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A B S T R A C T 

Boxy/peanut (b/p) or X-shaped b ulges ha ve been extensively explored with theory and numerical simulations of isolated galaxies. 
Ho we ver, it is only recently that advances in hydrodynamical cosmological simulations have made it possible to explore b/p 

bulges in a cosmological setting, with much remaining to be understood about their formation and evolution. By using the 
Aurig a magnetoh ydrodynamical cosmological zoom-in simulations, we characterize the structural parameters of b/p bulges and 

how they form and evolve throughout cosmic history. We develop a method for estimating the b/p strength that allows us to 

identify the formation time and size of these structures. We find that b/p bulges in Auriga form between ∼1.1 and 1.6 Gyr after 
bar formation, following a ‘buckling’ episode; some galaxies undergo multiple bucklings and events of b/p growth, with some 
b/p structures ‘dissolving’ between buckling events. We find that at z = 0, the b/p bulges have an extent of almost half the bar 
length. Finally, we analyse the evolution of the b/p fraction o v er redshift, finding that at z = 0, two-thirds of galaxies host a 
bar, and of these, 45 per cent have a b/p. This b/p fraction is within the observed range at z = 0, although on the low end as 
compared to some observational studies. The b/p fraction decreases to 20 per cent at z = 0 . 5, and falls to zero at z ∼ 1; this is 
in line with the observed trend of declining b/p fraction with redshift. We discuss possible culprits for the apparent mismatch in 

b/p occurrence between observations and cosmological simulations, what causes them to form (or not) in these simulations, and 

what this might reveal about models of galaxy formation and evolution. 

Key words: methods: numerical – galaxies: bar – galaxies: bulges – cosmology: theory. 
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 I N T RO D U C T I O N  

alaxies exhibit a variety of structural components, with central 
ulges being one of the most prominent ones. These structures are 
ategorized into three types by Athanassoula ( 2005 ): (1) classical 
ulges, which are dispersion-dominated spheroids, composed mainly 
f old stars, (2) nuclear discs (also commonly referred to as discy
seudo-bulges), which are flattened disc-like structures, and which 
ften contain younger stellar populations, and (3) boxy/peanut (b/p) 
r X-shaped bulges. Early studies suggested that external torques 
May, van Albada & Norman 1985 ) or galaxy mergers with specific
onfigurations (Binney & Petrou 1985 ) could be the main formation 
 E-mail: plopez@fcaglp.unlp.edu.ar (PDL); 
rancesca.fragkoudi@durham.ac.uk (FF) 
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echanism of the latter. Ho we ver, both these mechanisms require
ne-tuning, while b/p bulges are common in edge-on galaxies (e.g. 
 ̈utticke, Dettmar & Pohlen 2000 ). Several subsequent numerical 
tudies have shown that these structures are in fact part of the bar
een edge-on and form spontaneously during the evolution of bars 
Combes & Sanders 1981 ; Combes et al. 1990 ; Pfenniger & Friedli
991 ; Raha et al. 1991 ; Bureau & Athanassoula 1999 ; Bureau &
reeman 1999 ; Martinez-Valpuesta, Shlosman & Heller 2006 ; Ness 
t al. 2012 ). 

Two primary formation mechanisms have been proposed as being 
esponsible for forming b/p bulges (sometimes referred to as b/p’s, 
or simplicity): (i) the so-called ‘buckling’ of the bar, also known as
he ‘fire hose’ instability (Toomre 1966 ; Raha et al. 1991 ; Merritt &
ell w ood 1994 ), or (ii) by the resonant excitation of the orbits of
tars trapped within the bar (Combes & Sanders 1981 ; Combes et al.
990 ; Pfenniger & Friedli 1991 ; Quillen et al. 2013 ; Sell w ood &
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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erhard 2020 ). Recently, Li et al. ( 2023 ) proposed that the vertical
uckling (or bending) of the bar is itself a resonant process. Regarding
he former, the bar becomes prone to vertical instabilities when the
adial velocity dispersion exceeds the vertical velocity dispersion
Araki 1985 ; Athanassoula & Martinez-Valpuesta 2007 ). This causes
he bar to bend, breaking its mid-plane symmetry and leading to
 thickening of its inner regions (see for example Cuomo et al.
023 ). Using N -body simulations, Martinez-Valpuesta et al. ( 2006 )
howed that such buckling events can happen several times during the
ecular evolution of the bar. Meanwhile, resonance trapping refers to
 gradual mechanism through which stars can be trapped in vertical
esonances, leading to the formation of b/p bulges without the need
or a buckling phase or a break in the mid-plane symmetry (Quillen
002 ). 
There have been various methods proposed to test for the presence

f a b/p bulge in numerical simulations and to characterize their
eatures (e.g. Debattista et al. 2005 ). Martinez-Valpuesta & Athanas-
oula ( 2008 ) found correlations between the strength of bars and b/p
ulges, indicating that stronger bars tend to have more pronounced
/p structures. They also observed a connection between bar strength
nd buckling episodes, with bars that experienced multiple buckling
vents being stronger. More recently, Ghosh et al. ( 2024 ) used a
uite of N -body models, featuring both thin and thick stellar discs,
nd found that in thicker discs the b/p bulges tend to be weaker and
ave a more extended length. 
Numerical studies of b/p bulges in galaxies have mostly involved

solated disc galaxies (Combes et al. 1990 ; Martinez-Valpuesta &
thanassoula 2008 ; Fragkoudi et al. 2017 ), as these simulations
rovided the high resolution needed to examine their internal struc-
ures in detail. Ho we ver, recent adv ances in cosmological simulations
ow make it possible to study the internal structures of disc galaxies
ithin the full cosmological context of � -cold dark matter (CDM).
his has led to significant advancements in the analysis of barred
alaxies (Scannapieco & Athanassoula 2012 ; Algorry et al. 2017 ;
rand et al. 2017 ; Spinoso et al. 2017 ; Gargiulo et al. 2019 , 2022 ;
okas 2020 ; Rosas-Gue v ara et al. 2020 ; Fragkoudi et al. 2021 ,
025 ; L ́opez et al. 2024 ). In recent years, there have also been
tudies focused on the investigation of b/p structures in cosmological
imulations. Fragkoudi et al. ( 2020 ) used the Auriga simulations to
nalyse in detail the chemodynamic properties of five haloes with
rominent bars and b/p structures. Through visual inspection, they
ound that the fraction of strong b/p’s is around 30 per cent at
 = 0 and disco v ered that young metal-rich populations produce
rominent X-shaped structures, confirming previous results using
solated simulations (Athanassoula, Rodionov & Prantzos 2017 ;
ebattista et al. 2017 ; Fragkoudi et al. 2017 ). Similarly, Bl ́azquez-
alero et al. ( 2020 ) used the Auriga simulations and identified six
alaxies with b/p structures at z = 0 through visual inspection of
nsharp masked images, with two of these galaxies undergoing
 buckling episode. They characterized these structures from an
bserv ational perspecti ve, finding sizes comparable to those obtained
rom observations. More recently, Anderson et al. ( 2024 ) analysed
arred galaxies with stellar mass log(M � / M �) ≥ 10 . 0 at z = 0 in
he IllustrisTNG50 simulation (Nelson et al. 2019 ; Pillepich et al.
019 ). They distinguished those hosting a b/p structure from those
hat do not, and quantified the strength, frequency and sizes of these
tructures. 

Observationally determining the fraction of b/p bulges (i.e. the
umber of barred galaxies that host a b/p structure) is somewhat
omplicated due to projection effects, since, on the one hand, it
s challenging to ascertain whether an edge-on galaxy has a bar,
hile on the other, it is hard to determine whether a face-on galaxy
NRAS 540, 2031–2048 (2025) 
ossesses a b/p bulge. In the local Universe, it is observed that
pproximately two-thirds of disc galaxies possess a bar (Eskridge
t al. 2000 ; Men ́endez-Delmestre et al. 2007 ), while there is a
ecrease in the bar fraction at higher redshifts (Jogee et al. 2004 ;
heth et al. 2008 ; Melvin et al. 2014 ; Guo et al. 2025 ; Le Conte
t al. 2024 ). Measurements of the b/p fraction in the local Universe
ave been conducted using different approaches. Some studies focus
n edge-on galaxies, making use of the distinct b/p-shaped features
hat are more easily identifiable when the galaxy is viewed edge-on.
 ̈utticke et al. ( 2000 ) visually analysed edge-on galaxies in both
ptical and infrared bands from the Third Reference Catalogue
f Bright Galaxies (RC3; de Vaucouleurs et al. 1991 ) finding a
/p fraction of 45 per cent from a sample of 734 galaxies, while
oshino & Yamauchi ( 2014 ) used observations from the Sloan
igital Sk y Surv e y (SDSS) Data Release 7 archiv e of 1716 edge-
n galaxies, finding a b/p fraction of 22 per cent in the i band.
ecently, Marchuk et al. ( 2022 ) analysed images from the Dark
nergy Spectroscopic Instrument (DESI) Le gac y Imaging Surv e y

Dey et al. 2019 ) creating a sample of 1925 edge-on or near edge-on
alaxies with b/p and X-shaped bulges, identified through residual
mages. The y observ ed a significant increase in the frequency of b/p
ulges in galaxies with masses abo v e log(M � / M �) ≈ 10 . 4. 

Other studies have concentrated on nearly face-on galaxies to
ssess the presence of b/p bulges, which are more challenging due to
he orientation but provide complementary insights into the fraction
f barred galaxies containing a b/p bulge. For example Erwin &
ebattista ( 2017 ) examined a sample of 186 disc galaxies from the
C3 catalogue and the Virgo Cluster Catalogue (Binggeli, Sandage &
ammann 1985 ). They found that 118 galaxies of the sample were
arred galaxies, and 84 of these galaxies had a moderate inclination
 i ∼ 40 − 70 ◦) with the bar not oriented too close to the minor axis
 � PA < 60 ◦), making them good for detecting possible b/p bulges.
heir method involves studying the isophotes of galaxies, taking into
ccount that the projection of the b/p bulge appears thick, resulting
n a box-shaped isophote, while the outer part of the bar has a thinner
rojection, which they refer to as ‘spurs’. Based on this observation,
alaxies that meet the inclination criteria and exhibit isophotes with
 box + spurs feature are classified as having b/p bulges. Their
tudy revealed a strong dependence on stellar mass: only 12 per
ent of barred galaxies with masses less than log(M � / M �) ≈ 10 . 4
ave b/p bulges, whereas about 80 per cent of barred galaxies with
asses greater than this threshold have b/p bulges. Kruk et al. ( 2019 )

nalysed a sample of galaxies from the Hubble Space Telescope
osmic Evolution Survey (COSMOS) and SDSS using the same
pproach as the one developed by Erwin & Debattista ( 2017 ). They
nvestigated the evolution of the b/p bulge fraction in barred galaxies
ith redshift, finding a 31 per cent fraction at z = 0 that decreases

o ∼ 0 at z = 1. The authors argue that these detections represent
ower limits for the b/p fraction, as they included galaxies with
rientations that are not fa v ourable for detecting b/p bulges, thereby
nderestimating the observed quantities. By applying a correction to
heir results, they find a b/p fraction of ∼69 per cent at z = 0, which
rops to less than ∼10 per cent at z = 1. While the exact fraction
f b/p’s in the local Universe and across cosmic history is still to be
ully quantified, it is clear that these structures are commonly found
n spiral galaxies in the Universe. 

Here, we are interested in studying the formation and evolution of
/p bulges in a cosmological context, using the Auriga cosmological
imulations. Our goal is to investigate how and when they form,
s well as characterizing their evolution o v er time. The paper is
rganized as follows. In Section 2 , we describe the simulations
sed, present the global properties of the galaxies in our sample,
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leads to slightly younger bar ages in this study, as compared to Fragkoudi 
et al. ( 2025 ), i.e. by about ∼ 11 per cent . Ho we ver, we note that this choice 
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nd describe the method used to identify the b/p bulges. In Section 3 ,
e study the formation time of b/p’s and the fraction of galaxies
osting them across redshifts. In Section 4 , we examine the time
volution of the sizes of the b/p bulges and the relation with the sizes
f the bars. In Section 5 , we study the buckling episodes experienced
y the bars. In Section 6 , we discuss our results. Finally, in Section 7 ,
e present the summary and conclusions of the work. 

 M E T H O D O L O G Y  

.1 Ov er view of the Auriga cosmological simulations 

e make use of the cosmological gra v o-magnetohydrodynamic 
zoom-in’ Auriga simulations (Grand et al. 2017 , 2024 ). These 
imulations were designed to understand the formation and evolution 
f Milky Way-type spiral galaxies. We use 30 haloes with halo masses 
t z = 0 of M 200 = 1 − 2 × 10 12 M �, which were first presented in
rand et al. ( 2017 ). These are selected from a parent dark matter-
nly counterpart to the Eagle simulation, with a comoving box size 
f 100 cMpc . The 30 haloes were selected randomly from a sample
f 174 candidates that meet the conditions of (a) being in a mass
ange of 1 < M 200 / 10 12 M � < 2 and (b) being relatively isolated at
 = 0. The isolation criteria considers haloes that have a mass at
east 3 per cent greater than that of the main halo and are located
t a distance of at least 9 times their R vir from the main halo. The
imulations were performed using the AREPO moving-mesh code 
Springel 2010 ; Pakmor et al. 2015 ), following the coupled evolution
f the dark matter and gas components, and implement a galaxy 
ormation model described in Grand et al. ( 2017 ). The cosmological
arameters that the simulations adopt are �m 

= 0 . 307, �b = 0 . 048,
� 

= 0 . 693, and a Hubble constant of H 0 = 100 h km s −1 Mpc −1 ,
here h = 0 . 6777, taken from Planck Collaboration XVI ( 2014 ). 
In this work, we use simulations with a baryonic mass resolution 

f 5 × 10 4 M � and a dark matter mass resolution of 4 × 10 5 M �. The
oftening length of the star particles is approximately 375 pc and for
he gas cell is scaled by the mean radius of the cell. 

.2 Identifying the barred galaxies 

e are interested in conducting an evolutionary study of the various 
roperties that characterize the b/p structures in the galaxies of the 
uriga cosmological simulations. For this reason, it is crucial to 
etect when these structures first emerge and to trace their evolution 
hroughout the simulation timeline. In order to identify the b/p’s we 
rst need to know which galaxies host a bar (see also Fragkoudi et al.
025 for the barred galaxy fraction in the extended Auriga suite of
imulations, a different sample from the one used in this work). To do
hat, we perform a Fourier decomposition of the face-on ( xy plane)
ensity distribution of the stellar disc of the 30 simulated galaxies and
alculate the modes (Athanassoula, Machado & Rodionov 2013 ), 

a m 

( R) = 

∑ 

i 

m i cos ( mθi ) , m ≥ 0 , 

b m 

( R) = 

∑ 

i 

m i sin ( mθi ) , m > 0 , 
(1) 

here the sum is o v er all the disc particles, defined as the ones with
 z| < 5 kpc 1 and projected radius inside 10 kpc, m i is the mass of
 We note that the cut employed for the z-coordinate here is different from 

he one used in Fragkoudi et al. ( 2025 ), who used a cut of | z| < 0 . 8 kcp. The 
arger cut employed here will lead to lower peaks in the A 2 profile, which 

d
2

b
t
f

article i and θi is the azimuthal angle. We perform the calculation
y taking radial bins of �r = 0 . 2 kpc width from the centre of each
alaxy. The strength of the bar is defined from the m = 2 mode of
he Fourier decomposition 

 2 = 

√ 

a 2 2 + b 2 2 

a 0 
. (2) 

rom this calculation we can derive the strength of the bar for
ach snapshot of the simulation, taking the maximum of the m = 2
ode, defined as A 2 , max . We consider that a bar is formed when the
aximum strength reaches a threshold of 0.25 and continues o v er

hat value thereafter; as a result of this analysis we find 18 galaxies
aving a bar at z = 0. 
To calculate the sizes of the bars, R bar , we take the radius where

he radial profile of A 2 has a drop of 0 . 35 A 2 , max (i.e. A 2 reaches a
alue of 0 . 65 A 2 , max after its maximum), after reaching its maximum.

.3 Method to detect b/p bulges 

nce we have the sample of barred galaxies at z = 0, we conduct a
isual analysis of the stellar density distributions and unsharp masks 2 

f the edge-on projection; we show the simulated galaxy Au23 as
n example in the upper and middle panels of Fig. 1 . We identify
ine galaxies with a b/p structure: six of them were analysed in a
revious work (Bl ́azquez-Calero et al. 2020 ), but we also find three
ore galaxies hosting a b/p bulge. These nine galaxies constitute our

/p bulge sample, and their properties are listed in Table 1 . 
Various methods have been employed previously in the literature 

or deriving the presence and strength of b/p’s; for example some
tudies have used the kurtosis of the vertical velocity or the absolute
alue of the z -component of stars (Debattista et al. 2005 ; Martinez-
alpuesta & Athanassoula 2008 ; Fragkoudi et al. 2017 ; Anderson
t al. 2024 ; Ghosh et al. 2024 ). For this work, we tested various
ethods and developed an automatized algorithm to detect the 

resence of a b/p and its strength which gives us a good match
o the visual classification of b/p bulges (based on unsharp masking).

e describe the steps of the procedure as follows: 

(i) In the rotating reference system with the bar, we isolate the
ar structure of each galaxy and follow its formation with time. For
his purpose, we select the stars inside the bar and close to the plane,
.e. with the absolute value of the y and z-coordinates satisfying the
onditions | y| < 0 . 8 kpc, | z| < 2 kpc, and R < R 

z= 0 
bar , where R is the

ylindrical radius and R 

z= 0 
bar refers to the bar length at z = 0. 

(ii) We calculate the median of the absolute value of the height of
he star particles abo v e and below the disc, | z| median , by using radial
ins of 0 . 2 kpc and then normalize the profile to the value of the
edian of | z| in the centre of the galaxy ( | z| median ( R = 0)). From

ow on, we define 

 = 

| z| median 

| z| median ( R = 0) 
. (3) 

e calculate Z ( r) for the nine galaxies at every snapshot. A peak in
he profiles is associated with the signal of the b/p bulge; an example
MNRAS 540, 2031–2048 (2025) 

oes not qualitatively affect the results of our study. 
 Unsharp masking refers to a technical process applied to an image where 
lurred components are remo v ed, therefore enhancing the features present in 
he original version of the image. For this, we use the unsharp masking filter 
rom the SCIKIT-IMAGE PYTHON library. 
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M

Figure 1. Upper panel : stellar surface density in the edge-on projection ( xz 

plane) for the simulated galaxy Au23 at z = 0. Middle panel : unsharp mask 
of the surface density in the edge-on projection. Lower panel : radial profile 
of the median absolute value of the stellar heights, normalized by the central 
v alue e v aluated at z = 0, Z (solid black line), and the second deri v ati ve of 
Z (dashed violet curve with dots). The vertical dashed lines in all panels 
indicate the size of the b/p structure, R bp . 

Table 1. Properties at z = 0 of the galaxies in the sample: galaxy simulation 
name, stellar and gas mass inside 10 kpc radius, bar strength, and bar radius 
calculated using the mode A 2 ( r). 

Galaxy M ∗ M gas A 

max 
2 R bar 

– 10 10 M � 10 10 M � – kpc 

Au09 5.23 0.43 0.48 3.5 
Au10 5.57 1.01 0.52 3.7 
Au11 4.33 0.78 0.46 7.7 
Au13 5.42 0.80 0.40 4.5 
Au17 6.72 0.77 0.47 4.7 
Au18 6.48 0.26 0.36 4.5 
Au22 5.67 0.51 0.39 3.7 
Au23 6.67 0.47 0.38 4.9 
Au26 9.77 0.82 0.42 3.7 

o  

s
 

a  

v  

Figure 2. Correlation between two of the definitions for the formation time 
of the b/p bulge: the visual ones (visual strong in colours and the visual weak 
in gre y) v ersus the one obtained from the peak-detection code. The diagonal 
dashed line corresponds to the identity line. All the times are lookback times 
in Gyr. 
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3 The threshold was determined by visually inspecting when a b/p appears in 
edge-on images of the galaxy. 
4 Throughout this paper, when we talk about formation times we are referring 
to lookback times. 
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f this is shown for Au23 in the lower panel of Fig. 1 , where we
how Z ( r) on the left y-axis (solid black line). 

(iii) We implement a method that involves detecting this peak, i.e.
 local maximum in Z , by requiring to detect a minimum ne gativ e
alue in the second deri v ati ve of Z (d 2 Z ( r ) / d r 2 ). To do this, we
NRAS 540, 2031–2048 (2025) 
xclude the inner and outer radial region taking 0 . 15 R 

z= 0 
bar < r <

 . 75 R 

z= 0 
bar . In order to facilitate peak detection we have smoothed

he profiles with a Butterworth filter (Butterworth 1930 ), using the
IGNAL module from SCIPY PYTHON library. In the lower panel of
ig. 1 , we illustrate d 2 Z ( r ) / d r 2 at z = 0 for the galaxy Au23, where

he peak is highlighted by a red dot. We use the radial position of the
eak as a definition for the size of the b/p bulge, R bp , indicated by the
ertical red dashed line (see in Fig. A1 for the rest of the galaxies). 

(iv) We define the strength of the b/p bulge, BP strength , as the value
f Z at R bp , and trace this o v er time. We set the b/p’ strength to zero
f a peak is not detected in the profile of Z . 

(v) To determine the formation lookback time of the b/p bulges, we
efer to Fig. B1 , which shows the evolution of the minimum value of
he second deri v ati ve of Z , d 2 Z ( r ) / d r 2 , from the formation lookback
ime of the bar, t bar , to the present ( t lb = 0 Gyr ) for each galaxy. When
his parameter drops below a threshold 3 of d 2 Z ( r ) / d r 2 < −0 . 51, and
emains below it consistently (for at least five snapshots), we define
his instant as marking the formation time of the b/p bulge, denoted
s t c bp . 

4 

To e v aluate the accuracy of the detected formation times using
ur method, we carry out a visual inspection for all galaxies across
ll times after bar formation (0 Gyr < t lb < t bar ), examining both
he stellar surface density and the unsharp mask in the edge-on
rojection. As a result, we visually identify the moment when the
/p bulge clearly emerges (appearing as a strong feature in the edge-
n projections), calling it: t vs 

bp . Fig. 2 shows a comparison between
he time detected by the code (peak-detection method, t c bp ) and the
ime at which strong b/p’s are identified visually ( t vs 

bp in colours).
ost galaxies fall close to the one-to-one line, suggesting a good

greement. During the visual analysis, we find that for two of the
alaxies e xplored, the y show signs of weak b/p structures, which are
ot detected by our algorithm. These appear for a short period of time
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Table 2. Lookback times in Gyr for the formation of the stellar bar, t lb , bar , 
and the b/p bulge for galaxies in our sample. Four formation times are defined 
for the b/p bulge: the times identified by visual inspection when it can be seen 
as a weak one ( t vw , 1 

bp ), a very weak one ( t vw , 2 
bp ) (only defined for Au18), a 

strong b/p ( t vs 
bp ), and the time determined by the peak-detection code ( t c bp ). 

Galaxy t bar t 
vw , 1 
bp t 

vw , 2 
bp t vs 

bp t c bp 

Au09 6.50 – – 5.22 5.38 
Au10 6.17 – – 5.06 4.58 
Au11 3.96 – – 2.17 1.98 
Au13 3.27 2.48 – 1.66 1.66 
Au17 9.16 – – 7.90 7.90 
Au18 7.90 4.08 6.99 1.01 0.81 
Au22 7.62 – – 5.88 5.73 
Au23 4.42 – – 2.97 2.79 
Au26 3.62 – – 2.48 2.48 

a
d  

A  

t  

6  

F  

w  

w  

o  

t
 

t  

t  

t  

i

3

I  

c  

d  

r  

w
l
m
a  

g  

a  

(  

d  

I  

p  

w  

i  

r  

F
r
b

D
ow

nloaded from
 https://academ

ic.oup.c
nd subsequently are no longer detectable. We refer to these earlier 
etections of a weak b/p signal as t vw , 1 

bp . A noteworthy case is that of
u18, where we find two weak signals of b/p’s at two distinct times:

he first at t lb ∼ 4 Gyr and the second at t lb ∼ 7 Gyr, meaning 3 and
 Gyr before the strong b/p bulge is picked up by our algorithm (see
ig. C1 from Appendix C ). We define this earlier time, associated
ith the first appearance of a weak b/p structure, as t vw , 2 

bp . Ho we ver,
e find this structure to be short-lived, appearing for a period of time
f roughly ∼0.5 Gyr before dissolving. Table 2 lists the values for
igure 3. Radial (cylindrical) profiles of the median of the absolute value of the
epresent the lookback time measured from bar formation, t bar (light yellow), to t l
ulge ( t c bp ) is indicated with a red line. 
he different definitions of the b/p formation time for each galaxy. 
For the galaxies in which we do not list a t vw , 1 

bp value, we find that
here can be a weak b/p signal approximately 1 − 2 snapshots before
he strong b/p forms. This gives us the approximate time it takes for
he galaxy to go from having no detectable b/p to a strong b/p, which
s approximately ∼160 Myr. 

 B/P  F O R M AT I O N  

n this Section, we explore the formation time of the b/p’s and how
ommon they are in these simulations. As we mentioned before, to
etermine the formation time of the b/p structure, we computed the
adial profile of Z for all time-steps after t bar , as shown in Fig. 3 ,
ith different colours representing times since bar formation in 

ookback time. The profiles differ across galaxies, some showing 
ore pronounced peaks than others and, generally, all profiles show 

n increase towards larger radii, a trend not observed in isolated
alaxy simulations (see e.g. Ghosh et al. 2024 ). This flaring effect is
 consequence of star formation occurring in a flaring gaseous disc
Grand et al. 2017 ) combined with interactions between the stellar
isc and satellites, which heats up the outer disc (Grand et al. 2016 ).
nitially, right after bar formation, we can see that there is no visible
eak in Z , indicating the absence of a b/p structure. After some time,
e observe how the curves begin to display more defined peaks,

ndicating the emergence of the b/p bulge. The red curve in Fig. 3
epresents the Z profile at t c bp for each galaxy (see Section 2.3 ). Once
MNRAS 540, 2031–2048 (2025) 

 z-positions of stars normalized by the central value. The different colours 

b = 0 Gyr (dark purple). The code peak-detected time formation of the b/p 

om
/m

nras/article/540/3/2031/8137872 by guest on 09 June 2025



2036 P. D. L ́opez et al. 

M

Figure 4. Evolution of the strength of the b/p bulge, obtained from the peak of the distribution of Z as a function of the cylindrical radius r . The profiles 
start at the lookback time t bar of each galaxy. The dashed line is the lookback time formation of the b/p bulge according to the peak-detection code ( t c bp ), the 
dashed–dotted line is the lookback time formation of the visually strong b/p bulge ( t vs 

bp ), the thick dotted line is the lookback time formation of the visually weak 

b/p bulge ( t vw , 1 
bp ), and the thin dotted line is the lookback time formation of the visually very weak b/p bulge ( t vw , 2 

bp ), defined for Au18. The shaded regions 
indicate the lookback times at which the bar is visually detected to be buckling (see Section 5 ). 
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he formation time of each b/p bulge is established we can track its
volution o v er time. To analyse this we can refer to Fig. 4 that shows
he strength of the b/p bulge as a function of lookback time. Overlaid
re the different definitions of the b/p formation times, and the shaded
egions correspond to time intervals where buckling episodes were
etected, which we will discuss further in Section 5 . 
Several interesting insights emerge from this analysis. In general,

ome galaxies show a clear increase in their b/p strength o v er
ime, as seen in Au13 and Au23. Notably, the code successfully
etects the presence of a b/p when it is weakly observed in Au13.
o we ver, this is not al w ays the case, as both Au11 and Au23 show
 signal in their b/p profiles, but it is not associated with the actual
resence of a b/p structure. Other galaxies exhibit an initial growth
n strength during the first few Gyr of evolution, followed by a
light decrease, eventually reaching similar values at z = 0 to those
bserved when the b/p first emerged. This behaviour is seen in the
rofiles of Au09, Au11, and Au22. Additionally, we observe some
articular behaviours unique to each galaxy. In the case of Au10,
 b/p structure formed approximately 5 Gyr ago, with its strength
radually decreasing o v er time, disappearing almost completely in
NRAS 540, 2031–2048 (2025) 
he last gigayear of evolution, only to be detected again at z = 0.
ig. D1 displays the stellar density distribution and unsharp mask
f the edge-on projection of Au10 during the period when the b/p
s no longer detected. There is agreement between the code, which
oes not detect the structure, and the visual inspection, where no
lear b/p is observed, while at z = 0 the b/p becomes distinguishable
nce again, leading to its detection by the code. This raises several
uestions: is the structure present but so weak that it cannot be
etected, or does it truly vanish? If it remains but is too faint, should
t still be considered a b/p, given that it w ould lik ely not be detected
bservationally? Moreo v er, why does the structure disappear in the
rst place? Among the other galaxies, Au17 presents another case of
/p absence at some point during its evolution. Observing its strength
volution, the galaxy experiences a significant increase in strength
arly on, followed by a decrease starting at around t lb ∼ 6 Gyr.
he b/p then disappears, re-emerging 2 Gyr later with much weaker
trength. From that point, its strength increases again, though with
ome fluctuations, reco v ering significantly by z = 0. Fig. D2 shows
he stellar density distribution and the unsharp mask of the edge-on
rojection for Au17 during the period of time where the b/p bulge
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Figure 5. Time interval between the formation time of the b/p bulge with 
respect to the formation time of the formation time of the bar as determined 
by visual inspection of a weak structure (square), a very weak structure for 
Au18 (square with thick lines), and according to the constructed code (star). 
The horizontal dashed–dotted line correspond to the median based on the 
code detection method ( �t c median ). 
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5 Referring to the 30 original Auriga galaxies presented in Grand et al. ( 2017 ). 
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isappears. Additionally, Au26 shows a general decrease in strength 
hroughout most of its evolution, although it seems to reco v er in
he last 0 . 5 Gyr lookback time. Finally, the b/p bulge in Au18 has
ad limited time to evolve, as it formed in the last gigayear of the
imulation. Ho we ver, this galaxy is notable for being the only one
ith two separate times, t vw , 1 

bp and t vw , 2 
bp , where a structure resembling

 b/p is observed in the edge-on projections. Both instances are weak
nd short-lived, visible only for a couple of snapshots. 

This analysis shows that b/p bulges in galaxies follow different 
volutionary patterns. Some galaxies experience growth in b/p 
trength and then a decrease, while others go through phases of
eakening or even temporary disappearance, followed by a reco v ery, 

uggesting that the formation and evolution of b/p structures are not 
niform. The peak-detection method generally agrees with visual 
bservations, though there are cases where it identifies weak signals 
hat do not clearly correspond to a visible b/p. This shows the
omplexity of detecting such structures within this type of simulation 
nd the importance of combining both automated techniques and 
isual inspection to accurately track the b/p structures’ formation 
nd evolution. 

In Fig. 5 , we investigate whether there is a characteristic time-scale
etween the formation of a bar and the formation of a b/p structure
n galaxies that exhibit this feature. We show �t for each galaxy,
hich is defined as the time interval between the formation of the
ar ( t bar ) and the formation of the b/p structure. The latter is measured
hrough different methods: the peak-detection method ( t c bp , marked 

ith stars), weak visual detection ( t vw , 1 
bp , marked with squares) and,

or Au18, the very weak visual detection ( t vw , 2 
bp , represented by a

quare with a thicker border). We find that b/p’s in the Auriga galaxies 
end to form shortly after bar formation. The median time that elapses
etween the formation of the bar and the formation of the b/p is
t c median = 1 . 6 Gyr (horizontal dashed–dotted line). It is interesting

o note that in the case of Au18, where a strong b/p bulge forms very
ate compared to when the bar forms – specifically ∼7 Gyr after t bar 

there are previous signatures of weak b/p structures, detected at 
1 and 3 . 8 Gyr after the formation of the bar. Our findings possibly
int at a characteristic time-scale for b/p formation for galaxies in
 cosmological setting. Ho we ver, we emphasize our small sample
ize, and the fact that this time-scale will likely depend on details of
he galaxy formation model. 

.1 b/p fraction 

lthough b/p bulges are the vertically extended part of evolved bars,
ot all barred galaxies contain a b/p structure. This raises some
nteresting questions: What is the fraction of barred galaxies that 
ontain a b/p bulge? Why do some barred galaxies not form a b/p
ulge? We aim to address these questions by analysing the barred
alaxies within the Auriga simulations 5 o v er time and discuss some
bservational findings. 
To explore the fraction of b/p’s we first need to find the galaxies that

ave bars. We therefore first calculate the bar fraction by applying
wo identification methods, one based on visual classification (visual 
ethod) and one using the A max , 2 parameter (code-based method; 

ee Section 2.2 for more details). These fractions are shown in
ig. 6 in pink (see the right y -axis), where the thick line corresponds

o the code-based method and the thin line to the visual method.
he two methods are in good agreement and show a decreasing

rend with redshift. For most of the evolution, the visual method
ives a slightly higher fraction than the code-based method; this is
ecause the code-based method is sensitive to both the threshold 
sed to determine the presence of the bar ( A 2 , max > 0 . 25) and to
he cut used to select the stars in the disc (i.e. | z| < 5 kpc ). On
he other hand, at higher redshifts the galaxies might have large
 max , 2 values because of mergers and interactions, and not due to

he presence of a bar. After obtaining the barred galaxy fractions
or the different redshifts, we proceeded to calculate the b/p fraction
or the same redshifts. We again used two methods to count the
alaxies with a b/p bulge: the peak-detection method (code-based) 
pproach relied on the b/p strength (see Fig. 4 ) and the visual method
see Section 2.3 ). The b/p fraction is obtained by dividing that
umber by the number of barred galaxies (as identified by the visual
ethod). 
We show these results in Fig. 6 in blue (see the left y -axis). We

nd that at z = 0, 66 per cent of the galaxies host a bar (60 per
ent if we use the code-based method), and almost half of these
arred galaxies, 45 per cent, host a b/p structure. Both the bar
nd the b/p fraction decrease with redshift, and by z ∼ 1 none of
he galaxies exhibit a b/p bulge. The shaded regions represent the
ncertainties in the fractions, calculated assuming binomial statistics. 
hese uncertainties are given by σ 2 = f bar (1 − f bar ) /N all for the bar

raction and σ 2 = f bp (1 − f bp ) /N bars for the b/p fraction, where N all 

s the total number of galaxies and N bars is the number of barred
alaxies. 

In Fig. 6 , we also show the b/p fraction at z = 0 from the
llsutrisTNG50 simulation from the work of Anderson et al. ( 2024 )
nd the observed b/p fraction from the works of Erwin & Debattista
 2017 ), L ̈utticke et al. ( 2000 ), and Yoshino & Yamauchi ( 2014 ). In
he first study, the authors obtain the b/p fraction from the visual
nspection of the edge-on projection of barred galaxies at z = 0.
n the latter two works, the authors determine the fraction of b/p
tructures within a sample of edge-on galaxies (i.e. they obtain the
raction of b/p bulges o v er all disc galaxies, rather than o v er barred
alaxies). To be able to compare their results to our b/p fraction (i.e.
 b / p /N bar ) we scale their fraction by a factor of 3 / 2, to account for
MNRAS 540, 2031–2048 (2025) 
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Figure 6. B/p fraction (left y -axis in blue) and bar fraction (right y -axis in pink) as function of redshift, considering the 30 galaxies in the simulation. Two 
methods were used to obtain the fractions in each case: a code-based count method (thick lines) based on the strength of each component and a visual count 
method (thin lines). The shaded regions represent the uncertainties in the fractions, calculated assuming binomial statistics. The symbols represent the results 
from observations: L ̈utticke et al. ( 2000 ) (diamond), Yoshino & Yamauchi ( 2014 ) (triangle), Erwin & Debattista ( 2017 ) (pentagon), and the observed (dark blue 
stars) and the corrected (light blue stars) fractions by Kruk et al. ( 2019 ), and from a cosmological simulation: Anderson et al. ( 2024 ) (empty circle). 
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he fact that approximately two-thirds of disc galaxies in the local
niverse host bars. Additionally, in Fig. 6 we include the results
f Kruk et al. ( 2019 ), who derive the temporal evolution of the
/p fraction up to z ∼ 1. The authors give two sets of results: the
bserved b/p fraction (dark blue stars) and a corrected b/p fraction
light blue stars), in which they seek to account for observational
iases (see Section 6 for more details). We note that, while in our
tudy we are only exploring a subset of the galaxy population,
pecifically galaxies which end up within the stellar mass range,
ithin 0 . 1 R vir , of 10 10 . 4 − 10 11 . 1 M � at z = 0, our results are ho we ver
roadly comparable with those from Kruk et al. ( 2019 ). In their work,
he authors select galaxies with stellar masses M � > 10 10 M � in the
edshift range 0 ≤ z ≤ 1; the Aurig a g alaxies we e xplore also hav e
imilar masses, i.e. M � > 10 10 . 4 M �, within the same redshift range.
e do highlight ho we ver that the methods used for detecting bars

nd b/p bulges in our work might differ from those used in obser-
ational studies, while observational studies themselves also differ
etween them in the methods they employ (see Section 6 for more
etails). 
NRAS 540, 2031–2048 (2025) 
This leads us to other interesting question: why do not all barred
alaxies form a b/p bulge? Theoretical studies and those using
solated N -body simulations have shown that b/p bulges are more
ikely to form in galaxies with kinematically cold discs (Merritt &
ell w ood 1994 ; Martinez-Valpuesta et al. 2006 ); this implies having
 low ratio of the vertical to radial velocity dispersion of stars ( σz /σR )
see Section 6 for more details). We calculate this ratio, as shown
n Fig. 7 , for barred galaxies with (green dots) and without (red
riangles) b/p bulges. This is calculated at 1 Gyr after the formation
f the bar. Considering that the b/p bulges form ∼ 1 . 6 Gyr after
he formation of the bar, we chose to e v aluate the ratio 1 Gyr after
 bar to analyse the values of the ratio before the formation of the
/p bulge but after the formation of the bar. We can see a general
rend of galaxies without a b/p structure having younger bars and
igher values of ( σz /σr ) 2 , meaning that those galaxies possessing
ertically hotter discs are prevented, or delayed, in forming a b/p
ulge. There is one exception of a galaxy with an old bar and a
ow σz /σr ratio, which does not host a b/p bulge, which indicates
hat there might be other factors that are important in b/p formation.
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Figure 7. Ratio ( σz /σr ) 2 for the barred galaxies e v aluated ∼1 Gyr after the 
formation of the bar, as a function of the bar age ( t bar ). The dots correspond to 
the barred galaxies hosting a b/p bulge and the triangles are the ones without 
it. 
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Figure 8. Left y -axis: b/p size as a function of lookback time (solid line) and 
bar size normalized by its size at z = 0 (dashed line). Right y -axis: evolution 
in lookback time of the ratio between the b/p size and the bar size. The shaded 
regions indicate the lookback times at which the bar is visually detected to 
be buckling (see Section 5 ). 

Figure 9. Scatter plot of the b/p size as a function of bar size for each galaxy, 
at two times: around the formation of the b/p bulge ( t c bp ) and at the end of the 
simulation ( t lb = 0 Gry). 
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n the other hand, the galaxies hosting a b/p bulge have bars with
ntermediate and old ages and with lo wer v alues of ( σz /σr ) 2 , i.e. a
older disc. This highlights the importance of the ratio of vertical 
o radial stellar velocity dispersion in the formation of b/p’s, while 
lso suggesting that young bars are less likely to host a b/p (as is to
e expected, since b/p’s in general take some time to form after bar
ormation). 

 BA R  A N D  B/P  BU LG E  E VO L U T I O N  

n this section, we explore the evolution of bar and b/p properties,
nd their interplay. Fig. 8 illustrates the b/p size as a function of
ookback time for each galaxy, R bp (see Section 2.3 for the definition),
ndicated on the left vertical axis with a red thick curve. We show
he evolution of the bar size with a red dashed curve, normalized
y the value at z = 0, R bar /R 

z= 0 
bar . The evolution of these properties

tarts in the formation lookback time of the b/p, derived from the
eak-detection method ( t c bp ). To understand how the evolution of the
/p bulge correlates with the o v erall evolution of the bar, the right
ertical axis shows the ratio R bp /R bar , which represents the b/p size
elative to the bar size. As mentioned in other figures, the shaded
egions correspond to periods where buckling episodes occur, which 
ill be explored further in Section 5 . Regarding R bp , we observe
ifferent behaviours across galaxies. In general, the size tends to 
ither increase or remain constant o v er time, as seen in Au09, Au11,
u18, Au22, and Au26. Au10 also shows stable evolution until the 

tructure vanishes, leaving no associated size, a situation that also 
ccurs with Au17. Galaxies such as Au13, Au17 (after reappearance), 
nd Au23 display significant growth in b/p size o v er time. In terms
f the link between R bp and the R bar with time evolution, we find a
edian value of R bp /R bar = 0 . 43 ± 0 . 06. 
To understand the behaviour of the R bp /R bar ratio o v er time, we

an refer to Fig. 9 . This figure shows the size of the b/p bulge as a
unction of the bar size for each galaxy in two moments: around the
ormation of the b/p structure ( t c bp ) and at the end of the simulation
 t lb = 0 Gyr). Observing the behaviour of most of the galaxies, we
an distinguish a general trend: an increase in the size of the b/p,
ccompanied by a decrease in the bar size. Some N -body studies
ave suggested that the bar length can decrease when the b/p’s forms
Martinez-Valpuesta & Shlosman 2004 ), a phenomenon that we can 
ee in these galaxies. There are some exceptions to this trend. On
ne hand, Au09 and Au11 share the same tendency of an increment
n the size of the bar since the emergence of the b/p bulge. This
eems to be related to the method used for measuring the bar size
hat sometimes can o v erestimate this quantity, meanwhile the b/p
ulge of these galaxies is increasing. On the other hand, Au10 is
aving a decrease in the size of the b/p bulge since its formation,
MNRAS 540, 2031–2048 (2025) 
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Figure 10. Histogram of the ratio between the b/p bulge radius and the bar 
radius, with the filled (pink) histogram corresponding to z = 0 and the open 
(green) histogram to z = 0 . 2. The dashed–dotted vertical lines indicate the 
median values for each redshift. The dashed vertical lines show the range of 
ratios measured by Erwin & Debattista ( 2017 ), with the right line representing 
the upper limit (bar size at maximum ellipticity) and the left line representing 
the lower limit (full bar extent), along with error bars. 
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hich is interesting because the b/p structure in this galaxy not only
s becoming weaker but also it seems to be becoming shorter. 

Fig. 10 presents a histogram of the R bp /R bar values obtained
t z = 0 (pink) and at z = 0 . 2 (green). The vertical dashed–
ot lines represents the median for the two redshifts, finding
 R bp /R bar ) 

z= 0 
median = 0 . 48 and ( R bp /R bar ) 

z= 0 . 2 
median = 0 . 41. This indicates

hat in this sample, the b/p bulge extends to nearly 50 per cent of
he bar’s size at z = 0. These results are consistent with those of the
bservations. We compare this result with the analysis performed by
rwin & Debattista ( 2017 ), where the authors examined 84 barred
alaxies from an initial sample of 186 disc galaxies from the RC3
atalogue and the Virgo Cluster Catalogue (Binggeli et al. 1985 ).
hey measured bar sizes using a combination of ellipse fitting and
isual inspection, obtaining a lower limit a ε and an upper limit
 bar for the bar size. Additionally, the y pro vided an approximate
easurement of the b/p bulge size R box , determined by the total

isible extent of the main boxy region in logarithmic-scale images.
ith the size of the b/p and the two measurements for the bar

ize, they calculated the size ratio, finding R box /a ε = 0 . 53 ± 0 . 12
median = 0.54) and R box /L bar = 0 . 42 ± 0 . 09 (median = 0.43).
hese values are shown in Fig. 10 as vertical dashed lines, along
ith the corresponding error bars. There is a very good agreement
etween the sizes in our sample and those found by the authors,
ven considering that the size measurement methods are different.
n the other hand, Athanassoula et al. ( 2015 ) analysed a sample of
alaxies with barlens morphology (the face-on view of b/p bulges)
rom Laurikainen et al. ( 2011 ), estimating an average ratio between
he sizes of the barlenses and the bars to be around ∼0.6. Similarly,
 ̈utticke et al. ( 2000 ) measured the vertical thickness of b/p structures

n a sample of galaxies and found a ratio of ∼0.4. As a result, we
lso observe alignment between our findings and those obtained in
umerical simulations. Finally, we observe that by taking a larger
edshift ( z = 0 . 2), the median shifts towards smaller values, which
s consistent with the general trend that we observe of the bar length
f the galaxies decrease after the b/p bulge is formed. 
NRAS 540, 2031–2048 (2025) 
 BU C K L I N G  EPI SODES  

nce bars form, they can trap more stars within them, growing
onger in time and increasing in mass (see e.g. Athanassoula &

isiriotis 2002 ; Debattista et al. 2006 ). This increment can lead
o a scenario that fa v ours the emergence of instabilities. Small
ertical perturbations can grow, causing the bar to bend, thus creating
symmetries around the disc plane. This process, known as buckling,
esults in the bar experiencing deformation and vertical asymmetry.
fter a buckling episode, the bar’s morphology can be transformed

rom rather flat, to having an X-shaped or peanut-shaped structure,
.e. forming a b/p bulge. After the formation of bars, we aim to
ssess whether the galaxies experienced episodes of buckling during
he formation process of the b/p structure or at a later time. 

To accomplish this, we identify the lookback times where an
symmetry relative to the major axis of the bar is observed (indicating
uckling), by using different methods. The first method is a visual
nspection of the edge-on projection of the stellar density and the
nsharp mask, and the result is represented as the shaded regions in
igs 4 , 8 , 11 , and 13 . We also employed a method that measures the
uckling amplitude, labelled as A buck (Sell w ood & Athanassoula
986 ; Debattista et al. 2006 , 2020 ). This parameter quantifies
he vertical buckling amplitude using the second harmonic of the
zimuthal angle, weighted by the vertical positions and masses of
he particles, and is defined as 

 buck = 

∣∣∣∣	 j z j m j e 
2 iφ

	 j m j 

∣∣∣∣ , (4) 

here m j , z j , and φj are the mass, vertical position, and azimuthal
ngle of the j th particle. The sum is o v er all the stars within the
uts, i.e. | y| < 0 . 8 kpc, | z| < 2 kpc, and r < R bar, 0 . Finally, we also
 v aluated the meridional tilt angle, � tilt (Ghosh et al. 2024 ). This
arameter indicates the orientation of the velocity ellipsoid in the
 − z plane. A non-zero tilt angle suggests that the stellar velocities

re correlated between the radial and vertical directions, implying
 deformation of the velocity ellipsoid. The meridional tilt angle is
efined as 

 tilt = 

1 

2 
tan −1 

(
2 σ 2 

Rz 

σ 2 
RR − σ 2 

zz 

)
, (5) 

here σ 2 
ij = < v i v j > − < v j > < v i > is the stellar velocity dispersion

ensor (Binney & Tremaine 2008 ), using cylindrical coordinates over
he stars within the cuts | y| < 0 . 8, | z| < 2, and r < R bar, 0 .Fig. 11
hows the temporal evolution of A buck and � tilt , with their values
ndicated on the left and right I-ax es, respectiv ely, starting from the
ormation time for the bar ( t bar ) for each galaxy. The vertical lines
epresent different definitions of the b/p formation times: the dashed
ine indicates the formation time of the b/p bulge as detected by
he peak-detection method ( t c bp ), the dashed–dotted line shows the
ime of visually strong b/p bulge formation ( t vs 

bp ), the thick dotted

ine represents the visually weak b/p formation time ( t vw , 1 
bp ), and

he thin dotted line marks the formation time of a very weak b/p
ulge ( t vw , 2 

bp ), defined specifically for Au18. As mentioned before,
he shaded regions represent the visually identified periods of the
uckling episodes. 

In general, the evolution of both parameters exhibits similar trends,
ith peaks coinciding with the onset of visually identified buckling

pisodes. A buck seems to be a more noisy parameter. For example
n Au09 and Au10 it shows peaks where there is not a visually
dentified buckling. On the other hand, if we look at Au22, A buck is
ot detecting the first buckling episode recorded. Meanwhile, � tilt 

as a smoother e volution, sho wing clear peaks in the time periods
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Figure 11. Evolution of the buckling amplitude, A buck , and the meridional tilt angle, � tilt , for the galaxies in our sample. The buckling amplitude is represented 
by black solid lines with values marked on the left y-axis, while the tilt angle is shown by green solid lines with values indicated on the right y-axis. The 
evolutionary tracks start at the lookback time of bar formation, t bar , of each galaxy. The dashed line is the lookback time formation of the b/p bulge according to 
our method ( t c bp ), the dashed–dotted line is the lookback time formation of the visually strong b/p ( t vs 

bp ), the thin dotted line is the lookback time formation of the 

very visually weak b/p for Au18 ( t vw , 1 
bp ), and the thick dotted line is the lookback time formation of the visually weak b/p ( t vw , 2 

bp ). The shaded regions indicate 
the lookback times at which the bar is visually detected to be buckling. 
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here we identified visually the presence of a buckling. This suggests
hat, while both parameters generally behave similarly, � tilt is more 
f fecti ve at capturing buckling events. 

We find that all galaxies experienced buckling episodes before 
r around the formation of the b/p bulge, and we did not find any
ase where the b/p structure formed without a break in mid-plane 
ymmetry in the edge-on projection. This strongly suggests that 
he formation mechanism of these structures in these simulations 
s intimately linked to the buckling instability. Furthermore, more 
han half of the galaxies exhibiting double buckling events and in 
articular one of them present a quadruple buckling episode (Au18). 
mong these, Au17, Au18, and Au26 are undergoing buckling at 
 = 0. Martinez-Valpuesta et al. ( 2006 ) had previously identified the
ossibility of bars experiencing double buckling episodes, where bars 
ndergoing a vertical buckling instability initially weaken, followed 
y rene wed gro wth leading to recurrent buckling. In the case of Au18,
he behaviour remains unique. As previously mentioned, a structure 
esembling a b/p is observed around t lb ∼ 7 Gyr, accompanied by an
symmetry in the edge-on projection. Another episode is recorded 
round t lb ∼ 5 . 7 Gyr and another around t lb ∼ 4 . 2 Gyr close to the
isually weak b/p formation time, with a final episode occurring in 
he last gigayear of its evolution. In total, this galaxy experiences four
 uckling episodes, b ut the first two are very weak and last in between
.18 and 0.35 Gyr. Interestingly, during these visually recorded 
pisodes, peaks are observed in the A buck and � tilt parameters, 
hough their amplitudes are much smaller for the first two episodes.
he parameters generally show a good agreement with the visually 

dentified episodes, although they do not have a signal for all visually
dentified episodes. 

Another characteristic to consider regarding these episodes is the 
ime-scale o v er which the y occur, sho wing significant di versity. The
hortest episode lasts 0 . 31 Gyr for Au22, while Au17, experiencing 
ouble buckling episodes, exhibits the longest duration: one lasting 

2 . 4 Gyr and the other 3 . 8 Gyr . Fig. 12 illustrates a part of the two
uckling episodes experienced by the bar of Au17: the first buckling
oes from 8.7 to 6 Gyr and the second goes from 3.8 to 0 Gyr. It
s interesting to note that the time interval between the first episode
nd the second episode is 2 . 2 Gyr , roughly matching the duration of
he buckling. The bar’s edge-on morphology changes considerably 
uring the lifetime of this galaxy. The entire disc is deformed during
he first buckling episode, until a strong b/p is formed. Afterwards,
he b/p strength diminishes significantly (see also Fig. 4 ) to the point
hat the b/p is no longer detectable, not even with visual inspection,
.e. the b/p is in a sense, destroyed, or attenuated. After that, at around
 lb ∼ 3 . 8 Gyr , the bar experiences a second buckling episode, which
akes the bar asymmetric, and which is ongoing at z = 0. 
Fig. 13 shows how the bar strength of the galaxies was affected

y the buckling episodes and the formation of the b/p bulges. The
uckling starts at t lb when the bar is strong and well-defined, in
greement with works that use N -body simulations (Debattista et al.
MNRAS 540, 2031–2048 (2025) 
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M

Figure 12. Stellar density distribution and unsharp mask in the edge-on projection, for two buckling episodes recorded for the simulated galaxy Au17. For the 
first buckling we display the interval going from 8.09 to 7.62 Gyr in lookback time, and for the second buckling from 2.79 to 0.34 Gyr in lookback time. 

Figure 13. Bar strength as a function of lookback time from t bar to t lb = 

0 Gyr. The vertical lines are the different formations times for the b/p bulge: 
peak-detection method (dashed line, t c bp ), visual strong (dashed–dotted line, 

t vs 
bp ), visual weak (thick dotted line, t vw , 1 

bp ), visual very weak for Au18 (thin 

dotted line, t vw , 2 
bp ). The shaded regions indicate the lookback times at which 

the bar is visually detected to be buckling (see Section 5 ). 

2  

w  

d  

t  

b  

A  

w  

s  

n  

h  

F  

s  

s  

s  

s  

t  

o  

f

6

6

W  

m  

o  

o  

m  

s  

1  

i  

(  

S  

s  

o  

e  

t  

f  

i  

b  

C  

c  

e  

d  

fi  

K  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/3/2031/8137872 by guest on 09 June 2025
020 ; Li et al. 2023 ), although it does not necessarily al w ays coincide
ith the maximum value of its strength. For galaxies experiencing
ouble buckling episodes, we observe different behaviours. In Au18,
he bar weakens each time buckling occurs, but gains strength in
etween episodes. In contrast, the second buckling episode in Au17,
u22, and Au26 does not seem to affect the bar as much as the first,
hich caused significant weakening. These galaxies begin to regain

trength as soon as the first episode ends. The second episode, while
NRAS 540, 2031–2048 (2025) 
ot affecting Au13, causes Au23’s bar to weaken until it stabilizes
alfway through the event, maintaining a similar strength until z = 0.
or galaxies with a single buckling episode, Au09 and Au10 exhibit a
imilar trend: the bar weakens during the buckling but steadily gains
trength afterward, reaching a maximum at z = 0. Au11, ho we ver,
hows an increase in bar strength during buckling, followed by a
light weakening when the b/p forms, and then regains strength after
he episode. We find that at times, the bar strength can increase at the
nset of the b uckling episodes, b ut is weakened once the b/p bulge
orms. 

 DI SCUSSI ON  

.1 Delay time between bar and b/p bulge formation 

hen using our automatic b/p bulge detection method, we find a
edian delay time between the formation of the bar and the formation

f the b/p structure of 1 . 6 Gyr . When considering the first appearance
f the b/p bulge – using either visual inspection or our automated
ethod – we find a median delay time of 1 . 1 Gyr . Therefore, b/p

tructures in the Auriga simulations typically form between 1.1 and
.6 Gyr after the formation of the bar (Fig. 5 ). This delay time
s consistent with observational results, such as from Kruk et al.
 2019 ); in their work, they compare high-redshift observations from
immons et al. ( 2014 ) that identify barred galaxies at z = 1 . 5 − 2,
uggesting these bars formed at around ∼ 9 − 10 Gyr ago. Based on
bservations of b/p bulges at higher redshifts ( z ∼ 0 . 7 − 0 . 8), they
stimate a b/p formation time around ∼7 Gyr ago. They argue that
his therefore indicates a delay of approximately 2 Gyr between the
ormation of the earliest bar and b/p structures. Ho we ver, caution
s needed in this interpretation, since recent studies have found
arred galaxies at even higher redshifts, up to z ∼ 3 or even ∼4 (e.g.
ostantin et al. 2023 ; Guo et al. 2025 ; Le Conte et al. 2024 ), which
orresponds to a lookback time of ∼12 Gyr, which would suggest an
ven earlier formation time for bars. Additionally, it is not trivial to
raw a direct causal relation between the first barred galaxies and the
rst b/p’s; for example some early forming bars might dissolve (e.g.
raljic, Bournaud & Martig 2012 ) before forming a b/p bulge. The
ldest b/p bulge in the Auriga simulations forms at a lookback time
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f ∼8 Gyr, while the majority of the b/p structures formed between
.5 and 5.8 Gyr ago, with a couple of galaxies forming the structure
ithin the last 2 Gyr (median = 3 . 8 Gyr; see Fig. 2 ). These results

re consistent with the aforementioned study of Kruk et al. ( 2019 ),
ho find b/p bulges in galaxies at lookback times 3 − 8 Gyr. 
We now turn our attention to comparing our results with previous 

tudies of numerical simulations. Combes et al. ( 1990 ) use isolated
 -body simulations to study the formation of b/p structures, and find
 delay between the formation of the bar and the b/p bulge of ∼2
yr. Pfenniger & Friedli ( 1991 ) analyse in detail a N -body barred
alaxy and find that the bar becomes peanut-shaped at approximately 
 . 68 − 1 . 78 Gyr after its formation, while Athanassoula & Martinez-
alpuesta ( 2008 ) show that a b/p bulge forms about ∼1 Gyr after

he bar. These studies are all roughly in line with the delay time
e find in the Auriga simulations. Furthermore, Ghosh et al. ( 2024 )

onsider isolated N -body galaxy models, with varying thin and thick 
isc proportions, and find that there is a shorter delay between bar
nd b/p bulge formation for an increasing mass fraction of the thick
isc (i.e. galaxies with a more massive thick disc form b/p’s more
apidly); depending on the model, the time difference between bar 
nd b/p formation ranges between 0.5 and 3 Gyr. 

.2 Multiple buckling events 

e find that all the Aurig a g alaxies experience a break in symmetry
long the x –z plane prior to the emergence of the b/p bulge. This
uggests that the vertical asymmetric buckling of bars is an important 
echanism for the formation of b/p’s in these simulations. From 

 sample of 84 local barred galaxies, Erwin & Debattista ( 2016 )
dentify two galaxies with morphological and kinematic evidence that 
re currently undergoing a buckling episode. These galaxies belong to 
 subsample of 44 high-mass galaxies ( log (M star ) � 10 . 4 M �, which
s the same mass range as the galaxies in our sample), thus obtaining
n observed fraction of local barred galaxies undergoing a buckling 
vent of 4.5 per cent. In the Auriga simulations, we find that three
f the nine galaxies are experiencing a buckling episode at z = 0,
.e. one-third of the galaxies, a significantly higher fraction than in 
he aforementioned observations. In the same study, the authors also 
eveloped a simple model of galaxy evolution to study the buckling 
hase, obtaining a time difference between bar formation and the first
uckling of approximately ∼ 1 − 2 Gyr , while the buckling episode 
ad a duration of ∼ 0 . 5 − 1 Gyr . In the case of galaxies in the Auriga
imulations, we find a delay between bar formation and buckling 
f ∼ 0 . 4 − 1 . 5 Gyr with buckling episodes lasting between ∼0.3
nd 3.8 Gyr. These results are also consistent with the ones found
or isolated N -body simulations in the work of Martinez-Valpuesta 
t al. ( 2006 ), where the authors find recurrent buckling events with
 duration of ∼1 and ∼3 Gyr each, with a time difference between
he two events of ∼4.4, twice as long as the time between Au17
ucklings (2 . 2 Gyr). 

B/p bulges do not al w ays form via a buckling instability, as they
an also form via gradual mechanisms such as resonant trapping 
f stars (e.g. Quillen 2002 ). Ho we ver, as pre viously noted, in the
uriga simulations we find that all the b/p structures are formed 

fter a buckling event. To understand why this is happening, we turn
o previous works that explore under which circumstances gradual 
esonant trapping can occur. Sell w ood & Gerhard ( 2020 ), using N -
ody simulations, found that the presence of a nuclear star cluster 
a dense central mass) can inhibit the occurrence of buckling and 
auses stars to gradually puff up out of the plane. Some studies use
imulations that include a gas component and they report that gas 
as an effect on buckling. For example Baba, Kawata & Sch ̈onrich
 2022 ) uses an N -body/hydrodynamics simulation of an isolated
alactic disc that includes gas, radiative cooling, and star formation, 
nd finds that the inclusion of both a gas component and star
ormation results in the formation of a b/p bulge without buckling. In
ddition, other works (Berentzen et al. 1998 ; Debattista et al. 2006 )
gree that gas can significantly influence the evolution of discs, in
articular by generating an increase in the central mass concentration 
CMC) which, as Sell w ood & Gerhard ( 2020 ) found, results in the
uppression of buckling. We therefore see that a massive CMC can
ontribute to the suppression of the buckling instability in the disc.
he reason that we do not see this gradual heating occurring in the
uriga simulations, could be due to the lack of massive CMCs in the

entres of galaxies. For example the interstellar medium (ISM) model 
sed in the simulations (Springel & Hernquist 2003 ), together with
he star formation and feedback model, might not allow a very dense
entral mass concentration to form. We defer a detailed exploration 
f the properties of CMCs in Auriga and their effect on disc stability
o future work. 

.3 b/p fraction and comparison with obser v ations 

inally, we discuss our findings in terms of the b/p fraction o v er
osmic history. At z = 0, we find that 45 per cent of barred
alaxies host a b/p bulge. This value lies between the range of
bservational estimates (see Fig. 6 ), although the observed fractions 
ary significantly between studies; this suggests that observational 
imitations and methodological differences play a critical role in 
etermining the b/p fraction. For example Erwin & Debattista ( 2017 ),
ho report the highest b/p fraction out of the studies we consider, find

hat 80 per cent of massive barred galaxies host a b/p bulge at z = 0.
n the other hand, Kruk et al. ( 2019 ) quote two b/p fractions in their

tudy: a detected b/p fraction, which is 31 per cent, and a corrected
raction of 69 per cent, which aims to account for biases such as image
esolution, signal-to-noise limitations, and band-shifting effects that 
inder the detection of b/p structures at high redshift. They do this
y simulating how nearby SDSS galaxies would appear at greater 
istances, and then estimate how many b/p structures are missed, 
djusting their fraction accordingly. Other studies show similarly 
ide variations. L ̈utticke et al. ( 2000 ) report a fraction of 68 per

ent at z = 0, closely matching the corrected fraction of Kruk et al.
 2019 ), whereas Yoshino & Yamauchi ( 2014 ) find a significantly
ower fraction of 33 per cent. These fractions are multiplied by a
actor of 3/2, to take into account that approximately two-thirds of
isc galaxies in the local Universe host bars. Yoshino & Yamauchi 
 2014 ) discuss the discrepancies between their results and those of
 ̈utticke et al. ( 2000 ), suggesting that the variations may be attributed

o several factors: the inherent difficulty of detecting b/p structures, 
he quality of observational data, and different definitions of what 
onstitutes a b/p bulge. They note that the sample of L ̈utticke et al.
 2000 ) mainly consists of late-type galaxies, where the bulges appear
mbiguous in the Digitized Sk y Surv e y (DSS) images. Furthermore,
any late-type galaxies have their bulges classified as ‘ close to box-

haped, not elliptical ’, leading the authors to suggest that the b/p
raction in the work of L ̈utticke et al. ( 2000 ) may be o v erestimated. 

The results of Erwin & Debattista ( 2017 ) (who find a b/p fraction
f 80 per cent), point to a higher b/p fraction than the one we
nd in Auriga (45 per cent), for galaxies in the same stellar mass
egime. Putting aside the observational uncertainties in determining 
/p fractions, this might indicate that the Auriga simulations are 
nderproducing b/p bulges. As discussed in Section 3.1 , the ratio of
ertical to radial stellar velocity dispersion ( σz /σR ) plays a crucial
ole in determining the stability of the disc against buckling instability 
MNRAS 540, 2031–2048 (2025) 
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e.g. Merritt & Sell w ood 1994 ; Martinez-Valpuesta et al. 2006 ), with
he formation of b/p bulges favoured in galaxies with low σz /σR . A
ow ratio implies that the stars have a greater radial motion compared
o the vertical motion, producing a centrifugal force that dominates
 v er the gravitational force of the disc, which is trying to confine the
tars to the plane. For example in the study of Ghosh et al. ( 2024 )
hey showed – using isolated N -body simulations – that galaxies with
otter discs tend to form weaker b/p’s. In the Auriga simulations, the
iscs tend to have slightly high σz (see e.g. Grand et al. 2016 ), which
herefore could make it harder for buckling to occur, or could produce
/p’s that are weaker. There are several mechanisms that might be
riving the vertical heating of discs in Auriga, such as external
erturbations of satellite galaxies, while the ef fecti ve equation of state
sed for the ISM (Springel & Hernquist 2003 ) could also be playing
n important role in limiting how thin the disc can be. Although we
how in Section 3.1 a general trend that barred galaxies without a b/p
 ulge ha v e higher σz /σR , we defer a detailed e xploration in the role
f disc heating in b/p formation within the cosmological context to
uture work. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we use the Auriga suite of cosmological zoom-in
imulations to study the formation and evolution of b/p bulges o v er
osmic history. To identify these structures, we use visual inspection
nd develop an algorithm to automatically identify the presence and
trength of a b/p bulge. Additionally, we explore the properties of the
/p bulges, and how they relate to the properties of bars. Our results
an be summarized as follows. 

(i) b/p fraction: we find that 45 per cent of barred galaxies in
uriga at z = 0 have a b/p bulge. This fraction decreases to 20 per

ent at z = 0 . 5, and by z = 1, none of the barred galaxies host a b/p
ulge (Fig. 6 ). 

(ii) b/p formation time: we find a variety of formation times for
he b/p bulges; the oldest b/p forms at a lookback time of t lb ∼ 8 Gyr,
ith a majority of b/p’s forming between t lb ∼ 2 . 5 − 5 . 8 Gyr. Two
f the b/p’s form within the last 2 Gyr. We find that the b/p bulges
ypically form between 1.1 and 1.6 Gyr after the formation of the bar
Fig. 5 ). 

(iii) Formation mechanism: in all the galaxies hosting a b/p
 ulge, a b uckling episode precedes the formation of the b/p structure,
uggesting that this mechanism drives the formation of b/p’s in
osmological simulations (see e.g. Figs 4 and 11 ). Furthermore,
alaxies that form b/p’s tend to have older bars and a lower σz /σr 

atio, as compared to barred galaxies that do not form a b/p bulge
Fig. 7 ). 

(iv) b/p re-emergence: we find two galaxies in which the b/p
orms, then appears to dissolve (or is undetectable) and then reforms
ollowing a later buckling event. This suggests that these structures
ight emerge, dissolve, and re-emerge in a cosmological setting (see

.g. Fig. 4 ). 
(v) Sizes of b/p bulges and bars: a correlation appears to exist

etween the growth of the b/p bulge and a relative decrease in the
ize of the bar, consistent with their joint evolution (Figs 8 and 9 ). By
easuring R bp /R bar at z = 0, we found that the sizes of the b/p bulges

epresent about ∼ 50 per cent of the size of their bars (Fig. 10 ). 
(vi) Multiple buckling events: more than half of the galaxies

ave double buckling episodes, with one of them experiencing four
f these events (two of them happening during short periods of time)
Figs 11 and 12 ). 
NRAS 540, 2031–2048 (2025) 
(vii) Impact of buckling on bars: galaxies that experience
ultiple or single buckling episodes sho w v arying responses in their

ar strength. We see that at the onset of the asymmetry, the bar can
eep growing stronger, but once the b/p bulge forms, it weakens.
nterestingly we find that, while some galaxies experience buckling
vents during brief periods of time, the majority of the events seems
o remain during long periods of time (Fig. 13 ). 

With this study we explore in detail the formation and evolution of
/p bulges in the Auriga cosmological simulations. These structures
re intimately linked to the evolution of bars and reveal important
nformation about the dynamical state of the disc in the cosmological
ontext. The fact that we find an underestimation of b/p’s in the
uriga simulations compared to some observations hints to aspects
f the galaxy formation and evolution model that stabilize the bar
gainst forming these structures, such as the disc thickness. With a
eneral view of these structures now established, future work will
ocus on a more detailed study of how b/p bulges form and influence
tellar populations that emerge after they are in place. 
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M

Figure A1. Upper panels : stellar surface density in the edge-on projection ( xz plane) for the galaxies of our sample, at z = 0. Middle panels : unsharp mask 
of the surface density in the edge-on projection. Lower panels : radial profile of the median of the absolute value of the heights of the stars, normalized by the 
central value, at z = 0. The vertical dashed lines in all the panels represent the size of the b/p bulges. 
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PPENDIX  B:  B/P  BU LG E  DETECTION  

he different panels of Fig. B1 show how the minimum value of the
econd deri v ati ve of the parameter Z (defined as the median of the
bsolute values of the z positions of the stars that are part of the bar,
ormalized with the corresponding central value), (d 2 Z ( r ) / d r 2 ) min ,
aries with lookback time for each galaxy. This value directly
easures the curvature of Z : when ne gativ e, it indicates downward
NRAS 540, 2031–2048 (2025) 
onv e xity corresponding to the presence of a maximum point. The
ore ne gativ e the v alue, the greater the curv ature, resulting in a
ore pronounced peak. We observe that there is a moment when

his value becomes significantly more ne gativ e and remains so o v er
everal snapshots (at least five). Specifically, we find that a threshold
f (d 2 Z ( r ) / d r 2 ) min = −0 . 51 marks this drop, and we use it to define
he lookback time where the b/p emerge: t c bp . 
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Figure B1. Minimum of the second deri v ati ve of the parameter Z , defined as the median of the absolute values of the z positions of the stars that are part of 
the bar, as a function of lookback time, for all the galaxies in our sample. 
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PPEN D IX  C :  W E A K  B/P  BU LG E  IN  AU 1 8  

e show the stellar density distribution (and unsharp mask) in the 
dge-on projection for Au18 for the times when we observe a weak
/p bulge, at t lb ∼ 4 Gyr and t lb ∼ 7 Gyr. 
igure C1. Stellar surface density and unsharp mask for Au18, during the perio
ut-off of | y| < 1 kpc for better visualization. 
PPENDI X  D :  B/P  FA D IN G  

oth Au10 and Au17 present moments where the strength associated 
ith the b/p is zero. This can be understood by observing Fig. B1 ,
here after identifying the b/p formation lookback time, there are 
MNRAS 540, 2031–2048 (2025) 

ds when a weak b/p bulge is visually detected. The plots are shown with a 
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Figure D1. Stellar surface density and unsharp mask for Au10, during the periods when no strength associated with the b/p was detected: from lookback time 
∼ 1 . 14 − 0 . 14 Gyr. 

Figure D2. Stellar surface density and unsharp mask for Au17, during the periods when no strength associated with the b/p was detected: from lookback time 
∼ 5 . 53 − 4 . 58 Gyr. 
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eriods when the minimum of (d 2 Z ( r ) / d r 2 ) min takes values abo v e
0 . 51. Figs D1 and D2 show the stellar density distribution and

he unsharp mask corresponding to each galaxy during the times
hen no associated strength was detected. These figures can help
s understand what is happening. Initially, this could be due to two
ossibilities: either the structure weakens o v er time and the method
ails to capture it, or the structure truly disappears and is no longer
resent. At first sight, one might be tempted to conclude that the
NRAS 540, 2031–2048 (2025) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
tructure is absent based on the stellar density distributions. Ho we ver,
pon closer inspection of the unsharp mask, there seems to be a faint
eanut signal near the ends of the bar, leading us to lean towards the
rst option, that the structure weakens but is still present. A more
etailed study about this topic will be addressed in a future work. 
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