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ABSTRACT

We present an analysis of major-axis surface-brightness profiles of bars in a volume-limited sample of 182 barred spiral galaxies,
using Spitzer 3.6 um images. Unlike most previous studies, we use the entire bar profile, and we classify profiles into four
categories. These are ‘Peak+Shoulders’ (P+Sh) — updating the classic ‘flat bar’ profile — and three subtypes of the classic
‘exponential’ profile: (true) Exponential, “Two-Slope’ (shallow inner slope + steeper outer slope), and ‘Flat-Top’ (constant inner
region, steep outer slope). P4-Sh profiles are preferentially found in galaxies with high stellar masses, early Hubble types, red
colours, and low gas fractions; the most significant factor is stellar mass, and previous correlations with Hubble type can be
explained by the tendency of higher-mass galaxies to have earlier Hubble types. The most common type of non-P+Sh profile is
Exponential, followed by Flat-Top profiles; all non-P+Sh profiles appear to have similar distributions of stellar mass, Hubble
type, colour, and gas fraction. We also morphologically classify the bars of an inclined subsample into those with and without
boxy/peanut-shaped (B/P) bulges; as previously reported, the presence of a B/P bulge is very strong function of stellar mass.
Essentially all bars with B/P bulges have P+Sh profiles; we associate the profile shoulders with the outer, vertically thin part of
the bar. We find a small number of P4Sh profiles in bars without clear B/P bulges, which may indicate that P4-Sh formation

precedes the formation of B/P bulges.

Key words: galaxies: bulges — galaxies: spiral —galaxies: structure.

1 INTRODUCTION

The majority of spiral galaxies with stellar masses of 10°—10"! Mg
have at least one stellar bar (e.g. Sheth et al. 2008; Diaz-Garcia et al.
2016; Erwin 2018). Bars are found in both blue actively star-forming
galaxies and in ‘red and dead’ systems, including SO galaxies, and
have been detected in galaxies with redshifts as high as ~2 (Guo
et al. 2023). Given this prevalence, we might wonder if all bars are
basically identical, or if they come in different forms, possibly linked
to different host-galaxy characteristics, formation scenarios, or stages
of development. One of the most fundamental and easily studied
characteristics of bars — setting aside even more basic measurements
like size — is their radial surface-brightness profiles (a manifestation
of their stellar-density structure), which traditionally come in at least
two varieties.

1.1 The traditional picture: Flat and exponential bar profiles

The classic pioneering study of bar profiles is that of Elmegreen &
Elmegreen (1985), who studied surface-brightness profiles along the
major and minor axes of bars in 15 barred spiral galaxies. They argued
that bar profiles fell into two classes: ‘flat’ and ‘exponential’. The
distinction was based on a comparison of the major-axis profile in the
bar region to the same profile outside the bar (beyond the radius of
the bar, in what they termed the ‘spiral’ region). Flat profiles tended

* E-mail: erwin @mpe.mpg.de

to have shallow or even constant surface-brightness profiles in the bar
region, with the profile becoming steeper (and exponential) outside
the bar. Exponential profiles, on the other hand, had bar profiles that
were exponential, with slopes at least as steep as the profile outside
the bar. They found evidence for a clear difference in Hubble types:
flat profiles were preferentially found in earlier Hubble types, with
exponential profiles in later types. Follow-up studies using near-IR
imaging (Elmegreen et al. 1996; Regan & Elmegreen 1997) provided
further support for this dichotomy.

It is important to bear in mind that what Elmegreen & Elmegreen
(1985) meant by the term ‘flat’ is not that the profile must be literally
flat (i.e. constant surface brightness as a function of radius), though
it certainly does include such cases (as well as extreme cases where
the profile gets brighter towards the end of the bar). They said, ‘each
flat-bar galaxy has a surface brightness that decreases slowly or not at
all with increasing distance along the bar, and decreases more rapidly
along the spirals. We refer to these bar profiles as flat (i.e. flat when
compared with the spiral profiles; some of these bar profiles are still
‘exponential-like,” but their slopes are smaller than the slopes in the
spiral regions).’

We emphasize this point because some subsequent studies have
none the less interpreted the term literally, and then claimed that
such profiles are less common. For example, Seigar & James (1998)
analysed near-IR images of 40 barred galaxies and argued that there
was no correlation with Hubble type, in contrast to the findings of
Elmegreen & Elmegreen (1985). Inspection of their fig. 14 shows
that what they call the ‘exponential’ profile of NGC 5737 is really of
the flat type — though with less broad and dramatic shoulders than the
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‘flat’ bars of IC 357 and IC 568 in the same figure.' Buta et al. (2006)
analysed the K-band bar profiles of 26 SO—Sa galaxies and introduced
an ‘intermediate’ class of profiles, in addition to flat and exponential.
Inspection of their profiles shows this new class has the same basic
‘shallow—+steep’ shape as in Elmegreen & Elmegreen (1985) — in
fact, two of their ‘intermediate-profile’ galaxies (NGC 4596 and
NGC 4608) were classified as flat by Elmegreen & Elmegreen.

More recent studies have focused on identifying flat versus
exponential profile via 2D fits to galaxy images, using disc + bar
+ bulge models where the bar is a 2D elliptical structure with a Sérsic
radial surface-brightness profile. In this approach, the ‘flatness’ of
the bar profile is represented by the Sérsic index n, with lower values
corresponding to flatter profiles.? Kim et al. (2015) modelled Spitzer
IRACI (3.6 um) images of 144 low- and moderate-inclination barred
galaxies from the Spitzer Survey of Stellar Structure in Galaxies
(S*G; Sheth et al. 2010); they considered bar Sérsic indices n <
0.4 (i.e. sub-Gaussian) as representative of flat bars. Their main
finding was that low-n bars were preferentially found in high-mass
galaxies, with a transition mass of log (M, /M) ~ 10.2. They also
argued that an even better separation could be had using the B/T
value from their fits, with B/T > 0.2 having almost exclusively flat
bars and ‘bulgeless’ (B/T = 0) galaxies having almost exclusively
exponential-like bars. Kruk et al. (2018) performed 2D fits for 3461
barred galaxies using SDSS images and found a similar mass-based
pattern: barred galaxies with log (M,/M¢) > 10.25 had a mean
npar = 0.43, while lower-mass galaxies had a mean ny,, = 0.81 (nearly
exponential). They too noted an association between prominent
bulges and flatter bars, though this was based on the presence or
absence of a bulge component in their best-fitting 2D models: ‘disc-
dominated’ galaxies (where only a disc and bar components were
needed in the model) had ny,,, = 0.92, while ‘obvious bulge’ galaxies
(where a bulge component was needed in addition to the disc and bar)
had ny,, = 0.40. However, they did not find a correlation between
B/T and ny,, within the ‘obvious bulge’ subsample itself.

Relatively little theoretical attention has been paid to the question
of why a dichotomy in bar profiles might exist. Noguchi (1996)
argued from N-body simulations that ‘spontaneous’ bars (formed via
disc instabilities) had steep exponential profiles, while bars triggered
by tidal interactions (in discs which were too hot to form bars
spontaneously) had much flatter profiles, complete with ‘shoulders’
at the ends of the bar. However, Athanassoula & Misiriotis (2002)
found that both types of bar profiles could be found in spontaneously
formed bars. Combes & Elmegreen (1993) argued from their N-
body simulations that flat-type profiles were associated with ‘early-
type’ mass distributions (centrally concentrated large bulge/total
mass ratios, often with an inner Lindblad resonance) and bars that
extended to corotation, whereas bars in ‘late-type’ mass distributions
retained the exponential profile of the disc. Very recently, Anderson
et al. (2022) studied bar profiles in a number of N-body simulations,
finding evidence that bar profiles transitioned from exponential-like
to flat-type over time (and sometimes transitioned back) as part of
the bars’ secular evolution (Beraldo e Silva et al. 2023 investigates
the role of bar resonances in the evolution of these features).

We believe there are two reasons why now is a good time to revisit
the question of bar profiles. The first is that past observational studies
almost always involved relatively small heterogeneous samples,

I'See Section 1.2 and Fig. 1 for definitions and examples of ‘shoulders’ in bar
profiles.

2We remind the reader that the Sérsic profile is an exponential when n = 1
and a Gaussian when n = 0.5.
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making it difficult to draw firm conclusions about the prevalence
of different profile types and their possible relation to other bar and
galaxy parameters (partial exceptions to this trend are Kim et al.
2015 and Kruk et al. 2018, although they focused on fitting with
simple 2D functions rather than detailed non-parametric analysis of
profiles). There now exist sufficient high-S/N near-IR images with
decent spatial resolution — in particular, as part of S*G — for larger
unbiased samples of barred galaxies to be constructed.

Second, recent theoretical and observational studies have given us
a much clearer understanding of what flat-bar profiles are really like,
as we discuss in the following subsection.

1.2 New insights: The role of boxy/peanut-shaped bulges in bar
profiles

A significant body of work (e.g. Combes et al. 1990; Raha
et al. 1991; Kuijken & Merrifield 1995; Bureau & Freeman 1999;
Athanassoula & Misiriotis 2002; Athanassoula 2005; Méndez-Abreu
et al. 2008; Erwin & Debattista 2013; Wegg, Gerhard & Portail
2015; Blafia Diaz et al. 2017; Herrera-Endoqui et al. 2017) has
demonstrated that many bars consist of two distinct, 3D stellar
components: an outer region which is vertically thin and an inner
region which is vertically thick, with a ‘boxy’ or ‘peanut-shaped’
appearance when seen from the side (i.e. in edge-on galaxies with
the bar oriented close to perpendicular to the line of sight). This
vertically thick inner part of the bar is thus usually referred to as the
box/peanut or B/P bulge. When seen at intermediate inclinations, the
B/P projects to form a broad, sometimes boxy, shape in the isophotes
(the ‘box’ in the terminology of Erwin & Debattista 2013), while
the outer vertically thin part of the bar appears as thin offset ‘spurs’
extending to larger radii. In systems close to face-on, the B/P bulge
can still be identified as the rounder, inner part of the bar (a ‘barlens’,
in the terminology of Laurikainen and collaborators). The studies
of Erwin & Debattista (2017), Li, Ho & Barth (2017), Kruk et al.
(2019), and Marchuk et al. (2022) found that such two-component
bars are preferentially found in higher-mass galaxies, and thus in
early-type spirals and SOs. This means that bars with B/P bulges
appear to be found in the same types of galaxies that have flat-bar
profiles.

This connection is important because modern investigations of
B/P bulges in both real galaxies and simulations have shown that
the B/P-bulge region has a distinct steeper surface-brightness profile
compared to that of the outer part of the bar (Laurikainen et al. 2014;
Athanassoula et al. 2015). This suggests that in bars with flat surface-
brightness profiles, the inner part of the bar — interior to the classic flat
part of the profile — should actually have a steep profile. Inspection of
the profiles of classic flat-bar galaxies (e.g. Elmegreen & Elmegreen
1985; Elmegreen et al. 1996; Regan & Elmegreen 1997) shows that
this is probably the case. In past studies, the inner parts of the
bar profile were ignored, either because they were in a saturated
part of the image or possibly because they were considered to
belong to the ‘bulge’ and were thus not considered part of the
bar.

Fig. 1 shows three examples of galaxies previously classi-
fied as having flat-bar profiles which have also been identi-
fied as having the morphological characteristics of B/P bulges.
In all three cases, the region of the B/P bulge (spanned by
the red arrows in the left-hand panels and bounded by vertical
red lines in the right-hand panels) is associated with a much
steeper surface-brightness profile, in contrast to the shallower
profile outside, associated with the thinner and misaligned bar
spurs.

MNRAS 524, 3166-3183 (2023)
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Figure 1. Plots of bar isophotes and profiles for three classic flat-bar galaxies, along with examples of the ‘peak’ and ‘shoulders’ sub-components: NGC 1079
(Buta et al. 2006), NGC 2442 (Elmegreen & Elmegreen 1985), and NGC 3992 (Regan & Elmegreen 1997). Left: Logarithmically spaced isophote contours
from Spitzer 3.6 pum images, showing the bar region. Thick diagonal blue lines indicate bar position angle, with blue dots marking approximate bar radius, while

thinner dashed blue lines indicate the bar minor axis (as projected onto the sky);

red arrows indicate position angle and approximate extent of B/P bulges in

each galaxy (measurements from Erwin & Debattista 2013, 2017). Right: Profiles along bar major axis (thick black lines) and bar minor axis (thin grey lines),
plotted against deprojected radius. Vertical red and blue lines mark B/P-bulge and bar radius, respectively; magenta labels indicate the approximate peak and
shoulders sub-components of each profile. Note that the B/P-bulge radius delimits the steep inner peak of the profile, while the flatter shoulders extend to (and

slighty beyond) the full bar radius.

Given our modern understanding of bars, then, we can argue that
the classic flat-bar profile is better understood as a fwo-part profile.
The inner region is steep and has usually been considered to be part
of the (classical spheroidal) bulge (as has been done with recent 2D
fitting of barred-galaxy images by, e.g. Kim et al. 2015 and Kruk
et al. 2018), instead of actually being the inner part of the bar. The
outer part is the ‘flat’ (or shallow) region, which is also marked, at
the very end of the bar, by a break and a steep outer falloff that leads
to the disc outside the bar. We suggest the term shoulder for the full

MNRAS 524, 3166-3183 (2023)

outer part of the profile: the interior shallower profile plus the break
and falloff outside.> We call the entire profile — the combination of

3This terminology is not original to us; earlier uses include, e.g. Noguchi
(1996) for N-body bars and Gadotti et al. (2007) for real bars. This is also the
same as what Athanassoula & Beaton (2006) termed a ‘hump’ in the profiles
of M31’s bar and of some N-body bars.
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Figure 2. Left: Stellar-mass distributions for spiral galaxies in the parent spiral sample (hollow) and the D < 25 Mpc main spiral sample (green). Right: Same,
but now for the two barred-galaxy subsamples [B/P-detection subsample (cyan) and Face-on subsample (orange)] analysed in this paper.

the shoulder with the steep inner part of the profile (with a central
maximum) — Peak+Shoulders, or P4Sh for short.

1.3 Moving forward

If the traditional flat-bar profile is better understood as a two-part
structure, could something similar be the case for exponential bar
profiles? After all, these were also defined in Elmegreen & Elmegreen
(1985) on the basis of only the outer parts of the bar (due to centrally
saturated images), so it would be useful to know if they are truly,
as the name implies, a single exponential profile that extends all the
way in to the centre.

Our approach in this paper is to take a comprehensive look at local
bar profiles using modern data and a relatively unbiased complete
sample of galaxies. Specifically, we use near-IR imaging data from
Spitzer, which minimizes possible confusion from dust and star
formation,* and we focus on the entire bar-major-axis profile, from
the centre of the galaxy through the end of the bar. We do this for
all bars in a volume- and mass-limited sample of spiral galaxies (not
including lenticular galaxies). In the future, we also plan to compare
our observational findings with the results of analysing bar profiles
in barred galaxy simulations, as in Anderson et al. 2022.

Among the questions we hope to address are: Are all P4Sh profiles
due to the presence of a B/P bulge? What do the central regions of
exponential profiles look like? Can we identify any additional classes
of bar profiles? Is there a more fundamental (physical?) driver of bar-
profile type than Hubble type?

2 SAMPLE DEFINITIONS AND DATA SOURCES

2.1 Sample definitions

We started, following the general philosophy of Erwin (2018; 2019),
with subsamples of the Diaz-Garcia et al. (2016) subset of S*G:
all disc galaxies in S*G with inclinations i < 65°. We removed
galaxies that lack distances and stellar masses in the compilation of
Muiioz-Mateos et al. (2015), galaxies without reliable distances (i.e.

4We checked that hot dust and PAH from star formation does not significantly
affect our profile classifications; see Section 2.2.

radial velocities of <500km s~! and no non-redshift-based distance
estimates), and galaxies with optical diameters below the formal
S*G limit of D,s = 1 arcmin. We also restricted the sample to spiral
galaxies, due to the strong bias against SO galaxies in S*G. This
yielded the ‘parent spiral sample’, with 1220 galaxies.’ In the future,
we plan to expand this analysis to include SO galaxies.

We then applied a distance limit of 25 Mpc. This ensured good
completeness down to a stellar mass of log(M,/Mg) ~ 8.5, as
well as reasonable spatial resolution (median point spread function
FWHM ~ 165 pc), such that most bars can be successfully detected;
see the discussion in Erwin (2018). This reduced the sample to 659
spirals (‘main spiral sample’), of which 370 have bars according to
the catalogue of Herrera-Endoqui et al. (2015). The left-hand panel
of Fig. 2 shows the stellar-mass distributions of the parent and main
spiral samples.

We created two subsamples to analyse. The first — the B/P-
detection subsample — was defined by selecting those galaxies
with orientations best suited to allow us to determine if the bars
did or did not have B/P bulges; the rationale was to allow us to
test possible associations between B/P bulges (or the lack thereof)
and bar profiles. Following the precepts of Erwin & Debattista
(2017), we selected galaxies with inclinations >40° and relative
bar position angles APAy, (deprojected angle between bar and disc
major axis) <60°. This yielded an initial set of 195 galaxies. We sub-
sequently discarded 52 galaxies which proved, on closer inspection,
to have dubious or non-existent bars (typically in low-mass late-
type galaxies), along with five galaxies with erroneous inclinations
(e.g. actually edge-on or face-on) and seven galaxies where bright
stars close to or superimposed on the galaxies would interfere with
the extraction of clean bar-major-axis profiles. (We also added one
galaxy originally placed in the face-on subsample; see next para-
graph.) This left us with a total of 132 galaxies in the B/P-setection
subsample.

The second subsample — the Face-on Subsample — was meant to
focus on low-inclination galaxies. We intended this as a comparison
to the B/P-detection subsample, to see if differences in inclination
might have any effects on our profile classifications. We selected

5This is the same as the ‘Parent Spiral Sample’ of Erwin (2018), but slightly
different from the ‘Parent Spiral Sample’ of Erwin (2019).
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galaxies from the main spiral sample with inclinations <30°, with
no restrictions on bar orientation. After discarding six galaxies
with dubious or non-existent bars and two galaxies actually too
highly inclined,® we were left with 50 galaxies in the face-on
subsample. Taken together, our final combined subsamples comprise
182 galaxies.

The right-hand panel of Fig. 2 shows the stellar-mass distri-
butions of both subsamples, which show no signs of being sig-
nificantly different [Kolmogorov-Smirnov (K-S) test P = 0.19].
The strong decline for log(M,/M@) <9 is due in part to the
low frequency of barred galaxies among low-mass galaxies (Erwin
2018).

2.2 Data sources

Our primary data source was the Spitzer IRAC1 (3.6 pm) images of
the S*G sample. We used these for two purposes:

(i) Extraction of the bar-major-axis and bar-minor-axis profiles;
(ii) Identification of B/P-bulge morphologies.

Images were background-subtracted by taking the mean of several
dozen median measurements in 20 x 20-pixel boxes in relatively
blank regions of the image well outside the galaxy. We note that
accurate background subtraction is not essential for our purpose,
since we are interested in the isophote shapes and surface-brightness
profiles in the bright central regions of the galaxies.

Bar sizes and bar orientations were taken from Herrera-Endoqui
et al. (2015); in 26 cases, we revised the bar position angles to
better match the images. Bar strengths, when available, were taken
from Diaz-Garcia et al. (2016).” Galaxy centre (pixel) coordinates,
along with disc orientations (position angle of the major axis and
inclination), were taken from Salo et al. (2015); we determined
revised centres for 35 galaxies. For one galaxy (IC 796), we adopted
a different disc position angle (144°, versus the 137° of Salo et al.)
Stellar masses were taken from Muifioz-Mateos et al. (2015), while
neutral gas masses were based on the m21c value in HyperLEDA,
as described in Erwin (2018).% Gas rotation velocities Vi, were
taken from HyperLEDA, using their Wy, parameter corrected for
inclination. Finally, global g—r galaxy colours were based on the
2020 version of the Siena Galaxy Atlas (SGA-2020)° — specifically,
the total curve-of-growth g and » magnitudes (‘MTOT”). These are
not available for 20 galaxies in the combined subsamples.

Detailed analysis of S*G images has suggested that when star
formation is present, as much as ~10-30 per cent of the emission in
the IRAC1 filter can be due to hot dust and polycyclic aromatic
hydrocarbon (PAH) emission rather than old stars (Meidt et al.
2012; Querejeta et al. 2015). To check how much this might
contaminate our profiles, we downloaded °‘stellar’ images from
IRSA (as produced by ‘Pipeline 5’ in Querejeta et al. 2015) for
a subset of our samples and generated bar-major-axis profiles
from them to compare with the profiles from the original IRAC1
images. (Only ~55 percent of our galaxies have stellar images
from Pipeline 5.) Although there are localized differences, the

%0ne galaxy had an inclination of ~32°; the other had both inclination and
bar orientation appropriate for the B/P-detection subsample, so we added it
to the latter.

7Of the 182 galaxies in our combined subsamples, 147 have deprojected
ellipticity values, 142 have A max values, and 105 have A4 max values.

8For NGC 4314, which has no m21c value in HyperLEDA, we use the H1
flux in Springob et al. (2005).

https://www.legacysurvey.org/sga/sga2020/
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overall forms of the profiles do not change meaningfully between
the IRAC1 and stellar images, and thus our classifications do not
change.

3 CLASSIFICATION OF BAR PROFILES

3.1 The four types of bar profiles

Our starting point for bar-profile classifications was the original
Elmegreen & Elmegreen (1985) ‘flat’ and ‘exponential’ classes. As
discussed in Section 1, we recognize that ‘flat’ profiles are only
shallow or flat in their outer parts; in most if not all cases, these
bars have steep inner profiles, which appear to be at least partly due
to the inner B/P structure of the bar. Because of this, we departed
from Elmegreen & Elmegreen (1985) and most subsequent work
by considering the entire profile, from the centre of the galaxy
(r = 0) out to the end of the bar, even though this will inevitably
include some contribution in the central part of the profile from non-
bar components such as classical bulges, nuclear discs, nuclear star
clusters, etc. Consequently, we began by replacing the term ‘flat” with
the term Peak+Shoulders (P+Sh); this reflects both the full outer
part of the bar profile (the shoulder) and the steep inner component
(the peak).

Given this approach, we also considered the entire profile (r > 0)
of ‘exponential’ bars. Exploratory analysis of bar-major-axis profiles
from our sample suggested that when this is done, there is actually
more than one type of ‘exponential’ profile. That is, among the
profiles which were not P+-Sh, we found many with genuinely single-
exponential profiles, but also a number with more complicated forms.
We eventually settled on a total of three classes of non—P+Sh bar
profiles. Figs (3)—(5) show examples of these three types of bar
profiles. Note that some of these profiles do show compact central
peaks, plausibly consistent with nuclear star clusters; we note the
existence of such features, but otherwise ignore them in our analysis.

In summary, we found evidence for four general classes of bar
profile:

(i) Peak+Shoulders (P+4-Sh) — This is our updated version of the
classic ‘flat’ profile of Elmegreen & Elmegreen (1985); it includes
the ‘intermediate’ class of Buta et al. (2006). See Fig. 1 for examples.

(ii)) Exponential (Exp) — These are profiles which approx-
imate a single exponential over their whole range, with the
possible addition of a small central excess compatible with a
very compact bulge or a nuclear star cluster. See Fig. 3 for
examples.

(iii) Two-Slope (2S) — These are profiles where the inner part is a
shallow exponential, breaking beyond a certain radius (either inside
the bar or sometimes at the bar end) to a steeper exponential. See
Fig. 4 for examples.

@iv) Flat-Top (FT) — This can be thought of as an extreme
version of the previous profile: the inner part has essentially
constant surface brightness, breaking to an exponential profile
beyond a certain radius. This is distinguished from the P+Sh
profile by the fact that it has no central ‘peak’.'’See Fig. 5 for
examples.

10That is, these are profiles with shoulders, but no ‘heads’ — headless or
decapitated profiles. (We considered referring to these as ‘Green Knight’
profiles, but decided against such an obscure literary reference.)
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Figure 3. As for Fig. 1, but showing examples of galaxies with exponential (Exp) bar profiles. Left: Spitzer 3.6 um isophotes. Thick (solid) and thin (dashed)
blue lines indicate bar major-axis and minor-axis position angles, respectively (as projected onto the sky); blue circles mark the approximate radius of the bar.
Right: Profiles along bar major axis (solid lines) and minor axis (thin grey lines). Vertical blue lines indicate bar radius.

3.2 How we did the classifications

Having defined a preliminary classification scheme (see previous
section), we then performed a general visual classification of all
182 bar-major-axis profiles in the two subsamples. To minimize the
possibility of biased classifications, we used a blinded approach
where profile plots were automatically generated and assigned
numbers from a randomized ordering. These profiles were then
classified by two of the authors (PE and VPD). By randomizing
the profiles and obscuring their origins, we hoped to avoid possible
biases that might result from knowing the individual-galaxy origins
of profiles (e.g. recognizing a galaxy name as that of a classic well-
studied ‘flat” or ‘exponential’ profile from the literature), knowledge

of whether a profile was from a galaxy with an identified B/P bulge,
knowledge of a galaxy’s likely stellar mass,'! etc. See Appendix A
for examples of the actual plots used for the blind classification
process.

The agreement between the two classifiers was reasonably good,
with disagreements on 24 of the 182 galaxies. The majority of
these disagreements involved exponential sub-types (e.g. exponential
versus flat-top); only eight involved one classifier choosing P+-Sh and
the other choosing one of the exponential sub-types. In general, we

"n practice, there is the possibility that one could guess that a very noisy
profile came from a low-mass, low-surface-brightness galaxy.
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Figure 4. As for Fig. 3 but now showing examples of galaxies with two-slope (2S) bar profiles. Note that NGC 3319 has a small nuclear peak, consistent with
a nuclear star cluster (e.g. Georgiev & Boker 2014); NGC 3850 may have a weaker example.

count profile types only for galaxies where both classifiers agreed,
though for overall fractions of profile types we also report results
based on giving each vote for classification X a value of 1 and then
dividing the totals by two. Thus, a disagreement counts as 1/2 a vote
for each of the two profile types.

4 RESULTS FOR PROFILE CLASSIFICATIONS

4.1 General results

The two most common profile types we find in our galaxies are
P+Sh (311"31 per cent of the combined subsamples) and exponential
(41 £ 4 percent); flat-top profiles are the next most common
(1273 percent), with only a small number of bars showing two-

MNRAS 524, 3166-3183 (2023)

slope profiles (3.371 percent), along with 123 percent split
classifications.!”> What is potentially more interesting than these raw
percentages is whether the profiles type depends on particular galaxy
characteristics.

We show the distribution of bar-profiles types as a function
of stellar mass in Fig. 6. Results from the two different clas-
sifiers appear in the left and right columns, respectively; these
show very good agreement. The top row has classifications for
all galaxies in both subsamples, while the middle and bottom
rows show the classifications for the B/P-detection and face-on

121f we count split classifications as 1/2 for each, then the frequencies are
33f§ per cent for P4-Sh, 45 + 4 per cent for Exponential, 17 £ 3 per cent for

Flat-Top, and 4.7f}:§ per cent for Two-Slope.
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subsample, respectively. We see no significant differences for the
two subsamples (K-S P = 0.50-0.88), which suggests that in-
clination does not meaningfully affect the appearance of the bar
profiles.

The clearest trend is the mass segregation between the P+Sh bars
and the others. P+Sh bars are preferentially found in high-mass
galaxies, especially log(M,/Mg) 2 10. The other profile types,
which are dominated by exponential bars, are preferentially found in
lower-mass galaxies, and seem to share the same basic distribution
in stellar mass. A K-S test comparing the stellar mass distributions
of exponential and flat-top profiles yields P = 0.77 for the PE
classifications and 0.39 for the VPD classifications, so there is no
evidence for a difference in their parent samples.

Fig. 7 shows the distributions of Hubble types (top), neutral gas
mass fraction (middle), and g—r colour for each profile type, with
classifications from both PE and VPD merged. As was originally
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As for Fig. 3 but now showing examples of galaxies with flat-top (FT) bar profiles.

pointed out by Elmegreen & Elmegreen (1985), P+Sh profiles (their
‘flat’” profiles) are typically found in earlier Hubble types, while the
exponential and other profiles become common only for Sc and later
galaxies. We can also see that gas-poor galaxies are more likely to
have P+Sh profiles, while gas-rich galaxies tend to have a mix of
the non-P+-Sh profiles. A similar trend holds for colour, with red
galaxies more likely to have P+Sh profiles. This is consistent with
the stellar-mass and Hubble-type trends, in that high-mass galaxies
(and earlier Hubble types) tend to be redder and more gas-poor than
low-mass galaxies (and later Hubble types). We examine the question
of whether there is an independent relation between profile type and
any of these three parameters in Section 4.2.

Finally, in Fig. 8 we show distributions of bar characteristics
for the different profile types. The upper left-hand panel shows
relative bar size (bar radius divided by the exponential-disc scale
length from the 2D fits of Salo et al. 2015), while the other panels

MNRAS 524, 3166-3183 (2023)
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Figure 6. Distribution of bar-profile classifications as a function of galaxy stellar mass, as determined by the two classifiers. Top row: classifications for all
spiral galaxies. Middle row: Classifications for galaxies with moderate inclinations and low APAg,. Bottom row: Classifications for galaxies with near-face-on

orientations.

show three different measurements of bar ‘strength’, all taken from
Diaz-Garcia et al. (2016): deprojected maximum isophotal ellipticity
of the bar, maximum m = 2 Fourier amplitude relative to the
m = 0 amplitude A;ma, and maximum relative m = 4 amplitude
A4,max-

MNRAS 524, 3166-3183 (2023)

For bar sizes, we see only a weak difference between P+Sh and
non-P+Sh profiles, though it is formally statistically significant (K-S
P ~ 0.0006, versus P ~ 3 x 107! for logfys and P ~ 1 x 1078
for Hubble type). The fact that P+Sh bars tend to be relatively
larger is plausibly explained by the strong stellar-mass dependence,
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since relative bar sizes tend to be larger for galaxies with masses
log (M, /M@) > 10.2 (Erwin 2019).

When we turn to bar ellipticity, there is a slight tendency for P4-Sh
profiles to appear in stronger bars. However, there is considerable
overlap, so that (for example) bars with a deprojected ellipticity of
0.4 are equally likely to have P+Sh profiles or exponential profiles.
In fact, when the different non-P+Sh profiles are combined, their
deprojected ellipticity distributions basically reproduce that of the
P+Sh galaxies (K-S test P = 0.95). There is, in contrast, some
evidence for a difference between the exponential profiles and the
combination of 2S and FT profiles, in that the latter tend to be found
in more elliptical bars (K-S test P = 0.0005).

For Ajmax and Agmax, P+Sh profiles appear somewhat biased
toward stronger bars (higher values of Aj nax and Agmax; K-S P =
0.0011 and 0.035, respectively). The lower significance for the A4 max
comparison might simply reflect the lower number of galaxies with
A4 max measurements. Again, however, there is considerable overlap,
and the segregation of profile types is nowhere near as strong as it is
for stellar mass (or, indeed, for Hubble type, gas fraction, or colour).

In summary, we find that bar-profile type is very strongly de-
pendent on galaxy stellar mass, in the sense that P+Sh profiles
are overwhelmingly found in massive galaxies, while the various
exponential sub-types (Exp, FT, 2S) are found in low-mass galaxies.
Similar trends are found for Hubble type, gas mass fraction, and
g— colour, with P4-Sh profiles preferentially found in galaxies with
earlier Hubble types, lower gas fractions, and redder colours. On the
other hand there is only weak or ambiguous evidence that bar-profile
class depends on relative bar size or bar strength.

In the next section, we focus on the question of whether the
observed strong trends with stellar mass, Hubble type, gas fraction,
and colour are independent, or whether profile type might depend
mostly or entirely on just one of these characteristics, with the other
trends being side effects of known correlations between all four
parameters.

4.2 Dependence of bar-profile type on single versus multiple
parameters

We have seen that P+Sh profiles are more common in galaxies with
higher stellar masses, lower gas mass fractions, redder colours, and
earlier Hubble types. The question that naturally arises is whether
these trends are independent, because galaxy mass is correlated with
colour and inversely correlated with gas fraction and Hubble type.
Is the dependence on these other characteristics merely a side effect
of a more general trend with stellar mass? If we could, for example,
compare barred spirals with the same stellar mass, would P+Sh
profiles still be more common in galaxies with lower gas fractions,
redder colours, or earlier Hubble types?

We attempt to answer these questions via logistic regression, which
models the probability of a galaxy having a given binomial charac-
teristic as a function of one or more parameters. This is appropriate
for our problem because the visible trends show clear segregation by
parameter value: e.g. all galaxies with log (M,/M@) < 9.2 do not
have P+Sh profiles, while all galaxies with log (M,/Mg) 2 10.6
do, with the P+Sh fraction increasing more or less monotonically
with increasing stellar mass (see Fig. 11). Specifically, we focus
on the presence or absence of a P+Sh profile, counting only cases
where both classifiers agreed on its presence; galaxies with split
classifications are counted as non—P+Sh.

Logistic regression involves modelling the probability P of a
galaxy having a particular characteristic — e.g. a P4+-Sh profile — as
a function of one or more parameters and one or more independent

MNRAS 524, 3166-3183 (2023)
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Figure 8. As for Fig. 7, but now showing distribution of bar-profile classifications as a function of relative bar size (deprojected semi-major axis divided by
exponential disc scale length, upper left) and three different measurements of bar strength: deprojected isophotal ellipticity and maximum m = 2 and m = 4
Fourier amplitudes (relative to m = 0 amplitudes). The total number of galaxies with valid measurements is indicated in the upper corners of each plot.

variables via the logistic equation

1

T lte @rsin’ M

where the x; are the different variables (e.g. stellar mass, gas fraction,
and Hubble type); the probability asymptotes to 0 as x; - —oo and
to 1 as x; — 400 (for B8; > 0, with the reverse behaviour for 8; < 0).
If a given parameter x; has no relation to the P+-Sh probability, then
we would expect the corresponding slope §; to be X0.

The best-fitting values of the parameters can be determined using
a maximum likelihood approach,'3 with the total likelihood being
the product of the individual Bernoulli likelihoods for each of the N
observed galaxies

N

c=I[prra-pry—r, 2

n=I1

where P, is the probability for galaxy n (evaluated using equation 1)
and y, is the observed result (=1 if the galaxy has that characteristic
and 0 if it does not).

13We use the standard g1m function in the R statistical language.
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We can investigate the relative importance of different parameters
by performing individual fits using just one parameter and then com-
paring the relative goodness of each fit. We can also fit using multiple
parameters simultaneously and look at the relative significance of the
different parameters in such fits.

4.2.1 Dependence on single parameters

Table 1 compares single-variable logistic fits for individual galaxy
parameters. For each of several subsamples,'* we show the best-
fitting intercept o and slope 8, along with the associated probability
Pg_q for a slope at least that different from zero under the null
hypothesis that the true slope is zero.

We also show the AIC value for the fits, as computed by the R
function glm:

AIC = —2InL + 2k, 3)

14Note that unlike the subsample counts in Figs 7 and 8, which used
only galaxies where both classifiers agreed on the final classification, these
subsamples included galaxies where both classifiers agreed on whether a
galaxy was P+Sh or not, but may have disagreed on the non—P+Sh class.
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Table 1. Logistic regression for P4-Sh Profiles: Single variables. Table 2. Logistic regression for P4-Sh profiles: Multiple variables.
Variable o4 B Ps—o AIC Variable o B Pg—o AIC
)] @ 3 (C)) (&) @ @ (€) “ (&)
Full sample (182 galaxies) Full sample (182 galaxies)
log M, —47.71 470 1.0x 10710 11272 log M, —36.62 380 1.3 x107° 10299
Hubble type T 2.95 —-076 1.0x 1071 140.98 Hubble type T —048 0.01
108 fas —2.84 —248 67x10710 164,67 10g fas 0.02 0.98
B/P-detection subsample (132 galaxies) B/P-detection subsample (132 galaxies)
log Viot —34.50 1624 6.7 x 1078 78.23 log M, _42.06 432 1.4 x 10-° 73.90
Hubble type T 2.71 —070 14 x1078 106.95 108 faas 027 0.73
10g feas -265  —223 481077 12265 10g Vrot ~24.97 1261 43 x 1075 75.19
Full sample: galaxies with g—r and A max (125 galaxies) Hubble type T — 042 0.072
log M, —44.25 437 23 x 1078 91.23 108 feas _0.04 0.96
g—r —13.19 2240 5.0 x 107 88.13 o i
As, max —217 4.02 0.00021 154.00 Full sample: galaxies with g—r and Aj max (125 galaxies)
Hubble type T 361 —087 21x10° 10297 log M, —33.96 283 0.0031 78.99
108 fas 270  —268 28x1077 12327 g=r 11.72 0.035
B/P-detection subsample: galaxies with g—r (118 galaxies) A2 max 1.51 0.36
10g Vit ~3258 1533 24x107 7042 Hubble type T —0.35 0.18
log M, —48.38 475 47 x 1077 67.69 10g feas 0.72 0.37
g—r —12.13 19.67 1.8 x 1078 75.43 Notes. As for Table 1, but now showing results of multiple-variable logistic
Hubble type T 2.96 —0.76 6.4 x 1078 91.07 regressions: probability of a barred spiral having a Peak+Shoulders profile
log fgas —2.81 —2.50 12x107° 105.80 as function of values of three or more different parameters at the same

Notes. Results of single-variable logistic regressions: probability of a barred
spiral having a Peak+Shoulders profile as function of values of different
parameters. Each line represents a separate logistic regression. (1) Galaxy
parameter used in fit (M, = stellar mass; fg,s = gas mass ratio; Vior =
inclination-corrected gas rotation velocity). (2) Intercept value for fit. (3)
Slope for fit. (4) P-value for slope. (5) Akaike information criterion (AIC)
value for fit; lower values indicate better fits for a given sample.

where L is the (maximized) likelihood value (equation 2) and £ is
the number of (free) parameters. Smaller values of AIC indicate a
better fit for a given data set. Traditionally, values of | AAIC| < 2 are
considered non-significant, while | AAIC| & 2—-6 is weak evidence in
favour of the model with lower AIC and |AAIC| > 6 is considered
strong evidence. We note that the latter criterion corresponds to
P < 0.05, and so is not ‘strong evidence’ by the usual standards
of astronomy; |AAIC| 2 12 would be a rough equivalent to a 3¢
standard of significance.

This allows us to see which individual parameters are most
important. What is clear is that the key parameters are those related
to galaxy mass, and possibly colour. For most of the samples, it is
the galaxy stellar mass that provides the best fit, although log Vi is
only marginally worse. For the subset of the full sample with colour
data, it is g — r (but note that this is not true for the B/P-detection
subsample), though with | AAIC| only ~4.

While the fits using other parameters (10g fyas, A2 max, Hubble type)
are all formally significant (i.e. they have small values of Pg_o), they
are clearly worse than galaxy mass or g—r as predictors (they have
much larger values of AIC), and it is possible that these are merely
side-effects of correlations between, e.g. galaxy mass and the other
parameters. The question then becomes: do any of the non-mass
parameters have any independent effect on the presence of P+Sh
profiles?

4.2.2 Dependence on multiple parameters

Table 2 is similar to Table 1, except that it shows one or two
multiparameter logistic fits for each subsample. Here, we look at
two things: which of the parameters in each fit have slopes that

time. For the B/P-detection subsample, we performed two fits, using either
log (M, /M) or log Vi as a ‘galaxy mass’ variable. The lines show the
best-fitting coefficients for the specified variables; the first line also includes
the intercept (o) and the AIC value for the fit. (1) Galaxy parameters used in
fit. (2) Intercept value for fit. (3) Slope for each parameter in fit. (4) P-value
for slope. (5) AIC value for fit.

Table 3. Logistic regression for presence of B/P bulges.

Variable o B Pg—o AIC
(1) 2 (3) (C)) &)

log M, —63.62 6.18 3.7 x 107 61.85
log Viot —58.51 27.26 12x 107 48.12

Note. Results of single-variable logistic regressions: probability of a barred
spiral having a B/P bulge as function of stellar mass or rotation velocity for
the B/P-detection subsample. (1) Galaxy parameter used in fit (M, = stellar
mass; Vit = gas rotation velocity). (2) Intercept value for fit. (3) Slope for
fit. (4) P-value for slope. (5) AIC value for fit.

differ from zero in a statistically significantly sense (small values of
Pg—p), and which fits have AIC values significantly smaller than
the corresponding single-parameter fits for the same subsample
(Table 1). For example, in the case of the full sample of 182 galaxies,
the multiparameter fit in Table 2 has AIC ~ 103.0 while the best
single-parameter fit in Table 1 (using log (M,/Mg)) has AIC ~
112.7, so including the extra parameters appears to do a better job
of predicting the presence of P+Sh profiles. Since only the Hubble-
type parameter in this multiparameter fit has a marginally significant
(Pg=o ~ 0.01) slope in the multiparameter fit, it appears that the gas
mass fraction log fg,s is not meaningful.

If we restrict ourselves to the B/P-detection subsample, then
the possible significance of Hubble type as a secondary parameter
disappears. If we also include the g—r colour and bar strength A max
(for the 125 galaxies in the full sample that have both values — see
the final fit in the table), then g—r is a marginally significant (Pg—o
~ (0.035) secondary parameter, while the Hubble type and A; .« are
not.

In summary, it appears that galaxy mass (M, or V) is the only
clear determinant for the presence of absence of P+4-Sh profiles,
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although there is the possibility that g—r colour could be a secondary
parameter.

4.3 Exponential and related bar profiles

One of the key findings of this paper is that the classic ‘Exponential’
bar-profile type actually consists of several distinct sub-types. In
addition to what we call exponential profiles (which have a single
exponential slope from the centre to the end of the bar), we also
identify Two-Slope and Flat-Top profiles (Section 3 and Figs 3-5).

Two-Slope bar profiles are a rarity, accounting for only
7.1%30 percent of the non-P+Sh bars. Flat-top bars are more
significant, making up one quarter (25 & 4 percent) of the non—
P+Sh bars. Figs 6 and 7 show no evidence for any differences in
stellar mass, Hubble type, or gas fraction between Two-Slope, Flat-
Top, and Exponential profiles; as noted in Section 4.1, K-S tests for
these different sub-types show no evidence for statistically significant
differences in their stellar-mass distributions. Further K-S tests for
possible differences in terms of Hubble type, gas mass fraction, or
bar strength yielded nothing significant, with the possible exception
of a difference between Hubble types for 2S profiles and the other
two subtypes, in the sense the 2S Hubble types are more evenly
distributed and less concentrated towards very late Hubble types (P
~ 0.02). The significance of this is, however, borderline, especially
considering that we are testing multiple comparisons (e.g. 2S versus
non-2S for various different galaxy parameters).

5 THE LINK BETWEEN B/P BULGES AND BAR
PROFILES

As noted in Section 1.2, recent research has suggested that ‘flat’
bar profiles are associated with bars that have B/P bulges, with the
shoulder part of the profile corresponding to the outer, vertically thin
part of the bar and the B/P bulge having a steeper surface brightness
profile that produces most of the ‘peak’ of the P4-Sh profiles.

This has two obvious implications. The first is that most if not
all bars with B/P bulges should have P+-Sh profiles. The second is
the inverse: most if not all P4-Sh profiles should be in bars with B/P
bulges. In this section of the paper, we test these ideas by identifying
which bars do and do not have B/P bulges from a morphological
perspective. To do so, we use the B/P-detection subsample, where
we can maximize our ability to detect both the presence and absence
of B/P bulges inside the bars.

5.1 Determining the frequency of B/P bulges as a function of
galaxy properties

Erwin & Debattista (2017) analysed near-IR images of a local sample
of 84 barred galaxies which had orientations favorable for detecting
B/P bulges. They found a very strong, almost perfectly monotonic
dependence of B/P-bulge morphology on stellar mass: galaxies with
masses <10'" almost never had B/P bulges, while galaxies with
masses >101%3 almost always had them. They found supporting
evidence for this trend in the SDSS analysis of Yoshino & Yamauchi
(2015). Subsequently, Li et al. (2017) used optical images from
the Carnegie-Irvine Galaxy Survey (Ho et al. 2011) to argue for a
very similar trend (e.g. their figure 3), using both the morphological
signature identified by ED13 and the ‘barlens’ morphology identified
by Laurikainen and collaborators (e.g. Laurikainen et al. 2011;
Athanassoula et al. 2015; Laurikainen & Salo 2017), which is visible
in more face-on galaxies. Kruk et al. (2019) found the same trend
using SDSS images for z ~ 0 barred galaxies, and hints that the trend

MNRAS 524, 3166-3183 (2023)

P. Erwin, V. P. Debattista, and S. R. Anderson

might be present in higher-redshift galaxies. More recently, Marchuk
et al. (2022) found a very similar result for B/P bulges identified in
edge-on galaxies.

The original analysis of Erwin & Debattista (2017) had some
disadvantages. In particular, it included a galaxy angular diameter
limit (Dys > 2), which translates to a bias against physically compact
galaxies. Consequently, we decided to repeat the same morpholog-
ical analysis using the B/P-detection subsample of our S4G-based
sample, which is strictly distance-limited and includes 132 galaxies;
since rotation velocity measurements are available for all of the
galaxies, we also look for trends in B/P fraction as a function of V.
We note that Erwin & Debattista (2017) included some SO galaxies
in their sample, while here we are restricted to spiral galaxies only.

5.2 Identification of B/P bulges in bars

Erwin & Debattista (2013) showed that B/P bulges in bars could
be identified via characteristic patterns in the bar isophotes, as long
as the galaxy was moderately inclined (e.g. i ~ 40-75°) and the
bar was not too close to the galaxy minor axis (see also Erwin &
Debattista 2016, 2017). This took the form of what they called a
‘box + spurs’ morphology, where the B/P bulge itself projected to
form a thick, often boxlike structure (the ‘box/oval’)'> and the outer
vertically thin part of the bar projected to form narrower isophotes
(the ‘spurs’). As long as the bar was oriented more than a few
degrees away from the galaxy’s major axis, these two structures were
misaligned in a characteristic way, with the spurs rotated further away
from the major axis than the box/oval. (See Fig. 1 for examples,
as well as figures in the aforementioned papers.) An important
corollary of this morphology was the fact that when a B/P bulge was
not present, the bar showed symmetric elliptical isophotes without
the box/oval + spurs morphology, meaning that it was possible to
identify bars lacking B/P bulges as well.

5.3 Updated frequencies of B/P bulges

Fig. 9 shows how the fraction of bars with B/P bulges f(B/P)
behaves as a function of stellar mass in the B/P-detection subsample.
The trend is a dramatic one: the B/P fraction is O percent for
log(M,/M@) < 9.5 and 100 per cent for log (M,/Mp) > 10.5,
with a monotonic and very steep transition between these two
regimes. The thick dashed line shows the result of a logistic regres-
sion analysis. This indicates that f{B/P) = 0.5 at log (M, /M¢p) =
10.29 and 0.9 at log (M, /M) = 10.65.

This trend is very similar to that seen for a smaller (and slightly
overlapping) sample by Erwin & Debattista (2017), except that it is
stronger for our newer,” larger sample (we show the original logistic
fit from Erwin & Debattista 2017 as thin dashed grey line, with
ABIP) = 0.5 at log (M,/M¢) = 10.36 and 0.9 at log (M,/M¢p) =
10.89). We suspect this may be due to the more consistent stellar
masses used in our current sample (all based on Spitzer 3.6 pm
photometry); the more heterogeneous mass estimates in Erwin &
Debattista (2017) could mean a greater scatter, and thus a weakening
of the sharp transition.

There are 37 galaxies in the B/P-detection subsample which are
also in the 84-galaxy ED17 sample, so some of the agreement could

151n Erwin & Debattista (2013), this was called the ‘box’, since in strong
cases its isophotes were actually rectangular; however, in many cases the
projected B/P bulge has oval isophotes, so we adopt the more general term
box/oval in this paper.
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Figure 9. Frequency of B/P bulges within bars as a function of galaxy stellar
mass, from our 132-galaxy B/P-detection subsample. The thick dashed curve
shows the best-fitting logistic regression (fit to the full set of individual data
points rather than the bins). The thin dashed curve is the logistic regression
from Erwin & Debattista (2017), while the dotted (green) curve shows the
logistic regression using the 95 galaxies in the B/P-detection subsample that
are not in the original ED17 sample.
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Figure 10. As for Fig. 9, but now showing the fraction of bars with B/P
bulges as a function of galaxy rotation velocity.

be due to this overlap. We can eliminate this possibility by looking
at the trend for just those 95 galaxies in the B/P-detection subsample
which were not in the ED17 sample. This shows the same basic
pattern; the logistic fit for this subsample is shown with the green
line in Fig. 9. This increases our confidence in the general result,
since essentially the same strong B/P-fraction—stellar-mass relation
is found for two different galaxy samples.

Fig. 10 shows the trend in f{iB/P) as a function of galaxy (gas)
rotation velocity, along with the corresponding logistic fit. The same
strong trend is clearly visible. In this case, no galaxies with Vo <
100kms~! have B/P bulges, while all galaxies with log V,o; > 2.2
(Vrot ~ 160kms™") do. The existence of the Tully—Fisher relation
means that this similarity is entirely to be expected, though it does
raise the question of whether f(B/P) might somehow depend on,
e.g. halo mass rather than stellar mass. The AIC values for the
logistic fits are 61.7 for the log (M, /M) fit and 49.4 for the Vi fit,
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Figure 11. Frequency of P+Sh bar profiles in barred spiral galaxies (both
subsamples combined) as a function of stellar mass; different symbols indicate
results from the two classifiers. Dashed coloured curves show corresponding
logistic fits. The grey dashed curve is the logistic fit for B/P-bulge presence
from Fig. 9.

which indicates the latter is a better fit; the slope for the V,y fit is
clearly steeper (logistic slope = 27.0 & 6.0 versus 6.1 £ 1.3 for the
log (M./Mg) fit), indicating a stronger trend. Of course, residual
uncertainties in the stellar-mass estimation might still introduce
scatter into the latter relation, so we cannot really conclude that
halo mass is the primary driver.

5.4 Peak+Shoulders profiles and the presence of B/P bulges

We now examine possible connections between B/P bulges and
bar profiles. We first look at bars in the B/P-detection subsample
with identified B/P bulges (as a reminder, this sample is made of
galaxies with inclinations and bar orientations selected to maximize
the ability to detect B/P bulges, if they are present). Essentially
all such bars have P4-Sh profiles: we securely classify 30 of the
32 B/P-bulge hosts as having P+Sh profiles — and for the two
galaxies not unambiguously classified (NGC 4498 and NGC 7513),
the classifications were split, with one of the two classifiers labeling
them P+Sh.

What about the inverse? Do we find P Sh profiles in galaxies whose
bars lack B/P bulges? There are in fact nine galaxies in the B/P-
detection subsample which both classifiers deemed to have P+Sh
profiles, but for which we found little or no evidence for B/P bulges
(the two classifiers differed on four other galaxies without B/P bulges,
with one P+4-Sh and one non-P+Sh classification for each). Thus, it
appears that P+Sh profiles can sometimes occur in the absence of
B/P bulges.

The strong mass dependence seen for B/P bulges (Subsection 5.3)
is replicated in the strong mass dependence of P+4Sh profiles, as
can be seen in Fig. 11. There is a clear implication: either one
of these things causes the other (e.g. the buckling instability that
gives rise to B/P bulges also produces P+Sh bar profiles), or both
are linked to some common underlying mechanism. The fraction
of bars with P+Sh profiles is slightly higher than the B/P-bulge
fraction at all masses (that is, at all masses where the fractions are
>0 and <1). The logistic fits suggest that the P+Sh fraction reaches
50 percent at log (M,/Mg) ~ 10.1, while the B/P-bulge fraction
reaches 50 percent at log (M, /M@) ~ 10.3 (compare the plotted
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curves in Fig. 11). A K-S test gives P = 0.0059 for the null hypothesis
that B/P hosts with P+-Sh profiles and non-B/P hosts with P+Sh
profiles come from the same parent distribution of stellar masses,
so there is some suggestion of a real difference in the stellar-mass
distributions.'® If bars form earlier and/or evolve faster in higher-
mass galaxies, then this might be an indication that formation of the
P+Sh profiles precedes formation of B/P bulges (see Section 6.3),
which could perhaps explain why the mass distribution of B/P hosts
and non-B/P hosts with P4-Sh profiles differs slightly.

6 DISCUSSION

6.1 Comparison with previous studies

Our results are generally quite consistent with the original work
by Elmegreen & Elmegreen (1985), Elmegreen et al. (1996), and
Regan & Elmegreen (1997): we find a strong segregation of profile
type with Hubble type, in the sense that P+Sh profiles (corresponding
to the earlier ‘flat’ profile type) are preferentially found in earlier-
type spirals and non-P+Sh profiles (corresponding to the earlier
‘exponential’ type) are preferentially found in late-type spirals.
However, we argue on the basis of our multiparameter logistic fits
(Section 4.2) that the Hubble-type dependence is basically a side
effect of a more fundamental dependence on galaxy mass.

The studies of Kim et al. (2015) and Kruk et al. (2018) both
suggested a strong dependence of bar-profile type — parametrized
via the Sérisc index of the bar component in their 2D image
decompositions — on stellar mass. Kim et al. (2015) argued for
a transition between ‘flat’ (bar-component Sérsic n < 0.4) and
‘exponential’ (n > 0.8) occurring at log (M, /M) ~ 10.2. This is
very similar to our transition mass of log (M, /M) ~ 10.1, defined
as the point where the fraction of bars with P+Sh profiles reaches
50 per cent in our logistic regression (Section 5.4). Kruk et al. (2018)
found a difference in Sérsic bar index between their low-mass bin
(log(M,/M@p) < 10.25), where ny, = 0.81 4= 0.60, and their high-
mass bin (log (M, /M) > 10.25), where np,, = 0.43 & 0.47.

Both Kim et al. (2015) and Kruk et al. (2018) also pointed to
associations between B/T values and bar-profile types. For example,
Kim et al. argued, “The majority of exponential bars are in bulgeless
galaxies, and all galaxies with ny, > 0.7 are bulgeless galaxies.
Thus, bar profiles can be better separated by bulge dominance and
bulge types than by galaxy mass.” Similarly, Kruk et al. noted that
low values of the bar Sérsic index (corresponding to flatter, outer,
bar profiles) were strongly associated with ‘obvious bulge’ galaxies
(i.e. those that required an extra Sérsic component for the ‘bulge’
in their image decompositions), while more exponential-like bar
profiles were associated with ‘disc dominated’ galaxies.

Although we do not consider B/T values for our galaxies, the
bulge—bar-profile associations of Kim et al. (2015) and Kruk et al.
(2018) can be understood in the context of our findings if we recall
that our P+Sh profile is the combination of a shallow-to-flat outer
profile and a steep inner profile. Thus, a P4+Sh bar is naturally
best represented in a 2D fit by the combination of a low-n Sérsic
component for the outer part of the bar and an additional, smaller
and higher-n Sérsic component for the inner part of the profile.
Our argument is that the steep inner part of the bar’s profile should
not be seen as a separate (spheroidal) ‘bulge’, but rather as the

16The median stellar mass of the non-B/P P4-Sh galaxies is log (M, /M@) ~
10.2, while for the P4-Sh galaxies with B/P bulges it is ~10.6.
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combination of the bar’s B/P structure and any additional inner non-
bar components (nuclear discs, nuclear bars, actual spheroids, etc.)
that may be present.'” Similar arguments have been made in the
context of 2D image fitting of bars by Neumann et al. 2019 and
Erwin et al. 2021.

Lee, Ann & Park (2019) suggested that flat-bar profiles are
significantly more common in SB bars than in SAB bars. In our
sample, we find no evidence for this — in fact, the opposite is true,
though not at a statistically significant level. The fact that Lee et al.
found over one-third of their unbarred galaxies to have flat profiles
suggests their method of deriving profiles (combining amplitudes
from Fourier analyses of deprojected images) may not produce the
same results as ours.

Finally, we have argued that ‘Exponential’ bar profiles really
fall into three subclasses: single-exponential (Exp), two-slope (2S),
and flat-top (FT). This raises a question: why were 2S and FT
profiles not identified in earlier studies? A perusal of Elmegreen &
Elmegreen (1985), Elmegreen et al. (1996), and Regan & Elmegreen
(1997) shows only 10 definite exponential profiles. Since the profiles
from Elmegreen & Elmegreen (1985) were from centrally satu-
rated images, making it difficult or impossible to identify central
deviations from a single-exponential profile, we concentrate on the
seven exponential-profile galaxies from Elmegreen et al. (1996) and
Regan & Elmegreen (1997).'® Two of these were classified as part
of our sample; we performed similar classifications for the other
five galaxies (NGC 925, NGC 1359, NGC 1744, NGC 2835, and
NGC 7741).

Of these seven ‘classical exponential’ profiles from the literature,
we find one to be ambiguous (P+Sh according to one classifier,
Exponential according to the other), with the remaining six are
Exponential profiles. Since 68 percent of the non-P+Sh bars in
our sample are Exponential rather than 2S or FT, it is plausible that
previous studies have missed the presence of FT and 2S bar profiles
due to small-number statistics.

6.2 Comparison with theory

As noted in the Introduction (Section 1.1), theoretical work attempt-
ing to explain the origin of bar profiles has been relatively scant. In
this section, we address some of what has been done in this area.

Athanassoula & Misiriotis (2002) noted differences in bar profiles
in three different N-body simulations. The clearest case of a P4Sh
profile —indeed, probably the first instance of a simulation producing
a proper P+Sh profile — was in their ‘massive halo’ model, while the
‘massive disc’ model had a bar with an approximately exponential
profile. Unfortunately, since we have no kinematic information
for the vast majority of our galaxies, we cannot test whether the
observed profiles might correlate with different halo-density profiles
or different relative halo—disc concentrations.

Anderson et al. (2022) analysed an ensemble of barred-galaxy
simulations (mostly N-body, but including three with gas and star
formation) using an algorithm for detecting and measuring the
presence of shoulders in the surface-density profiles of bar major
axes. They also checked for bar buckling and the presence or absence
of B/P bulges (this included cases where B/P bulges formed gradually
without strong buckling).

17We remind the reader that there is some evidence for a small subset of bars
with P+Sh profiles but no B/P bulge (Section 5.4).

18 Spitzer IRAC1 images indicate that NGC 3184 is not actually barred (e.g.
Buta et al. 2015; Herrera-Endoqui et al. 2015), so we exclude this galaxy.
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They identified numerous instances of shoulders — what we would
term P+Sh profiles — and found that the shoulders were primarily
made up of particles trapped around looped x; orbits. The formation
of shoulders appeared to be tied to the secular evolution of the bar,
and in particular of the growth of the bar, so that shoulders did not
appear when the bar did not grow.

Since the focus of Anderson et al. (2022) was on P+Sh profiles,
the different instances of not-P+4-Sh profiles were not classified. Their
Figs 7 and 8 show that such profiles tended to be pure exponential.
However, in a few cases the profile showed a Flat-Top shape, usually
very early on (i.e. immediately after bar formation), and then evolved
into an Exponential profile (and often then on to P4-Sh).

They noted that B/P bulges and P+Sh profiles were commonly
but not always associated in their simulations, including cases where
B/P bulges formed before shoulders and cases where secondary
buckling eliminated shoulders, transforming (or returning) the profile
to exponential. This is in partial disagreement with our observational
findings: while we do find some bars with P4-Sh profiles that do not
have B/P bulges, we find no instances of the opposite. One possible
implication might be that secondary buckling, which should result in
B/P bulges without P+Sh profiles, is quite rare in real galaxies.

6.3 Timing considerations

In Section 5.4, we noted that while all bars with B/P bulges show
P+Sh profiles, there are some bars with P+Sh profiles that do not
seem to have B/P bulges. This suggests a possible scenario where
P+Sh profiles form first, before the appearance of B/P bulges. In this
section, we make some crude duty-cycle estimates to see if we can
relate the observed frequencies to possible time-scales —in particular,
we sketch out an estimate of what fraction of the time bars might
spend with P+Sh profiles before forming B/P bulges.

For simplicity, we assume that bars form (or re-form) at some
uniform rate in time R, and that they have a finite lifetime L; the
number of barred galaxies is then Ny, = RL. (If bars have lifetimes
longer than the current age of the Universe, then L is the time since
bars started forming.) We also assume that there is a delay time 7}
between bar formation and the formation of the P+Sh profile, and
a further delay time 7, between P+Sh profile formation and the
formation of an observable B/P bulge. Thus, the number of barred
galaxies with P+Sh profiles is Npysp = R(L — T7) and the number
of barred galaxies with both P4-Sh profiles and B/P bulges is Npop, =
R(L — T, — T), so the number of barred galaxies with P+Sh profiles
but without B/P bulges is just Npsh-only = RT>. This lets us see that
the ratio of galaxies with P+Sh but no B/P bulges to all barred
galaxies is NP+Sh-only/Nbar = Tz/L

For our sample, Np_sh-onty/Noar ~ 0.068, which implies that the
typical time between P+Sh formation and B/P formation is ~0.07 of
the bar lifetime. If bars are permanent (or at least have lifetimes longer
than the current age of the universe) and began forming ~10 Gyr ago
(e.g. Guo et al. 2023), then the time between P+Sh formation and
B/P formation would be ~0.7 Gyr.

7 SUMMARY

We have presented an analysis of volume- and mass-limited samples
of barred spiral galaxies (excluding lenticulars) wherein we revisit
the classic question, first raised by Elmegreen & Elmegreen (1985),
of what forms the major-axis surface-brightness profiles of bars
can take. We argue that the classic dichotomy first reported by
Elmegreen & Elmegreen (1985) — that bar profiles fall into ‘flat’
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and ‘exponential’ types — is better understood in terms of four profile
types:

(i) Peak+Shoulders (P+4-Sh): This is an update of the traditional
flat-bar profile. In such bars, the inner part of the profile forms a steep
central peak (in combination with additional, non-bar structures such
as classical bulges, nuclear discs, secondary bars, etc.), while the
outer part of the profile forms a shoulder: a shallower (sometimes
actually flat) subsection with an outer break to a steeper falloff.

(ii) Exponential: This a bar-major-axis profile that is essentially
a pure exponential extending into the centre of the galaxy (ignoring
local variations due to star formation and nuclear star clusters).

(iii) Two-Slope (2S): This is a profile with a shallow inner
exponential and a steeper outer exponential.

(iv) Flat-Top (FT): Here, the inner part of the bar profile is
approximately flat (i.e. constant surface brightness), with a steeper
falloff in the outer part of the bar.

The three non-P+Sh profile types (Exponential, 25, and FT, with
Exponential being the most common) are effectively subsets of the
original exponential type of Elmegreen & Elmegreen (1985). Our
subdivision of this type comes from the fact that we consider the
entire bar-major-axis profile, extending into the centre of the galaxy,
rather than just the outer part of the bar as in most previous studies;
this enables us to see differences in the inner parts of bars that have
otherwise similar outer profiles.

We find a very strong mass segregation for the different profile
types, in the sense that P+Sh bars are found in high-mass galaxies,
while the other types are found in low-mass galaxies (with no clear
difference between their distributions). This is consistent with the
original study of Elmegreen & Elmegreen (1985), which found flat
profiles in early-type spirals and exponential profiles in late-type
spirals, when one takes into account the fact that late-type spirals are
generally lower in mass than early-type spirals, and thus more prone
to host bars in the ‘exponential sub-family’ (Exponential, Two-slope,
or Flat-Top).

P+Sh and non-P+Sh bars are also segregated by (neutral) gas
fraction, global galaxy colour, and (weakly) bar strength, with P+Sh
bars preferentially found in gas-poor and redder galaxies, and those
with stronger bars. A careful analysis shows, however, that these
trends (as well as the Hubble-type trend) are mostly if not entirely
side effects of the dominant mass-segregation trend: there is no clear
evidence for any dependence of bar-profile type on Hubble type or
gas fraction, once the dependence on mass is controlled for, and
only weak evidence for a possible additional dependence on colour.
Additionally, we find no evidence for a systematic difference in
(relative) bar size or strength between P+Sh and non-P+Sh bars
once stellar mass is accounted for.

As part of our analysis, we classify a subsample of bars
in an inclination- and bar-position-angle-limited subsample (B/P-
detection subsample) into those with and without B/P bulges inside
their bars. In line with previous work (Erwin & Debattista 2017; Li
et al. 2017; Marchuk et al. 2022), we find a very strong dependence
of B/P presence on galaxy stellar mass (or, equivalently, gas rotation
velocity Vi ); this dependence is even stronger than found for the
smaller sample of Erwin & Debattista (2017), possibly because we
use a more consistent set of stellar mass estimates in this paper.

We find a near-perfect match between bars with B/P bulges and
the P+-Sh class: when a bar has an identifiable B/P bulge, its major-
axis profile is P4-Sh, with the peak being due to the steep profile of
the B/P bulge (plus any extra, non-bar components near the centre)
and the shoulders associated with the vertically thin outer part of
the bar. There is a small population of bars lacking B/P bulges
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which nevertheless have P+-Sh profiles, mostly at intermediate stellar
masses (log (M, /M) ~ 10.2); this may be a hint that formation of
P+-Sh profiles precedes the formation of B/P bulges.
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tary projects: the Dark Energy Camera Legacy Survey (DECaLS;
Proposal ID #2014B-0404; PIs: David Schlegel and Arjun Dey),
the Beijing-Arizona Sky Survey (BASS; NOAO Prop. ID #2015A-
0801; PIs: Zhou Xu and Xiaohui Fan), and the Mayall z-band Legacy
Survey (MzLS; Prop. ID #2016A-0453; PI: Arjun Dey). DECaLS,
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# 114A11KYSB20160057), and Chinese National Natural Science
Foundation (Grant # 11433005).

The Legacy Survey team makes use of data products from the Near-
Earth Object Wide-field Infrared Survey Explorer (NEOWISE),
which is a project of the Jet Propulsion Laboratory/California Insti-
tute of Technology. NEOWISE is funded by the National Aeronautics
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DATA AVAILABILITY

The data underlying this article, along with code for reproducing fits
and figures, are available at https://doi.org/10.5281/zenodo.7545179.
(Spitzer images for all galaxies can be found at, e.g. the NASA
Extragalactic data base: https://ned.ipac.caltech.edu.)
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APPENDIX A: BAR-PROFILE PLOTS USED FOR
BLIND CLASSIFICATIONS

Fig. Al shows examples of the actual profile plots used for our
classification. To evaluate the possible exponential nature of the
profiles, we plotted an automatic exponential fit to the profile from
the centre to the bar radius (dashed lines in Fig. A1). In the top two
panels, the bar profiles match quite well with the exponential fits,
and we would classify both profiles as Exponential. The bottom two
plots show strong P+Sh profiles, with the outer parts of the shoulders
protruding above the exponential fit, the inner shoulder and the outer
part of the peak lying clearly below the fit, and the central peak
standing well above the extrapolation of the fit to r = 0.
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Figure A1. Examples of the profile plot format used for our blind classifications. Solid lines indicate the bar-major-axis profile while thin grey lines show the
bar-minor-axis profile. Vertical green lines mark the bar radius. Dashed diagonal lines show simple exponential fits to the bar-major-axis profiles, using data

between the open circles.
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