
MNRAS 518, 2300–2319 (2023) https://doi.org/10.1093/mnras/stac3047 
Advance Access publication 2022 October 25 

Testing for relics of past strong buckling events in edge-on galaxies: 

simulation predictions and data from S 

4 G 

Virginia Cuomo , 1 ‹ Victor P. Debattista , 2 Sarah Racz, 3 Stuart Robert Anderson , 2 Peter Erwin , 4 , 5 

Oscar A. Gonzalez, 6 J. W. Powell, 7 Enrico Maria Corsini , 8 , 9 Lorenzo Morelli 1 and Mark A. Norris 2 

1 Instituto de Astronom ́ıa y Ciencias Planetarias, Universidad de Atacama, Avenida Copayapu 485, 1350000 Copiap ́o, Chile 
2 Jeremiah Horrocks Institute, University of Central Lancashire, Preston PR1 2HE, UK 

3 Department of Physics, The University of Texas at Austin, Austin, TX, 78712, USA 

4 Max-Planck-Insitut f ̈ur extr aterrestrisc he Physik, Giessenbac hstr aße, D-85748 Garching, Germany 
5 Universit ̈ats-Sternwarte M ̈unchen, Scheinerstraße 1, D-81679 M ̈unchen, Germany 
6 UK Astronomy Technology Centre, Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK 

7 Physics Department, Reed Colleg e , Portland, OR, 97202, USA 

8 Dipartimento di Fisica e Astronomia ‘G. Galilei’, Universit ̀a di Padova, vicolo dell’Osservatorio 3, I-35122 Padova, Italy 
9 INAF − Osservatorio Astronomico di Padova, vicolo dell’Osservatorio 2, I-35122 Padova, Italy 

Accepted 2022 October 18. Received 2022 October 17; in original form 2022 February 8 

A B S T R A C T 

The short-lived buckling instability is responsible for the formation of at least some box/peanut (B/P) shaped bulges, which are 
observed in most massive, z = 0, barred galaxies. Nevertheless, it has also been suggested that B/P bulges form via the slow 

trapping of stars on to vertically extended resonant orbits. The key difference between these two scenarios is that when the bar 
buckles, symmetry about the mid-plane is broken for a period of time. We use a suite of simulations (with and without gas) to 

show that when the buckling is sufficiently strong, a residual mid-plane asymmetry persists for several Gyrs after the end of the 
buckling phase, and is visible in simulation images. On the other hand, images of B/P bulges formed through resonant trapping 

and/or weak buckling remain symmetric about the mid-plane. We develop two related diagnostics to identify and quantify 

mid-plane asymmetry in simulation images of galaxies that are within 3 

◦ of edge-on orientation, allowing us to test whether 
the presence of a B/P-shaped bulge can be explained by a past buckling event. We apply our diagnostics to two nearly edge-on 

galaxies with B/P bulges from the Spitzer Surv e y of Stellar Structure in Galaxies, finding no mid-plane asymmetry, implying 

these galaxies formed their bulges either by resonant trapping or by buckling more than ∼5 Gyr ago. We conclude that the 
formation of B/P bulges through strong buckling may be a rare event in the past ∼5 Gyr. 

Key words: galaxies: bar – galaxies: bulges – galaxies: evolution – galaxies: photometry – galaxies: structure. 
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 I N T RO D U C T I O N  

ost barred galaxies with stellar mass M ∗ � 2.5 × 10 10 M � host
ox/peanut-shaped bulges (hereafter B/P bulges, Erwin & Debattista
013 ; Laurikainen et al. 2014 ; Erwin & Debattista 2017 ; Kruk et al.
019 ). B/P bulges can easily be identified in edge-on galaxies from
he shape that gives them their name (Bureau & Freeman 1999 ;
 ̈utticke, Dettmar & Pohlen 2000 ; Chung & Bureau 2004 ; Bureau
t al. 2006 ; Yoshino & Yamauchi 2015 ). The Milky Way itself hosts
 B/P bulge, which is sometimes referred to as the X-shaped bulge
ecause our unique perspecti ve allo ws us to distinguish the two arms
f the density peaks along the line of sight (LOS; McWilliam &
occali 2010 ; Nataf et al. 2010 ; Saito et al. 2011 ; Ness & Lang
016 ). 
The first 3D simulations of barred galaxies revealed that bars

eadily form a B/P bulge (Combes & Sanders 1981 ), which can
e supported by several resonant and non-resonant orbit families
 E-mail: virginia.cuomo@uda.cl 
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Pfenniger 1984 ; Combes et al. 1990 ; Pfenniger & Friedli 1991 ;
atsis, Sk ok os & Athanassoula 2002 ; Athanassoula 2005 ; Portail
t al. 2015 ; Abbott et al. 2017 ). Two main mechanisms have been
roposed to explain how barred galaxies acquire a B/P bulge:
he buckling (bending) instability of the bar (Toomre 1966 ; Raha
t al. 1991 ; Merritt & Sell w ood 1994 ; Debattista et al. 2006 ; Saha,
fenniger & Taam 2013 ; Collier 2020 ; Łokas 2020 ) and the secular

rapping of stars on to resonant orbits as the bar evolves (Combes &
anders 1981 ; Combes et al. 1990 ; Quillen 2002 ; Quillen et al. 2014 ).
ecently, Sell w ood & Gerhard ( 2020 ) unambiguously demonstrated

he formation of B/P bulges via secular trapping of stars at the 2:1
ertical resonance, without any buckling. 

The buckling instability represents a short-lived phase during
hich a bar bends and develops vertical asymmetry, typically with the

nner portion moving upwards (downwards) while the outer portion
o v es downwards (upwards) in an m = 2 pattern as seen from

bo v e (Raha et al. 1991 ; Merritt & Sell w ood 1994 ). This instability
rises because the formation of the bar increases the radial random
otion but does not appreciably increase the vertical motions. The

esulting anisotropic distribution is unstable and drives the buckling,
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hich in pure N -body simulations (i.e. without gas) often occurs 
hortly after the bar forms (Raha et al. 1991 ; Debattista et al. 2006 ;
aha et al. 2013 ). Buckling leads to significant vertical heating, 
nd thus thickening, while the bar itself becomes more centrally 
oncentrated. The buckling instability can occur more than once 
uring the secular growth of a bar. Martinez-Valpuesta, Shlosman & 

eller ( 2006 ) showed that continued growth of the bar can trigger a
econd buckling event, leading to the formation of a new B/P bulge.
uring the second buckling, the bar remains vertically asymmetric 

or a longer time compared with the first one. The buckling instability
as been suggested to explain the B/P bulge of our Galaxy (e.g. Li &
hen 2015 ; Khoperskov et al. 2019 ). Debattista et al. ( 2017 ) showed

hat even weak recurrent buckling is able to produce many of the
rends observed in the Milky Way’s bulge, such as an X shape traced
nly by the metal-rich stars, a vertical metallicity gradient, and a 
eaker bar in the oldest stars (e.g. Zoccali et al. 2008 ; Johnson et al.
013 ; Ness et al. 2013 ; Gonzalez et al. 2015 ; Rojas-Arriagada et al.
017 ; Zoccali et al. 2017 ). 
B/P bulges may also form via the slow trapping of stars on to

 ertically e xtended resonant orbits during the secular growth of
he bar (Combes et al. 1990 ; Quillen 2002 ; Quillen et al. 2014 ;
ell w ood & Gerhard 2020 ). No deviation from symmetry about the
id-plane is induced by this mode of B/P formation. While the 

xpected trends from the trapping scenario have not been explored 
n detail (but see Chiba & Sch ̈onrich 2021 ), it is likely to lead to
esults similar to a mild buckling case. The key difference between 
hese two B/P formation scenarios is that in the strong buckling case,
id-plane symmetry is broken for a period of time and a mid-plane

symmetry is produced, which is not present in the resonant trapping 
ase. 

Because the buckling event is relativ ely short-liv ed, observation- 
lly testing the importance of buckling is difficult. Less than 10 barred
alaxies are known to be currently buckling (Erwin & Debattista 
016 ; Li, Ho & Barth 2017 ; Xiang et al. 2021 ), which is insufficient
o infer which is the dominant mechanism for forming B/P bulges. 
rwin & Debattista ( 2016 ) presented a photometric and kinematic 
nalysis of two buckling galaxies, NGC 4569 and NGC 3227. Based
n their initial sample, they estimated that the fraction of barred 
alaxies with B/P bulges is consistent with all of them having formed
ia buckling. Observational studies showed that the fraction of B/P 

ulges depends strongly on a galaxy’s stellar mass, M ∗, (Erwin &
ebattista 2017 ; Erwin et al., in preparation), with a sharp rise at
 ∗ � 2.5 × 10 10 M � (see also Li et al. 2017 ), and no apparent

ependence on the gas fraction, despite theoretical studies showing 
hat gas can suppress buckling (Berentzen et al. 1998 ; Debattista 
t al. 2006 ; Berentzen et al. 2007 ; Wozniak & Michel-Dansac 2009 ).
his critical mass seems to be unchanged out to a redshift z ∼ 1

Kruk et al. 2019 ). Whereas a mass dependence for instabilities is
uite plausible, why galaxies would a v oid secular trapping below a
articular mass may seem harder to understand. Nevertheless, the 
llustris TNG50 cosmological simulation suggests that the fraction 
f B/P bulges decreases at lower mass because the corresponding 
ars form later and may not yet have had time to buckle (Anderson
t al., in preparation). 

To gain further insight into the formation of a B/P bulge, it would
e useful to be able to distinguish whether this central structure
ormed via strong buckling or via secular trapping. Since strong 
uckling breaks the mid-plane symmetry (Raha et al. 1991 ; O’Neill & 

ubinski 2003 ; Debattista et al. 2006 ), the rate of vertical scattering
f stars does not have to be equal on the two sides of the mid-
lane. As a result, large-scale breaking of symmetry during strong 
uckling may leave a long-lasting density mid-plane asymmetry. 
uch mid-plane asymmetries have been already pointed out in many 
imulations, including the best-fitting Milky Way model of Gardner 
t al. ( 2014 ). Likewise, the Milky Way model of Shen et al. ( 2010 ) is
isibly asymmetric, as can be seen in the visualization of Li & Shen
 2015 ). Further examples come from the models of Saha et al. ( 2013 )
nd Smirnov & Sotnikova ( 2018 ), which are clearly asymmetric, as
ell as from cosmological simulations (Fragkoudi et al. 2020 ). In

his study, we use a suite of simulations (with and without gas)
o investigate the connection between the mode of B/P formation 
nd the resulting mid-plane asymmetry/symmetry. Therefore, we 
resent mid-plane asymmetry diagnostics to identify the formation 
echanism of B/P bulges, suitable for galaxies that are within 3 ◦ of

he edge-on orientation. 
We then consider a sample of nearly edge-on galaxies from the

pitzer Surv e y of Stellar Structure in Galaxies (S 

4 G; Sheth et al.
010 ; Mu ̃ noz-Mateos et al. 2013 ; Querejeta et al. 2015 ) hosting a B/P
ulge to conduct a pilot study. We apply the mid-plane asymmetry
iagnostics to discuss the formation scenario of the observed B/P 

ulges and compare to predictions from the simulations. 
This paper is organized as follows: in Section 2 , we present the

et of simulations and the diagnostics developed to identify mid- 
lane asymmetries, and we discuss the prospects for detecting such 
symmetries in real galaxies in Section 3 . In Section 4 , we present
he sample of galaxies used to hunt for mid-plane asymmetries, 
hile in Section 5 , we present the results. We discuss our results

n Section 6 and summarize and conclude in Section 7 . Finally, we
nclude in a series of appendices available online, A, B, and C,
omplementary material related to our analysis. Where necessary, 
e adopt the cosmological parameters �m = 0.308, �� 

= 0.692, 
nd H 0 = 67.8 km s −1 Mpc −1 (Planck Collaboration 2016 ). 

 MI D-PLANE  ASYMMETRY  F O R M AT I O N  A N D  

VO L U T I O N  IN  M O D E L S  

 buckling event is characterized by a period when the morphology
f the bar deviates from mid-plane symmetry. For a strong buckling
vent, the asymmetry is visible by eye and may affect a large region
f the galaxy, whereas gentle buckling causes only a mild deviation
rom symmetry, and requires a careful analysis to identify. 

We explore asymmetries using two high-resolution simulations 
rom Debattista et al. ( 2017 ). First, we consider the pure N -body
imulation (no gas or star formation) referred to as model D5 in
ebattista et al. ( 2017 ), which suffered a modest buckling event
uring its evolution. Buckling in model D5 occurs at t = 4 Gyr: the
lobal amplitude A buck , defined as the m = 2 bending amplitude (Raha
t al. 1991 ; Debattista et al. 2006 , 2020 ), reaches a value of ∼0.04 kpc
t ∼4 Gyr. The bar abruptly weakens as the buckling occurs, with
he normalized amplitude of the m = 2 density distribution, A bar ,
ropping from ∼0.2 to ∼0.1. After the instability, the bar slowly
eco v ers strength, reaching A bar ∼ 0.15 by t = 10 Gyr (see fig. 2 of
ebattista et al. 2020 , where model D5 is denoted as model 1). 
We also consider the star-forming simulation from Debattista et al. 

 2017 ), which, following Gardner et al. ( 2014 ), we refer to as model
G1. This model undergoes no strong buckling event but appears 

o suffer from weak, but recurrent, small-scale buckling activity: 
 buck remains below ∼0.0008 kpc, while A bar oscillates between 
.1 and 0.15 during the 10 Gyr of its evolution (see Anderson et al.
022 ). Nevertheless, a B/P bulge develops by t = 5 Gyr. This model
ncludes gas, from which all stars form. 

Besides these two models, which are typical of the type of
ehaviours expected, we have repeated our analysis using several 
ther barred simulations. In particular, we have analysed the pure 
MNRAS 518, 2300–2319 (2023) 
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M

Figure 1. Maps of the surface number density of models D5 (at 5 Gyr, left-hand column) and HG1 (at 10 Gyr, right-hand column) seen face-on (upper-right 
panel), side-on (lower-right panel), and end-on (left-hand panel). Some isocontours of the surface number density (white lines) are sho wn for each vie wing 
geometry. In all the plots, the bar major axis coincides with the x -axis. 
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 -body models D8, T1, and the SD1 which are studied in detail in
nderson et al. ( 2022 ), where they are denoted as model 4, T1, and
D1, respectiv ely. We hav e v erified that the results are qualitatively
onsistent with those presented here. In Appendix A, we show the
esults for all the remaining models. We base our asymmetry analysis
n model D5 because its asymmetries are rather mild and should be
ore difficult to detect them observationally; this reference model

llows us to explore the detectability of the mid-plane asymmetry
nd to test the limits of our diagnostics. 

Fig. 1 shows the face-on, side-on, and end-on views of the pro-
ected logarithmically scaled surface number density of the particles
f the two models, centred on the origin of the ( x , y ) plane, with the
ar aligned with the x -axis, where the galaxy centre is located at ( x ,
 , z) = (0, 0, 0). We consider the snapshot at 5 Gyr (1 Gyr after the
uckling event) for model D5 and the snapshot at 10 Gyr (the end of
he simulation) for model HG1. Surface density contours are shown
n white: they appear boxy in the central regions of both models
n the ( x , z) plane (the side-on view, where the disc position angle,
A, is aligned with the x -axis and i = 90 ◦, while the bar is aligned
ith the x -axis). A slight asymmetry with respect to the mid-plane

s barely visible by eye in model D5, which we explore below. 

.1 Density mid-plane asymmetry diagnostics 

e start by applying the median filtering unsharp mask technique to
he logarithmically scaled projected number density of the particles
or the edge-on view of the models, with the bar seen edge-on. This
echnique has been used on both observational and simulated data
e.g. Athanassoula 2005 ; Bureau et al. 2006 ) because it highlights
he X-shaped structure in the central regions of the galaxies, which
s associated with a B/P bulge (Bureau et al. 2006 ). We convolve
he image of the projected number density of the particles of the

odels with a circular Gaussian and manually vary the corresponding
tandard deviation, to highlight the X shape. We use the PYTHON-
CIPY function GAUSSIAN FILTER and subtract the convolved image
rom the original one. 

To better visualize the mid-plane asymmetry observed in Fig. 1
or model D5, we develop two related diagnostics. We first map the
NRAS 518, 2300–2319 (2023) 
id-plane asymmetry in the surface density, A � ( x, z ) as: 

 � ( x, z ) = 

� ( x, z ) − � ( x, −z ) 

� ( x, z ) + � ( x, −z ) 
(1) 

here �( x , z) is the projected surface number density of the particles
t each position of the image of the edge-on view of the models. We
efer to the resulting figure as the ‘mid-plane asymmetry map’. 

Fig. 2 shows the side-on views (top row) of models D5 (left-hand
olumn) and HG1 (right-hand column), and the corresponding
nsharp masked images (middle ro w), which re veal the characteristic
-shaped structure in both models. The bottom ro w sho ws the
id-plane asymmetry maps. Some surface density contours of the

ide-on views are shown in white, while some contours of the
nsharp mask are in red. Inspection of the unsharp mask of model
5 confirms that the X shape is asymmetric with respect to the
id-plane. In particular, the extent of the mid-plane asymmetry

o v ers the entire region of the B/P bulge, starting just within the
rms of the X shape to roughly twice the extent of the X shape, 2
 | x | /kpc < 5. The mid-plane asymmetry maps thus clearly identify

he extension and strength of the asymmetric regions, if present.
he mid-plane asymmetry map of model D5 shows asymmetries

eaching values of | A � ( x , z) | ∼ 0.15. The maxima in | A � ( x , z) | are
ocated just within the arms of the X shape. 

To quantify the mid-plane asymmetry, we define a related di-
gnostic describing the ‘mid-plane asymmetry profile’, A � ( x), by
ollapsing the vertical distribution within the region of the X shape: 

 � ( x) = 

z max ∑ 

z min 

A � ( x, z) (2) 

here the sum is calculated along the x -axis within the vertical
nterval z min < z < z max . The region near the mid-plane needs to
e excluded (i.e. z min > 0) because in real galaxies it often hosts
ust and/or star-forming features, which produce spurious signatures
ot associated with mid-plane asymmetry produced by buckling.
he upper limit, z max , co v ers the v ertical e xtent of the X shape

along the z-axis), i.e. its semiminor axis. It is measured by analysing
arious profiles along the x -axis extracted at different vertical heights
rom the surface number density and unsharp images, along the
egion where the X shape traces a trapezoidal shape. We estimate

art/stac3047_f1.eps
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Figure 2. Map of the surface number density (top panel), its unsharp masked version (middle panel), and mid-plane asymmetry map (bottom panel) of models 
D5 (at 5 Gyr, left-hand column) and HG1 (at 10 Gyr, right-hand column) seen side-on. Some isocontours of the surface number density (white lines) and unsharp 
mask (red lines) maps are shown for both models. In all the plots, the bar major axis coincides with the x -axis. 
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he uncertainties on the mid-plane asymmetry profile with a Monte 
arlo simulation by generating 100 noisy mock side-on maps of the 

urface number density �( x , z), assuming the galaxy centre is at ( x , y ,
) = (0, 0, 0). We calculate the Poisson noise for each location ( x , z)
f the density map and build the mock maps by assuming the value of
he density has a Gaussian distribution centred on the original value 
f �( x , z) and with standard deviation equal to the corresponding
oisson noise. We then generate 100 mid-plane asymmetry profiles 
rom the mock maps and adopt the rms of the distribution of measured
alues at each location along the x -axis as the error for the profile.
o estimate the semimajor axis of the X shape (along the x -axis), we
xtract various profiles of the surface number density and unsharp 
mages along the x -axis at given values of z in the region of the B/P
ulge. These profiles clearly look double-peaked. The semimajor 
xis of the X shape corresponds to the distance between the two
eaks. The B/P bulge in model D5 has a semimajor axis (along the
 -axis) of 3.1 kpc and a semiminor one (along the z-axis) of 2.4 kpc.
he B/P bulge in model HG1 has a semimajor axis of 1.3 kpc and a
emiminor one of 1.2 kpc. 

Fig. 3 shows the mid-plane asymmetry diagnostics for models D5 
left-hand column) and HG1 (right-hand column). The two profiles 
n each model (solid and dashed black lines) are calculated in slightly
ifferent vertical regions, both including the vertical extension of the 
/P bulge (these regions are highlighted by the horizontal lines in 

he top panels), but varying the extension of the excluded region near
he mid-plane. In particular, we adopt the vertical ranges between 
.4 < z < 2.4 and 0.7 < z < 2.4 kpc for model D5 and 0.4 < z <

.1 kpc and 0.6 < z < 1.1 kpc for model HG1, to calculate the mid-
lane asymmetry radial profiles. The results of the different profiles 
re broadly in agreement: the extension of the excluded region near 
he mid-plane does not affect significantly the mid-plane asymmetry 
rofile. We will refer to the profile traced with a solid black line
s the reference one for subsequent comparisons. The mid-plane 
symmetry profiles in model D5 exhibit two clear peaks, reaching 
 � ( x) ∼ 0 . 10 − 0 . 12. The profiles are flat with A � ( x) ∼ 0 . 0 for

 x | < 2.5 kpc, increase steeply to peaks at | x | ∼ 5.0 kpc, and then
ecrease gently farther out, reaching A � ( x) ∼ 0 . 00 − 0 . 05 at | x | ∼
.5 kpc. At | x | > 7.5 kpc, further out in the disc, the profile remains
lightly asymmetric when comparing the positive and ne gativ e x 
ange. The mid-plane asymmetry profiles for model HG1 reveal no 
oherent mid-plane asymmetry. The mid-plane asymmetry profile 
emains flat, with A � ( x) � 0 . 02. 

.2 Time evolution of the mid-plane asymmetry 

n order to understand how long-lasting the mid-plane asymmetries 
re, we compute the asymmetry diagnostics at intervals of 1 Gyr to
rack their evolution in both models. Fig. 4 shows the evolution of
he mid-plane asymmetry profiles for models D5 (left-hand column) 
nd HG1 (right-hand column). The onset of a B/P bulge via buckling
n model D5 is clearly visible in the strongly asymmetric shape of
he profile, where two peaks symmetric with respect to the x -axis
ppear, at ∼4 Gyr. The mid-plane asymmetry persists for ∼4 Gyr
fter the b uckling event, b ut decreases in strength and disappears
t 9 Gyr: it reaches values as large as A � ( x) ∼ 0 . 2 at ∼4 Gyr,
ecreases rapidly during the first 1 Gyr after the buckling event,
eaching A � ( x) ∼ 0 . 10 –0 . 15, and decreases further but slowly in the
ollowing 3 Gyr, reaching A � ( x) ∼ 0 . 05 at 8 Gyr. Some asymmetry
s visible in the outer part of the disc at 9 Gyr, not associated to the
/P bulge and possibly due to a weak warp in the disc. In Fig. A1,
e show the time evolution of the mid-plane asymmetry with higher

ime resolution around the buckling event. In particular, we analyse 
he interval between 3.5 and 4.5 Gyr with an interval of 0.1 Gyr.
he buckling lasts ∼0.5 Gyr and mid-plane asymmetry is visible 
ithin the region of the B/P bulge, and during the early phase of

he instability. During the buckling event the inner part of the bar
ends, which scatters stars, breaks the symmetric distribution of 
tars with respect to the mid-plane and causes a visible asymmetry
o appear at the corner of the B/P region. This asymmetry slowly
eclines with time. The time-scale for this decline is a conserv ati ve
ower limit due to the fact that the evolution of N -body simulations,
sed here, is known to be fast, because of the absence of gas (e.g.
rwin 2019 ). The rate at which resonance crossing within the bar
ccurs may be responsible for the lifetime of the asymmetry, but this
equires a detailed orbital study to quantify (Beraldo e Silva et al.,
n preparation ) . On the other hand, no significant asymmetries are
isible during the entire evolution of star-forming model HG1 (see 
ig. 4 , right-hand panel). 
MNRAS 518, 2300–2319 (2023) 
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Figure 3. Left-hand column: mid-plane asymmetry map (upper panel) of model D5 (at 5 Gyr) with some isocontours of the surface number density (white 
lines) and its unsharp mask (red lines) maps. The horizontal lines mark the vertical extension of the regions adopted to extract the mid-plane asymmetry radial 
profiles shown in the lower panel. Mid-plane asymmetry radial profiles (lower panel) derived in the vertical ranges between 0.4 < z < 2.4 kpc (solid line with 
grey error bars) and 0.7 < z < 2.4 kpc (dashed line). The vertical red dashed lines mark the extension of the X shape along the x -axis. Right-hand column: same 
as in the left-hand column, but for model HG1 (at 10 Gyr) with 0.4 < z < 1.1 kpc (solid line, lower panel) and 0.6 < z < 1.1 kpc (dashed line, lower panel). 
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In Appendix A, we also present the time evolution of the pure
 -body models D8 and T1 from Anderson et al. ( 2022 ). Model D8

uffers a weak buckling event, with A buck ∼ 0.04, similar to model D5.
he mid-plane asymmetry visible 1 Gyr after buckling is similar to

hat in model D5; it decreases with time but remains visible for at least
 Gyr after buckling (the simulation ends at 9 Gyr). This result means
he mid-plane asymmetry remains visible for at least 1 Gyr longer
han in model D5. On the other hand, model T1, which suffers the
eakest buckling ( A buck ∼ 0.02), has a weaker mid-plane asymmetry
at disappears already 1 Gyr after the instability. A weaker buckling
vent in model T1 thus produces a smaller mid-plane asymmetry,
hich does not persist as long. 

 OBSERVA  T I O NA L  C O N S I D E R A  T I O N S  

aving demonstrated long-lasting mid-plane asymmetries produced
y buckling in some simulations, we now explore the prospects
or detecting such asymmetries in real galaxies. In this section, we
onsider some of the observ ational ef fects that may complicate
easurements of mid-plane asymmetries. We will conclude that

hese difficulties can be surmounted, but the selection of nearly edge-
n galaxies is crucial. 

.1 Effect of galaxy orientation and centre 

e start by varying the parameters used to build the mid-plane
symmetry maps in the simulated data to test how they influence the
id-plane asymmetry diagnostics. In particular, we want to identify

he observational conditions under which the mid-plane asymmetry
ue to a past buckling event is clearly identifiable. These tests are
eeded since real galaxies are unlikely to be observed perfectly edge-
n ( i = 90 ◦) and with the bar oriented side-on (i.e. the bar aligned
ith the x -axis). 

.1.1 Effect of the galaxy inclination 

 galaxy is often considered edge-on when the disc inclination
 > 85 ◦, while a nearly edge-on view refers to 80 ◦ < i < 85 ◦

e.g. Makarov & Antipova 2021 ). The probability of observing a
alaxy within 1 ◦ of exactly edge-on is less than 2 per cent . Disc
NRAS 518, 2300–2319 (2023) 
nclination cannot be measured exactly from its photometry, unless
ts intrinsic thickness is well-known, while any dust extinction
urther complicates the determination of i (Padilla & Strauss 2008 ;
nterborn & Ryden 2008 ). We therefore explore what happens to the
iagnostics when the model is not seen perfectly edge-on, assuming
he inclination of the galaxy to vary between 81 ◦ < i < 99 ◦. 

In Fig. 5 , we present the resulting diagnostics for model D5,
ssuming i = 90 ◦ ± 3 ◦, ± 6 ◦, and ±9 ◦. The B/P bulge’s extent
s 3.1 × 2.4 kpc. While a mid-plane asymmetry is still visible, it de-
reases in strength as the inclination deviates from 90 ◦. Nevertheless,
he characteristic double-peaked shape of the mid-plane asymmetry
rofiles remains easily identifiable. Deviation from a perfectly edge-
n view produces a non-zero contribution to the flat part of the
id-plane asymmetry profile, i.e. within the region of the X shape,
hich starts to be clearly visible for | 90 ◦ − i | > 6 ◦. There is also a

light asymmetry with respect to the z-axis: for i > 90 ◦ the stronger
eak is on the right-hand side, while for i < 90 ◦ it is on the left. 

In Fig. 6 , we present a similar analysis for model HG1. The
/P bulge’s extent is now 1.3 × 1.2 kpc. A very weak mid-plane
symmetry appears in model HG1 for i = 90 ◦ ± 3 ◦, reaching
 A � ( x) | ∼ 0 . 02 − 0 . 04. This is 10 − 20 per cent of the correspond-
ng values found for model D5. Moreo v er, a stronger deviation from
 � ( x) = 0 in the region of the X shape is visible at all the inclinations

ompared with model D5. For i = 90 ◦ ± 6 ◦ and 90 ◦ ± 9 ◦, an
symmetry persists in the region of the disc at x > 2 kpc as well:
his asymmetry does not present the double-peaked shape expected
or the mid-plane asymmetry produced by the buckling event and
xtends further out in the disc than the X shape (which extends only
p to x < 1.2 kpc), so it is reasonable to assume that it is not associated
ith the X shape. Larger departures from i = 90 ◦ produce larger mid-
lane asymmetries all along the disc. The disc region outside the bar
n model HG1 is not axisymmetric but contains spirals, as seen in the
ace-on view of Fig. 1 . These spirals produce the observed features
n this region of the mid-plane asymmetry map when the model is
een at small deviations from perfectly edge-on. 

Although a mid-plane asymmetry produced by a past buckling
vent is easily revealed by our diagnostics in perfectly edge-on
alaxies, it is still recognizable up to at least 9 ◦ away from a
erfectly edge-on view, based on the double-peaked shape of the mid-
lane asymmetry profile. Nevertheless, asymmetries not associated
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Figure 4. Time evolution of the mid-plane asymmetry radial profile of models D5 (left-hand column) and HG1 (right-hand column) o v er six Gyrs bracketing 
the formation of the B/P bulge. The vertical red dashed lines mark the extension of the X shape along the x -axis. 
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ith buckling may also arise from deviations from edge-on views 
arger than ±3 ◦. These results imply that mid-plane asymmetries 
an be safety identified for images that are within 3 ◦ of the edge-on
rientation for realistic galaxies. 

.1.2 Effect of the bar orientation 

he orientation of the bar in real galaxies will also be randomly
istributed between side-on (i.e. the bar is aligned with the x -axis)
nd end-on (i.e. the bar is perpendicular to the x -axis). In the first case,
he associated B/P bulge, if present, has the expected X shape, while
n the second case, it usually appears boxy (e.g. Combes & Sanders
981 ; Bureau & Freeman 1999 ; L ̈utticke et al. 2000 ; Chung & Bureau
004 ; Laurikainen & Salo 2016 ). To explore the effects of the bar’s
rientation on the mid-plane asymmetry, we now explore the effect 
f PA bar = 30 ◦, 60 ◦, and 90 ◦, where PA bar is measured rotating the
ar in the ( x , y ) plane and around the z-axis, where PA bar = 0 ◦ means
he bar is aligned to the x -axis in the edge-on view. The resulting
symmetry diagnostics for models D5 (left-hand column) and HG1 
right-hand column) are presented in Fig. 7 . The apparent dimension
f the B/P bulge along the x -axis progressively decreases for PA bar =
0 ◦, 60 ◦, and 90 ◦: it becomes 3.1, 2.2, and 1.8 kpc for model D5 and
.2, 0.9, and 0.7 kpc for model HG1. 
In model D5, when PA bar = 30 ◦ the mid-plane asymmetry looks

imilar to the reference case from Fig. 3 . When PA bar = 60 ◦ both
he X shape traced by the red contours and the asymmetries appear
eaker. The flat part of the mid-plane asymmetry profile around 
 = 0 disappears, while the profile increases less steeply to the two
eaks, when compared to the side-on case of Fig. 3 . Moreo v er, the
xtension along the x -axis of the X shape decreases and the same
ehaviour is adopted by the asymmetric regions. At PA bar = 90 ◦, the
 shape is rather weak but still distinguishable as a boxy structure.
he asymmetries are weak (reaching A � ( x) ∼ 0 . 05 − 0 . 07, half the
alues in Fig. 3 ), but the profile continues to show the typical double-
eaked shape. 
MNRAS 518, 2300–2319 (2023) 
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Figure 5. Mid-plane asymmetry profiles as in Fig. 3 lower panel, but for model the D5 (at 5 Gyr) with different inclinations with respect to the side-on view 

( � i ± 3 ◦, top row; � i ± 6 ◦, middle row; � i ± 9 ◦, bottom row). 
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No asymmetries appear for model HG1 at any PA bar (Fig. 7 , right).
n X-shaped structure is clearly visible when PA bar = 30 ◦ and 60 ◦,

nd it becomes boxy at PA bar = 90 ◦. 

.1.3 Effect of the disc position angle 

he identification of the correct disc PA is crucial for detecting a
id-plane asymmetry because it defines the mid-plane relative to
hich the diagnostics are measured. The disc PA in real galaxies is
sually determined by fitting ellipses to the isophotes of the outer
isc (see e.g. Aguerri et al. 2015 ). The typical resulting uncertainties
n the disc PA for nearly edge-on galaxies are lower than 1 ◦ (Salo
t al. 2015 ). Nevertheless, outer disc distortions such as warps, thick
iscs, or asymmetric features in the disc (such as dust along the mid-
lane and bright foreground stars) may increase the uncertainty on
he PA of the disc. Therefore, next, we test the effect on the mid-plane
symmetry diagnostics of errors on the disc PA, by assuming that the
isc is not perfectly aligned with the x -axis. 
Fig. 8 presents the mid-plane asymmetry diagnostics assuming a

A disc = + 1 ◦ (upper panels) and −1 ◦ (bottom panels) for models
5 (left-hand column) and HG1 (right-hand column). As might be

xpected, the effect is dramatic for both models: a strong quadrupolar
ignal appears in the disc region in the mid-plane asymmetry maps
hile the mid-plane asymmetry profiles are sloped along the entire

adial range, especially in the region of the disc. The slope of the
id-plane asymmetry profiles changes sign when varying the disc PA

n opposite directions ( ±1 ◦), while the quadrupolar signal changes
ts orientation with respect to the mid-plane. 
NRAS 518, 2300–2319 (2023) 
The peaks in the mid-plane asymmetry profile of model D5 are
ltered by the incorrect disc PA, with both of them flattened and
roadened to different extents. The mid-plane asymmetry profile of
odel HG1 behaves similarly but lacks the bumps corresponding to

he two peaks. Despite both the mid-plane asymmetry map and mid-
lane asymmetry profile being strongly affected by the wrong PA, the
resence of the bumps/peaks in model D5 helps distinguish between
id-plane asymmetry and mid-plane symmetry. We conclude that,

n spite of the large artificial asymmetries produced by a misaligned
isc, the shape of the mid-plane asymmetry profile can still be used
o identify mid-plane asymmetry produced by buckling. 

We also test the effect of a wrong disc orientation (disc PA ± 1 ◦),
ogether with an imperfectly edge-on view ( i = ±3 ◦). For each model,
he dominant effect is that produced by the wrong disc PA. A strong
uadrupolar signal appears in the disc region, and the mid-plane
symmetry profile is sloped along its entire extent. Asymmetries
ssociated with the B/P bulge are now harder to distinguish in
odel D5, since only a weak bump appears on the steep mid-plane

symmetry profile. 

.1.4 Identification of the disc position angle 

herefore, correcting for small tilts is preferable to merely using the
id-plane asymmetry profile with a tilt in place. To identify the disc

A, we develop a simple algorithm which we test on simulations.
e consider the edge-on view of the surface density of the models.
e select two areas in the ( x , z) plane, co v ering the extension of the
 shape along the x -axis and symmetric with respect to the galaxy

entre and integrate the flux along the x -axis to obtain the collapsed
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Figure 6. Mid-plane asymmetry profiles as in Fig. 3 lower panel, but for model HG1 (at 10 Gyr) with different inclinations with respect to the side-on view 

( � i ± 3 ◦, top row; � i ± 6 ◦, middle row; � i ± 9 ◦, bottom row). 
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rofiles of the density. These profiles are peaked around the galaxy 
entre and decrease along the z-axis. We then vary the disc PA and
un this test until the two profiles have minimal difference along their
xtent. We consider as the best value of the disc PA for which the
wo profiles are identical. The two profiles do not coincide, and the
eaks produced by the central region of the galaxy do not line up,
f the disc is not aligned with the x -axis. We vary the assumed disc
A by 0.2 ◦ within ±2 ◦ from the reference value to identify the disc
A. Once we identify the best disc PA, we vary the extension of the
wo symmetric portions of the surface density plot, to test that the
rofiles remain superimposed. 
Fig. 9 shows an example of the application of this method to

dentify the disc PA of model D5, with a wrong (upper panel), and
he well-identified disc PA (lower panel). The profiles plotted on the 
ides of the image are obtained by collapsing the two portions of the
mage within the three vertical black lines. The portions shown here 
re for | x | < 4 kpc, but we have varied these regions. The method
orrectly determines the disc orientation; in subsequent sections of 
his paper, we adopt this method for our observational sample of
alaxies, and conserv ati vely reject galaxies for which the method 
oes not work, i.e. when the PA is not constant when varying the
egions along the x -axis. 

.1.5 Effect of a misidentified centre 

he correct determination of the centre of the galaxy is also crucial for 
efining the mid-plane. We therefore test the effect of a miscentring 
n the mid-plane asymmetry diagnostics by varying the centre used 
o build the mid-plane asymmetry map, along the x - and y -axes by
 pixel (corresponding to 0.13 kpc in both models) simultaneously, 
 � x , � y ) = (1, 1) pixel. 

Fig. 10 shows the mid-plane asymmetry maps and mid-plane 
symmetry profiles assuming a miscentring by ( � x , � y ) = (1,
) pixel for models D5 (left-hand column) and HG1 (right-hand 
olumn). In both models, a strong but artificial signal appears in the
entral region of the mid-plane asymmetry map with a characteristic 
ipolar shape extending to ∼10 pixels ( ∼1.5 kpc). Strong artificial
symmetries are visible also in the disc region, while the mid-plane
symmetry profiles are non-zero everywhere, with a strong peak near 
he centre. The same result is found when the mid-plane asymmetry
ap is miscentred along just the y -axis, assuming ( � x , � y ) = (0,

) pixel, while no dipolar signal is present when the mid-plane
symmetry map is miscentred along the x -axis, assuming ( � x , � y ) =
1, 0) pixel. 

In order to identify the best centre for observed galaxies, we
evelop another simple algorithm. We perform a Fourier analysis on 
he central regions of the mid-plane asymmetry map, by expanding 
ts azimuthal radial profile, I ( r < R max , φ), as: 

 ( r < R max , φ) = 

∞ ∑ 

m =−∞ 

[ c m 

e ( imφ) ] . (3) 

he corresponding Fourier components are given by: 

 m 

= 

1 

2 π

∫ π

−π

I ( r < R max , φ) e −imφd φ (4) 
MNRAS 518, 2300–2319 (2023) 
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Figure 7. Mid-plane asymmetry profiles as in Fig. 3 lower panel, but for models D5 (at 5 Gyr, left-hand column) and HG1 (at 10 Gyr, right-hand column) with 
different bar orientations in the edge-on view (PA bar = 30 ◦, top row; PA bar = 60 ◦, middle row; PA bar = 90 ◦, bottom row). 

Figure 8. Mid-plane asymmetry profiles as in Fig. 3 lower panel, but for models D5 (at 5 Gyr, left-hand column) and HG1 (at 10 Gyr, right-hand column) with 
different misalignments of the disc major axis with respect to x -axis ( � PA disc = + 1 ◦, top row; � PA disc = −1 ◦, bottom row). 
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ith the Fourier amplitude of the m -th component given by I m =
 c m | . 

A large value of the m = 1 component represents a feature with
ipolar asymmetry, which corresponds to the artificial signal due to
iscentring that we want to minimize. We proceed as follows: we

uild a set of mid-plane asymmetry maps by varying the centre by
NRAS 518, 2300–2319 (2023) 
.5 pixels around the correct value by 5 pixels along both x - and
 -axes. We measure the m = 1 component within the central part
f the image, out to R max ∼ 20 pix els, co v ering the e xtension of the
ipolar structure. The m = 1 component is minimized at the true
entre. We repeat this analysis varying R max between 50 per cent and
25 per cent of the extension of the dipolar structure to check that
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Figure 9. Maps of the surface number density of model D5 (at 5 Gyr) seen 
side-on with the disc major axis misaligned by � PA = −2 ◦ (upper panel) 
and aligned (lower panel) with respect to the x -axis. The vertical lines define 
the two symmetric radial regions ( | x | > 4 kpc) where we obtained the vertical 
profiles of mean surface number density plotted on both sides of the panels. 
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he resulting centre truly minimizes the m = 1 component. We apply
his method to find the centres of all the galaxies in our observational
ample. 

.2 Further obser v ational effects 

.2.1 Effect of ima g e rotation 

n order to build the mid-plane asymmetry map, we need to align the
dge-on galaxy with the x -axis. While it is trivial in simulations to
otate the system to the x -axis before constructing the image, images
f real galaxies are obtained with the galaxies at random orientations 
n a CCD, and need to be rotated in order to align the disc PA to
he x -axis. To perform the rotation, we use the IDL procedure R O T ,
hich involves an interpolation method based on a cubic convolution 

Park & Schowengerdt 1983 ). 
To test whether this rotation procedure produces any artefacts in 

he mid-plane asymmetry maps, we build the edge-on view for our 
odels with the disc PA randomly oriented. We then rotate this image

sing the same R O T procedure to the required orientation and build the
orresponding asymmetry diagnostics. After comparing these with 
he diagnostics presented in Fig. 3 , we hav e v erified that the y are
he same (see Fig. A2). We also calculate the normalized difference 
etween the original edge-on view of the models and those produced 
hrough a rotation of a misaligned image, and find that the differences
ue to image rotation are less than 1 per cent. 

.2.2 Effect of the spatial sampling 

econd, we explore the effect of the spatial sampling on the asym-
etry diagnostics. We both halve and double the spatial sampling, 

ssuming a pixel scale of 0.07 and 0.25 kpc, respectively. We find
o note worthy ef fects when v arying the spatial sampling within rea-
onable values: in all cases, model D5 presents strong asymmetries 
imilar to those observed in Fig. 3 , while no asymmetries appear for
odel HG1 (see Fig. A2). 

.2.3 Effect of seeing 

hen comparing the results of simulations to observational studies, 
t is necessary to take into account the effects of seeing (instru-
ental and/or atmospheric). To mimic the observational conditions 
resented in the following sections, we rescale the images of the
rojected number density of the particles of the models to a distance
p to ∼50 Mpc. Then, we convolve the images with a Gaussian filter
sing the PYTHON-SCIPY function GAUSSIAN FILTER with a varying 
ull-width at half maximum (FWHM). At a FWHM of 0.5 kpc, a
light smoothing of the mid-plane asymmetry profile is detectable 
upper panel of Fig. A4). With increasing FWHM, the width of the
symmetry rises while the peak declines, as expected. At FWHM 

3.0 kpc, the double-peaked shape of the mid-plane asymmetry 
rofile has been smoothed to such an extent that it becomes barely
istinguishable and appears consistent with a flat profile (see bottom 

ow of Fig. A4). This limiting value corresponds to almost one-third
f the radial separation between the peaks observed along the mid-
lane asymmetry profile just outside the region of the B/P bulge in
odel D5 (compare e.g. Fig. 2 with A4, bottom row). In turn, this

imiting seeing corresponds to a FWHM of 12.2 arcsec, for galaxies
t a distance of ∼50 Mpc. This radial distance corresponds to half
f the extension of the smallest observed B/P bulge analysed in this
ork. 

.2.4 Effect of dust 

he mid-plane of star-forming galaxies is generally dusty. In barred 
alaxies, within the bar, dust gets swept into dust lanes along the
eading edges of the bar (see e.g. Athanassoula 1992 ; Smith et al.
016 ). Dust attenuates the stellar light along the LOS, particularly
t short wavelengths. We explore the effect of dust on the mid-plane
symmetry diagnostics by modelling an extended dust disc together 
ith dust lanes along the bar in our models. We compute the resulting

xtinction along the LOS and the consequent mid-plane asymmetry 
iagnostics. 
We assume the dust disc has a double-exponential profile in 

ylindrical coordinates (Wainscoat, Freeman & Hyland 1989 ): 

 disc ( R, z) = D 0 , disc e 
−R/h R , disc e −| z| /h z , disc , (5) 

here h R, disc and h z, disc are the radial and the vertical scalelengths of
he dust disc, respectively, while D 0, disc is the central dust density. 

To mimic the bar dust lanes, we define rectangular areas on the
ar’s leading edges, mimicking the straight dust lanes of Athanas- 
oula ( 1992 ). We assume a given width, w dl , an angle between the
ust lane and the bar major axis, s dl , and the minimum and maximum
xtent of the dust lane, x dl, min and x dl, max , respectively, along the x -
xis, where the bar is located. In particular, we assume x dl, max to
each the extension of the bar, while x dl, min is ne gativ e, giv en the
bservation that dust lanes can extend past the centre of the bar and
ind around the bulge. Within the dust lanes, we assume that the
ust distribution is described by the double-exponential model from 

quation ( 5 ), and zero outside, as in Gerssen & Debattista ( 2007 ). In
ig. A5, we show the maps of the stellar surface number density of
odels D5 and HG1, superimposing the contours of the dust lanes. 
To build the mid-plane asymmetry map taking into account dust 

xtinction, we start from the projected surface number density of 
he particles at each position of the image of the (nearly) edge-
n view of the models. When a particle is obscured by dust, it
ontributes with a lower weight to the projected surface number 
ensity, which depends on the amount of intervening dust located 
long the LOS between the observer and the given particle. For
ach particle, we integrate the projected dust distribution along the 
OS between the observer and the particle. Assuming a unit mass
bsorption coefficient, this corresponds to the optical depth τ i . The 
orresponding particle weight is then w i = e −τi . 
MNRAS 518, 2300–2319 (2023) 
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Figure 10. Mid-plane asymmetry profiles as in Fig. 3 lower panel, but for models D5 (at 5 Gyr, left-hand column) and HG1 (at 10 Gyr, right-hand column) 
with a miscentring of ( � x , � y ) = (1, 1) pixel, (where 1 pixel corresponds to 0.13 kpc in both models). 
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We adopt the highest typical observed value for the central
xtinction A V ∼ 5.0 mag (Holwerda et al. 2005 ), which corresponds
o the face-on optical depth for a particle infinitely far behind the
isc, τ 0 = 0.921 ∗A V . We assume a thin dust disc, which radially
 xtends be yond the bar ( h R, disc = 1 kpc and h z, disc = 0.1 kpc), after
hecking a more extended disc (up to 1.5 × the initial galaxy disc
calelength) does not change substantially our conclusions. 

We build the mid-plane asymmetry diagnostics using the extincted
ap of the surface number density (after assuming a mass-to-light

atio equal to one). The dust produces an asymmetry with respect to
he mid-plane in both models when they are observed not perfectly
dge-on. In Fig. 11 , we show the mid-plane asymmetry profiles for
odels D5 and HG1 with i = 90 ◦ ± 9 ◦; a strong asymmetry, with
 single peak centred at x = 0, is evident, while the double-peaked
symmetry profile of D5 is lost. 

In Figs A6 and A7 (top panels), we show the effect of the dust
or varying inclination in the range 84 ◦ < i < 96 ◦. The shape of
he asymmetry produced by the dust is now clearly distinguishable
rom the asymmetry due to buckling since it peaks on the minor
xis. The double peaks in the asymmetry profile due to buckling
s preserved in model D5, but asymmetry appears near the minor
xis as well for � i ≥ 3 ◦. We also note that, in model HG1, the
ust does not produce the characteristic double-peaked mid-plane
symmetry profile arising from an intrinsic buckling asymmetry. In
igs A6 and A7 (bottom rows), we show as well the effect of a
adially more extended dust disc (with h R, disc = 1.5 × the initial
alaxy disc scalelength) for i = 90 ◦. No appreciable effects of the
ust are observable. Of course, the vertical (horizontal) extension
f the central asymmetry arising from the dust is related to the
caleheight (scalelength) of the dust disc, h z, disc ( h R, disc ), with larger
 z, disc ( h R, disc ) producing an asymmetry extending to larger distances
long the z ( R ) axis in particular for deviation from the edge-on view.
ince the central dust asymmetry decreases away from the mid-plane,

t is possible to adjust the vertical extent within which the mid-plane
symmetry profile is computed to exclude the region most affected
y the dust. Since the asymmetry that appears in the intrinsically
ymmetric model HG1 in the presence of dust does not present the
ouble-peaked shape associated with a recent buckling event, we
onclude that the effect of a smooth distribution of dust is distinct
rom that of a buckling-induced asymmetry. 

.3 Summary of the simulation results 

sing simulations, we have shown that buckling produces long-
asting mid-plane asymmetries. In as much as bars in pure N -
ody simulations such as D5 generally evolve rapidly, for instance
ecoming too large (Erwin 2019 ), it is likely that we underestimate
he duration of the asymmetry. We have shown that the mid-plane
NRAS 518, 2300–2319 (2023) 
symmetry is not v ery sensitiv e to small deviations ( ∼3 ◦) from a
erfectly edge-on orientation, but it becomes difficult to interpret
t larger deviations. Mid-plane asymmetries are present for all bar
osition angles from side-on to end-on, even though the characteristic
 shape is not clearly visible if the bar is end-on. Small errors in iden-

ifying the disc position angle produce very large asymmetries but
hese have a different distribution than those due to strong buckling
nd can be recognized readily by the strong quadrupolar signal in the
id-plane asymmetry map, and by the steep mid-plane asymmetry

long the disc extent. Likewise, an error in identifying the correct
entre is apparent in the large dipole in the mid-plane asymmetry map
roduced by vertical offsets, whereas small offsets in the horizontal
irection do not change the mid-plane asymmetry diagnostics much.
he rotation of an image using the IDL procedure R O T does not

ntroduce significant variation in the measured mid-plane asymmetry.
oreo v er, reasonable variations in the image resolution also do not

ignificantly alter the measured asymmetry . Lastly , the effect of a
iffuse dust disc and dust lanes associated with the bar can produce an
symmetry with respect to the mid-plane with a single peak centred
ear the galaxy centre, which is very different from the asymmetry
ue to the buckling and which can be easily avoided by adjusting
he region along the z-axis within which the mid-plane asymmetry
rofile is computed. We conclude that the mid-plane asymmetry map
nd profile are viable ways to test for past buckling events in real
/P galaxies, but it is crucial to select edge-on galaxies. 

 A  SAMPLE  O F  E D G E - O N  B/P  G A L A X I E S  IN  

 

4 G  

aving demonstrated that asymmetry about the mid-plane is pro-
uced by strong b uckling b ut not by weak buckling or resonant
rapping, and that this asymmetry is long-lasting and can be detected,
e present a pilot project to explore whether in practice the detection
f mid-plane asymmetry is feasible in real galaxies. We apply our
iagnostics to a sample of nearby, nearly edge-on galaxies from S 

4 G
Sheth et al. 2010 ; Mu ̃ noz-Mateos et al. 2013 ; Querejeta et al. 2015 ).

S 

4 G is a volume-, magnitude-, and size-limited surv e y of ∼2800
alaxies spanning a wide range in Hubble type, mass, colour, size, and
isc inclination performed using the Infrared Array Camera (IRAC)
t 3.6 and 4.5 μm mounted on the Spitzer space telescope. The
alaxies have distances D < 40 Mpc (for H 0 = 75 km s −1 Mpc −1 ),
lue light isophotal diameters D 25 > 1.0 arcmin, blue photographic
agnitudes m B < 15.5 mag (corrected for internal extinction), and
alactic latitudes b > 30 ◦. The main goal of the surv e y is to unveil the

ssembly history and evolution of galaxies (Sheth et al. 2010 ). The
avelengths used to record the images are reasonably free of dust

mission; this allows clear identification of morphological features
f the old stellar populations. 
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Figure 11. Mid-plane asymmetry profiles, as in Fig. 3 lower panel, with a different inclination of � i = ± 9 ◦ with respect to the side-on view and taking into 
account the effect of dust. Superimposed in red are showing the corresponding profiles obtained without taking into account the effect of the dust. 
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S 

4 G images have a pixel scale of 0.75 arcsec, and angular
esolution with a FWHM = 2.1 arcsec. They are processed through 
 uniform pipeline, and a variety of analyses are already publicly 
vailable (e.g. Querejeta et al. 2015 ; Salo et al. 2015 ). We download
he images from Pipeline 4 (Salo et al. 2015 ), which includes a careful
ky subtraction, from the NASA/IPAC Infrared Science Archive. 1 

.1 Sample selection 

uta et al. ( 2015 ) performed a morphological analysis of the S 

4 G
alaxies, adopting a modified version of the de Vaucouleurs ( 1959 )
evised Hubble-Sandage system (Buta, Corwin & Odewahn 2007 ), 
o identify and describe features such as lenses, inner and outer rings,
s well as pseudo-rings, X-shaped structures, and B/P bulges. They 
dentified 60 nearly edge-on galaxies hosting an X shape. Among 
hese, we select galaxies that appear almost edge-on based on visual 
nspection, where dust does not obscure large portions of the X shape
nd that do not present extreme asymmetric features in the disc. This
esults in a parent sample of eight objects, listed in Table 1 , for
hich optical images, obtained with different instruments/surv e ys 

Digitized Sky Survey – DSS, Hubble Space Telescope – HST , WIYN 

elescope), are available from NASA/IPAC Extragalactic Database 
NED 

2 ) and are shown in Fig. 12 . A visual inspection of the optical
mages of the sample reveals that the selected galaxies are almost 
dge-on (the disc inclination is difficult to derive from the available 
mages). They often host dust bands along the disc, which may help
o visually identify the disc inclination and position angle. Extended 
ust lanes are visible along the disc of NGC 3628, NGC 4013,
GC 4235, and NGC 5170, while dust lanes are visible in the

entral part of the disc of NGC 4710. The dust lanes are well-
ligned with the disc major axis in the galaxy NGC 4013, whereas
or the remaining objects they are not aligned, or are warped, which
ay indicate that the host galaxy is not seen perfectly edge-on. 
oreo v er, the discs are not perfectly symmetric, but the B/P bulge
 The S 4 G images are available at ht tps://irsa.ipac.calt ech.edu/data/SPITZER 

S4G/index.html 
 Available at https:// ned.ipac.caltech.edu/ 

4

A  

c  

a  
and/or a boxy structure) in the central portion of the galaxies is
learly recognizable. In particular, the outer discs of ESO 443-042, 
GC 5073, and NGC 5529 are slightly warped, while the disc of
GC 3628 remains thick in its outer part. 
We start the mid-plane asymmetry analysis of the S 

4 G images
sing the calibrated and sky-subtracted 3.6 μm images. Querejeta 
t al. ( 2015 ) obtained stellar mass maps for all our galaxies except
GC 5170 by separating the dominant light produced by the old

tars and the dust emission using 3.6 μm images, and measuring 
3.6]-[4.5] μm colours. We also download these stellar mass maps 
rom the NASA/IPAC Infrared Science Archive. 

We perform an unsharp mask analysis on the images by convolving 
hem with a circular Gaussian varying the FWHM manually, to 
ighlight their X shape. We construct the unsharp masked images by
ubtracting the convolved images from the originals, as we did for the
imulations. We quantify the extension of the X-shaped structure in 
ach case, i.e. its semimajor and semiminor axes, analysing both the
otated images and unsharp masked ones, as done in Section 2.1 . We
pply our mid-plane asymmetry diagnostics to the rotated images. 

In Fig. 13 , we present our analysis of the sample: for each galaxy,
e show the original S 

4 G calibrated and sky-subtracted 3.6 μm image
top row), the unsharp mask map (middle row), and the mid-plane
symmetry map (bottom row). The images are rotated to have the
isc PA aligned with the x -axis and cut, in order to be centred on the
alaxy centres. A similar unsharp mask analysis on our sample has
lready been performed by Laurikainen & Salo ( 2017 ), who provided
n estimate of the extension of the X-shaped structure in each case,
.e. its semimajor and semiminor axes. Our results from the unsharp

ask analysis are qualitatively in agreement with Laurikainen & Salo 
 2017 ), when comparing the extension of the B/P bulges in Fig. 13
nd reported in Table 1 and the semimajor and semiminor axes of
he X-shaped features from Laurikainen & Salo ( 2017 ). 

.2 Galaxy parameters 

s discussed in Section 3.1 , the right identification of the galaxy
entre and disc PA is necessary to build an ef fecti ve mid-plane
symmetry map. Salo et al. ( 2015 ) provided the galaxy parameters
MNRAS 518, 2300–2319 (2023) 
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Table 1. Properties of the sample of galaxies from S 4 G. 

Galaxy Morph. type Distance Disc PA Disc ε X shape Disc PA from profile Feature Final sample 
(Mpc) (degree) (kpc) (degree) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

ESO 443-042 S x 0/a spw/E(d)8 47.4 127 .7 0.859 3.5 × 3.3 127 .7 warped disc yes 
NGC 3628 SB x (nd)bc sp/E(b)8 pec 17.6 102 .6 0.822 3.0 × 3.0 104 .0 warped disc no 
NGC 4013 SA B x a spw/E(d)7 15.6 65 .1 0.818 1.0 × 1.0 65 .1 bright central star yes 
NGC 4235 SAB: x 0 + sp 38.5 48 .5 0.691 4.5 × 4.2 49 .3 warped disc yes 
NGC 4710 SB xa (nd)0 + sp/E(d)7 20.9 27 .4 0.785 2.5 × 1.7 27 .8 dust + damaged image no 
NGC 5073 SA B xa 0/a sp 45.2 149 .8 0.814 3.0 × 2.8 148 .8 lopsided + warped disc no 
NGC 5170 (R’)SAB x (r l )0/a sp 26.6 126 .3 0.853 2.5 × 1.7 126 .3 – yes 
NGC 5529 SB x ab spw 45.1 115 .0 0.850 2.5 × 3.3 115 .0 warped disc no 

(1) Galaxy name. (2) Morphological type from Buta et al. ( 2015 ). (3) Distance from NED, as obtained from the radial velocity with respect to the cosmic 
microwave background reference frame. (4) Disc position angle from Salo et al. ( 2015 ). (5) Disc ellipticity from Salo et al. ( 2015 ). (6) Semimajor (along z) 
and semiminor (along x ) axes of the X-shaped structure. (7) Disc position angle from the comparison of the mean vertical profiles of the surface brightness. 
(8) Features identified by inspecting the galaxy image. (9) Inclusion in the final sample of galaxies. 

Figure 12. Optical images of the parent sample of galaxies from S 4 G. All the images are oriented with the North at the top and the East at the left. Upper row 

(from left to right): ESO 443-042 (DSS), NGC 3628 (DSS), NGC 4013 (DSS), and NGC 4235 ( HST ). Lower row (from left to right): NGC 4710 (WIYN), 
NGC 5073 (DSS), NGC 5170 (DSS), and NGC 5529 (DSS). 
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or our sample of galaxies: the centres of the galaxies were calculated
s the position where the surface brightness gradient is zero, and the
isc PAs were found from the orientation of the outer isophotes fitted
ith ellipses. The galaxy parameters from Salo et al. ( 2015 ) are

eported in Table 1 . 
In building the mid-plane asymmetry maps for our sample of

alaxies using these parameters, it becomes clear that they are not
ufficiently accurate for our purposes. Indeed, a dipolar signal (with
ypical size of 4–6 pixels) appears in the central part of many of the

id-plane asymmetry maps, which can be explained by a small error
n the centre, as shown in Section 3.1.5 . Likewise, using the Salo
t al. ( 2015 ) parameters leads to a misidentification of the disc PA,
esulting in a strong quadrupolar signal in the mid-plane asymmetry
aps, similar to those discussed in Section 3.1.3 . A more detailed

nalysis to identify the correct galaxy centre and disc PA is therefore
ecessary. 
NRAS 518, 2300–2319 (2023) 
.2.1 Galaxy centre 

o reco v er the correct galaxy centre, we perform the F ourier analysis
escribed in Section 3.1.5 . Specifically, the centre is allowed to vary
y 0.5 pixel by up to 10 pixels (along both the x - and y -axes) and the
isc PA by 0.2 ◦ within ±2 ◦ of the values of Salo et al. ( 2015 ). We
ary the extension of the central region R max to perform the Fourier
nalysis (with R max extending from ∼ 50 per cent to ∼ 125 per cent
f the extension of the dipolar structure) and test that the identified
entre is stable. 

As a further check that our measurements of the galaxy centres
re reliable, we calculate the asymmetry of the central part of the
mages (Conselice, Bershady & Jangren 2000 ) 

 = 

| I − R| 
I 

(6) 
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Figure 13. Map of the surface brightness of the 3.6- μm image (top panel), its unsharp masked version (middle panel), and mid-plane asymmetry map (bottom 

panel) of the parent sample of galaxies from S 4 G. Each image is rotated and centred to have the disc major axis aligned with the x -axis. 
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here I is the portion of the original image considered for the
alculation and R is I rotated 180 ◦. We vary the centre and the
adial extension along which to perform the analysis and identify 
he correct centre as the one which minimizes A . We successfully
onfirm the centres identified with the Fourier analysis for most of
he galaxy sample using this test. This confirmation of centres is not
he case for NGC 4710, NGC 5073, NGC 5529 (which are discarded
rom the final analysis in the following), and NGC 4013, hosting a
right star nearby the centre, which makes it more difficult to apply
ur methods. 

.2.2 Disc position angle 

hen the correct disc PA is used to build the mid-plane asymmetry
ap, no quadrupolar signal is present in the disc region and the

orresponding mid-plane asymmetry profile is not sloped, as shown 
n Section 3.1 . The initial guess of disc PA used in this work is
ased on an isophotal analysis of the outer region of the galaxies:
 constant value of PA measured in the external radial range is
ssumed to be characteristic of the disc (Salo et al. 2015 ). Real
alaxies often have warped discs and are also sometimes lopsided. 
his warping complicates the identification of the correct disc PA 

nd the measurement of the mid-plane asymmetry diagnostic. 
To refine the measurement of the disc PA, we use the approach

escribed in Section 3.1.3 . In particular, we allow the disc PA to
ary by 0.2 ◦ within 2 ◦ starting from the Salo et al. ( 2015 ) values,
nd compare the resulting profiles, after excluding the portion of the
mage hosting the galaxy halo. We also vary the extension of the
wo symmetric portions of the image, to test that the profiles remain
uperimposed when the disc PA is correctly identified. 

To double check our estimate of the disc PA, we perform a Fourier
nalysis on the mid-plane asymmetry map using the radial extension 
f the disc and assuming the galaxy centre previously identified. We
llow the disc PA to vary. We consider the right disc PA as the one
hat minimizes the m = 2 component. We test if the identified disc
A remains constant when varying the radial extension of the portion
f the image used for the Fourier analysis by 10–20 pixels and if it
orresponds to the disc PA identified with the first approach. The disc
As reco v ered from these two methods do not al w ays coincide since
ometimes the Fourier analysis is unable to identify a constant PA
r it does not correspond to the previous estimate. This discrepancy
ay be due to the fact that we use a large portion of the image

o perform the Fourier analysis here, since we need to include the
MNRAS 518, 2300–2319 (2023) 
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Figure 13 – continued 
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xtension of the disc, so we are inevitably including a portion of sky
n the same analysis, where spurious features are located, which can
nfluence the value of the m = 2 component. Unfortunately, this is
na v oidable, b ut we check that in the cases where the disc PA from
he Fourier analysis remains constant, that it corresponds to the one
btained with the first approach. In Table 1 , we report the value of
he disc PA from Salo et al. ( 2015 ) used as a first guess and the values
btained from our analysis. 

 ME A SUREM ENTS  O F  B/P  ASYMMETRIES  IN  

H E  S  

4 G  SAMPLE  

ere, we present the results of the B/P mid-plane asymmetry
easurements for our parent sample of eight galaxies. In Fig. 13

bottom panels), we show the resulting mid-plane asymmetry maps.
For NGC 3628, NGC 4710, NGC 5073, and NGC 5529, the mid-

lane asymmetry maps are strongly affected by a quadrupolar signal
which affects at least half the extent of the galaxy itself). This signal
mplies that we were unable to correctly identify the disc PA, despite
ur careful analysis. Visual inspection of the S 

4 G images of these
alaxies and corresponding unsharp masked images (Fig. 13 , middle
anels) identifies strong and intrinsically asymmetric features in the
NRAS 518, 2300–2319 (2023) 
iscs (such as warps and/or lopsided discs), which may have affected
he measurement of the disc PA. 

In particular, NGC 3628 hosts a warped disc. The distortion is
isible in the image at | x | � 100 arcsec, while a strong quadrupolar
ignal appears at | x | � 75 arcsec. NGC 4710 hosts a double-peak near
he centre, which may produce the small dipolar signal in the central
egion of the mid-plane asymmetry map. This feature is associated
ith an asymmetric dust lane, on each side of the centre, as suggested
y Gonzalez et al. ( 2016 ). The outer regions of the disc appear
ore regular, despite a weak quadrupolar signal visible at | x | ∼ 75

rcsec. Moreo v er, the image of NGC 4710 suffers from columns
f pixels with damaged/missing signal, affecting its entire left-hand
ide. Masking this region results in not being able to build ef fecti ve
id-plane asymmetry diagnostics. NGC 5073 is warped at | x | � 75

rcsec, and lopsided, being more extended on the left-hand side. A
esulting strong quadrupolar signal appears both in the central and in
he outer regions of the disc, with an opposite sign, in the mid-plane
symmetry map. Finally, NGC 5529 also hosts a clearly warped disc,
hich produces a strong quadrupolar signal along both the central

nd the outer regions of the disc, with an opposite sign in the mid-
lane asymmetry map. In Appendix B, we present the mid-plane
symmetry maps and corresponding mid-plane asymmetry profiles
or these galaxies. 
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Figure 14. Mid-plane asymmetry diagnostics for our final sample. Top-left panel: mid-plane asymmetry map (upper panel) of the 3.6- μm image of NGC 4235 
with some isocontours of the surface brightness (white lines) and its unsharp mask (red lines) maps. The horizontal solid black lines mark the vertical extension 
of the regions (at 0.7 < z < 4.2 kpc) adopted to extract the mid-plane asymmetry radial profile (lower panel). Top-left panel: same as in the top-left panel, but 
for NGC 5170 with 0.5 < z < 2.5 kpc. Bottom-left panel: same as in the top-left panel, but for ESO 443-042 with 0.9 < z < 3.3 kpc. Bottom-right panel: same 
as in the top-left panel, but for NGC 4013 with 0.3 < z < 1.0 kpc. 
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For the remaining four galaxies, which build our final sample, 
SO 443-042, NGC 4013, NGC 4235, and NGC 5170, we are 
ble to identify the correct mid-plane. Their mid-plane asymmetry 
aps are unaffected by strong dipoles or quadrupoles. None the 

ess, weak artefacts can be seen: for example, NGC 4013 has bright
oreground stars near the centre that produce a bipolar signal in the
id-plane asymmetry map, while small outer portions of the discs 

n ESO 443-042, NGC 4013, and NGC 4235 are affected by a weak
uadrupolar signal (i.e. with a limited extension with respect to the 
alaxy and/or affecting only the very outer part), which can be due
o local asymmetries in the disc. In particular, the discs of ESO 443-
42 and NGC 4235 are weakly warped. None the less, these features
re very localized and far out in the disc, so the inner disc PA can
e identified, while their effects do not compromise our subsequent 
nalysis. Table 1 lists the features identified from visual inspection 
f the images and whether the galaxies are included or not in our
nal sample. 

.1 Galaxies with a mid-plane asymmetry 

e identify a mild mid-plane asymmetry in NGC 4235 and 
GC 5170 similar to what we found in model D5. 
NGC 4235 is a highly inclined S0 galaxy, hosting a prominent X-

haped structure (visible in the unsharp mask in Fig. 13 ) associated
ith a B/P bulge (Buta et al. 2015 ). The X-shaped structure has a

emimajor axis of 4.5 kpc and a semiminor axis of 4.2 kpc. The
isc is weakly warped in the very outer region resulting in a weak
uadrupolar signal at | x | ∼ 130 arcsec. 
The mid-plane asymmetry diagnostics are shown in Figs 13 and 
4 , top-left panel. We superimpose on the mid-plane asymmetry map
he contours of the surface brightness of the galaxy (in white) and the
ontours of the unsharp mask (in red), which highlight the X shape.
he red contours themselves appear asymmetric with respect to the 
id-plane. The mid-plane asymmetry map reveals asymmetries at the 

dges of the X shape and further out, which extend till 25 � | x | � 75
rcsec before they disappear further out. Ho we ver, these asymmetries
re not symmetric with respect to the z-axis, being stronger and
xtending further on the right-hand side compared to the left (the
eaks are located at x ∼ −5 kpc and at x ∼ 10 kpc). We calculate
he mid-plane asymmetry profile adopting z min = 0.7 kpc and z max =
.2 kpc: two peaks are present in the mid-plane asymmetry profile,
eaching values of A � ( x) ∼ 0 . 1 on the left-hand side and ∼0.15 on
he right-hand side, before decreasing to A � ( x) ∼ 0 further out in
he disc. The mid-plane asymmetry profile resembles those observed 
t ∼3–4 Gyr after the buckling event for models D5 and D8 (see
igs 4 and A11, respectively), or the one when the bar is not seen
erfectly side-on for model D8 (Fig. A13). 
NGC 5170 is a S0/a galaxy, hosting an inner ring-lens and a near-

uter ring made of spiral arms. The unsharp mask in Fig. 13 clearly
ighlights a prominent X shape, associated with a B/P bulge, and an
nsae just beyond it (Buta et al. 2015 ). The B/P bulge has a small
xtension compared to the host galaxy. 

The mid-plane asymmetry diagnostics are shown in Figs 13 and 
4 , top-right panel. The red contours appear asymmetric with respect
o the mid-plane, extending to | x | � 3.3 kpc. Further out, a mild mid-
lane asymmetry in the surface brightness is visible, extending to 
 x | � 6.5 kpc. This asymmetry disappears in the disc region on the
MNRAS 518, 2300–2319 (2023) 
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eft-hand side at x < −6.5 kpc, while it remains weak and extends
urther out on the left-hand side at x > 6.5 kpc. The corresponding
id-plane asymmetry profile is calculated adopting z min = 0.5 kpc

nd z max = 2.5 kpc, and it shows a clear peak reaching A � ( x) ∼ 0 . 04,
t x ∼ −4 kpc, which, ho we ver, does not present a complementary
ne at x ∼ 4 kpc. 

.2 Mid-plane symmetric galaxies 

e do not find any evidence of mid-plane asymmetry in ESO 443-
42 and NGC 4013, similar to the results for model HG1. 
ESO 443-042 is a highly inclined S0/a galaxy, hosting an X-shaped

tructure (visible in the unsharp mask in Fig. 13 ) associated with a
/P bulge (Buta et al. 2015 ). The disc shows evidence of warping.
he corresponding distortion is located in the very outer region and is

esponsible for the weak quadrupolar signal visible at | x | � 17.3 kpc
n the mid-plane asymmetry map. 

The mid-plane asymmetry diagnostics are shown in Figs 13 and
4 , bottom-left panel. The red contours in the mid-plane asymmetry
ap highlight the X-shaped structure, extending to | x | � 7 kpc. No

symmetries in the surface brightness are evident. The corresponding
id-plane asymmetry profile is calculated adopting z min = 0.9 kpc

nd z max = 3.3 kpc; it remains flat o v er the entire range (i.e. | x | <
3.8 kpc). 
NGC 4013 is a highly inclined Sa galaxy, hosting an X-shaped

tructure (visible in the unsharp mask in Fig. 13 ) associated with a
/P bulge, of small size compared to the galaxy (Buta et al. 2015 ).
he disc shows evidence of weak warping, at | x | � 6.0 kpc, which
roduces a weak quadrupolar signal visible in the outer part of the
id-plane asymmetry map. Moreo v er, there is a bright star near the

entre of the galaxy, which causes a clear dipolar signal in the central
egion of the asymmetry image. 

The mid-plane asymmetry diagnostics are shown in Figs 13 and 14 ,
ottom-right panel. The X-shaped feature extends to | x | � 1.5 kpc. A
lear dipolar signal is visible at x ∼ −0.8 kpc, due to presence of the
right star near the galaxy’s centre. No asymmetries in the surface
rightness are visible. We adopt z min = 0.3 kpc and z max = 1.0 kpc
o calculate the mid-plane asymmetry profile, which remains flat in
he entire range (i.e. | x | < 5.7 kpc). 

.3 Mid-plane asymmetries from the stellar mass maps 

e repeat our analysis and build the mid-plane asymmetry diag-
ostics using the old stellar population mass maps from Querejeta
t al. ( 2015 ). The authors provide the processed 3.6 μm images
rom S 

4 G, after identifying and subtracting the dust emission, which
eliably trace the old stellar flux. The processed images are available
or our final sample of galaxies, except for NGC 5170: we find
omparable results to the ones obtained using the 3.6 μm images
or NGC 4013 and NGC 4235, for which we present the resulting
iagnostics in Appendix C. An exception is ESO 442-043, where
he corresponding stellar mass map is distorted, and the X shape is
arely distinguishable. The dust mainly affects the region, along the
isc and the mid-plane asymmetry maps built using the stellar maps,
re strongly affected by dust near the mid-plane. 

Since we obtain compatible results when using 3.6 μm images and
he stellar mass maps except for the portion of the image very close
o the mid-plane, and given these regions are excluded by definition
rom the calculation of our diagnostic (see equation 1 ), we conclude
hat the dust effect is reasonably well controlled using this method. 
NRAS 518, 2300–2319 (2023) 
 DI SCUSSI ON  

.1 The time inter v al to detect evidence of a buckling event 

he fraction of barred galaxies with M ∗ > 10 10 M � hosting B/P
ulges increases from ∼ 10 per cent at z ∼ 1 to ∼ 70 per cent at z =
 (Kruk et al. 2019 ). This means most B/P bulges formed during the
ast ∼7 Gyr. We hav e e xplored the time-evolution of the mid-plane
symmetry produced by buckling in simulations, finding that it can
e detected up to 4–5 Gyr after the event, which is a sufficiently
ong time to observe lingering asymmetries if a significant fraction
f B/P bulges formed by buckling (e.g. Anderson et al. 2022 ). On
he other hand, most of the models discussed here (including model
5), are pure N -body simulations, which evolve rapidly, because of

he absence of gas. Therefore, the duration of the detectability of
id-plane asymmetries we find in these models is probably a lower

imit for real galaxies. 
We conclude that asymmetries produced by buckling should

urvive long enough to be measured for a sufficiently long-time
nterval. It would be fruitful to explore asymmetries at z ∼ 0.5–0.7,
hen the occurrence of buckling events is expected to peak (Erwin &
ebattista 2016 ; Xiang et al. 2021 ). 

.2 Different mechanisms forming a B/P bulge 

e have presented models that develop a B/P bulge via strong
uckling, resulting in a mid-plane asymmetry. Instead, models that
orm B/P bulges either via weak (but recurrent) buckling or by
esonant capture (Quillen 2002 ; Sell w ood & Gerhard 2020 ; such as
odels HG1 or SD1 in Appendix A) give rise to mid-plane symmetry.
t the same time, the mid-plane asymmetries produced by strong
uckling weaken o v er time interv als v arying from 1.5 to 5 Gyr. As
 bar grows after the buckling event, it transfers angular momentum
rom the disc to the halo, while stars are trapped into resonance
Athanassoula 2003 ; Ceverino & Klypin 2007 ). Therefore, it is not
ossible to conclude whether the observed mid-plane symmetry is
he result of the B/P bulge forming via weak buckling, or via resonant
apture, or is merely the decayed remnant of a mid-plane asymmetry
rom strong buckling. 

Simulations find that the buckling instability may happen more
han once in the life of a galaxy (Martinez-Valpuesta et al. 2006 ;
okas 2019 ). Due to the secular transport of angular momentum
etween the bar and the halo, after buckling the bar can grow and
ecome unstable again to further buckling. The secondary buckling
vent lasts longer, so the bar bending could be easier to detect, and
nvolves the outer part of the bar (Martinez-Valpuesta et al. 2006 ). If
econd bucklings are common, then this may increase the fraction of
alaxies with significant mid-plane asymmetries at the present time.

.3 Ca veat f or the mid-plane asymmetry diagnostics 

he diagnostics we have developed require the correct identification
f a galaxy centre and disc PA, which is not al w ays trivial for observed
alaxies, since many host warps and/or asymmetric discs, as well
s dust, star-forming comple x es and foreground stars. These can
ntroduce artefacts in a mid-plane asymmetry map. In Section 3 , we
av e carefully e xplored the effects of an erroneous identification of
he mentioned galaxy parameters, concluding that they can be easily
ecognized and corrected, assuming the analysed galaxy is neither
istorted nor hosts a strongly warped disc, as is the case in the models
nalysed here. 
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The effect of a non-perfectly edge-on view may be dramatic 
or the mid-plane asymmetry diagnostics. Indeed, asymmetries may 
ppear in the mid-plane asymmetry map due to the presence of disc
eatures, such as spiral arms or weak lopsidedness, when they are not
bserved edge-on, as in the case of the symmetric model HG1. On
he other hand, mid-plane asymmetries due to a past strong buckling 
vent weaken if the model is not observed perfectly edge-on, but 
emain distinguishable. This result implies that a spurious mid-plane 
symmetry due to inclination effects is not easily distinguishable 
rom the genuine one produced by the buckling instability. Our 
iagnostics are thus not ef fecti ve when applied to a galaxy, which is
ot very close to edge-on. Determining whether a galaxy is indeed 
dge-on can be facilitated by the visual inspection of the orientation 
f dust lanes, which are often aligned along the disc major axis. 
We emphasize that the effect of a wrong identification of the disc

nclination i is the biggest weakness of the diagnostics developed 
ere: it is not possible to distinguish between a mid-plane asymmetry 
roduced by a genuine past buckling event and inclination effect 
lready for a deviation of ±3 ◦ from an edge-on view. Such views
appens for only 5 per cent of a random distribution of galaxy 
rientations. 

.4 Different shape and strength of the mid-plane asymmetries 

e have selected galaxies from S 

4 G, which has the largest available
ata base of deep, homogeneous mid-infrared images of ∼2800 
alaxies of all types. Buta et al. ( 2015 ) identified more than 60 nearly
dge-on galaxies with visually recognized X-shaped structures. 
mongst these, we select the most edge-on galaxies, ending up 
ith eight galaxies suitable for our mid-plane asymmetry analysis. 
o we ver, we are able to build reliable mid-plane asymmetry maps

or just four galaxies, since the other four are either strongly warped
r cannot be centred properly (because they are intrinsically lopsided 
r distorted). Indeed, we found a residual quadrupole in half of the
ample, suggesting that the mid-plane was not properly determined. 
or this reason, we conserv ati vely decided to exclude these objects
rom our analysis. This highlights a possible difficulty in applying 
ur mid-plane asymmetry diagnostics to larger samples. 
Our final sample consists of four galaxies. Two of them, NGC 4235

nd NGC 5170, have significant mid-plane asymmetries in the 
istribution of the surface brightness, which may indicate that a 
trong buckling event occurred sometime in their past. 

Both reco v ered mid-plane asymmetries are peculiar in different 
ays. The mid-plane asymmetry in NGC 5170 is relatively weak, 
ith the mid-plane asymmetry profile presenting just a single clear 
eak. NGC 5170 also exhibits a weak mid-plane asymmetry on 
he right-hand side of the disc, which continues out the region of
he B/P bulge. A similar feature can be identified in model T1
see Appendix A), where a double-peaked mid-plane asymmetry 
ssociated with the buckling event is visible, alongside a strong 
symmetry further out in the disc only on its left-hand side. This
ne-side asymmetry is due to two weak spiral arms, as evident from
nspecting the face-on view of the model. These produce a mid-
lane asymmetry on one side of the disc re gion. Conv ersely, the
symmetries in NGC 4235 are stronger (reaching twice the values 
n NGC 5170), two peaks are clearly present along the mid-plane 
symmetry profile, but they are asymmetric with respect to the z-axis. 
id-plane asymmetry profiles that are not symmetric with respect to 

he z-axis also occur during the evolution of models D5, D8, and T1.
his asymmetry between the two peaks in the mid-plane asymmetry 
rofile occurs only o v er a short-time interval when the galaxy is
erfectly edge-on, and al w ays just after the buckling event. A small
eviation from an edge-on view may also produce this left-right 
symmetry, as found for model D5 (Section 3.1 , at i = 87 ◦). 

The strength of the mid-plane asymmetry varies with time. In 
odel D5, the asymmetries weaken rapidly during the first 1 Gyr after

he buckling event and then more slowly during the following 4 Gyr,
ompletely disappearing 5 Gyr after the buckling ev ent. Moreo v er,
eaker buckling generally produces weaker asymmetries (see e.g. 

he case of model T1 in Appendix A, whose mid-plane asymmetry
isappears after just 1.5 Gyr). We therefore cannot exclude the 
ossibility that NGC 5170 suffered a weak but recent buckling 
vent. Indeed, the strength of the mid-plane asymmetry does not 
istinguish between a strong buckling long ago and a more recent,
eaker buckling. Furthermore, we can not exclude the possibility 

hat buckling is also responsible for the formation of the B/P bulge
n the other two galaxies, ESO 443-042 and NGC 4013, since the
id-plane asymmetries may have decayed by the current epoch. 

.5 Evidence of strong buckling or inclination effects? 

espite a clear mid-plane asymmetry in NGC 4235 and NGC 5170,
e cannot exclude the possibility that they are caused by a non-
erfectly edge-on view of the galaxies. Inspecting the optical images 
resented in Fig. 12 , both galaxies present dust lanes along the disc
nd asymmetries with respect to the disc mid-plane. The optical 
ust lane itself cannot be used to unambiguously measure the 
isc inclination. Ho we v er, the observ ed asymmetric dust lanes in
oth galaxies suggest that they are not perfectly edge-on. As a
onsequence, we conclude that we cannot distinguish if the observed 
id-plane asymmetries are produced by a past buckling event, 

ather than the effect of inclination. Thus the asymmetric galaxies 
GC 4235 and NGC 5170 cannot be used to infer whether a strong
uckling event occurred in them. The diagnostics presented here are 
fficient in identifying mid-plane asymmetry due to a past buckling 
vent when the galaxy is observed almost edge-on. Since galaxies 
re randomly oriented in the sky, just a small fraction will be suitable
or this analysis. 

We find two clear examples, ESO 443-042 and NGC 4013, of
alaxies with clear mid-plane symmetry. Finding two symmetric 
ases suggests that strong buckling instabilities may be rare events 
n the past ∼5 Gyr. 

Although we have used a small sample, our results suggest that
/P bulges either formed via weak buckling or resonant capture, 
r that very strong buckling events may take place preferentially a
ong time ago, longer than ∼5 Gyr, the expected time during which

id-plane asymmetries are expected to be visible (Fig. 4 ). 

.6 Futur e pr ospects 

hile a handful of galaxies have now been found that are currently
ndergoing buckling (Erwin & Debattista 2016 ; Li et al. 2017 ; Xiang
t al. 2021 ), buckling is so short-lived that we are unlikely to find
any bars during this point in their evolution (Erwin & Debattista

016 ). We have shown that buckling produces small but long-lasting
symmetries in the density distribution about the mid-plane. They 
llow B/P bulges formed by buckling to be identified in edge-on
alaxies long after the buckling. To compare the relati ve ef ficiency of
he two methods, the two buckling bar galaxies of Erwin & Debattista
 2016 ) are drawn from a sample of 84 galaxies with orientations
uitable for detecting B/P b ulges (b uckling or not). Instead the four
alaxies with successful application of our diagnostics are drawn 
rom a parent sample of eight galaxies suitable for this analysis,
MNRAS 518, 2300–2319 (2023) 
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loser to edge-on. Thus, the presence of mid-plane asymmetries may
rovide a powerful probe to test the origin of B/P bulges. 
Ho we ver, nearly edge-on galaxies are rare, but remain interesting

aboratories for studying the physical processes involved in the
ormation and evolution of galaxies. Attention has been devoted
o identifying and cataloguing these systems (e.g. Mitronova et al.
004 ; Bizyaev et al. 2014 ; Makarov & Antipova 2021 ; Marchuk et al.
022 ). High-resolution infrared imaging will soon be available with
he James Webb Space Telescope , which will help explore current
dge-on B/P samples across cosmic time. Meanwhile, future large
pace-based surv e ys (such as the Euclid mission operating in optical
nd near-infrared bands) will observe a larger number of galaxies.
his large data set will enable more statistically meaningful studies
f the occurrence of strong buckling in B/P b ulges, b ut they require
 careful selection of galaxies, including galaxies with a precise
stimate of disc inclination, since the diagnostics presented here are
fficient only for | i − 90 ◦| < 3 ◦. 

 C O N C L U S I O N S  

he main goal of this paper is to develop diagnostics for identifying
/P bulges formed by buckling long after the event. We use

imulations of barred galaxies that form a B/P bulge due both
o strong buckling and recurrent weak buckling/resonant trapping.
trong b uckling lea ves an observable asymmetric distribution in

he stellar density about the mid-plane. This asymmetry persists for
etween ∼1.5 and 5 Gyr. No similar asymmetry results when the B/P
ulge is produced by either weak buckling or resonant capture. Based
n this result, we develop two diagnostics to identify and quantify
he asymmetries: the mid-plane asymmetry map and the mid-plane
symmetry profile, which we present in Section 2.1 . 

We explore the effects of varying galaxy orientation and other
bserv ational ef fects on the mid-plane asymmetry diagnostics, to
dentify the best conditions under which to apply them to real
alaxies. Despite large artifacts resulting from an incorrect iden-
ification of the mid-plane and of the centre of the galaxy used to
uild the mid-plane asymmetry map, we demonstrate how these
an be recognized in real galaxies. Ho we ver, spurious mid-plane
symmetries may appear when the galaxy is not observed perfectly
dge-on, for deviations larger than ±3 ◦. This issue is the strongest
aveat when applying our method to observed galaxies, which are
nlikely to be observed at i = 90 ◦, or for which it is difficult to derive
he disc inclination. 

We construct a sample of nearly edge-on galaxies in the S 4 G
atalog, based on previous identifications of X-shaped structures.
e identify a parent sample of eight galaxies that are sufficiently

dge-on for our analysis. None the less, we are only able to obtain
eliable mid-plane asymmetry diagnostics in our final sample of four
f these galaxies. Of these, two galaxies, NGC 4235 and NGC 5170,
xhibit asymmetries resembling those found in the strongly buckling
odels. We cannot exclude that the observed mid-plane asymmetries

esult from a non-perfectly edge-on orientation of the galaxies
ince asymmetric dust lanes are visible in optical images of discs,
inting that the observed mid-plane asymmetries are probably due to
nclination effects. Thus we cannot obtain strong conclusions about
he origin of the mid-plane asymmetries in these two objects. In the
ther two galaxies, ESO 443-042 and NGC 4013, we do not find any
ignificant mid-plane asymmetries. We cannot exclude the possibility
hat these two symmetric galaxies suffered a strong buckling a long
ime ago, and that the asymmetries have since disappeared. This
ossibility suggests that strong buckling is relatively rare in the past
NRAS 518, 2300–2319 (2023) 
 Gyr and that B/P bulges are more likely to have formed before
hen, or formed via weak buckling and/or resonant trapping. 

This paper is a pilot study to test the applicability of our diagnos-
ics; stronger conclusions about the role of the buckling instability in
he formation of B/P bulges requires a larger sample of very nearly
dge-on galaxies. 
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