
onstrained the density profile of the stellar discs, while allowing the
elocity dispersions (specifically the radial and vertical components) 
o vary in such a way that the system converged to an equilibrium
olution. The corresponding radial profiles of velocity dispersion 
re shown in Fragkoudi et al. ( 2017 , see their fig. 1). For further
MNRAS 532, 4570–4582 (2024) 
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Figure 1. Left panel: Face-on surface brightness distribution, calculated using ϒ T /ϒ t = 1 . 2 (mass-to-light ratio for thick and thin disc stars) at t = 9 Gyr 
for the model rthickS0.1. The dashed black lines denote the contours of constant surface brightness. Here, a conversion of 1 arcsec = 1 kpc and a magnitude 
zero-point ( m 0 ) of 22.5 mag arcsec −2 are used to create the surface brightness map from the intrinsic particle distribution. The red and blue lines denote the bar 
major and minor ax es, respectiv ely. Right panel: Corresponding light profiles along the bar major and minor axis (red and blue dashed lines, respectively). The 
radial location where the light deficit around the bar reaches its maximum ( �μmax ) is indicated by the maroon arrow. The vertical magenta line denotes the bar 
length, R bar . Each solid square represents a single pixel of the face-on surface brightness map. 
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etails, the reader is referred to Fragkoudi et al. ( 2017 ) and Ghosh
t al. ( 2023 ). The simulations are run using a TREESPH code by
emelin & Combes ( 2002 ). A hierarchical tree method (Barnes &
ut 1986 ) with an opening angle θ = 0 . 7 is used for calculating the
ravitational force that includes terms up to the quadrupole order
n the multipole expansion. A Plummer potential is employed for
oftening the gravitational forces with a softening length ε = 150 pc .
e evolved all the models for a total time of 9 Gyr . 
Within the suite of thin + thick disc models, we considered three

ifferent scenarios for the scale lengths of the two disc (thin and thick)
omponents. In rthickE models, R d , thick = R d , thin ; in rthickS models,
 d , thick < R d , thin ; and in rthickG models, R d , thick > R d , thin , where
 d , thin and R d , thick denote the scale length for the thin and thick disc,

espectiv ely. F ollowing Ghosh et al. ( 2023 ), any thin + thick model is
eferred to as a unique string ‘ [MODEL CONFIGURATION][THICK DISC

RACTION]’ . [MODEL CONFIGURATION] denotes the corresponding
hin-to-thick disc scale length configuration, i.e. rthickG, rthickE, or
thickS, whereas [THICK DISC FRACTION] denotes the fraction of the
otal disc stars that are in the thick disc population (or equi v alently,
he mass fraction in the thick disc as all the disc particles have same

ass). 

 PROPERTIES  O F  DA R K  GAPS  A N D  THEIR  

O R R E L AT I O N  WITH  BA R  PROPERTIES  

ig. 1 (left panel) shows the f ace-on surf ace brightness distribution
in mag arcsec −2 ) for the model rthickS0.1, calculated at the end
f the simulation run ( t = 9 Gyr ). We used a magnitude zero-point
 m 0 ) of 22.5 mag arcsec −2 to create the surface brightness map from
he intrinsic particle distribution. The same magnitude zero-point
s used throughout this work. In addition, a conversion of 1 kpc =
 arcsec is used throughout this work. This would place the mock
alaxies (produced from the thin + thick models) at a redshift z ∼
 . 05 with an assumed � CDM (Lambda cold dark matter) cosmology
ith parameters �m 

= 0 . 315 and H 0 = 67 . 4 km s −1 Mpc −1 (Planck
NRAS 532, 4570–4582 (2024) 
ollaboration VI 2020 ). Moreo v er, we assumed a mass-to-light ratio
 ϒ) in order to convert the mass distribution to the light distribution.
ince our models include both the thin and thick disc stars, therefore,
 reasonable choice for the ϒ T /ϒ t is required, where ϒ T and ϒ t 

enote the assumed mass-to-light ratio for the thick and thin disc
tars, respectiv ely. F ollowing Comer ́on et al. ( 2011 ), we assumed
hree values of ϒ T /ϒ t in this work, namely ϒ T /ϒ t = 1, 1.2, and 2.4
for details see Comer ́on et al. 2011 ), and further checked how these
ssumed values of ϒ T /ϒ t affect the results concerning the strength
nd extent of dark gaps. Even a mere visual inspection of Fig. 1
eveals the presence of a conspicuous dark gap, along the bar minor
xis, for the model rthickS0.1. In Appendix A , we show the face-
n surface brightness distribution (in mag arcsec −2 ), calculated at
 = 9 Gyr , for all thin + thick models considered here (see Fig. A1 ).
he presence of prominent dark gaps, for almost all the thin + thick
odels, is evident from Fig. A1 , similarly to the model rthickS0.1

hown here. In what follows, we quantify the strength and the extent
f the dark gaps and then investigate their temporal evolution with
 arying f thick v alues. 
To this aim, we first extract the surface brightness profiles along the

ar major and minor axis while putting a slit of width, � = 0 . 5 kpc ,
n each direction. Following Kim et al. ( 2016 ), at time t , we define
he strength of the dark gap as the maximum light deficit, �μmax ,
etween the bar major and minor axis. By definition, it is a non-
e gativ e quantity. In addition, we define the extent of the dark gap,
 DG , where the maximum light deficit ( �μmax ) occurs, i.e. �μ( R =
 DG ) = �μmax . An example of determining the �μmax and R DG is

lso shown in Fig. 1 (right panel) for the model rthickS0.1. 
First, we investigate how the strength of the dark gaps is related

o the bar strength. The bar strength, S bar , at time t is defined as the
aximum of the m = 2 Fourier coefficient ( A 2 /A 0 ), i.e. S bar ( t) =
ax { ( A 2 /A 0 )( R, t) } , and these values are taken from Ghosh et al.

 2023 ). The resulting correlation between the strengths of the dark
ap and the bar, for the three assumed values of ϒ T /ϒ t , namely
 T /ϒ t = 1, 1.2, and 2.4, for all thin + thick models considered here,
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Figure 2. Correlation between the bar strength, S bar , and the strength of the dark gap, �μmax , for all 15 thin + thick models considered here. Left panel shows 
the correlation for ϒ T /ϒ t = 1, while the middle panel and right panel show the corresponding correlation for ϒ T /ϒ t = 1.2 and 2.4, respectively. The magenta 
circles denote the snapshots from the rthickS models, whereas the cyan squares and the yellow triangles denote the snapshots from the rthickE and rthickG 

models, respectively. The black dash line denotes the best-fitting straight line (of the form Y = AX + B), while the grey shaded region denotes the 3 σ scatter 
around the best-fitting line. These two quantities remain strongly correlated (Pearson correlation coefficient ρ > 0 . 75) throughout the entire temporal evolution. 
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re shown in Fig. 2 . Note that in Fig. 2 only the snapshots after the bar
orms are considered for all thin + thick models. Following Ghosh 
t al. ( 2024 ), we define the bar formation epoch τbar as the epoch when
he amplitude of the m = 2 Fourier moment becomes greater than
.2 and the corresponding phase angle φ2 remains constant (within 
 

◦–5 ◦) within the extent of the bar. Therefore, the bar age is defined as
 bar age = t − τbar . Furthermore, we computed the Pearson correlation 
oefficient ρ to quantify the correlation. As seen clearly, when all 
he thin + thick models are taken together, the bar strength and
he strength of the dark gaps remain strongly correlated ( ρ > 0 . 75)
or all three assumed values of ϒ T /ϒ t . This is not surprising since
he bar strength is defined as a maximum of the m = 2 Fourier
oefficient of the density at a radial location R, and the dark gap
trength is the (light-weighted and smoothed) peak-to-trough ratio 
f the density. Therefore, in the limit where the density variation is
inusoidal with respect to the azimuthal angle and the mass-to-light 
atio is constant, these are perfectly correlated by construction. Fig. 2 
ssentially demonstrates the fact that altering the mass-to-light ratio 
f the two components (thin and thick disc) does not significantly 
ffect the fundamental conclusion that the strengths of bar and dark 
ap are inherently correlated. 

Ne xt, we inv estigate how the e xtent of the dark gaps, R DG , evolves
ith time, and if there exists any correlation between the extent of

he dark gap and the length of the bar, in our thin + thick models.
ollowing Ghosh & Di Matteo ( 2024 ), we define the bar length,
 bar , as the radial extent where the amplitude of the m = 2 Fourier
oment ( A 2 /A 0 ) drops to 70 per cent of its peak value. We checked

hat the ratio R bar /R DG al w ays remains well abo v e 1.2, at all times,
or all thin + thick models. For the sake of brevity, they are not
hown here. This finding is in agreement with Aguerri et al. ( 2023 )
ho showed that for a majority (about 90 per cent) of their sample of
arred galaxies from the MaNGA surv e y, the ratio R bar /R DG remains
bo v e 1.2. 

Lastly, we investigate if there exists any correlation between the 
ar length and the extent of the dark gap. This is shown in Fig. 3
or all thin + thick models considered here. As seen from Fig. 3 , the
earson correlation coefficient ρ remains well abo v e 0.75 for almost 
ll models, thereby indicating that the bar length and extent of the
ark gap are strongly correlated. Ho we ver, for the models rthickS0.9
nd rthickG0.9, the bar length and extent of the dark gap are not
orrelated (see the corresponding ρ values in Fig. 3 ). We recall that
 DG is defined as the location where the maximum of peak-to-trough
ariation (along bar major and minor axes) occurs, whereas R bar is
efined where the A 2 /A 0 value drops to 70 per cent of its peak value.
herefore, the question remains whether the temporal evolution of 
 DG in these two models signifies a different evolutionary scenario 

or the dark gaps or is it due to the different definitions of R DG and
 bar (one locating the peak while the other extends beyond the peak

ocation). To verify that, we first calculated the radial profiles of �μ

or the three thin + thick models, namely rthickS0.1, rthickS0.7, and
thickS0.9. This is shown in Appendix A (see Fig. A2 there). As seen
learly from Fig. A2 , the peak location of �μ mo v es progressiv ely
owards the outer disc as the bar (and the dark gaps grow in strength)
or the model rthickS0.1. Ho we ver, for the model rthickS0.9, the peak
ocation of �μ does not mo v e as much towards the outer disc region
 v er time. This explains why R DG values remain almost constant
or the model rthickS0.9. The trend for the model rthickS0.7 falls
omewhere in between these two abo v e-mentioned trends. Lastly, to
heck whether a difference in defining R DG and R bar (one locating the
eak while the other extends beyond the peak location) impacts the
nference of correlation between the length of bars and dark gaps, we
ntroduce a new metric to define the extent of the dark gap, namely
 dark that is defined as the location where �μ value falls to 70 per cent
f its peak value. The corresponding correlation between R bar and 
 dark , computed for the models rthickS0.9 and rthickG0.9, is shown

n Fig. 4 . As seen clearly from Fig. 4 , R bar and R dark remain strongly
orrelated ( ρ > 0 . 75) for the models rthickS0.9 and rthickG0.9. We
hecked that R bar and R dark remain strongly correlated for other 
hin + thick models as well. For the sake of brevity, we have not
hown it here. This emphasizes that when a uniform definition is used
o define the bar length and the length of the dark gap, they remain
trongly correlated o v er the entire evolutionary phase. A similar
iscrepanc y e xists in measuring the bar length from the peak location
f the A 2 /A 0 value and the location where the A 2 /A 0 value drops to
he 70 per cent of its peak value (for further details, see Ghosh & Di

atteo 2024 ). Our findings here outline the importance of a uniform
MNRAS 532, 4570–4582 (2024) 
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Figure 3. Correlation between the bar length, R bar , and the extent of the dark gap, R DG , calculated for all thin + thick models, as a function of the bar age 
(see the colour bar). Left panels correspond to the rthickS models, whereas middle panels and right panels correspond to the rthickE and rthickG models, 
respectively. The thick disc fraction ( f thick ) varies from 0.1 to 0.9 (top to bottom), as indicated in the leftmost panel of each row. In each case, the Pearson 
correlation coefficient ρ is calculated, and the corresponding value is quoted in each panel. These two quantities remain strongly correlated (Pearson correlation 
coefficient ρ > 0 . 75) for all the thin + thick models, except for the models rthickS0.9 and rthickG0.9. For further details, see the text. 
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Figure 4. Correlation between the bar length, R bar , and the extent of the dark gap, R DG (in open circles), and between R bar and R dark (in open squares), 
calculated for the two thin + thick models, namely rthickS0.9 (left panel) and rthickG0.9 (right panel), as a function of the bar age (see the colour bar). In each 
case, the Pearson correlation coefficient ρ is calculated, and the corresponding values are quoted. The two quantities R bar and R dark remain strongly correlated 
(Pearson correlation coefficient ρ > 0 . 75) for the models rthickS0.9 and rthickG0.9. 
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efinition for the bar and dark gap lengths, and demonstrate how 

ifferent definitions for the bar and dark gap lengths might lead to
n erroneous conclusion. 

To conclude, our systematic study demonstrates that the dark gap 
n a disc galaxy is essentially a part and parcel of the dynamical
ffect of a bar as the bar continuously redistributes the stars on to
ore radially elongated orbits, thereby producing a dearth of stellar 

ensity along the bar minor axis. The strength and the extent of these
ark gaps can be used a robust proxy for the bar strength and length,
espectively. This has a direct implication for the observational 
tudy of the dark gap and the bar properties. For a barred galaxy,
bserved at an intermediate inclination, the quantification of bar 
trength (calculated via the m = 2 Fourier coefficient) can often be
umbersome, involving deprojection of the image (and associated 
ncertainty) and also critically depends on the resolution of the 
hotometric image. As our findings demonstrate, the strength of 
he dark gaps, which are quite straightforward to compute for an 
bserv ed galaxy, can serv e as an e xcellent proxy for the bar strength.
 similar argument applies to using the extent of the dark gaps as an

xcellent proxy for the bar length as well. 

 G ROW T H  O F  DA R K  GAPS  A N D  T H E  

SSOCIATED  MASS  REDISTRIBU TION  

n the previous section, we demonstrated that the properties (strength 
nd extent) of the dark gaps show a strongly correlated evolution with
he bar properties (strength and length) in all thin + thick models
onsidered here. As the bar grows in strength, it continuously traps
ore stars into more radially elongated orbits, thereby making an 

nitial azimuthally uniform light profile into a rather radially bright 
ight profile. Since we are dealing with N -body models here, and 
herefore, without any assumption of mass-to-light ( M/L ) ratio (as
ommonly done in observations), we can quantify the mass-loss 
long the bar minor axis as the dark gaps grow with time. To quantify
he fractional mass change in the ( x –y) plane (face-on configuration)
t time t , we define 

M ∗( x , y , t) = 

M ∗( x , y , t) − M ∗( x , y , t = 0) 

M ∗( x , y , t = 0) 
, (1) 

here M ∗( x , y , t) denotes the stellar (thin + thick) mass at the spatial
ocation ( x , y ) at time t . The corresponding face-on distribution of
he fractional mass change at different times (capturing different 
hases of bar evolution) is shown in Fig. 5 for the model rthickS0.1.
s seen clearly from Fig. 5 , stellar mass gets enhanced along the
ar major axis, and simultaneously there is a continuous mass 
eficit along the bar minor axis. At times, when the bar (and
ence, the dark gaps) is quite strong, the mass deficit along the
ar minor axis can reach up to ∼60 –80 per cent of its initial ( t = 0)
ass. 
Next, to quantify the fractional mass change, at time t , along the

ar minor axis, we define 

M ∗( y minor , t) = 

M ∗( y minor , t) − M ∗( y minor , t = 0) 

M ∗( y minor , t = 0) 
, (2) 

here y minor denotes the spatial location along the bar minor axis,
nd M ∗( y minor , t) denotes the stellar mass at a spatial location y minor 

long the bar minor axis at time t . A positive value of δM ∗( y minor , t)
enotes mass increase, whereas a ne gativ e value of δM ∗( y minor , t)
enotes mass-loss at a certain time t . The corresponding temporal 
volution of δM ∗( y minor , t), calculated with �y minor = 1 kpc , for the
hin + thick model rthickS0.1 is shown in Fig. 6 . As seen from Fig. 6 ,
patial location corresponding to y minor < 1 kpc falls in the part of
he bar structure, and it shows substantial mass increase (compare 
igs 5 and 6 ). Ho we ver, spatial locations falling within the region
f dark gap (1 < y minor / kpc < 5) show substantial mass-loss (i.e.
MNRAS 532, 4570–4582 (2024) 
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Figure 5. Face-on distribution of the fractional mass change, δM ∗( x , y , t) (see equation 1 ), at different times (capturing different phases of bar evolution) for 
the model rthickS0.1. A positive δM ∗( x , y , t) denotes the mass gain, while a ne gativ e δM ∗( x , y , t) implies mass-loss at a location ( x , y ). The black dashed lines 
denote the contours constant surface density. The black circle denotes the bar length, R bar . As the bar evolves with time, stellar mass gets enhanced along the 
bar major axis (see the red regions), and simultaneously there is a continuous mass deficit along the bar minor axis (see the blue regions). 

Figure 6. Fractional mass-loss, at different spatial locations along the 
bar minor axis, δM ∗( y minor , t) (equation 2 ), as a function of time for the 
thin + thick model rthickS0.1. The colour bar shows the spatial locations 
along the bar minor axis. The vertical dash–dotted line denotes the epoch of 
bar formation τbar . 1 < y minor / kpc < 5 denotes the region of the dark gap. 
For details, see Section 4 . 

δ  

e  

i  

d

 

(  

t

w  

a  

(  

a  

s  

t  

a  

(  

a  

r  

d  

d  

(  

u  

r  

t  

t  

t  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/4/4570/7720529 by guest on 12 Septem
ber 2024
M ∗( y minor , t) < 0) o v er the course of the evolution. The temporal
volution of δM ∗( y minor , t) beyond y minor = 6 kpc shows a moderate
ncrease at initial times, and this is due to the fact that o v er time the
isc grows in the outward direction. 
NRAS 532, 4570–4582 (2024) 
Lastly, to carry out a uniform comparison of fractional mass-loss
within the extent of the bar) along the bar minor axis for all the
hin + thick models considered here, we define 

�M ∗, minor ( t end ) 

= 

∫ R bar 
R in 

[
M ∗, minor ( R, t end ) − M ∗, minor ( R, t = 0) 

]
d R 

∫ R bar 
R in 

M ∗, minor ( R, t = 0) d R 

, (3) 

here we assumed R in = 0 . 5 kpc and M ∗, minor ( R, t) is the mass at
 radial location R at time t along the bar minor axis. In Fig. 7
left panel), we show one such example of the fractional mass-loss
long the bar minor axis for the model rthickS0.1 (see the grey
haded re gion). Ne xt, we compute the fractional mass-loss (within
he extent of the bar) along the bar minor axis using equation ( 3 ) for
ll the thin + thick models considered here. This is shown in Fig. 7
right panel). The fractional mass-loss (within the extent of the bar)
long the bar minor axis, calculated at the end of the simulation
un ( t end = 9 Gyr ), is strongly correlated with the maximum light
eficit �μmax . For some thin + thick models showing stronger
ark gaps (and harbouring stronger bar), the fractional mass-loss
within the extent of the bar) along the bar minor axis can reach
p to ∼80 per cent of the initial mass contained within the bar
egion (see right panel of Fig. 7 ). This strong correlation between
he �M ∗, minor ( t end ) and �μmax ( t end ) further supports the scenario of
he growth of dark gaps as a result of continuous trapping of stars
hat are on nearly circular orbits on to the more elongated orbits by
he bar. 
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Figure 7. Left panel: Radial distribution of stellar (thin + thick) mass (in logarithmic scale), along the bar minor axis, at the beginning and at the end of the 
simulation run ( t end = 9 Gyr ), for the model rthickS0.1. The vertical black dashed line denotes the bar extent ( R bar ), while the vertical magenta dashed line 
denotes the extent of the dark gap ( R DG ) at t = t end . The grey shaded region denotes the fractional mass-loss, �M ∗, minor ( t end ) (see equation 3 ), along the bar 
minor axis. Right panel: Correlation between the fractional mass-loss along the bar minor axis ( �M ∗, minor ( t end )) and the strength of the dark gap �μmax ( t end ) for 
all thin + thick models considered here. The thick disc mass fraction ( f thick ) is shown in the colour bar. ϒ T /ϒ t = 1.2 is used to compute the values of �μmax . 
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 DA R K  GAPS  A N D  R E S O NA N C E  L O C AT I O N S  

 ast studies hav e associated the location of the dark gap ( R DG )
ith different resonances of the bar (for details, see Section 1 and

eferences therein). Ho we ver, the robustness and uni versality of this
rend have not been tested so far in the literature. We pursue it here. 

In order to measure the correlation between the extent of the dark
aps and different resonances (associated with the bar), first we need 
o compute the circular velocity ( v c ) and the bar pattern speed ( �bar )
t different times for all thin + thick models considered here. At time
, the circular velocity v c is calculated as 

 

2 
c ( R) = 

GM( ≤ r) 

r 
. (4) 

ere, M ( ≤ r ) denotes the mass enclosed within a spherical radius
. Once we derive the circular velocity, the corresponding circular 
requency � and the epicyclic frequency κ are derived using � = 

 c /R and κ2 = 4 �2 + d �2 / d R (for details, see Binney & Tremaine
008 ). The corresponding radial profiles of �, κ , � − κ/ 2, and � −
/ 4 calculated at t = 1 . 35 Gyr for the model rthickS0.1 are shown

n Fig. 8 . 
In order to determine the location for the corotation, the 2:1 inner

indblad resonance, and the 4:1 ultraharmonic resonance, we need 
o calculate the bar pattern speed. Following Ghosh et al. ( 2022 ) and
hosh & Di Matteo ( 2024 ), we measure the bar pattern speed ( �bar )
y fitting a straight line to the temporal variation of the phase angle
 φ2 ) of the m = 2 Fourier mode. The underlying assumption is that
he bar rotates rigidly with a single pattern speed in that time interval.

e follow this technique to compute the bar pattern speed ( �bar ) as
 function of time, for all thin + thick models considered here.
he corresponding temporal evolution of bar pattern speed for three 
uch thin + thick models is shown in Fig. 9 . The bar pattern speed
ecreases drastically during the entire evolutionary phase of the bar 
see Fig. 9 ). The radial locations where the bar pattern speed �bar 

ntersects with �, � − κ/ 2, and � − κ/ 4 determines the locations of
he corotation, 2:1 inner Lindblad resonance, and 4:1 ultraharmonic 
esonance, respectively (see Fig. 8 ). We checked that the ratio of
 CR (location of bar corotation) to bar length ( R bar ) al w ays remains
reater than 1.4, and this trend remains true for almost all thin + thick
odels considered here. Therefore, bars present in our thin + thick
odels qualify as slow bars . The detailed study of the temporal

volution of �bar with varying thick disc mass fraction ( f thick ) is
MNRAS 532, 4570–4582 (2024) 
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Figure 9. Temporal evolution of the bar pattern speed ( �bar ) for three 
thin + thick models. In each case, the bar pattern speed decreases substantially 
o v er time. 
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eyond the scope of this work and will be addressed in a future
tudy. 

Using the rotation curve and the bar pattern speed, we calculated
he locations of the corotation ( R CR ), the 2:1 inner Lindblad reso-
ance ( R ILR ), and the 4:1 ultraharmonic resonance ( R UHR ) at different
imes, for all thin + thick models considered here (e.g. see Fig. 8 ).

e checked that the values of R CR /R DG remain well abo v e unity
or all thin + thick models considered here, thereby implying that
he locations of the dark gaps are not associated with the corotation
esonance of the bar in our bar models. This finding is similar to
he conclusion drawn by Krishnarao et al. ( 2022 ). Furthermore, in
ig. 10 , we show the temporal evolution of the quantities R DG /R ILR 

nd R DG /R UHR as a function of bar age ( t bar age ), for all thin + thick
odels considered here. The ratio of the R UHR and the extent of

ark gaps, R DG , remains almost constant (especially at later bar
volutionary phases) and this holds true for almost all thin + thick
odels considered here. Ho we ver, the ratio R DG /R UHR remains well

elow unity, for all the models, thereby demonstrating that the dark
aps are also not associated with the location of 4:1 ultraharmonic
esonances for any of the models considered here, in contrast with
he results presented in Krishnarao et al. ( 2022 ) and Aguerri et al.
 2023 ). In addition, the temporal evolution of the ratio R DG /R ILR 

ho ws some what oscillatory behaviour in the initial bar growth
hase; ho we ver, it saturates to a constant value towards the later
ar evolutionary phase. 

The most striking finding of this work is that in none of our barred
odels the extent of the dark gaps is associated with the bar reso-

ances (corotation, inner Lindblad resonance, and 4:1 ultraharmonic
esonance), as opposed to earlier studies in the literature (Krishnarao
t al. 2022 ; Aguerri et al. 2023 ). We checked that the bar pattern
peed values for our models are well below (approximately by a
actor of 2) compared with those reported in Krishnarao et al. ( 2022 )
nd Aguerri et al. ( 2023 ). We mention that the underlying mass model
NRAS 532, 4570–4582 (2024) 
through the rotation curve) and the bar pattern speed together set the
ocations of different resonances associated with the bar. Therefore,
he findings presented here clearly imply that the locations of the dark
aps are not universally associated with any of the resonances (of the
ar) and depend on both the underlying mass model and the measured
ar pattern speed. Furthermore, the bars in all our thin + thick models
re slow rotators, i.e. R ( = R CR /R bar ) > 1 . 4. We checked that most
about 90 per cent) of the MaNGA barred samples used in Aguerri
t al. ( 2023 ) are fast rotators, i.e. R ( = R CR /R bar ) < 1 . 4, and only
bout 10 per cent qualify as slow rotators ( R > 1 . 4). Similarly, in
rishnarao et al. ( 2022 ), most of the barred galaxies (for which the
alues of R CR and R UHR were reasonably measured) tend to qualify
s fast rotators (within the large uncertainties with the corotation
adius estimates; see discussions in section 4.1 of Krishnarao et al.
022 ). Therefore, the question remains as to whether the association
f the dark gap with bar resonances depends on different regimes of
ars (i.e. slow versus fast). While our systematic study, as presented
ere, deals with slow bars, ho we ver, such a systematic study, dealing
ith fast bars, is largely missing in the literature and will be worth
ursuing. 

 SUMMARY  A N D  FUTURE  PROSPECTS  

n summary, we investigated the formation and the subsequent
emporal evolution of the bar-induced dark gaps (along the bar

inor axis) and their dynamical connection with the bar. We
urther examined the correlation between the properties of the dark
aps and the bar. We made use of a suite of N -body models of
hin + thick discs (with varying thick disc mass fractions and
ifferent thin-to-thick disc scale length ratios), thereby allowing us to
xamine the formation and evolutionary trajectory of the dark gaps
nder diverse dynamical scenarios. Our main findings are listed 
elow. 

(i) A prominent bar al w ays drives the generation of a dark gap
long the bar minor axis. The strength of the dark gap, �μmax , is
trongly correlated with the strength of the bar, and this holds for all
hin + thick models with varied geometric configurations. Similarly,
he length of dark gaps is seen to remain strongly correlated with
he bar length, provided a uniform definition is applied in both 
ases. 

(ii) The formation and subsequent growth of dark gaps lead to
ubstantial mass redistribution along the bar minor axis. For stronger
ark gaps (and hence, for stronger bars), the mass-loss along the
ar minor axis can reach up to ∼60 –80 per cent of the initial mass
ontained within the bar extent. 

(iii) In all our thin + thick models, the ratio of R CR and bar
ength R bar remains abo v e 1.4, thereby qualifying them as slow
otators ( R > 1 . 4). Furthermore, we did not find any robust and
niversal association of the location of dark gaps with the 4:1
ltraharmonic resonance or the 2:1 inner Lindblad resonances in
ny of our thin + thick models, in contrast with earlier studies. 

To conclude, our systematic study demonstrates that the properties
strength and extent) of the dark gaps can be used as a robust proxy
or the bar properties (strength and length). We mention that the
hin + thick models used here do not contain any interstellar gas.
he presence of a (dynamically) cold component, such as interstellar
as, makes the disc more susceptible to gravitational instabilities
e.g. see Jog & Solomon 1984 ; Jog 1996 ; Bertin 2000 ). Therefore,
t would be worth investigating the secular evolution of bar-induced
ark gaps in the presence of the interstellar gas. 
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Figure 10. Evolution of the ratios R DG /R ILR (filled circles) and R DG /R UHR (filled squares) with bar age ( t bar age ) for all thin + thick models considered here. 
The points are colour coded by the bar pattern speed ( �bar ) values. Left panels show for the rthickS models, whereas middle panels and right panels show for 
the rthickE and rthickG models, respectively. The thick disc fraction ( f thick ) varies from 0.1 to 0.9 (top to bottom), as indicated in the leftmost panel of each row. 

A

W
i
v
K  

r
M  

a
A
3

D

T  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/4/4570/7720529 by guest on 12 Septem
ber 2024
C K N OW L E D G E M E N T S  

e thank the anonymous referee for useful comments that helped to 
mpro v e this paper. SG acknowledges funding from the Alexander 
on Humboldt Foundation through Dr Gregory M. Green’s Sofja 
ov ale vskaja Aw ard. This w ork has made use of the computational

esources obtained through the DARI grant A0120410154 (PI: P. Di 
atteo). D A G and FF were supported by STFC grants ST/T000244/1
t

nd ST/X001075/1. VC acknowledges the support provided by 
NID through 2022 FONDECYT post-doctoral research grant no. 
220206. 

ATA  AVAI LABI LI TY  

he simulation data underlying this article will be shared on request
o PDM (paola.dimatteo@obspm.fr). 
MNRAS 532, 4570–4582 (2024) 



4580 S. Ghosh et al. 

M

R

A  

A
A  

A
B
B
B
B  

B
B
B
C
C
C
C
C
C
D
E
E
E
F  

F
F  

F  

G
G
G
G  

G
G
G
J
J
J
K  

K  

K
K

K
K
L
M
M
M
M
M  

M
N
P
P
P
P
P
R  

R
S  

S
S
S
S
S
T  

Y

A
P

F  

t  

(  

p  

a
 

t  

a  

p  

m  

p  

r  

l  

r

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/4/4570/7720529 by guest on 12 Septem
ber 2024
E FERENCES  

guerri J. A. L. , Elias-Rosa N., Corsini E. M., Mu ̃ noz-Tu ̃ n ́on C., 2005, A&A ,
434, 109 

guerri J. A. L. , M ́endez-Abreu J., Corsini E. M., 2009, A&A , 495, 491 
guerri J. A. L. , D’Onghia E., Cuomo V., Morelli L., 2023, A&A , 670, A123
thanassoula E. , 2003, MNRAS , 341, 1179 
arnes J. , Hut P., 1986, Nature , 324, 446 
arway S. , Wadadekar Y., Kembhavi A. K., 2011, MNRAS , 410, L18 
ertin G. , 2000, Dynamics of Galaxies. Cambridge Univ. Press, Cambridge 
inney J. , Tremaine S., 2008, Galactic Dynamics, 2nd edn. Princeton Univ.

Press, Princeton, NJ 
uta R. J. , 2017, MNRAS , 470, 3819 
uta R. , Laurikainen E., Salo H., Knapen J. H., 2010, ApJ , 721, 259 
uta R. J. et al., 2015, ApJS , 217, 32 
ombes F. , Sanders R. H., 1981, A&A, 96, 164 
omer ́on S. et al., 2011, ApJ , 741, 28 
omer ́on S. , Salo H., Peletier R. F., Mentz J., 2016, A&A , 593, L6 
omer ́on S. , Salo H., Knapen J. H., Peletier R. F., 2019, A&A , 623, A89 
ontopoulos G. , Grosbol P., 1989, A&AR , 1, 261 
ostantin L. et al., 2023, Nature , 623, 499 
ebattista V. P. , Sell w ood J. A., 2000, ApJ , 543, 704 
lmegreen B. G. , Elmegreen D. M., Hirst A. C., 2004, ApJ , 612, 191 
rwin P. , 2018, MNRAS , 474, 5372 
skridge P. B. et al., 2000, AJ , 119, 536 
ragkoudi F. , Di Matteo P., Haywood M., G ́omez A., Combes F., Katz D.,

Semelin B., 2017, A&A , 606, A47 
ragkoudi F. et al., 2020, MNRAS , 494, 5936 
ragkoudi F. , Grand R. J. J., Pakmor R., Springel V., White S. D. M.,

Marinacci F., Gomez F. A., Navarro J. F., 2021, A&A , 650, L16 
ragkoudi F. , Grand R., Pakmor R., G ́omez F., Marinacci F., Springel V.,

2024, preprint ( arXiv:2406.09453 ) 
adotti D. A. , 2011, MNRAS , 415, 3308 
adotti D. A. , de Souza R. E., 2003, ApJ , 583, L75 
hosh S. , Di Matteo P., 2024, A&A , 683, A100 
hosh S. , Saha K., Jog C. J., Combes F., Di Matteo P., 2022, MNRAS , 511,

5878 
hosh S. , Fragkoudi F., Di Matteo P., Saha K., 2023, A&A , 674, A128 
hosh S. , Fragkoudi F., Di Matteo P., Saha K., 2024, A&A , 683, A196 
uo Y. et al., 2023, ApJ , 945, L10 

og C. J. , 1996, MNRAS , 278, 209 
og C. J. , Solomon P. M., 1984, ApJ , 276, 114 
ogee S. et al., 2004, ApJ , 615, L105 
asparova A. V. , Katkov I. Y., Chilingarian I. V., Silchenko O. K., Moiseev

A. V., Borisov S. B., 2016, MNRAS , 460, L89 
im T. , Gadotti D. A., Athanassoula E., Bosma A., Sheth K., Lee M. G.,

2016, MNRAS , 462, 3430 
ormendy J. , 1979, ApJ , 227, 714 
raljic K. , Bournaud F., Martig M., 2012, ApJ , 757, 60 
NRAS 532, 4570–4582 (2024) 
rishnarao D. et al., 2022, ApJ , 929, 112 
ruk S. J. et al., 2017, MNRAS , 469, 3363 
e Conte Z. A. et al., 2024, MNRAS , 530, 1984 
arinova I. , Jogee S., 2007, ApJ , 659, 1176 
artig M. et al., 2021, MNRAS , 508, 2458 
asters K. L. et al., 2011, MNRAS , 411, 2026 
elvin T. et al., 2014, MNRAS , 438, 2882 
en ́endez-Delmestre K. , Sheth K., Schinnerer E., Jarrett T. H., Scoville N.

Z., 2007, ApJ , 657, 790 
iyamoto M. , Nagai R., 1975, PASJ, 27, 533 
air P. B. , Abraham R. G., 2010, ApJ , 714, L260 
inna F. et al., 2019a, A&A , 623, A19 
inna F. et al., 2019b, A&A , 625, A95 
lanck Collaboration VI , 2020, A&A , 641, A6 
lummer H. C. , 1911, MNRAS , 71, 460 
ohlen M. , Balcells M., L ̈utticke R., Dettmar R. J., 2004, A&A , 422, 465 
odionov S. A. , Athanassoula E., Sotnikova N. Y., 2009, MNRAS , 392,

904 
osas-Gue v ara Y. et al., 2022, MNRAS , 512, 5339 
cott N. , van de Sande J., Sharma S., Bland-Hawthorn J., Freeman K., Gerhard

O., Hayden M. R., McDermid R., 2021, ApJ , 913, L11 
ell w ood J. A. , Wilkinson A., 1993, Rep. Prog. Phys. , 56, 173 
emelin B. , Combes F., 2002, A&A , 388, 826 
heth K. et al., 2008, ApJ , 675, 1141 
immons B. D. et al., 2014, MNRAS , 445, 3466 
mail I. et al., 2023, ApJ , 958, 36 
sukui T. , 2023, Bar-dri ven galaxy e volution at z = 4.4? Zenodo. Av ailable

at: https:// doi.org/ 10.5281/ zenodo.8245961 
oachim P. , Dalcanton J. J., 2006, AJ , 131, 226 

PPENDI X  A :  C O R R E L AT I O N  BETWEEN  

ROPERTIES  O F  BA R S  A N D  DA R K  GAPS  

ig. A1 shows the face-on surface brightness distribution of all 15
hin + thick models, calculated at the end of the simulation run
 t = 9 Gyr ). Even a mere visual inspection of Fig. A1 reveals the
resence of conspicuous dark gaps, along the bar minor axis, for
lmost all thin + thick models considered here. 

In Fig. A2 , we show the radial profiles of �μ as a function of
ime for three thin + thick models, namely rthickS0.1, rthickS0.7,
nd rthickS0.9. As seen clearly, the temporal evolution of radial
rofiles of �μ sho ws v ariation across the three thin + thick
odels considered here. While for the model rthickS0.1, the

eak location of �μ progressively shifts towards the outer disc
egion with time, ho we ver, for the model rthickS0.9, the peak
ocation of �μ does not shift appreciably towards the outer disc
egion with time. 

http://dx.doi.org/10.1051/0004-6361:20041743
http://dx.doi.org/10.1051/0004-6361:200810931
http://dx.doi.org/10.1051/0004-6361/202244344
http://dx.doi.org/10.1046/j.1365-8711.2003.06473.x
http://dx.doi.org/10.1038/324446a0
http://dx.doi.org/10.1111/j.1745-3933.2010.00970.x
http://dx.doi.org/10.1093/mnras/stx1392
http://dx.doi.org/10.1088/0004-637X/721/1/259
http://dx.doi.org/10.1088/0067-0049/217/2/32
http://dx.doi.org/10.1088/0004-637X/741/1/28
http://dx.doi.org/10.1051/0004-6361/201629292
http://dx.doi.org/10.1051/0004-6361/201833653
http://dx.doi.org/10.1007/BF00873080
http://dx.doi.org/10.1038/s41586-023-06636-x
http://dx.doi.org/10.1086/317148
http://dx.doi.org/10.1086/422407
http://dx.doi.org/10.1093/mnras/stx3117
http://dx.doi.org/10.1086/301203
http://dx.doi.org/10.1051/0004-6361/201630244
http://dx.doi.org/10.1093/mnras/staa1104
http://dx.doi.org/10.1051/0004-6361/202140320
http://arxiv.org/abs/2406.09453
http://dx.doi.org/10.1111/j.1365-2966.2011.18945.x
http://dx.doi.org/10.1086/368159
http://dx.doi.org/10.1051/0004-6361/202347763
http://dx.doi.org/10.1093/mnras/stac461
http://dx.doi.org/10.1051/0004-6361/202245275
http://dx.doi.org/10.1051/0004-6361/202347831
http://dx.doi.org/10.48550/arXiv.2210.08658
http://dx.doi.org/10.1093/mnras/278.1.209
http://dx.doi.org/10.1086/161597
http://dx.doi.org/10.1086/426138
http://dx.doi.org/10.1093/mnrasl/slw083
http://dx.doi.org/10.1093/mnras/stw1899
http://dx.doi.org/10.1086/156782
http://dx.doi.org/10.1088/0004-637X/757/1/60
http://dx.doi.org/10.3847/1538-4357/ac5d55
http://dx.doi.org/10.1093/mnras/stx1026
http://dx.doi.org/10.48550/arXiv.2309.10038
http://dx.doi.org/10.1086/512355
http://dx.doi.org/10.1093/mnras/stab2729
http://dx.doi.org/10.1111/j.1365-2966.2010.17834.x
http://dx.doi.org/10.1093/mnras/stt2397
http://dx.doi.org/10.1086/511025
http://dx.doi.org/10.1088/2041-8205/714/2/L260
http://dx.doi.org/10.1051/0004-6361/201833193
http://dx.doi.org/10.1051/0004-6361/201935154
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1093/mnras/71.5.460
http://dx.doi.org/10.1051/0004-6361:20035932
http://dx.doi.org/10.1111/j.1365-2966.2008.14110.x
http://dx.doi.org/10.1093/mnras/stac816
http://dx.doi.org/10.3847/2041-8213/abfc57
http://dx.doi.org/10.1088/0034-4885/56/2/001
http://dx.doi.org/10.1051/0004-6361:20020547
http://dx.doi.org/10.1086/524980
http://dx.doi.org/10.1093/mnras/stu1817
http://dx.doi.org/10.3847/1538-4357/acf931
http://dx.doi.org/10.5281/zenodo.8245961
https://doi.org/10.5281/zenodo.8245961
http://dx.doi.org/10.1086/497970


Bar-induced dark gaps in disc galaxies 4581 

MNRAS 532, 4570–4582 (2024) 

Figure A1. Face-on surface brightness distribution, calculated at the end of the simulation run ( t = 9 Gyr ), for all thin + thick models considered here. Black 
solid lines denote the contours of constant surface brightness. For each case, the bar is placed along the x-axis. The magenta and the blue dashed lines denote 
the bar major and minor axis, respectively. The black dashed circle denotes the location of maximum brightness contrast ( �μmax ); for details see the text. Left 
panels show the surface brightness distribution for the rthickS models, whereas middle panels and right panels show the surface brightness distribution for the 
rthickE and rthickG models, respecti vely. The thick disc fraction ( f thick ) v aries from 0.1 to 0.9 (top to bottom), as indicated in the leftmost panel of each row. 
A magnitude zero-point ( m 0 ) of 22.5 mag arcsec −2 and ϒ T /ϒ t = 1.2 are used to create the surface brightness from the intrinsic particle distribution. Here, 
1 arcsec = 1 kpc . 
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Figure A2. Radial variation of �μ as a function of time (see the colour bar) for three thin + thick models, namely rthickS0.1, rthickS0.7, and rthickS0.9. A 

magnitude zero-point ( m 0 ) of 22.5 mag arcsec −2 and ϒ T /ϒ t = 1.2 are used to create the surface brightness from the intrinsic particle distribution. Here, 1 
arcsec = 1 kpc . 
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