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ABSTRACT

Boxy/peanut (b/p) or X-shaped bulges have been extensively explored with theory and numerical simulations of isolated galaxies.
However, 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
Auriga magnetohydrodynamical 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 over 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.
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mechanism of the latter. However, both these mechanisms require

1 INTRODUCTION fine-tuning, while b/p bulges are common in edge-on galaxies (e.g.

Galaxies exhibit a variety of structural components, with central
bulges being one of the most prominent ones. These structures are
categorized into three types by Athanassoula (2005): (1) classical
bulges, which are dispersion-dominated spheroids, composed mainly
of old stars, (2) nuclear discs (also commonly referred to as discy
pseudo-bulges), which are flattened disc-like structures, and which
often contain younger stellar populations, and (3) boxy/peanut (b/p)
or X-shaped bulges. Early studies suggested that external torques
(May, van Albada & Norman 1985) or galaxy mergers with specific
configurations (Binney & Petrou 1985) could be the main formation
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Liitticke, Dettmar & Pohlen 2000). Several subsequent numerical
studies have shown that these structures are in fact part of the bar
seen edge-on and form spontaneously during the evolution of bars
(Combes & Sanders 1981; Combes et al. 1990; Pfenniger & Friedli
1991; Raha et al. 1991; Bureau & Athanassoula 1999; Bureau &
Freeman 1999; Martinez-Valpuesta, Shlosman & Heller 2006; Ness
et al. 2012).

Two primary formation mechanisms have been proposed as being
responsible for forming b/p bulges (sometimes referred to as b/p’s,
for simplicity): (i) the so-called ‘buckling’ of the bar, also known as
the ‘fire hose’ instability (Toomre 1966; Raha et al. 1991; Merritt &
Sellwood 1994), or (ii) by the resonant excitation of the orbits of
stars trapped within the bar (Combes & Sanders 1981; Combes et al.
1990; Pfenniger & Friedli 1991; Quillen et al. 2013; Sellwood &
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Gerhard 2020). Recently, Li et al. (2023) proposed that the vertical
buckling (or bending) of the bar is itself a resonant process. Regarding
the former, the bar becomes prone to vertical instabilities when the
radial velocity dispersion exceeds the vertical velocity dispersion
(Araki 1985; Athanassoula & Martinez-Valpuesta 2007). This causes
the bar to bend, breaking its mid-plane symmetry and leading to
a thickening of its inner regions (see for example Cuomo et al.
2023). Using N-body simulations, Martinez-Valpuesta et al. (2006)
showed that such buckling events can happen several times during the
secular evolution of the bar. Meanwhile, resonance trapping refers to
a gradual mechanism through which stars can be trapped in vertical
resonances, leading to the formation of b/p bulges without the need
for a buckling phase or a break in the mid-plane symmetry (Quillen
2002).

There have been various methods proposed to test for the presence
of a b/p bulge in numerical simulations and to characterize their
features (e.g. Debattista et al. 2005). Martinez-Valpuesta & Athanas-
soula (2008) found correlations between the strength of bars and b/p
bulges, indicating that stronger bars tend to have more pronounced
b/p structures. They also observed a connection between bar strength
and buckling episodes, with bars that experienced multiple buckling
events being stronger. More recently, Ghosh et al. (2024) used a
suite of N-body models, featuring both thin and thick stellar discs,
and found that in thicker discs the b/p bulges tend to be weaker and
have a more extended length.

Numerical studies of b/p bulges in galaxies have mostly involved
isolated disc galaxies (Combes et al. 1990; Martinez-Valpuesta &
Athanassoula 2008; Fragkoudi et al. 2017), as these simulations
provided the high resolution needed to examine their internal struc-
tures in detail. However, recent advances in cosmological simulations
now make it possible to study the internal structures of disc galaxies
within the full cosmological context of A-cold dark matter (CDM).
This has led to significant advancements in the analysis of barred
galaxies (Scannapieco & Athanassoula 2012; Algorry et al. 2017;
Grand et al. 2017; Spinoso et al. 2017; Gargiulo et al. 2019, 2022;
Lokas 2020; Rosas-Guevara et al. 2020; Fragkoudi et al. 2021,
2025; Lopez et al. 2024). In recent years, there have also been
studies focused on the investigation of b/p structures in cosmological
simulations. Fragkoudi et al. (2020) used the Auriga simulations to
analyse in detail the chemodynamic properties of five haloes with
prominent bars and b/p structures. Through visual inspection, they
found that the fraction of strong b/p’s is around 30 per cent at
z =0 and discovered that young metal-rich populations produce
prominent X-shaped structures, confirming previous results using
isolated simulations (Athanassoula, Rodionov & Prantzos 2017,
Debattista et al. 2017; Fragkoudi et al. 2017). Similarly, Blazquez-
Calero et al. (2020) used the Auriga simulations and identified six
galaxies with b/p structures at z = O through visual inspection of
unsharp masked images, with two of these galaxies undergoing
a buckling episode. They characterized these structures from an
observational perspective, finding sizes comparable to those obtained
from observations. More recently, Anderson et al. (2024) analysed
barred galaxies with stellar mass log(M,/Mg) > 10.0 at z =0 in
the MlustrisTNG50 simulation (Nelson et al. 2019; Pillepich et al.
2019). They distinguished those hosting a b/p structure from those
that do not, and quantified the strength, frequency and sizes of these
structures.

Observationally determining the fraction of b/p bulges (i.e. the
number of barred galaxies that host a b/p structure) is somewhat
complicated due to projection effects, since, on the one hand, it
is challenging to ascertain whether an edge-on galaxy has a bar,
while on the other, it is hard to determine whether a face-on galaxy
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possesses a b/p bulge. In the local Universe, it is observed that
approximately two-thirds of disc galaxies possess a bar (Eskridge
et al. 2000; Menéndez-Delmestre et al. 2007), while there is a
decrease in the bar fraction at higher redshifts (Jogee et al. 2004;
Sheth et al. 2008; Melvin et al. 2014; Guo et al. 2025; Le Conte
et al. 2024). Measurements of the b/p fraction in the local Universe
have been conducted using different approaches. Some studies focus
on edge-on galaxies, making use of the distinct b/p-shaped features
that are more easily identifiable when the galaxy is viewed edge-on.
Liitticke et al. (2000) visually analysed edge-on galaxies in both
optical and infrared bands from the Third Reference Catalogue
of Bright Galaxies (RC3; de Vaucouleurs et al. 1991) finding a
b/p fraction of 45 per cent from a sample of 734 galaxies, while
Yoshino & Yamauchi (2014) used observations from the Sloan
Digital Sky Survey (SDSS) Data Release 7 archive of 1716 edge-
on galaxies, finding a b/p fraction of 22 per cent in the i band.
Recently, Marchuk et al. (2022) analysed images from the Dark
Energy Spectroscopic Instrument (DESI) Legacy Imaging Survey
(Dey et al. 2019) creating a sample of 1925 edge-on or near edge-on
galaxies with b/p and X-shaped bulges, identified through residual
images. They observed a significant increase in the frequency of b/p
bulges in galaxies with masses above log(M, /Mg) ~ 10.4.

Other studies have concentrated on nearly face-on galaxies to
assess the presence of b/p bulges, which are more challenging due to
the orientation but provide complementary insights into the fraction
of barred galaxies containing a b/p bulge. For example Erwin &
Debattista (2017) examined a sample of 186 disc galaxies from the
RC3 catalogue and the Virgo Cluster Catalogue (Binggeli, Sandage &
Tammann 1985). They found that 118 galaxies of the sample were
barred galaxies, and 84 of these galaxies had a moderate inclination
(i ~ 40 — 70°) with the bar not oriented too close to the minor axis
(APA < 60°), making them good for detecting possible b/p bulges.
Their method involves studying the isophotes of galaxies, taking into
account that the projection of the b/p bulge appears thick, resulting
in a box-shaped isophote, while the outer part of the bar has a thinner
projection, which they refer to as ‘spurs’. Based on this observation,
galaxies that meet the inclination criteria and exhibit isophotes with
a box + spurs feature are classified as having b/p bulges. Their
study revealed a strong dependence on stellar mass: only 12 per
cent of barred galaxies with masses less than log(M,/Mg) =~ 10.4
have b/p bulges, whereas about 80 per cent of barred galaxies with
masses greater than this threshold have b/p bulges. Kruk et al. (2019)
analysed a sample of galaxies from the Hubble Space Telescope
Cosmic Evolution Survey (COSMOS) and SDSS using the same
approach as the one developed by Erwin & Debattista (2017). They
investigated the evolution of the b/p bulge fraction in barred galaxies
with redshift, finding a 31 per cent fraction at z = 0 that decreases
to ~ 0 at z = 1. The authors argue that these detections represent
lower limits for the b/p fraction, as they included galaxies with
orientations that are not favourable for detecting b/p bulges, thereby
underestimating the observed quantities. By applying a correction to
their results, they find a b/p fraction of ~69 per cent at z = 0, which
drops to less than ~10 percent at z = 1. While the exact fraction
of b/p’s in the local Universe and across cosmic history is still to be
fully quantified, it is clear that these structures are commonly found
in spiral galaxies in the Universe.

Here, we are interested in studying the formation and evolution of
b/p bulges in a cosmological context, using the Auriga cosmological
simulations. Our goal is to investigate how and when they form,
as well as characterizing their evolution over time. The paper is
organized as follows. In Section 2, we describe the simulations
used, present the global properties of the galaxies in our sample,
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and describe the method used to identify the b/p bulges. In Section 3,
we study the formation time of b/p’s and the fraction of galaxies
hosting them across redshifts. In Section 4, we examine the time
evolution of the sizes of the b/p bulges and the relation with the sizes
of the bars. In Section 5, we study the buckling episodes experienced
by the bars. In Section 6, we discuss our results. Finally, in Section 7,
we present the summary and conclusions of the work.

2 METHODOLOGY

2.1 Overview of the Auriga cosmological simulations

We make use of the cosmological gravo-magnetohydrodynamic
‘zoom-in’ Auriga simulations (Grand et al. 2017, 2024). These
simulations were designed to understand the formation and evolution
of Milky Way-type spiral galaxies. We use 30 haloes with halo masses
at z =0 of My = 1 — 2 x 10'2M,,, which were first presented in
Grand et al. (2017). These are selected from a parent dark matter-
only counterpart to the Eagle simulation, with a comoving box size
of 100 cMpc. The 30 haloes were selected randomly from a sample
of 174 candidates that meet the conditions of (a) being in a mass
range of 1 < Myyy/10>Mg < 2 and (b) being relatively isolated at
z = 0. The isolation criteria considers haloes that have a mass at
least 3 per cent greater than that of the main halo and are located
at a distance of at least 9 times their R;; from the main halo. The
simulations were performed using the AREPO moving-mesh code
(Springel 2010; Pakmor et al. 2015), following the coupled evolution
of the dark matter and gas components, and implement a galaxy
formation model described in Grand et al. (2017). The cosmological
parameters that the simulations adopt are 2, = 0.307, 2, = 0.048,
Q, = 0.693, and a Hubble constant of Hy = 100 A kms™! Mpc’l,
where h = 0.6777, taken from Planck Collaboration XVI (2014).

In this work, we use simulations with a baryonic mass resolution
of 5 x 10* Mg, and a dark matter mass resolution of 4 x 10° Mg, The
softening length of the star particles is approximately 375 pc and for
the gas cell is scaled by the mean radius of the cell.

2.2 Identifying the barred galaxies

We are interested in conducting an evolutionary study of the various
properties that characterize the b/p structures in the galaxies of the
Auriga cosmological simulations. For this reason, it is crucial to
detect when these structures first emerge and to trace their evolution
throughout the simulation timeline. In order to identify the b/p’s we
first need to know which galaxies host a bar (see also Fragkoudi et al.
2025 for the barred galaxy fraction in the extended Auriga suite of
simulations, a different sample from the one used in this work). To do
that, we perform a Fourier decomposition of the face-on (xy plane)
density distribution of the stellar disc of the 30 simulated galaxies and
calculate the modes (Athanassoula, Machado & Rodionov 2013),

an(R) =y mj cos (mb;) . m = 0,

1
bu(R) = Zmi sin(m6;), m > 0,

where the sum is over all the disc particles, defined as the ones with
|z| < 5kpc! and projected radius inside 10kpc, m; is the mass of

'We note that the cut employed for the z-coordinate here is different from
the one used in Fragkoudi et al. (2025), who used a cut of |z| < 0.8 kep. The
larger cut employed here will lead to lower peaks in the A, profile, which
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particle i and 6; is the azimuthal angle. We perform the calculation
by taking radial bins of Ar = 0.2kpc width from the centre of each
galaxy. The strength of the bar is defined from the m = 2 mode of
the Fourier decomposition

Va2 +b;

ao

Ay = (@)
From this calculation we can derive the strength of the bar for
each snapshot of the simulation, taking the maximum of the m =2
mode, defined as A, .. We consider that a bar is formed when the
maximum strength reaches a threshold of 0.25 and continues over
that value thereafter; as a result of this analysis we find 18 galaxies
having a bar at z = 0.

To calculate the sizes of the bars, Ry, we take the radius where
the radial profile of A, has a drop of 0.35 A, max (i-e. A, reaches a
value of 0.65 Ay max after its maximum), after reaching its maximum.

2.3 Method to detect b/p bulges

Once we have the sample of barred galaxies at z = 0, we conduct a
visual analysis of the stellar density distributions and unsharp masks?
of the edge-on projection; we show the simulated galaxy Au23 as
an example in the upper and middle panels of Fig. 1. We identify
nine galaxies with a b/p structure: six of them were analysed in a
previous work (Blazquez-Calero et al. 2020), but we also find three
more galaxies hosting a b/p bulge. These nine galaxies constitute our
b/p bulge sample, and their properties are listed in Table 1.

Various methods have been employed previously in the literature
for deriving the presence and strength of b/p’s; for example some
studies have used the kurtosis of the vertical velocity or the absolute
value of the z-component of stars (Debattista et al. 2005; Martinez-
Valpuesta & Athanassoula 2008; Fragkoudi et al. 2017; Anderson
et al. 2024; Ghosh et al. 2024). For this work, we tested various
methods and developed an automatized algorithm to detect the
presence of a b/p and its strength which gives us a good match
to the visual classification of b/p bulges (based on unsharp masking).
We describe the steps of the procedure as follows:

(1) In the rotating reference system with the bar, we isolate the
bar structure of each galaxy and follow its formation with time. For
this purpose, we select the stars inside the bar and close to the plane,
i.e. with the absolute value of the y and z-coordinates satisfying the
conditions |y| < 0.8kpc, |z| < 2kpc, and R < R,ﬁazro, where R is the
cylindrical radius and R refers to the bar length at z = 0.

(ii) We calculate the median of the absolute value of the height of
the star particles above and below the disc, |z|median, DY Using radial
bins of 0.2kpc and then normalize the profile to the value of the
median of |z| in the centre of the galaxy (|z]|median(R = 0)). From
now on, we define

_ |Z|median (3)
|Z|median(R =0) '

We calculate Z(r) for the nine galaxies at every snapshot. A peak in
the profiles is associated with the signal of the b/p bulge; an example

leads to slightly younger bar ages in this study, as compared to Fragkoudi
et al. (2025), i.e. by about ~ 11 per cent. However, we note that this choice
does not qualitatively affect the results of our study.

2Unsharp masking refers to a technical process applied to an image where
blurred components are removed, therefore enhancing the features present in
the original version of the image. For this, we use the unsharp masking filter
from the SCIKIT-IMAGE PYTHON library.
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z [kpc]

z [kpc]

r [kpc]

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
value evaluated at z = 0, Z (solid black line), and the second derivative of
Z (dashed violet curve with dots). The vertical dashed lines in all panels
indicate the size of the b/p structure, Rpp.

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 (r).

Galaxy M, Mgy AT Rbpar
- 10'°M¢ 10'°Mg - kpc
Au09 5.23 043 0.48 35
Aul0 5.57 1.01 0.52 3.7
Aull 433 0.78 0.46 71
Aul3 5.42 0.80 0.40 45
Aul? 6.72 0.77 047 47
Aulg 6.48 0.26 036 45
Au22 5.67 0.51 0.39 37
Au23 6.67 047 038 49
Au26 9.77 0.82 042 37

of this is shown for Au23 in the lower panel of Fig. 1, where we
show Z(r) on the left y-axis (solid black line).

(iii)) We implement a method that involves detecting this peak, i.e.
a local maximum in Z, by requiring to detect a minimum negative
value in the second derivative of Z (d>Z(r)/dr?). To do this, we

MNRAS 540, 2031-2048 (2025)
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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 grey) versus 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.

exclude the inner and outer radial region taking 0.15 R{°
0.75 RZ=". In order to facilitate peak detection we have smoothed
the profiles with a Butterworth filter (Butterworth 1930), using the
SIGNAL module from SCIPY PYTHON library. In the lower panel of
Fig. 1, we illustrate d> Z(r)/dr? at z = O for the galaxy Au23, where
the peak is highlighted by a red dot. We use the radial position of the
peak as a definition for the size of the b/p bulge, Ry, indicated by the
vertical red dashed line (see in Fig. A1 for the rest of the galaxies).

(iv) We define the strength of the b/p bulge, B Pyrengin, as the value
of Z at Ry, and trace this over time. We set the b/p’ strength to zero
if a peak is not detected in the profile of Z.

(v) To determine the formation lookback time of the b/p bulges, we
refer to Fig. B1, which shows the evolution of the minimum value of
the second derivative of Z, d>Z(r)/dr?, from the formation lookback
time of the bar, #y,,, to the present (f, = 0 Gyr) for each galaxy. When
this parameter drops below a threshold? of d* Z(r)/dr? < —0.51, and
remains below it consistently (for at least five snapshots), we define
this instant as marking the formation time of the b/p bulge, denoted
as 5,4

<r<

To evaluate the accuracy of the detected formation times using
our method, we carry out a visual inspection for all galaxies across
all times after bar formation (0 Gyr < tj, < tyy), €xamining both
the stellar surface density and the unsharp mask in the edge-on
projection. As a result, we visually identify the moment when the
b/p bulge clearly emerges (appearing as a strong feature in the edge-
on projections), calling it: ;. Fig. 2 shows a comparison between
the time detected by the code (peak-detection method, #;,) and the
time at which strong b/p’s are identified visually (z5; in colours).
Most galaxies fall close to the one-to-one line, suggesting a good
agreement. During the visual analysis, we find that for two of the
galaxies explored, they show signs of weak b/p structures, which are
not detected by our algorithm. These appear for a short period of time

3The threshold was determined by visually inspecting when a b/p appears in
edge-on images of the galaxy.

4Throughout this paper, when we talk about formation times we are referring
to lookback times.
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Table 2. Lookback times in Gyr for the formation of the stellar bar, #p 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 (tg:’l), a very weak one (tl;’;"’z) (only defined for Aul8), a

strong b/p (tg;), and the time determined by the peak-detection code (tgp).
Galaxy foar ! i oy 5
Au09 6.50 - - 5.22 5.38
Aul0 6.17 - - 5.06 4.58
Aull 3.96 - - 2.17 1.98
Aul3 3.27 2.48 - 1.66 1.66
Aul7 9.16 - - 7.90 7.90
Aul8 7.90 4.08 6.99 1.01 0.81
Au22 7.62 - - 5.88 5.73
Au23 442 - - 297 2.79
Au26 3.62 - - 2.48 2.48

and subsequently are no longer detectable. We refer to these earlier
detections of a weak b/p signal as tbvl‘)” 1A noteworthy case is that of
Aul8, where we find two weak signals of b/p’s at two distinct times:
the first at f, ~ 4 Gyr and the second at #;, ~ 7 Gyr, meaning 3 and
6 Gyr before the strong b/p bulge is picked up by our algorithm (see
Fig. C1 from Appendix C). We define this earlier time, associated
with the first appearance of a weak b/p structure, as lg;)” 2 However,
we find this structure to be short-lived, appearing for a period of time
of roughly ~0.5 Gyr before dissolving. Table 2 lists the values for
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the different definitions of the b/p formation time for each galaxy.
For the galaxies in which we do not list a tg;’ ‘! value, we find that
there can be a weak b/p signal approximately 1 — 2 snapshots before
the strong b/p forms. This gives us the approximate time it takes for
the galaxy to go from having no detectable b/p to a strong b/p, which

is approximately ~160 Myr.

3 B/P FORMATION

In this Section, we explore the formation time of the b/p’s and how
common they are in these simulations. As we mentioned before, to
determine the formation time of the b/p structure, we computed the
radial profile of Z for all time-steps after fy,;, as shown in Fig. 3,
with different colours representing times since bar formation in
lookback time. The profiles differ across galaxies, some showing
more pronounced peaks than others and, generally, all profiles show
an increase towards larger radii, a trend not observed in isolated
galaxy simulations (see e.g. Ghosh et al. 2024). This flaring effect is
a consequence of star formation occurring in a flaring gaseous disc
(Grand et al. 2017) combined with interactions between the stellar
disc and satellites, which heats up the outer disc (Grand et al. 2016).
Initially, right after bar formation, we can see that there is no visible
peak in Z, indicating the absence of a b/p structure. After some time,
we observe how the curves begin to display more defined peaks,
indicating the emergence of the b/p bulge. The red curve in Fig. 3
represents the Z profile at #;, for each galaxy (see Section 2.3). Once

3.0 3.0 3.0
5.88 088 3.45
- 5.22
2.51 i 251 458 251 2.97
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Figure 3. Radial (cylindrical) profiles of the median of the absolute value of the z-positions of stars normalized by the central value. The different colours
represent the lookback time measured from bar formation, ., (light yellow), to #, = 0 Gyr (dark purple). The code peak-detected time formation of the b/p

bulge (tgp) is indicated with a red line.

MNRAS 540, 2031-2048 (2025)

G20z aunf 60 U0 1sanb Aq 2/8/€18/L£0Z/E/0FS/P0IME/SEIULY/WOO dNO"dlWapede//:Ssdny WOy papeojumoq



2036  P. D. Lopez et al.

BPstrength

o i T i A e
oo uiouio Lt

B-Pstrength
comHEMdNhwow
OOTOUTO OO Ut

BPstrength
SO NNDWW

SOt Lo Wt

43 2

ti, [Gyr]

5

76

ti [Gyr]

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 #,,r Of each galaxy. The dashed line is the lookback time formation of the b/p bulge according to the peak-detection code (tﬁp), the
dashed—dotted line is the lookback time formation of the visually strong b/p bulge (tg'S), the thick dotted line is the lookback time formation of the visually weak

vw,2

b/p bulge (tvw’l), and the thin dotted line is the lookback time formation of the visually very weak b/p bulge (tbp ), defined for Aul8. The shaded regions

bp

indicate the lookback times at which the bar is visually detected to be buckling (see Section 5).

the formation time of each b/p bulge is established we can track its
evolution over time. To analyse this we can refer to Fig. 4 that shows
the strength of the b/p bulge as a function of lookback time. Overlaid
are the different definitions of the b/p formation times, and the shaded
regions correspond to time intervals where buckling episodes were
detected, which we will discuss further in Section 5.

Several interesting insights emerge from this analysis. In general,
some galaxies show a clear increase in their b/p strength over
time, as seen in Aul3 and Au23. Notably, the code successfully
detects the presence of a b/p when it is weakly observed in Aul3.
However, this is not always the case, as both Aull and Au23 show
a signal in their b/p profiles, but it is not associated with the actual
presence of a b/p structure. Other galaxies exhibit an initial growth
in strength during the first few Gyr of evolution, followed by a
slight decrease, eventually reaching similar values at z = 0 to those
observed when the b/p first emerged. This behaviour is seen in the
profiles of Au09, Aull, and Au22. Additionally, we observe some
particular behaviours unique to each galaxy. In the case of AulO,
a b/p structure formed approximately 5 Gyr ago, with its strength
gradually decreasing over time, disappearing almost completely in

MNRAS 540, 2031-2048 (2025)

the last gigayear of evolution, only to be detected again at z = 0.
Fig. D1 displays the stellar density distribution and unsharp mask
of the edge-on projection of AulO during the period when the b/p
is no longer detected. There is agreement between the code, which
does not detect the structure, and the visual inspection, where no
clear b/p is observed, while at z = 0 the b/p becomes distinguishable
once again, leading to its detection by the code. This raises several
questions: is the structure present but so weak that it cannot be
detected, or does it truly vanish? If it remains but is too faint, should
it still be considered a b/p, given that it would likely not be detected
observationally? Moreover, why does the structure disappear in the
first place? Among the other galaxies, Aul7 presents another case of
b/p absence at some point during its evolution. Observing its strength
evolution, the galaxy experiences a significant increase in strength
early on, followed by a decrease starting at around #;, ~ 6 Gyr.
The b/p then disappears, re-emerging 2 Gyr later with much weaker
strength. From that point, its strength increases again, though with
some fluctuations, recovering significantly by z = 0. Fig. D2 shows
the stellar density distribution and the unsharp mask of the edge-on
projection for Aul7 during the period of time where the b/p bulge
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disappears. Additionally, Au26 shows a general decrease in strength
throughout most of its evolution, although it seems to recover in
the last 0.5 Gyr lookback time. Finally, the b/p bulge in Aul8 has
had limited time to evolve, as it formed in the last gigayear of the
simulation. However, this galaxy is notable for being the only one
with two separate times, )’ !and top. 2, where a structure resembling
a b/p is observed in the edge-on projections. Both instances are weak
and short-lived, visible only for a couple of snapshots.

This analysis shows that b/p bulges in galaxies follow different
evolutionary patterns. Some galaxies experience growth in b/p
strength and then a decrease, while others go through phases of
weakening or even temporary disappearance, followed by a recovery,
suggesting that the formation and evolution of b/p structures are not
uniform. The peak-detection method generally agrees with visual
observations, though there are cases where it identifies weak signals
that do not clearly correspond to a visible b/p. This shows the
complexity of detecting such structures within this type of simulation
and the importance of combining both automated techniques and
visual inspection to accurately track the b/p structures’ formation
and evolution.

InFig. 5, we investigate whether there is a characteristic time-scale
between the formation of a bar and the formation of a b/p structure
in galaxies that exhibit this feature. We show Atz for each galaxy,
which is defined as the time interval between the formation of the
bar (#a) and the formation of the b/p structure. The latter is measured
through different methods: the peak-detection method (tg‘p, marked

with stars), weak visual detection (tg;" ! marked with squares) and,

for Aul8, the very weak visual detection (t,fg" 2 represented by a
square with a thicker border). We find that b/p’s in the Auriga galaxies
tend to form shortly after bar formation. The median time that elapses
between the formation of the bar and the formation of the b/p is
At gian = 1.6 Gyr (horizontal dashed—dotted line). It is interesting
to note that in the case of Aul8, where a strong b/p bulge forms very
late compared to when the bar forms — specifically ~7 Gyr after #,,,
— 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
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hint at a characteristic time-scale for b/p formation for galaxies in
a cosmological setting. However, we emphasize our small sample
size, and the fact that this time-scale will likely depend on details of
the galaxy formation model.

3.1 b/p fraction

Although b/p bulges are the vertically extended part of evolved bars,
not all barred galaxies contain a b/p structure. This raises some
interesting questions: What is the fraction of barred galaxies that
contain a b/p bulge? Why do some barred galaxies not form a b/p
bulge? We aim to address these questions by analysing the barred
galaxies within the Auriga simulations® over time and discuss some
observational findings.

To explore the fraction of b/p’s we first need to find the galaxies that
have bars. We therefore first calculate the bar fraction by applying
two identification methods, one based on visual classification (visual
method) and one using the Ap,. > parameter (code-based method;
see Section 2.2 for more details). These fractions are shown in
Fig. 6 in pink (see the right y-axis), where the thick line corresponds
to the code-based method and the thin line to the visual method.
The two methods are in good agreement and show a decreasing
trend with redshift. For most of the evolution, the visual method
gives a slightly higher fraction than the code-based method; this is
because the code-based method is sensitive to both the threshold
used to determine the presence of the bar (A ma > 0.25) and to
the cut used to select the stars in the disc (i.e. |z] < 5kpc). On
the other hand, at higher redshifts the galaxies might have large
Amax2 values because of mergers and interactions, and not due to
the presence of a bar. After obtaining the barred galaxy fractions
for the different redshifts, we proceeded to calculate the b/p fraction
for the same redshifts. We again used two methods to count the
galaxies with a b/p bulge: the peak-detection method (code-based)
approach 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
number by the number of barred galaxies (as identified by the visual
method).

We show these results in Fig. 6 in blue (see the left y-axis). We
find that at z = 0, 66 per cent of the galaxies host a bar (60 per
cent if we use the code-based method), and almost half of these
barred galaxies, 45 per cent, host a b/p structure. Both the bar
and the b/p fraction decrease with redshift, and by z ~ 1 none of
the galaxies exhibit a b/p bulge. The shaded regions represent the
uncertainties in the fractions, calculated assuming binomial statistics.
These uncertainties are given by o?= Jfoar(1 = foar)/ Nany for the bar
fraction and 0% = Jop(1 = fop)/ Noars for the b/p fraction, where Ny
is the total number of galaxies and Ny, is the number of barred
galaxies.

In Fig. 6, we also show the b/p fraction at z =0 from the
IlIsutrisTNGS50 simulation from the work of Anderson et al. (2024)
and the observed b/p fraction from the works of Erwin & Debattista
(2017), Liitticke et al. (2000), and Yoshino & Yamauchi (2014). In
the first study, the authors obtain the b/p fraction from the visual
inspection of the edge-on projection of barred galaxies at z = 0.
In the latter two works, the authors determine the fraction of b/p
structures within a sample of edge-on galaxies (i.e. they obtain the
fraction of b/p bulges over all disc galaxies, rather than over barred
galaxies). To be able to compare their results to our b/p fraction (i.e.
Nyyp/ Noar) we scale their fraction by a factor of 3/2, to account for

SReferring to the 30 original Auriga galaxies presented in Grand et al. (2017).
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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: Liitticke 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).

the fact that approximately two-thirds of disc galaxies in the local
Universe host bars. Additionally, in Fig. 6 we include the results
of Kruk et al. (2019), who derive the temporal evolution of the
b/p fraction up to z ~ 1. The authors give two sets of results: the
observed b/p fraction (dark blue stars) and a corrected b/p fraction
(light blue stars), in which they seek to account for observational
biases (see Section 6 for more details). We note that, while in our
study we are only exploring a subset of the galaxy population,
specifically galaxies which end up within the stellar mass range,
within 0.1 R, of 10104 — 101! Mg atz = 0, our results are however
broadly comparable with those from Kruk et al. (2019). In their work,
the authors select galaxies with stellar masses M, > 10'° M, in the
redshift range 0 < z < 1; the Auriga galaxies we explore also have
similar masses, i.e. M, > 10'%4 M, within the same redshift range.
We do highlight however that the methods used for detecting bars
and b/p bulges in our work might differ from those used in obser-
vational studies, while observational studies themselves also differ
between them in the methods they employ (see Section 6 for more
details).

MNRAS 540, 2031-2048 (2025)

This leads us to other interesting question: why do not all barred
galaxies form a b/p bulge? Theoretical studies and those using
isolated N-body simulations have shown that b/p bulges are more
likely to form in galaxies with kinematically cold discs (Merritt &
Sellwood 1994; Martinez-Valpuesta et al. 2006); this implies having
alow ratio of the vertical to radial velocity dispersion of stars (o, /og)
(see Section 6 for more details). We calculate this ratio, as shown
in Fig. 7, for barred galaxies with (green dots) and without (red
triangles) b/p bulges. This is calculated at 1 Gyr after the formation
of the bar. Considering that the b/p bulges form ~ 1.6 Gyr after
the formation of the bar, we chose to evaluate the ratio 1 Gyr after
foar to analyse the values of the ratio before the formation of the
b/p bulge but after the formation of the bar. We can see a general
trend of galaxies without a b/p structure having younger bars and
higher values of (o,/0,)?, meaning that those galaxies possessing
vertically hotter discs are prevented, or delayed, in forming a b/p
bulge. There is one exception of a galaxy with an old bar and a
low o, /o, ratio, which does not host a b/p bulge, which indicates
that there might be other factors that are important in b/p formation.
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Figure 7. Ratio (0,/0;)? for the barred galaxies evaluated ~1 Gyr after the
formation of the bar, as a function of the bar age (fp,r). The dots correspond to
the barred galaxies hosting a b/p bulge and the triangles are the ones without
it.

On the other hand, the galaxies hosting a b/p bulge have bars with
intermediate and old ages and with lower values of (o,/ 0,)?, ie. a
colder disc. This highlights the importance of the ratio of vertical
to radial stellar velocity dispersion in the formation of b/p’s, while
also suggesting that young bars are less likely to host a b/p (as is to
be expected, since b/p’s in general take some time to form after bar
formation).

4 BAR AND B/P BULGE EVOLUTION

In this section, we explore the evolution of bar and b/p properties,
and their interplay. Fig. 8 illustrates the b/p size as a function of
lookback time for each galaxy, Ry, (see Section 2.3 for the definition),
indicated on the left vertical axis with a red thick curve. We show
the evolution of the bar size with a red dashed curve, normalized
by the value at z = 0, Rp,/ RbZ;O. The evolution of these properties
starts in the formation lookback time of the b/p, derived from the
peak-detection method (t,ﬁp). To understand how the evolution of the
b/p bulge correlates with the overall evolution of the bar, the right
vertical axis shows the ratio Ry, / Ry.r, Which represents the b/p size
relative to the bar size. As mentioned in other figures, the shaded
regions correspond to periods where buckling episodes occur, which
will be explored further in Section 5. Regarding Ry, we observe
different behaviours across galaxies. In general, the size tends to
either increase or remain constant over time, as seen in Au09, Aull,
Aul8, Au22, and Au26. AulO also shows stable evolution until the
structure vanishes, leaving no associated size, a situation that also
occurs with Aul7. Galaxies such as Aul3, Aul7 (after reappearance),
and Au23 display significant growth in b/p size over time. In terms
of the link between Ry, and the Ry, with time evolution, we find a
median value of Ry,/Rpa = 0.43 £ 0.06.

To understand the behaviour of the Ryp/ Ry, Tatio over time, we
can refer to Fig. 9. This figure shows the size of the b/p bulge as a
function of the bar size for each galaxy in two moments: around the
formation of the b/p structure (#;,) and at the end of the simulation
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(tiv, = 0 Gyr). Observing the behaviour of most of the galaxies, we
can distinguish a general trend: an increase in the size of the b/p,
accompanied by a decrease in the bar size. Some N-body studies
have suggested that the bar length can decrease when the b/p’s forms
(Martinez-Valpuesta & Shlosman 2004), a phenomenon that we can
see in these galaxies. There are some exceptions to this trend. On
one hand, Au09 and Aull share the same tendency of an increment
in the size of the bar since the emergence of the b/p bulge. This
seems to be related to the method used for measuring the bar size
that sometimes can overestimate this quantity, meanwhile the b/p
bulge of these galaxies is increasing. On the other hand, AulO is
having a decrease in the size of the b/p bulge since its formation,
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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).
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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 (tgp) and at the end of the
simulation (fp = 0 Gry).
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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 toz = 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.

which is interesting because the b/p structure in this galaxy not only
is becoming weaker but also it seems to be becoming shorter.

Fig. 10 presents a histogram of the Ry,/Ry, values obtained
at z =0 (pink) and at z = 0.2 (green). The vertical dashed—
dot lines represents the median for the two redshifts, finding
(Rop/ Roar)itian = 0.48 and (Ryp/ Roar)’mgiz, = 0.41. This indicates
that in this sample, the b/p bulge extends to nearly 50 per cent of
the bar’s size at z = 0. These results are consistent with those of the
observations. We compare this result with the analysis performed by
Erwin & Debattista (2017), where the authors examined 84 barred
galaxies from an initial sample of 186 disc galaxies from the RC3
catalogue and the Virgo Cluster Catalogue (Binggeli et al. 1985).
They measured bar sizes using a combination of ellipse fitting and
visual inspection, obtaining a lower limit a. and an upper limit
Ly, for the bar size. Additionally, they provided an approximate
measurement of the b/p bulge size Ry, determined by the total
visible extent of the main boxy region in logarithmic-scale images.
With the size of the b/p and the two measurements for the bar
size, they calculated the size ratio, finding Ryox/a. = 0.53 £0.12
(median = 0.54) and Ryox/Lpar = 0.42 £0.09 (median = 0.43).
These values are shown in Fig. 10 as vertical dashed lines, along
with the corresponding error bars. There is a very good agreement
between the sizes in our sample and those found by the authors,
even considering that the size measurement methods are different.
On the other hand, Athanassoula et al. (2015) analysed a sample of
galaxies with barlens morphology (the face-on view of b/p bulges)
from Laurikainen et al. (2011), estimating an average ratio between
the sizes of the barlenses and the bars to be around ~0.6. Similarly,
Liitticke et al. (2000) measured the vertical thickness of b/p structures
in a sample of galaxies and found a ratio of ~0.4. As a result, we
also observe alignment between our findings and those obtained in
numerical simulations. Finally, we observe that by taking a larger
redshift (z = 0.2), the median shifts towards smaller values, which
is consistent with the general trend that we observe of the bar length
of the galaxies decrease after the b/p bulge is formed.

MNRAS 540, 2031-2048 (2025)

5 BUCKLING EPISODES

Once bars form, they can trap more stars within them, growing
longer in time and increasing in mass (see e.g. Athanassoula &
Misiriotis 2002; Debattista et al. 2006). This increment can lead
to a scenario that favours the emergence of instabilities. Small
vertical perturbations can grow, causing the bar to bend, thus creating
asymmetries around the disc plane. This process, known as buckling,
results in the bar experiencing deformation and vertical asymmetry.
After a buckling episode, the bar’s morphology can be transformed
from rather flat, to having an X-shaped or peanut-shaped structure,
i.e. forming a b/p bulge. After the formation of bars, we aim to
assess whether the galaxies experienced episodes of buckling during
the formation process of the b/p structure or at a later time.

To accomplish this, we identify the lookback times where an
asymmetry relative to the major axis of the bar is observed (indicating
buckling), by using different methods. The first method is a visual
inspection of the edge-on projection of the stellar density and the
unsharp mask, and the result is represented as the shaded regions in
Figs 4, 8, 11, and 13. We also employed a method that measures the
buckling amplitude, labelled as Ap,k (Sellwood & Athanassoula
1986; Debattista et al. 2006, 2020). This parameter quantifies
the vertical buckling amplitude using the second harmonic of the
azimuthal angle, weighted by the vertical positions and masses of
the particles, and is defined as

“

o e2l®
s = [P
where m, z;, and ¢; are the mass, vertical position, and azimuthal
angle of the jth particle. The sum is over all the stars within the
cuts, i.e. |y| < 0.8kpc, |z| < 2kpc, and r < Ry o. Finally, we also
evaluated the meridional tilt angle, ®g; (Ghosh et al. 2024). This
parameter indicates the orientation of the velocity ellipsoid in the
R — z plane. A non-zero tilt angle suggests that the stellar velocities
are correlated between the radial and vertical directions, implying
a deformation of the velocity ellipsoid. The meridional tilt angle is
defined as

1 207
-1 Rz
®lill = Etan (2772> ) (5)
ORR — 0z
where crl.zf = <v;v;> — <v;><V;> is the stellar velocity dispersion

tensor (Binney & Tremaine 2008), using cylindrical coordinates over
the stars within the cuts |y| < 0.8, |z] < 2, and r < Ry, 0.Fig. 11
shows the temporal evolution of Ap,x and @y, with their values
indicated on the left and right I-axes, respectively, starting from the
formation time for the bar (#,,;) for each galaxy. The vertical lines
represent different definitions of the b/p formation times: the dashed
line indicates the formation time of the b/p bulge as detected by
the peak-detection method (tgp), the dashed—dotted line shows the
time of visually strong b/p bulge formation (75;), the thick dotted

line represents the visually weak b/p formation time (t,jsv ‘1), and
the thin dotted line marks the formation time of a very weak b/p
bulge (tg;”), defined specifically for Aul8. As mentioned before,
the shaded regions represent the visually identified periods of the
buckling episodes.

In general, the evolution of both parameters exhibits similar trends,
with peaks coinciding with the onset of visually identified buckling
episodes. Apyx seems to be a more noisy parameter. For example
in Au09 and AulO it shows peaks where there is not a visually
identified buckling. On the other hand, if we look at Au22, Ay, is
not detecting the first buckling episode recorded. Meanwhile, Oy,
has a smoother evolution, showing clear peaks in the time periods
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Figure 11. Evolution of the buckling amplitude, Apyck, and the meridional tilt angle, Oy, 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, #,r, of each galaxy. The dashed line is the lookback time formation of the b/p bulge according to

our method (tgp), the dashed—dotted line is the lookback time formation of the visually strong b/p (#}5), the thin dotted line is the lookback time formation of the

vw, 1

P
vw,2

very visually weak b/p for Aul8 (tbp ), and the thick dotted line is the lookback time formation of the visually weak b/p (tbp ). The shaded regions indicate

the lookback times at which the bar is visually detected to be buckling.

where we identified visually the presence of a buckling. This suggests
that, while both parameters generally behave similarly, ®y is more
effective at capturing buckling events.

We find that all galaxies experienced buckling episodes before
or around the formation of the b/p bulge, and we did not find any
case where the b/p structure formed without a break in mid-plane
symmetry in the edge-on projection. This strongly suggests that
the formation mechanism of these structures in these simulations
is intimately linked to the buckling instability. Furthermore, more
than half of the galaxies exhibiting double buckling events and in
particular one of them present a quadruple buckling episode (Aul8).
Among these, Aul7, Aul8, and Au26 are undergoing buckling at
z = 0. Martinez-Valpuesta et al. (2006) had previously identified the
possibility of bars experiencing double buckling episodes, where bars
undergoing a vertical buckling instability initially weaken, followed
by renewed growth leading to recurrent buckling. In the case of Aul8,
the behaviour remains unique. As previously mentioned, a structure
resembling a b/p is observed around #, ~ 7 Gyr, accompanied by an
asymmetry in the edge-on projection. Another episode is recorded
around #;, ~ 5.7 Gyr and another around f, ~ 4.2 Gyr close to the
visually weak b/p formation time, with a final episode occurring in
the last gigayear of its evolution. In total, this galaxy experiences four
buckling episodes, but the first two are very weak and last in between
0.18 and 0.35 Gyr. Interestingly, during these visually recorded
episodes, peaks are observed in the Ap,x and Oy parameters,

though their amplitudes are much smaller for the first two episodes.
The parameters generally show a good agreement with the visually
identified episodes, although they do not have a signal for all visually
identified episodes.

Another characteristic to consider regarding these episodes is the
time-scale over which they occur, showing significant diversity. The
shortest episode lasts 0.31 Gyr for Au22, while Aul7, experiencing
double 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
buckling episodes experienced by the bar of Aul7: the first buckling
goes from 8.7 to 6 Gyr and the second goes from 3.8 to 0 Gyr. It
is interesting to note that the time interval between the first episode
and the second episode is 2.2 Gyr, roughly matching the duration of
the buckling. The bar’s edge-on morphology changes considerably
during the lifetime of this galaxy. The entire disc is deformed during
the first buckling episode, until a strong b/p is formed. Afterwards,
the b/p strength diminishes significantly (see also Fig. 4) to the point
that the b/p is no longer detectable, not even with visual inspection,
i.e. the b/p is in a sense, destroyed, or attenuated. After that, at around
i ~ 3.8 Gyr, the bar experiences a second buckling episode, which
makes the bar asymmetric, and which is ongoing at z = 0.

Fig. 13 shows how the bar strength of the galaxies was affected
by the buckling episodes and the formation of the b/p bulges. The
buckling starts at #, when the bar is strong and well-defined, in
agreement with works that use N-body simulations (Debattista et al.
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Figure 12. Stellar density distribution and unsharp mask in the edge-on projection, for two buckling episodes recorded for the simulated galaxy Aul7. 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.
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Figure 13. Bar strength as a function of lookback time from fp, to f1p, =
0 Gyr. The vertical lines are the different formations times for the b/p bulge:
peak-detection method (dashed line, tgp), visual strong (dashed—dotted line,

133, visual weak (thick dotted line, tg;’ ‘1Y, visual very weak for Aul8 (thin

dotted line, t,;'w’z). The shaded regions indicate the lookback times at which

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

2020; Li et al. 2023), although it does not necessarily always coincide
with the maximum value of its strength. For galaxies experiencing
double buckling episodes, we observe different behaviours. In Aul8,
the bar weakens each time buckling occurs, but gains strength in
between episodes. In contrast, the second buckling episode in Aul7,
Au22, and Au26 does not seem to affect the bar as much as the first,
which caused significant weakening. These galaxies begin to regain
strength as soon as the first episode ends. The second episode, while
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not affecting Aul3, causes Au23’s bar to weaken until it stabilizes
halfway through the event, maintaining a similar strength until z = 0.
For galaxies with a single buckling episode, Au09 and Aul0 exhibit a
similar trend: the bar weakens during the buckling but steadily gains
strength afterward, reaching a maximum at z = 0. Aull, however,
shows an increase in bar strength during buckling, followed by a
slight weakening when the b/p forms, and then regains strength after
the episode. We find that at times, the bar strength can increase at the
onset of the buckling episodes, but is weakened once the b/p bulge
forms.

6 DISCUSSION

6.1 Delay time between bar and b/p bulge formation

When using our automatic b/p bulge detection method, we find a
median delay time between the formation of the bar and the formation
of the b/p structure of 1.6 Gyr. When considering the first appearance
of the b/p bulge — using either visual inspection or our automated
method — we find a median delay time of 1.1 Gyr. Therefore, b/p
structures in the Auriga simulations typically form between 1.1 and
1.6 Gyr after the formation of the bar (Fig. 5). This delay time
is consistent with observational results, such as from Kruk et al.
(2019); in their work, they compare high-redshift observations from
Simmons et al. (2014) that identify barred galaxies at z = 1.5 — 2,
suggesting these bars formed at around ~ 9 — 10 Gyr ago. Based on
observations of b/p bulges at higher redshifts (z ~ 0.7 — 0.8), they
estimate a b/p formation time around ~7 Gyr ago. They argue that
this therefore indicates a delay of approximately 2 Gyr between the
formation of the earliest bar and b/p structures. However, caution
is needed in this interpretation, since recent studies have found
barred galaxies at even higher redshifts, up to z ~ 3 or even ~4 (e.g.
Costantin et al. 2023; Guo et al. 2025; Le Conte et al. 2024), which
corresponds to a lookback time of ~12 Gyr, which would suggest an
even earlier formation time for bars. Additionally, it is not trivial to
draw a direct causal relation between the first barred galaxies and the
first b/p’s; for example some early forming bars might dissolve (e.g.
Kraljic, Bournaud & Martig 2012) before forming a b/p bulge. The
oldest b/p bulge in the Auriga simulations forms at a lookback time
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of ~8 Gyr, while the majority of the b/p structures formed between
2.5 and 5.8 Gyr ago, with a couple of galaxies forming the structure
within the last 2 Gyr (median = 3.8 Gyr; see Fig. 2). These results
are consistent with the aforementioned study of Kruk et al. (2019),
who find b/p bulges in galaxies at lookback times 3 — 8 Gyr.

‘We now turn our attention to comparing our results with previous
studies of numerical simulations. Combes et al. (1990) use isolated
N-body simulations to study the formation of b/p structures, and find
a delay between the formation of the bar and the b/p bulge of ~2
Gyr. Pfenniger & Friedli (1991) analyse in detail a N-body barred
galaxy and find that the bar becomes peanut-shaped at approximately
1.68 — 1.78 Gyr after its formation, while Athanassoula & Martinez-
Valpuesta (2008) show that a b/p bulge forms about ~1 Gyr after
the bar. These studies are all roughly in line with the delay time
we find in the Auriga simulations. Furthermore, Ghosh et al. (2024)
consider isolated N-body galaxy models, with varying thin and thick
disc proportions, and find that there is a shorter delay between bar
and b/p bulge formation for an increasing mass fraction of the thick
disc (i.e. galaxies with a more massive thick disc form b/p’s more
rapidly); depending on the model, the time difference between bar
and b/p formation ranges between 0.5 and 3 Gyr.

6.2 Multiple buckling events

We find that all the Auriga galaxies experience a break in symmetry
along the x—z plane prior to the emergence of the b/p bulge. This
suggests that the vertical asymmetric buckling of bars is an important
mechanism for the formation of b/p’s in these simulations. From
a sample of 84 local barred galaxies, Erwin & Debattista (2016)
identify two galaxies with morphological and kinematic evidence that
are currently undergoing a buckling episode. These galaxies belong to
a subsample of 44 high-mass galaxies (log(Mg,) = 10.4 M, which
is the same mass range as the galaxies in our sample), thus obtaining
an observed fraction of local barred galaxies undergoing a buckling
event of 4.5 per cent. In the Auriga simulations, we find that three
of the nine galaxies are experiencing a buckling episode at z = 0,
i.e. one-third of the galaxies, a significantly higher fraction than in
the aforementioned observations. In the same study, the authors also
developed a simple model of galaxy evolution to study the buckling
phase, obtaining a time difference between bar formation and the first
buckling of approximately ~ 1 — 2 Gyr, while the buckling episode
had a duration of ~ 0.5 — 1 Gyr. In the case of galaxies in the Auriga
simulations, we find a delay between bar formation and buckling
of ~ 0.4 — 1.5 Gyr with buckling episodes lasting between ~0.3
and 3.8 Gyr. These results are also consistent with the ones found
for isolated N-body simulations in the work of Martinez-Valpuesta
et al. (2006), where the authors find recurrent buckling events with
a duration of ~1 and ~3 Gyr each, with a time difference between
the two events of ~4.4, twice as long as the time between Aul7
bucklings (2.2 Gyr).

B/p bulges do not always form via a buckling instability, as they
can also form via gradual mechanisms such as resonant trapping
of stars (e.g. Quillen 2002). However, as previously noted, in the
Auriga simulations we find that all the b/p structures are formed
after a buckling event. To understand why this is happening, we turn
to previous works that explore under which circumstances gradual
resonant trapping can occur. Sellwood & Gerhard (2020), using N-
body simulations, found that the presence of a nuclear star cluster
(a dense central mass) can inhibit the occurrence of buckling and
causes stars to gradually puff up out of the plane. Some studies use
simulations that include a gas component and they report that gas
has an effect on buckling. For example Baba, Kawata & Schonrich
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(2022) uses an N-body/hydrodynamics simulation of an isolated
galactic disc that includes gas, radiative cooling, and star formation,
and finds that the inclusion of both a gas component and star
formation results in the formation of a b/p bulge without buckling. In
addition, other works (Berentzen et al. 1998; Debattista et al. 2006)
agree that gas can significantly influence the evolution of discs, in
particular by generating an increase in the central mass concentration
(CMC) which, as Sellwood & Gerhard (2020) found, results in the
suppression of buckling. We therefore see that a massive CMC can
contribute to the suppression of the buckling instability in the disc.
The reason that we do not see this gradual heating occurring in the
Auriga simulations, could be due to the lack of massive CMCs in the
centres of galaxies. For example the interstellar medium (ISM) model
used in the simulations (Springel & Hernquist 2003), together with
the star formation and feedback model, might not allow a very dense
central mass concentration to form. We defer a detailed exploration
of the properties of CMCs in Auriga and their effect on disc stability
to future work.

6.3 b/p fraction and comparison with observations

Finally, we discuss our findings in terms of the b/p fraction over
cosmic history. At z =0, we find that 45 per cent of barred
galaxies host a b/p bulge. This value lies between the range of
observational estimates (see Fig. 6), although the observed fractions
vary significantly between studies; this suggests that observational
limitations and methodological differences play a critical role in
determining the b/p fraction. For example Erwin & Debattista (2017),
who report the highest b/p fraction out of the studies we consider, find
that 80 per cent of massive barred galaxies host a b/p bulge at z = 0.
On the other hand, Kruk et al. (2019) quote two b/p fractions in their
study: a detected b/p fraction, which is 31 per cent, and a corrected
fraction of 69 per cent, which aims to account for biases such as image
resolution, signal-to-noise limitations, and band-shifting effects that
hinder the detection of b/p structures at high redshift. They do this
by simulating how nearby SDSS galaxies would appear at greater
distances, and then estimate how many b/p structures are missed,
adjusting their fraction accordingly. Other studies show similarly
wide variations. Liitticke et al. (2000) report a fraction of 68 per
cent at z = 0, closely matching the corrected fraction of Kruk et al.
(2019), whereas Yoshino & Yamauchi (2014) find a significantly
lower fraction of 33 per cent. These fractions are multiplied by a
factor of 3/2, to take into account that approximately two-thirds of
disc galaxies in the local Universe host bars. Yoshino & Yamauchi
(2014) discuss the discrepancies between their results and those of
Liitticke et al. (2000), suggesting that the variations may be attributed
to several factors: the inherent difficulty of detecting b/p structures,
the quality of observational data, and different definitions of what
constitutes a b/p bulge. They note that the sample of Liitticke et al.
(2000) mainly consists of late-type galaxies, where the bulges appear
ambiguous in the Digitized Sky Survey (DSS) images. Furthermore,
many late-type galaxies have their bulges classified as ‘close to box-
shaped, not elliptical’, leading the authors to suggest that the b/p
fraction in the work of Liitticke et al. (2000) may be overestimated.

The results of Erwin & Debattista (2017) (who find a b/p fraction
of 80 percent), point to a higher b/p fraction than the one we
find in Auriga (45 percent), for galaxies in the same stellar mass
regime. Putting aside the observational uncertainties in determining
b/p fractions, this might indicate that the Auriga simulations are
underproducing b/p bulges. As discussed in Section 3.1, the ratio of
vertical to radial stellar velocity dispersion (o, /ox) plays a crucial
role in determining the stability of the disc against buckling instability
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(e.g. Merritt & Sellwood 1994; Martinez-Valpuesta et al. 2006), with
the formation of b/p bulges favoured in galaxies with low o, /ok. A
low ratio implies that the stars have a greater radial motion compared
to the vertical motion, producing a centrifugal force that dominates
over the gravitational force of the disc, which is trying to confine the
stars to the plane. For example in the study of Ghosh et al. (2024)
they showed — using isolated N-body simulations — that galaxies with
hotter discs tend to form weaker b/p’s. In the Auriga simulations, the
discs tend to have slightly high o, (see e.g. Grand et al. 2016), which
therefore could make it harder for buckling to occur, or could produce
b/p’s that are weaker. There are several mechanisms that might be
driving the vertical heating of discs in Auriga, such as external
perturbations of satellite galaxies, while the effective equation of state
used for the ISM (Springel & Hernquist 2003) could also be playing
an important role in limiting how thin the disc can be. Although we
show in Section 3.1 a general trend that barred galaxies without a b/p
bulge have higher o, /oy, we defer a detailed exploration in the role
of disc heating in b/p formation within the cosmological context to
future work.

7 SUMMARY AND CONCLUSIONS

In this work, we use the Auriga suite of cosmological zoom-in
simulations to study the formation and evolution of b/p bulges over
cosmic history. To identify these structures, we use visual inspection
and develop an algorithm to automatically identify the presence and
strength of a b/p bulge. Additionally, we explore the properties of the
b/p bulges, and how they relate to the properties of bars. Our results
can be summarized as follows.

(i) b/p fraction: we find that 45 per cent of barred galaxies in
Auriga at z = 0 have a b/p bulge. This fraction decreases to 20 per
cent at z = 0.5, and by z = 1, none of the barred galaxies host a b/p
bulge (Fig. 6).

(ii) b/p formation time: we find a variety of formation times for
the b/p bulges; the oldest b/p forms at a lookback time of #, ~ 8 Gyr,
with a majority of b/p’s forming between fi, ~ 2.5 — 5.8 Gyr. Two
of the b/p’s form within the last 2 Gyr. We find that the b/p bulges
typically 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
bulge, a buckling episode precedes the formation of the b/p structure,
suggesting that this mechanism drives the formation of b/p’s in
cosmological simulations (see e.g. Figs 4 and 11). Furthermore,
galaxies that form b/p’s tend to have older bars and a lower o /0,
ratio, 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
forms, then appears to dissolve (or is undetectable) and then reforms
following a later buckling event. This suggests that these structures
might emerge, dissolve, and re-emerge in a cosmological setting (see
e.g. Fig. 4).

(v) Sizes of b/p bulges and bars: a correlation appears to exist
between the growth of the b/p bulge and a relative decrease in the
size of the bar, consistent with their joint evolution (Figs 8 and 9). By
measuring Ryp/ Ry, at z = 0, we found that the sizes of the b/p bulges
represent about ~ 50 per cent of the size of their bars (Fig. 10).

(vi) Multiple buckling events: more than half of the galaxies
have double buckling episodes, with one of them experiencing four
of these events (two of them happening during short periods of time)
(Figs 11 and 12).
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(vii) Impact of buckling on bars: galaxies that experience
multiple or single buckling episodes show varying responses in their
bar strength. We see that at the onset of the asymmetry, the bar can
keep growing stronger, but once the b/p bulge forms, it weakens.
Interestingly we find that, while some galaxies experience buckling
events during brief periods of time, the majority of the events seems
to remain during long periods of time (Fig. 13).

With this study we explore in detail the formation and evolution of
b/p bulges in the Auriga cosmological simulations. These structures
are intimately linked to the evolution of bars and reveal important
information about the dynamical state of the disc in the cosmological
context. The fact that we find an underestimation of b/p’s in the
Auriga simulations compared to some observations hints to aspects
of the galaxy formation and evolution model that stabilize the bar
against forming these structures, such as the disc thickness. With a
general view of these structures now established, future work will
focus on a more detailed study of how b/p bulges form and influence
stellar populations that emerge after they are in place.
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APPENDIX A: SAMPLE OF B/P BULGES AT
Z=0

We show the stellar density distribution (and unsharp mask) in the
edge-on projection for all the galaxies at z = 0. Additionally, the
radial profile of Z with the location of the maximum, i.e. Ry,
calculated using the method described in Section 2.3.
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Figure Al. 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.

APPENDIX B: B/P BULGE DETECTION

The different panels of Fig. B1 show how the minimum value of the
second derivative 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,
normalized with the corresponding central value), (d>Z(r)/dr?)min,
varies with lookback time for each galaxy. This value directly
measures the curvature of Z: when negative, it indicates downward

MNRAS 540, 2031-2048 (2025)

convexity corresponding to the presence of a maximum point. The
more negative the value, the greater the curvature, resulting in a
more pronounced peak. We observe that there is a moment when
this value becomes significantly more negative and remains so over
several snapshots (at least five). Specifically, we find that a threshold
of (A2 2(r)/dr*)min = —0.51 marks this drop, and we use it to define
the lookback time where the b/p emerge: 7.
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Figure B1. Minimum of the second derivative 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.

APPENDIX C: WEAK B/P BULGE IN AU18

We show the stellar density distribution (and unsharp mask) in the
edge-on projection for Aul8 for the times when we observe a weak
b/p bulge, at #;, ~ 4 Gyr and #, ~ 7 Gyr.

APPENDIX D: B/P FADING

Both Aul0 and Aul7 present moments where the strength associated
with the b/p is zero. This can be understood by observing Fig. B1,
where after identifying the b/p formation lookback time, there are
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Figure C1. Stellar surface density and unsharp mask for Aul8, during the periods when a weak b/p bulge is visually detected. The plots are shown with a

cut-off of |y| < 1kpc for better visualization.
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Figure D1. Stellar surface density and unsharp mask for Aul0, during the periods when no strength associated with the b/p was detected: from lookback time

~ 1.14 — 0.14 Gyr.
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Figure D2. Stellar surface density and unsharp mask for Aul7, during the periods when no strength associated with the b/p was detected: from lookback time

~ 5.53 — 4.58 Gyr.

periods when the minimum of (d> Z(r)/dr?)n, takes values above
—0.51. Figs D1 and D2 show the stellar density distribution and
the unsharp mask corresponding to each galaxy during the times
when no associated strength was detected. These figures can help
us understand what is happening. Initially, this could be due to two
possibilities: either the structure weakens over time and the method
fails to capture it, or the structure truly disappears and is no longer
present. At first sight, one might be tempted to conclude that the

structure is absent based on the stellar density distributions. However,
upon closer inspection of the unsharp mask, there seems to be a faint
peanut signal near the ends of the bar, leading us to lean towards the
first option, that the structure weakens but is still present. A more
detailed study about this topic will be addressed in a future work.
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