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ABSTRACT

In this paper, we use the Galaxy Zoo 2 dataset to study thevimgta bars in disk galaxies as a function
of specific star formation rate (SSFR), and inner galactiacstire, i.e., the prominence of the bulge as
parameterized by Sérsic index and central surface stebasrdensity. Our sample consists of 13,295 disk
galaxies, with an overall bar fraction of B3+ 0.4%, of which 1,154 barred galaxies also have bar length
measurements. These samples are the largest ever usedytohs&uole of bars in disk galaxy evolution. We
find that the likelihood of a galaxy hosting a bar is anti-etated with SSFR, regardless of stellar mass or
bulge prominence. We find that the trends of bar likelihoothyeulge prominence are bimodal with SSFR,
i.e., in star-forming galaxies, bulges are more prominegtilaxies more likely to host bars, while in quiescent
disk galaxies, bars are less frequent where there are pemtrilges. Our observations of bar length reveal a
complex picture. In star-forming disks, longer bars arenfbwhere the bulges are more prominent, while in
quiescent disks there is a maximum in the average bar lesgifanction of bulge prominence. We interpret
these observations using state-of-the-art simulatiorsmogvolution which include live halos and the effects
of gas and star formation. We suggest our observed trendardikielihood with SSFR are driven by the gas
fraction of the disks; a factor demonstrated to significargtard both bar formation and evolution in models.
We interpret the bimodal relationship between bulge premée and bar properties as due to the complicated
effects of classical bulges and central mass concentsatorbar evolution, and also to the growth of disky
pseudobulges by bar evolution. These results represeritieahpvidence for secular evolution driven by bars
in disk galaxies. This work suggests that bars are not stagtraictures within disk galaxies, but are a critical
evolutionary driver of their host galaxies in the local werse g < 1).

Subject headings: galaxies: bars — galaxies: evolution — galaxies: centnalcstire — galaxies: secular
evolution

ies (Hubblk 1936), to barred galaxies. Decades later redra
and optical studies have confirmed that many galaxies have
bars. Indeed, among local disk galaxies, as many as twasthird
are barred (e.g.l_Mulchaey & Regan 1997; Knapenlet al.
E§kr|dggg &Il 2000;_Kormendy & Kennicutt 2004;
z-Delm tlal. 2007; Sheth &t al. 2008).
Bars have an |mportant influence on galaxy evo-
lution. The presence of bars has been linked to

1. INTRODUCTION

Stellar bar-shaped structures within galaxies, or more sim
ply ‘bars’, have been known to exist since the days of Edwin
Hubble. With only the 100 inch telescope at Mount Wilson,
Hubble accurately surmised that bars were abundant in th
local universe. So abundant, that he devoted a major par
of his classification scheme, the Hubble sequence of galax-
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the existence of spiral arms, ring S_(_S_and_er_s_&_lj_uhtle
1976; | Simkin et dl.|_1980| Sghwh 1981), and/or disky
seudobulgésd (Kormendy & Kennicuif 2004; Athanassolula
). Bars have also been associated with an in-
crease in central star formation (Hawarden étlal. 1986;
[Dressel [ 1988;[ Giuricin et all_1994; Huang et al.__1996;
Martinet & Friedli [1997; | Martin & Friedlil 1997;| Ho et al.
11997;| Ellison et al. 2011; Oh etlal. 2012; Wang et al. 2012),

the flattening of galactic chemical abundance gradi-
ents (Vila- Costas&EdmunldE 1992; Zaritsky et 994;

Martin & Roy 11994; | Williams et al| 2012), and, perhaps
active galactic nuclei (AGN) activity Imt 88;
Shiosman et al. 1989 Laine ef &L 2002; Martini é{al. 2003;
Jogee 2006; Hao etlal. 2009; Oh et al. 2012).

Given that bars have an important influence on galaxy evo-
lution, two natural questions are “how do bars form and
evolve?” and “how do they affect their host galaxies?” A re-

12 Bulges created through secular evolution have been catigd“pseu-
dobulges” and/or “disky bulges". For completeness, we ugk the term
“disky pseudobulges" throughout to represent such bulygalaxies.
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view of the theoretical work on bars is givenlby Athanassoula a mix of visual and automated methods). Assuming that
(2012), so we will only summarize here the parts that are galaxy color is closely related to galactic gas content.(e.g
most relevant to this work. Many past theoretical works [Catinella et al. 2010; Saintonge etlal. 2011), then this s co
have shown that bars can redistribute the angular momentunsistent with the expected effects of gas on bar formation and
of the baryons and dark matter of a galaxy (€.9., Sellwood evolution. Indeed, using a sample of Galaxy Zoo 2 bars with
[1980;[Debattista & Sellwodd 2000). The angular momen- HI measurements from the ALFALFA survm& al.
tum is emitted mainly by stars at (near-)resonance in the(2012) found that bar fraction correlates strongly with Bihe

bar region and absorbed mainly by (near-)resonant materiatent. In that sample, more bars were found in the gas poor disk
in the spheroid (i.e., the halo and, whenever relevant, thegalaxies, even at fixed color or stellar mass.

bulge) and in the outer disk (Lynden-Bell & Kalri@s_B?Z Alternatively, [Barazza etal.[ (2008) and Aguerriét al.

Tremaine & Weinberg 1984; Athanassoula 2003, hereaﬂer@) found different results using samples of SDSS galax-
A03). ies with bars identified from ellipse fitting methods. Both

A03 showed that the redistribution of angular momentum of these works found that bar fractions were larger for the
is not merely a side-effect of bars, but is, instead, a pces bluer (and presumably more gas rich) galaxies in their sam-
that is closely coupled to the evolution of bars. Specificall ples. However|_Nair & Abrahani (2010a,b) suggest a way
the exchange of angular momentum from the inner disk to theto reconcile these results which came from samples of disk
outer disk and/or spheroid (bulge/halo) is the main drivier o galaxies with very different selections; nota
bar evolution. The efficiency of the angular momentum ex- Ig_o__oﬁ and_Aguerri et al. 2009 selected only blue galaxies as
change is primarily dependent upon the mass distributidn an disks, and included lower redshift and less massive galax-
velocity dispersion of the disk and spheroid. More angular ies than were present [n_Masters etlal. 2011, Masters et al.
momentum can be redistributed if the spheroid mass dertsity 82012, or[Lee etal. 2012. The sample[of Nair & Abraham
the location of the resonances is high, leading to stronges b (20104), which probed a wide range of stellar mass, suggeste
(A03). The second factor governing the efficiency of angular that bar fraction is bimodal with disk galaxy color — hav-
momentum exchange is the velocity dispersion. In lower ve- ing peaks both towards the bluer and redder disk gaf&kies
locity dispersion (lower temperature) disks and spheroets ~ INair & Abraham (2010a) suggest this trend may reveal two
onances can emit or absorb more angular momentum than irdistinct types of bars, namely weak bars are predominantly
cases with high velocity dispersion, thereby making thesra  found in lower mass and more gas rich (and bluer) spirals,
fer of angular momentum more efficient (At al. while stronger bars are more common in massive, redder and
2012). gas poor disks.

This redistribution of angular momentum allows bars In addition to the dependence on galaxy color, bar fraction
to drive gas, and to a lesser extent, stars, to the cen-has also been found to depend on inner galactic structure.
ters of galaxies | (Matsuda & Nelson 197/7; Simkin et al. [Masters et l.[(2011) found that bar fraction was correlated
[1980; [Athanassould 1992, Wada & Habe 1992, 1995; with fracDeV, which is a parameter measured by the SDSS
Friedli & Benz 19983; Heller hlosman 1994; Knapen €t al. representing the fraction of the best-fit light profile thege
[1995;| Sakamoto et Al. 1999; Sheth etal. 2005). This pro-inates from the de Vaucouleurs fit to the profile, as opposed
cess is responsible for the increase of bar length andto an exponential fil. Lee etlal. (2012) also found that the bar
strength and of the disk scale length (e.g., H 971, fraction was highest at moderate central velocity dispersi

[Debattista & Sellwodd 2000, A03, _O’Neill & Dubinski However| Barazza et al. (2008) found that barred galaxies ar
lZQ_O_$ [Valenzuela & Klypin[ 2003, Debattista et al. 2006, most likely to exist in galaxies with low Sérsic indices venil
Martinez-Valpuesta et al. 2006, Minchev et al. 2011), the |Aguerri et al. [(2009) found that bars are most likely to exist
formation of a disky pseudobulge (Kormendy & Kennicutt in galaxies with low concentration indices. Although these
[2004; | Athanassoula _2005), the increase of central starresults appear conflicting, they all show that the presehae o
formation (Friedli & Benz 3] Martinet & Friedli 1997; galactic bar is influencing the inner structure of thesexjata
Martin & Friedli 1997), and the dilution of abundance gra- ~ While the trends of bar fraction can reveal aspects of bar
dients (Friedli et al. 1994; 95; Martel et al formation and evolution, bar fraction is crude as it hiddsiin
2013). This process is known as secular evolution mation on the bar itself. According to A03, the charactarsst
(Kormendy & Kennicutt 2004; Kormendy 2012). of a bar (e.g., long or short) can be used as tracers of bar evo-

It has been shown that bar formation and evolution is lution. Therefore, a common bar property that has been stud-
also dependent on the gas content in the galaxy (e.g.jed in the literature is bar length. Athanassoula & Misigot
IShlosman & Noguchil_1993; Berentzen et al. 1998, 2007; (2002) and A03 predicted that the presence of a bulge will
\Villa-Vargas et al. 2010). More recent simulations — with result in a longer and more evolved bar. Comparing this pre-
a multi-phase description of the gas, including star forma- diction to previous observational works shows a good con-

tion, feedback and cooling, and a sufficiently large number sensus; earl e disk galaxies do indeed have Ionger bars
of particles to describe adequately the gas flow — have shoerKormendil ;L_Athan la & Martinet 1

that bars form later in simulations with a larger gas frattio eln_1985._Regan_&_Elm_egreen
(Athanassoula et &l. 2013, hereafter AMR13). Larger samples and/or infra-red imaging contin-

Recent observational works have begun to test many ofues thls agreement_LLauanam_e_n_dtlaL_ZomrmOOS
these predictions. For example, Masters etlal. (2011) used_aurikainen et al.| 2007] _Menéndez-Delm tlal. _2007;
classifications from Galaxy Zoo 2 (sde §2.2), to show that theE meg tall_2007; Aguerrietal. D(]Q_‘ﬁ_adbttl 2011;
fraction of disk galaxies that possess a bar (bar fraction) i al[20111).
creases in redder disk galaxies (see also Skibbdlet all 2012) In this paper, we use the Galaxy Zoo 2 dataset
This result was confirmed by Lee ei al. (2012), who also used
a large sample of galaxies from the Sloan Digital Sky Sur- 3[Masters etal. 2011 also commented on a possible upturn iindzion
vey (SDSS), but with their own classifications (combining for the bluest galaxies in their sample
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the SDSS recommendati@fiswe take the inverse hyperbolic
sine of each cumulative profile and fit them with a natural
cubic spline. After transforming the spline fits back with a
sine function, we differentiate the fits and obtain an estma

Table 1
Sample Selection

Criterion GZ2D BL

# # of the azimuthally averaged surface brightness profile. Fi-

S — 205 305 3150 nally, we compute the magnitude and color within one kpc
oo 0% o6+ 26336 b7 for each galaxy from these profiles and convert them into a
M, < —20.15 43 266 2177 stellar mass through a color-dependent mass-to-Iighy (g)
b/a> 0.5 28,540 1,753 ratio (e.g.. Bell & de Jong 2001). O, /L relationship is
7 answers bar question 14,353 1,753 derived from a linear fit to the rest-frange-r color from
grmég-“ dels 1 offset 11‘§03~°588 1176%‘!1__) GIM2D (see EZB) and thbl.. /Ly, where the stellar masses
Quality oD disks ¢ 13998 10 are taken from the MPA-JHU catalog (sde_$2.4) andghe
MPA cross-match 13,295 1154 band luminosity is taken from GIM2D models.

Note. — *See footnote 17. **We only consider galaxies with spestopic One COI’]CQI‘I’I IS that the one kpc radius aperture IS. smaller
redshifts. than the typical seeing of SDSS. However, an analysis of an-

gular sizes of galaxies in our sample, which lies within the
[.2011; Hoyle etlal. 2011; Willett et’al. 2018) t redshift range @1 < z < 0.06 (see B212), shows they are typ-

investigate how the likelihood of a galaxy hosting a gatacti ically larger than the full width at half maximum (FWHM)

bar depends on two important factors, namely the gas contenbf the SDSS point-spread functior (1.3 in the r-band;

of the galaxy and its inner galactic structure. We perforen th [Abazajian et al. 2009).

same investigation with bar length and compare both of these

sets of relationships to theoretical predictions, whict mot 2.2. Galaxy Zoo

only give us a better understanding of bar formation and evo- Galaxy Zoo is a citizen science project that enlisted hun-

lution, but also a better understanding of how bars affegitth  dreds of thousands of volunteer “citizen scientists" to enak

host galaxy. morphological classifications of nearly one million gakssi
We begin in 82 by describing all the data used in the paper, (Lintott et al.[2008/ 2011). The initial Galaxy Zoo project

while the main observational results are presented in §3. Weasked the public to classify galaxies as elliptical, spical

compare our results with several theoretical simulatior84  merger. With the Galaxy Zoo 2 proje¢t (Willett et al. 2013),

and discuss our work, and these comparisons, in 85. We conthe citizen scientists were asked to make more detailed clas

clude in 86. In Appendix A, we discuss the completeness of sifications of approximately 304,000 galaxies.

our sample. We assume a cosmological model Wighs 70 The final product of Galaxy Zoo 2 is a table of morpholog-
km st Mpc™?, O, =0.30 and2, = 0.70 throughout this pa- ical likelihoods, including the likelihood that a bar is pest
per. in each galaxy, as representedfy, e.g., if 5 out of 10 sci-
entists classified a galaxy as having a bar, the galaxy wauld b
2. DATA assigned a bar probability g, = 0.5. These raw probabili-

This section lists all sources of data that this paper uses!lies are then adjusted to account for the reliability of ez
In order to have a fully complementary dataset, we cross-through an iterative weighting scheme that “down-weights"
matched every dataset, as described in each subsection, ré&lassifications from unreliable users (typically a few jgertc
sulting in a successive reduction of the initial sample.sie ~ Of the population). We also apply a correction to the likeli-
a guide, our initial dataset is described [N §2.2, whichwderi  hoods to account for the deterioration of the image quality d
from SDSS DR7 (summarized if §R.1). We list the sample to increasing distance of galaxies, i.e., we assume galaxie
totals at the end of each subsection, starting with]1§2.2. Ta-@ similar luminosity and size will share the same average mix
ble[d lists every major cut made to our two samples, and theof morphologies regardless of redshifts. This also assumes
resultant sample sizes. there is no significant evolution within the SDSS at these low
redshifts, which is probably reasonakle (Bamford &t al €200
2.1. SDSS Willett et all[2018). Therefore, throughout the paper, wik wi
All the galaxies used in our sample are drawn from the only use these corrected, or “debiased”, bar likelihoods an
will calling them py4, fOr convenience.

Main Galaxy Sample in the Legacy area of the SDSS Data Re-
lease Seven (SDSS DRY: I : “oh et al In Masters et &l.| (2011) arid Masters et al. (2012), barred

. ; laxies were selected usimga > 0.5. This threshold de-
2009). Where possible, we use the standard photometric ang/> - - ar = Vo 1 . .
structural parameters provided by the SDSS pipeline. For ex(ﬁvered a high purity of barred galaxies in comparison with

ample, we use the SDSS information to define a surface stellarOther barred galaxies sample, e.g., almost all galaxies wit

mass density within a radius of one kiloparsec_ of the_center&thi’ri X'bsravt:gre (czlgisglg)e ((jsges Ap\)gsesr?gi:nAg i— I\S/It;c;?rsbra:)y
.Of the galaxy,; oo W choose one kpc_ for this density as 2012). Weaker bars in_Nair & Abrahain (2010a) were found
it matches the typical scale of bulges (Fisher & Drory 2010) 4, correspond t0 @ < ppar < 0.5 (Masters etall 2012:
and therefore, should be closely related to the bulges ot MOSyyillett et all[2018).

galaxies. . In this work, we choose to uspysr as a bar likelihood,

In detail, X7 . is created from the SDSS galaxy surface rather than as a bar threshold. This method has been used
brightness profilesprofMean, which is the mean surface pefore with Galaxy Zoo classifications (e/g., Bamford ét al.
brightness in a series of circular annulii, from tAeoto- 2009; Skibba et al. 2009, 2012). Our results are in qualéati
Profile table in theCasJobs websitéd. In accordance with  agreement with other GZ results who used bar fractions, e.g.

14|nttp://casjobs.sdss.org/CasJobs/ 15 |http:/iwww.sdss.org/dr7/algorithms/photometry.Ftml
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Figure 1. A gallery of galaxies with a range of bar likelihooppar, and bar lengthlpa. Each row is ordered by increasing bar length. The ellipsevdrover
each galaxy represents the GIM2D disk modealsatVvisually, the bars generally extend out the disk scaletlgngpnsistent with Combes & Elmegreén (1993).
The physical scales of every image are the samé pixel).

if we adopt a bar threshold qdsr = 0.5, we find an overall  more reliable bar classifications. This sample also require
bar fraction of 236+ 0.4%, which is similar to Masters etlal. that all galaxies have Betro90 radius of> 3”. We have

(2012118. tested our results with a larger minimum radius requirement
Our initial sample is the Galaxy Zoo 2 dat&detFollow- and find that our results are uncharlged

ing[Masters et al. (2011), we only select galaxies with spec- We also require that for each galaxy, at least a quarter of

troscopic redshifts in the range of0d < z < 0.06. In or- all its classifications involved answering the bar questits

der to have a volume-limited sample, we only include galax- there a sign of a bar feature... (Masters et &l. 2011). In order
ies with M, < —-20.15, whereM; is the rest-frame absolute to reach the bar question, however, a user must first classify
Petrosianr-band magnitude. This limit corresponds to the a galaxy as a non-edge-on galaxy with a disk or some sort of
Galaxy Zoo 2 completeness Petrosian magnitude of 17 in thefeature (e.g., spiral arms, rings, bars). Assuming thattmos
r-band (Willett et all 2013) ar = 0.06. To ensure that our identified features are associated with a disk, then thisks
sample contains relatively face-on galaxies, we applied anlection effectively ensures we have non-edge-on disk gegax
axis ratio requirement di/a > 0.5 (this corresponds to incli- Finally, we discard all merging galaxies from the sample
nation angles less thaa 60 degrees), where/a is the axis since we are only concerned with isolated galaxies that have
ratio from the GIM2D single Sérsic model fit (sde 82.3). This reliable photometric and structural measurements. Adéagrd
requirement minimizes projection effects and thus resnlts  to[Darg et al.l(2010), the Galaxy Zoo merging parameigg,
can identify merging galaxies with a cut @fg > 0.4; we

16 The difference between our bar fraction and that of Masteasl €011) adopt this threshold to.ellmlnate merging galaxies. There :
is due to the use of the weighted and debiased bar fractiongWillett et al. a total of 14,038 galaxies in the resulting sample, which we
(2013) which were unavailable at the time_of Masters ef &1113.

17 This Galaxy Zoo 2 sample is comprised of the ‘original’, fext and

‘stripe82’ sample in Table 1 &f Willett et Bl. (2013). Thessalare available 18 We find that our results are unchanged when we restrict ouplgaim
at http://data.galaxyzoo.org galaxies with global half-light radii (as measured by GIM2&rger than 5.
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will call the Galaxy Zoo 2 Disk (GZ2D) sample. 10k - —
We carefully review here the make-up of our sample to _ o o
avoid confusion with comparisons with other disk, spiral or 0.8 - ]
late-type selections based on GZ morphologies. The disk 3 A
galaxy selection presented herein possibly includes gidrac &S 0.6 ' | ]
of very early-type disks galaxies (Sa or SO) which would nor- o 0.4 - o ]
mally be included in a majority of early-type samples saldct = 7 - -
either by color, or central concentration. This resultsim o 0.2} J e ]
diverse disk galaxy sample showing bimodality in their op- i T
tical color-mass diagram (Fi@] 3a). However, other Galaxy 0.0¢ . . ]
Zoo samples, that are more focused on late-type disks or spi- 0.0 0.5

rals sample (Sb, Sc or later) can be constructed using the GZ1
“clean” spiral criterion as first discussed in Land et log n

and most recently used in Schawinski et al. (2013, in prepara Figure 2. Comparison ofn from the GIM2D single Sérsic model fit and
tio),but also through sticter imits in GZ2/GZ Hubbledat _ 2cbey ¢ band) fiom the DS daebase: | e chstr of g o
This more conservative I_ate-type sample will be more dom" indicating that there a loss of galaxy structural informatin the fracDeV
nated by “blue cloud” spirals and thus show less bimodality parameter.

of their galaxy properties.

In addition to this sample, we use a Galaxy Zoo 2 subsam-GIM2D; [Peng et al. 2002; de Souza ellal. 2004; Simardlet al.
ple that possesses additional bar length measurements. TH2002), which allows for easier and more consistent com-
bar lengths were visually measured by citizen scientists us parisons to other works. For reference, we compagnd
ing a Google Maps interface described by Hoyle éf al. (2011).fracDeV in Fig[2 for our GZ2D sample. Clearly, the two pa-
The bar lengths represent the lengths from one end to the barsameters are correlated. However, the overdensity of gedax
to the other. In order to be consistent with previous works, at fracDeV=1, which accounts fer 15% of the GZ2D sam-
who define it as the semi-major axis of maximum ellipticity ple, indicates that there is a saturation of galaxy stratiar
in the bar region (e.d., Erwin 2005), we will take half of the formation in the fracDeV parameter. Indeed, for fracDeV=1,
Galaxy Zoo 2 bar lengths and denoteLify. This catalog  log nranges from 0.5 to 0.9, correspondingrte- 3-8. A
requires at least 3 independent bar length measurements pa&imilar effect occurs at fracDeV=0, which accounts for an-
galaxy; the mean of these independent bar length measuresther~ 12% of the GZ2D sample. Our use of Sérsic index
ments gived pa Of each galaxy. The vast majority of galax- in this paper should be more sensitive than fracDeV to the
ies that were selected for this sample hayg > 0.6, i.e., complicated structures of galaxies.
this sample contains mainly strong bars (Masterslétal.l2012 Another similar parameter is the Petrosian concentration i
Willett et all [201B). Of the GZ2D sample, there are 1,734 dex from SDSS. This parameter has been shown by Gadotti
galaxies that have bar length measurements, which will now(2009) to be a better proxy for bulge fraction than the global
be referred to as the Bar Length (BL) sample. Sérsic index. We would like to note, however, that the global

We present a gallery of barred galaxies with arangg.gf ~ Sérsic indices that Gadotii (2009) used were from the New
andLyg in Fig.[D. Each row is ordered by absolute bar length. York University Value-Added Galaxy Catalog (Blanton et al.

[20054,b), which fitted one-dimensional profiles extracted
2.3. GIM2D from two-dimensional images usingrcular annuli. The

Two-dimensional bulge+disk decompositions in gheendr GIM2D fits were done usinglliptical annuli, and are two-
bandpasses of over a million SDSS galaxies were performeddimensional fits. As noted by Simard et &l. (2011), this diffe
with GIM2D by |Simard et dl.[(2011). Improvements to the ence in methodology, i.e., using circular and elliptica¢iap
sky background determinations and object deblending overtures, results in a systematic offset between the NYU and
the standard SDSS procedures led to more robust galactiGGIM2D galaxy half-light radius and galaxy Sérsic index. At
structural parameters than those offered by the standa&6SD the request of the referee, we tested our results using B80/R
pipeline. in AppendiX @ — we find no major impacts to our conclusions.

Three different models were used in these decompositions: The most important GIM2D parameter for the BL sample
a pure Sérsic model, arF 4 bulge + exponential disk model, is the semi-major axis exponential disk scale lengffthis is
and a Sérsic (free-floating bulge + exponential disk model. needed to properly scale the bar length. The disk scaleHengt
The most important GIM2D parameter for the GZ2D sample is available in both the = 4 bulge + exponential disk model
is the galaxy Sérsic inder, from the pure Sérsic model, i.e., and the Sérsic bulge + exponential disk model; we use the lat-
the best-fitting single Sérsic index for a given galaxy. TBe'S  ter moddll. As is noted irl_Simard et al. (2011), the quality
sic index has often been used to separate early-type and lateof the GIM2D bulge+disk decompositions is highly depen-
type galaxies and is widely regarded as a good proxy for bulgedent on the spatial resolution and signal-to-noise of th8SD
dominance G&;ﬁhﬁn_ddho_o_&_&eﬂ_let al.images. Therefore, it is important to ensure that we only al-
[2004;[Schiminovich et al. 2007; Drory & Fisher 2007; Bell low model fits that are reliable. However, since we are only
12008; | Wuyts et al. 2011; Bell etlal. 2012; Wake et.al. 2012; concerned wittrg, picking out reliable decompositions is not
Cheung et &l. 2012). difficult. From Simard (priv. comm.), galaxy models with

Although a similar parameter, fracDeV from the SDSS B/T < 0.5 (theB/T from the Sérsic bulge + exponential disk
database, has been explored by previous works (e.g.model) accurately model the disk component, and hence we
IMasters et &l._2011; Skibba et 18)js a more com-  consider all these galaxies. This is understandable sheset
mon parameter in the literature and has been thoroughly stud
ied (e.g.,.Graham & Driver 2005). It is also the basis of  °We find no change in our main conclusions if we usertive4 bulge +
most galaxy fitting programs (e.g., GALFIT, BUDDA, and exponential disk model.
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Figure 3. Average bar likelihoodpygy, in bins of: @) SSFR vs. stellar madd.., b) SSFR vs. Sérsic index, c) SSFR vs. central surface stellar mass density
x5 kpc: Each bin is adjusted so that it contairs100 galaxies (individual points are shown for poorly popedabins). Bin colors indicate the average value

of ppar in the bin (see color bar at top), while the contours show #esity of points. The gray dashed vertical line in panel besgnts the division between
galaxies containing disky pseudobulges{2.5) and classical bulges ¢ 2.5; see Drory & Fishér 2007). This plot shows that the trendsaoflikelihood with
galaxy properties depend on the SSFR of the galaxies. Tatorhip ofppar with nandx; ke is bimodal with SSFR.

galaxies are disk-dominated and their corresponding GIM2D Matching the GZ2D and BL samples to the GIM2D catalogs
models will likely yield reliable disk measurements. Fordano  leave us with 13,328 and 1,159 disk galaxies, respectively.
els with B/T > 0.5, Simard (priv. comm.) recommends

considering only galaxies witR,s < 0.32, wherePs repre- 2.4. MPA-JHU

sents the probability that a bulge+disk modehds required

ol Stellar masses and star formation rates are taken from the
compared tola purehSeLsm moﬂg_lﬁ(_s_lmngb__ﬁl_aL?lZOI;)._ Thu%PA—JHU DR7 releadd. Stellar massNl,) estimates are
B/T > 0.5 galaxies that have a high probability of requiring a calculated using the Bayesian methodology and model grids
bulge+disk model are also considered. . described in_Kauffmann et al. (2003). The models are fit to
th(;roGal\‘/?IZdDﬂ:jeis?(ﬂ?nC;(sj :If t\t]vi SoalSSaﬁgwtaﬁgLeﬁ]doguer;gtl\?vﬂhon the broadbandgriz SDSS photometry, instead of the spectral

' y indices from the 3 fiber aperture. These estimates are cor-

rq¢ > 2. Furthermore, we impose a strict face-on require- o ‘ - €
ment such that all GIM2D model disks have inclination an- regiet%;oi;r;est;ldlr?]re%mlssmn and a Kroupa (2001) initial mass

. ' - fu
gles of less than 55 degrees. This corresponds to axis ratloé Star formation rates (SFR) are based on the technique pre-

greater than 0.6, a parameter space that has been shown b§/ ; - - -
_ - o ented in_Brinchmann etlal. (2004). For their ‘Star-Forrhing
MacArhur et (2003) to produce no systematic variations class, which consists of 39,141 galaxies, they estimate the
onrq when using 2D galaxy decompositions. Finally, we re- SFR from model fits that cover a wide range of star forma-
quire that the fractional errors 0R (Taeror/Yd, Wherergenor tion histories of several emission lines from the SDSS fiber
is the for_mal error_ofd from GIM2D) be less _than 2%. This For ‘Low S/N Star-Forming’ class, which contains 29 115.
number is approximately two standard deviations above thegalaxies, they convertthe observed kiminosity into a SFR.

averageqeror/rq Of the BL sample. We choose this conser- . ' ey . Y )
vative cut in order to include only quality disk models. And for the ‘AGN'’,'‘Composite’ and ‘Unclassifiable’ classes
We note that, although we oniy model a bulge and disk for which contain a total of 66,986 galaxies, they use the D4000
' value to estimate SFRV, and SFR. Aperture corrections fol-

these disk galaxiesy 24% of which are strongly barred, pre- . ) S
vious works have shown that, while bulge parameters mayIOW the method of Salim et 2. (2007), resulting in the SFR of

; he entire galaxy. The specific star formation rate (SSFR), a
be affected by the presence of a bar, the disk scale len it : X .
is not significgntly aI\foected (Erwih 2005; Laurikainen alg parameter that will be used throughqutthe paper, is defmed t
2005). This reliability is evident in the fact that our resul E_e f[heaFl'«’Sgglde%Abyl_itell_E\r rr(;a;s,t '.th?S calculat(talq bé com-
are not sensitive to the choice of GIM2D bulge+disk model Ining tne andil, IKeTMooa GISTIbUTIons as outiined in
; - : < Appendix A of Brinchmann et all (2004).
i.e., bothrg from then = 4 bulge+disk model and the Sérsic " o 4 =255 o DB samples to the MPA-JHU cata-
bulge+disk model produce the same results. Furthermage, th ching e P .
GIM2D formal errors omy are not significantly different from log brings our final sample to 13,295 and 1,154, respectively
strongly barred system;t{ ~ 0.8) and non-barred systems A detailed discussion of the completeness of the GZ2D and
(Poar < 0.05) T BL samples is presented in Appendik A. We find that while

ar . .

We impose a final cut that eliminates all GIM2D models we are missing some low-mass quiescent disk galaxies, the

where the centers are offset from the input science imageseffeCt is small and does not affect our results.

by more than one arscecond. Large offsets like these usually
represent a bad fit, and, indeed, upon visual inspection, we
find that almost all these cases contained bright point ssurc

within the galaxy and/or diffraction spikes from nearbyrsta 20|http://www.mpa-garching.mpg.de/SDSS/DR7/

3. RESULTS
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Figure 4. Averagelgpqrplotted againsta) M., b) n, andc) 3 kpc:
blue) and log SSFR < -11 ¥ (quiescent; red). Each bin contains100 galaxies.

Galaxies were split by their star formation state, namety SSFR > -11 yi (star-forming;

The error bars are givendy$t/N, whereo is the standard deviation tfpar

per bin, andN is the total number of galaxies per bin. The vertical dashegtlin panel b are located at log= 0.4 (n=2.5) and logn=0.6 (n = 4).

3.1. Bar Likelihood Trends

In this section, we present the trends of bar likelihood with
SSFR, stellar mass, and measures of bulge prominence.

The three panels of Fifl] 3 plot both galaxy density and av-
erageppar in @ 2D plane of: SSFR versus stellar malsk.
panel a), SSFR versus global Sérsic indexdanel b), and
SSFR versus central surface stellar mass density; panel

¢). The locations of the galaxies are shown by the contours.

Bin sizes are adjusted so that they contairl00 galaxies
each, and individual data points are shown for poorly pop-
ulated bins. Each bin is colored by the averggg of the
galaxies in it as indicated by the color bar.

The well-known bimodality between galaxies (even for disk
galaxies) in the star-forming sequence and those in thesguie
cent population is clear in our sample and affects not only
the galaxies’ SSFR, baryonic mass, and bulge properti¢s, bu
also their likelihood of being barred (Masters et al. 201/¥§.
find that there is a strong correlation between avemggeand
SSFR such that the average valuepgf are larger for low

contradictions between the results of previous studies,
which found opposite trends of bar fraction with mea-
sures of bulge prominence from light profile shape (e.qg.,
[Masters et el. 2011 compared[to Barazza €t al. 12008).
Moreover, this observation is in good agreement with
theoretical predictions of bar formation as will be de-
scribed in BH.

Central surface stellar mass density}; (Fig.Bc)

— We find similar trends ofopsr With this parameter
as betweerppyr andn. Star-forming galaxies show a
correlation betweep,,, and 3 kpc (star-forming disks
are more likely to host bars where the central den-
sity is higher), while quiescent galaxies show an anti-
correlation (quiescent disks are more likely to host bars
where the central density is lower)

3.2. Bar Length Trends
In this section we examine how bar length depends on

SSFR disk galaxies (i.e., quiescent disk galaxies are moregalaxy properties. We define a scaled bar lengéhy, as the

likely to host bars). The observed relationship betwpgp
and SSFR is present even at fixed, n, or X7, (Fig.[3),
indicating that this relationship is nearly independerthekse
galaxy properties.

Taking SSFR as a proxy for gas fraction (e.g.,
Kauffmann et al.| 2012) suggests that the underlying re-
lationship is really betweelp,sr and gas content such that
bar likelihood is increasing as gas fraction decreasesil&@im
trends between bar fraction and gas content were als
observed by Masters etlal. (2012).

We observe that the trends of the average bar likelihoo
with M., n, andXj . depend on whether the disk galaxy
is star-forming or quiescent, as is illustrated by Fig. 3ugh
we look in more detail at the observed trends within the star-
forming (log SSFR> -11 yr') and quiescent (log SSFR
-11 yrY) disk galaxy populations. We find:

d

e Stellar Mass, M, (Fig. [3a) — There is a correlation
between averagppar and stellar mass within the star-
forming disks such thapy, is larger the larger their
stellar mass. There is also an anti-correlatiorpgf
with stellar mass within the quiescent population.

e Sérsic Index, n (Fig. @b) — For the star-forming se-
guence,ppar is strongly correlated witm (even more
so than it is withM,.). Within the quiescent popula-
tion, we see an inverse correlation betwgmgg andn.
This is an important point to note and might explain the

bar length divided by a measure of disk size. We choose for
this 2.2r4 (2.2 semi-major axis exponential disk scale lengths)
because this is where the rotation curve of a self-graagati
exponential disk reaches its maximum (Freéman1970). Here-
after, we will refer to the scaled bar length simply as the bar
length unless stated otherwise.

Bars become longer over time as they transfer angular mo-
mentum from the bar to the outer disk and/or spheroid (halo

¢nd, whenever relevant, bulge). This secular evolutiosesu

the host disk to expand and increase its scale length wtlgle th
bar also grows. We will compare trends of bar length with
those ofppyr to test if the trends we observe in the average
value ofpygr in the galaxy population are due to the evolution
of the bars, or the likelihood of bar formation in a galaxy.

Since the BL sample is more than an order of magnitude
less numerous than the GZ2D sample, we find that breaking
it up into small bins, as we did in Fif] 3 fqp,, results in no
clear correlations. Since we found that the trendpgaf had
different properties depending on the SSFR of the galaxies,
we split the BL sample into two subsamples (star-forming, or
log SSFR>-11yr?, and quiescent, or log SSFR-11yr?)
to look at the trends of averadigya: These trends are shown
in Fig.[4.

This figure shows that in the star-forming sequence, the av-
erage value oEgprincreases with all three propertiéd.(, n,
andXj o). In the quiescent population we find that the aver-
age bar length decreases with. Curiously we find that the
average bar length increases witlandXj . up to a maxi-
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halo 1 halo 2 Bar formation and evolution is influenced also by galac-
0.9 - - . . . . . . tic bulges. Bulges, however, are an inhomogeneous class

07 | 1 ] of objects [(Kormendy 1993; Kormendy & Kennicutt 2004,
Athanassoula 2005). Classical bulges have high Sérsic in-

< 0571 dices, typically around 4, but certainly above 2. Disky pseu
037 T 1 dobulges, on the other hand, have low Sérsic indices, typi-

01 p A4~ AT cally around 1, and usually less than 2 (Fisher & Drory 2010).

The most popular scenario for the formation of disky pseu-

0 2 4 6 8 0 2 4 6 8 dobulges in barred galaxies is that they are due to stars, and

time (Gyr) time (Gyr) particularly, gas pushed inwards by the bar to the central

Figure 5. Bar strength, A, which can considered as a rough proxy for bar parts of the d_'Sk- Here, the h'gh den5|ty gas will give rise
length, as a function of time for four simulations. Two siatidns have agas-  t0 star formation, so that the disky pseudobulges should be
rich disk (blue lines) while the other two have a gas-pook @i8ack lines). pr|mar||y composed of gas and young stars with a smaller
The two panels correspond to different types of haloesiallyitspherical fraction of old stars. Their extent is typically of the or-
(left panel) and initially triaxial (right panel). For a fulescription of these | : - .
simulations and their results, see AMR13. These simulatimow that bars ~ der of 1 kpc (Athanassoula 1992; Heller & Shlosian 1994;
grow slower and are less strong in the gas-rich case. Fisher & Drory 201#4.

— — . 1008 These two different types of bulges have different dynam-
mum value at around log ~ 0.6 (n~ 4) andX:} kpe ™ 10° ics and, therefore, different effects on the bar formatind a

M /kpc® respectively, where the trend reverses. evolution phases. Classical bulges predate the bar, so they
will influence both phases. Their influence has many similar-
4. COMPARISON TO THEORY ities to that of the dark matter halo. Namely, they slow down
In this section, we compare our results[ih 83 with theorética bar formation in the first phase, but, during the secularwevol
expectations of bar formation and evolution. We start with a tion phase, they help the bar grow by absorbing angular mo-

short summary of theoretical results. mentum, leading to stronger bars (Athanassoula & Misgioti
_ _ 2002, A03). Thus, simulations predict that bars in galaxies
4.1. Theoretical Reminders with classical bulges should be stronger than bars in gadaxi

One can distinguish (at least) two phases in the lifetime of without classical bulges, assuming all other propertiedtze
a bar: the formation phase and the secular evolution phaseS@mMe- _ . .
AMR13 showed that these two phases are contiguous in gas- On the other hand, disky pseudobulges in barred galaxies
rich cases, while, for gas-poor ones, they are not. In therlat aré formed by material pushed inwards by the bar, i.e., they
case, there are two further stages of relatively short gurat 40 not predate the bar and thus cannot influence its forma-
in between the formation and secular evolution ptéses tion phase. Moreover, disky pseudobulges should not help th

This is illustrated in FigJ5, where we plot the bar strength, Par grow during the secular evolution phase either, sineg th
A, which is closely related to bar length, as a function of time ¢&nnot absorb angular momentum. This is because the radii
for four simulations from AMR13. The two simulations in Of disky pseudobulges are considerably smaller than the cor
each panel have the same initial mass and velocity disiiput  {ation radius, and also because disky pseudobulges are flat
of the baryonic and dark matter components. The only differ- (spherical-like density distributions, like the classibalge
ence is the gas fraction, where the black and blue lines repre©F the halo, can absorb angular momentum). However, al-
sent gas-poor and gas-rich simulations, respectively.éfde  though disky pseudobulges do not affect bar formation or
of the bar formation phase is represented by the time when the€volution, bars do affect disky pseudobulges. In fact, bar-
steep increase of Aerminates, which is at times 2 — 2.5 Gyrs driven secular_ evolution is the primary process of _dlskyupse
for the gas-poor simulations, and around 4.5 Gyrs for the gas dobulge creation and growth (Kormendy & Kennicutt 2004;
rich ones. These simulations illustrate that gas slows dow a 2005). Thus, the theoretical predictionas th
bar formation considerably (AMR13). This is due both to an Stronger bars push more gas inwards, resulting in more mas-
increase in the duration of the pre-bar phase (i.e., thegphas Sive disky pseudobulges. . o
during which the disk can still be considered as axisymmjetri A Visual approximation of bar formation and evolution is
and a decrease in the rate of the bar growth (i.e., an increas@resented in Fig.16.
of the time it takes for the bar to end its growth phase), both 4.2. The Effect of Gas Content on Bar Formation

being compared to the times of the equivalent phases in the _ o
gas-poor case. We explain the trends we observe between the likelihood

The secular evolution phase, however, starts roughly at 4.50f disk galaxies being barred and their SSFR (present even
Gyrs for all cases. In general, the duration of these phasesat fixedM., n, or X7 .. see Fig[B) as being due to the ef-
as well as the increase of bar strength that they imply, de-fect of gas on bar formation. In the models, bars form later
pend on the mass and velocity distribution of the baryontt an in disk galaxies with significant gas content, and after they
dark matter components within the galaxy, as well as on theform, they grow slower than disk galaxies with comparably
gas fraction. Readers can find more information and a longless gas (AMR13 and Figl 5). This predicts that the bar like-
list of relevant references in a recent review by Athanalséou lihood should be higher in gas-poor galaxies (i.e., the sfuie
(2012). Itis also interesting to note in Fig. 5 that, for atiés

and in both phases, the bar in the gas-rich case is less strong, " Z6r STPEIENERe, Ve TENiEn e SOTBEaILE Fuiges, HRcl,
than in the gas-poor one (See also Berentzen/et all 2007)- the disky pseudobulges. Given that all our decompositieme mclude only
one or two components[(§2.3), and bars are not included, andample

21 These two extra stages are related to the bar buckling phasetife excludes highly inclined systems, such bulges do not enteui discussion.
formation of a boxy/peanut bulge), which is much less obwigugas rich However, we do note that they may still be present in the sauspd may not
cases. be well fit by our decompositions.
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Schematic of
Bar Formation and Evolution

isolated disk galaxy | disky pseudobulge forms ‘ gas-rich | disky pseudobulge grows |

bar forms

bar grows bar grows
gas-poor *+ classical bulge

bar forms

bar grows bar grows
lassical bul .
[cassca e | gas-poor + classical bulge + CMC

bar forms

bar grows bar weakens

Figure 6. A schematic diagram of bar formation and evolutiofap row illustrates the gas-rich scenario, in which a bar forms amsvg over time. As the
bar enters the secular evolution phase, a disky pseudolutgeated. The growth of the disky pseudobulge follows tfidhe bar. Middle row illustrates the

gas-poor scenario with a classical bulge. The evolutiomefiar in the gas-poor case is faster than that of the gasas#Bottom row illustrates the gas-poor
scenario with a classical bulge and a central mass contientt&€MC). The development of a CMC weakens the bar.

cent population), simply because some of the gas-rich galax Fig.[3c), where these latter two parameters are considered t
ies (i.e., the star-forming sequence) have not yet formeid th be measures of bulge prominence. In the star-forming se-
bars. Thus, taking SSFR as a tracer of gas content, then therqguence bar likelihood increases with both increasingnd
is good agreement between simulation results and the trend¥7 .., while the opposite trend is observed in the quiescent
we find (see also Masters eflal. 2012). _ population. In order to interpret these trends, we need-to re
Within the star-forming sequence (defined here as member thatthere are two main types of bulges — the classical
log SSFR> -11 yrl) disk galaxies do not all have the bulge and the disky pseudobulge, a distinction which wilbhe
sameppa, but neither do they all have the same gas content.explain this dichotomy.
There are well known trends between SSFR, stellar mass, The best way to distinguish these types of bulges in-
and gas content of disk galaxies (elg., Catinella et al. 2010 volves the use of high resolution imaging of the bulges (e.g.
Saintonge et al. 20011). The trend we observe herepfgr Fisher & Drory|2008), something that is not available for
to increase as SSFR declines (avid increases) can be ex- our large sample. However one can approximately separate
plained as being due to decreasing amounts of gas in the diskthe types with a threshold in the global galaxy Sérsic index
of these galaxies. Indeed, Masters étlal. (2012) showedfthat (Drory & Fishell 200/33. Disky pseudobulges generally lie in
you correct for the typical HI content of a disk galaxy, those galaxies with globah < 2.5 while classical bulges are found
galaxies with more HI than is expected for their stellar mass in galaxies with globah > 2.5. Although this method is less
are less likely to host bars. accurate than those using high resolution imaging, this is a
simple option that is adequate for our purposes. Hence, we
4.3. The Effects of Classical Bulges and Disky Pseudobulges adopt this Sérsic threshold for the rest of the paper tordisti

on Bar Formation 23 , . N
o . L Gadofli (2009) advocates using the Kormendy relationshigeparate
We observe trends of bar likelihood with the Sérsic index classical bulges from disky pseudobulges. For this workdwer, we choose

(n, Fig.|3b) and central surface stellar mass denmkgo to use the more simple global galaxy Sérsic threshold.
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Figure 7. Averagelspqr plotted againsta) M., b) n, andc) X} kpc The details of this figure are identical to that of Fiy. 4,hwiihe exception that each bin

contains~ 75 galaxies and also, galaxies are further separated by lye, as identified bp. Purple points represent the star-forming disky pseudygbul
galaxies, light blue points represent the star-formingsital bulge galaxies, and red points represent the quiestassical bulge galaxies. The correlations of
Lsparwith nand 3 ke for the disky pseudobulge galaxies match the predictiormofriven secular evolution.

guish the two types of bulgés This threshold is illustrated  portant point is intrinsic in our analysis and will be dissed
with a vertical dashed line at log= 0.4 (n=2.5) in Fig.[3b. further in &6.
Our sample confirms the well known observation (e.g., The strongedtspstrends we observe are found within star-

I [2007) that quiescent (red) disk galaxies pri- forming disk galaxies (the averadgig,srincreases monotoni-
marily have classical bulges while star-forming (blue)kdis cally with M., n, andX] . see Figl’¥). To better understand
galaxies mainly have disky pseudobulges (see[Hig. 3b). Thisthe underlying physical processes responsible for theaels;
suggests that the decreasimg: with nandX; . observedin  we separate the data in Fig. 4 by bulge type; this is shown in
the quiescent disk galaxies is duefg, decreasing in galax-  Fig.[4. Recall that galaxies with < 2.5 are considered to
ies with larger classical bulges, while the increagipg with contain disky pseudobulges while galaxies with- 2.5 are
nandXj . observed in star-forming disks shows tigy; is considered to contain classical bulges. Note that qui¢scen
larger in galaxies with more massive disky pseudobulges. ~ galaxies withn < 2.5 are very rare, hence they are not shown.

The classical bulge, like the halo, slows down bar formation ~ During the secular evolution phase, bars become stronger,
due to it ‘diluting’ the non-axisymmetric forcing of the bar longer, and more efficient at funneling gas into the central

2). This predicts that bar likelihoodstho ~ regions of galaxies, leading to more massive disky pseudob-

decrease with increasing prominence of the classical batge ulges (AMR13). This prediction matches our observations in
we indeed observe. Figs[1b andl7c, where it is clear thab,,is correlated witm

Disky pseudobulges result from the material that a bar andXj . for the disky pseudobulge galaxies (purple). These
pushes inwards to the central part of the disk. Since thesecorrelations give evidence for the secular evolution pldse
bulges formed after the bar, and are in fact, a product of thebars.
bar, they cannot influence the bar formation phase. However The Lgy,trends with classical bulges are much more com-
there is a clear link predicted between the existence of theplex and also much less straightforward to interpret. Samul
bar and the amount of mass in the disky pseudobulge, (ortions show that classical bulges should foster seculauevol
central 1 kpci Athanassoula 1992; Heller & Shlosman 1994; tion by absorbing some of the angular momentum emitted by

I ). For galaxies of a given gas mass (or the bar region (A03). Hence the expectation is that galaxies
SSFR), a higher bar likelihood should result in more massive with more massive classical bulges should have longer bars,

disky pseudobulges, as we observe (Hi¢is. 34 and 3c). but also longer disk scale lengths.
_ _ Figs.[Tb andl7c show that the classical bulge galaxies (light
4.4. Evidence for Secular Evolution blue and red) generally have longer scaled bar lengths than

Bar length trends [§3.2) can help us understand the seculaf@laxies without a classical bulge, i.e., the disky pseutiyh
evolution phase of the bar. We can safely assume that durin%amx'es- However, there is little Swdence of increastajexd
the secular evolution phase of any non-interacting galesxy i oar length with increasing and,,.. In fact, there actually
bar length may be considered a proxy of bar age. However,appears to be a decrease in scaled bar length fon legger
this may not be true for any two galaxies, because the galaxythan 0.6 (i.e.n larger than about 4, equivalent to a more con-
with the youngest bar can have the longest bar, provided itscentrated light profile than the standafd* de Vaucouleurs
halo can absorb larger parts of the angular momentum emit-profile). Similarly the scaled bar length stops increasinitpée
ted by the bar region (A03). Our comparisons, however, do rightmost panel fob>;,, larger than roughly 1% M, /kpc
not concern two galaxies but ensembles of a relatively large yjthough there seems to be an final increase in scaled bar
number of galaxies. For example in Hig. 4b we compare €N-Jength at the highest* )
sembles of galaxies with differentvalues. But the number of This d . 1k‘i d bar lenath with | ds
galaxies in each ensemble is sufficiently large for us torassu IS décrease In scaled bar length with fangand 2., o
that galaxies with a variety of halo properties are incluest ~ d0€S not disagree with simulation results, and can be at-
roughly similar manner in all ensembles. This subtle, butim {ributed to the presence of a very high central mass concen-

tration (CMCItH. Indeed, our last averaged point is roughly

24 Of course, there arem < 2.5 galaxies that have no bulge (e.g.,

[Simmons et al. 2013). However, for simplicity, we considégalaxies with 25 We note that this is just one of the possible reasons for théewed
n < 2.5 to contain a disky pseudobulge even if it might be a pure gigxy. decrease. This could also correspond to the regime wherbulge is so

This will not affect our discussion since pure disks and ylisgkeudobulges massive that it has significantly delayed the onset of ban&bion, resulting
are closely related (s€e Kormendy & Kennicutf 2004). in a lack of bar evolution.
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at a log n value of 0.8, which corresponds to a Sérsic in- type disks — and used this to argue that secular evolu-
dex of roughly 6.5. This could well be due to a luminosity tion had been observed (e.d., Athanassoula & Maltinet
spike in the center of the galaxy which would hamper the bar[1980; d gren__1985 _Madrtin___1995;
growth and evolution if it pre-existed the bar, or if growtela Regan & Elmegreén_199 in_2005;_Laurikainen et al.
that would bring a decrease of the bar length and strength2007; Elmei reen ethll_2007; _Menéndez-Delmestre et al.
(e.g..Shen & Sellwodld 2004; Athanassoula €t al. 2005). This2007; Gadotti 2011). Our result is novel in that it looked for
strong CMC will thus bring a decrease of bar length at the trends of bar length with the central mass density in the very
highest values ofi, as seen in Fig]7b (and FIg. 4b). centers of galaxies, a quantity that is directly linked toudar
Nevertheless, at least part of this decrease could be spurievolution in models. Our sample is also nearly an order of
ous and due to the fact that the bar component is not specifiinagnitude larger than any previous study. Thus, we argue
cally included in our 2-component decompositions, which is that our result is the best evidence yet for bar-driven secul
more worrisome for galaxies with stronger and longer bars. evolution in disk galaxies.
To test it we scaled thabsolute bar length with the-band Recent results from several high resolution simulations
isophotal radius at 25 mag arcséfrom the SDSS pipeline  present mechanisms for the formation of disky pseudobulges
and re-created Fig] 4 apdl 7. The results can be found in Apthat do not rely on secular evolution (Inoue & Saitoh 2012;
pendix(B. We find then that the decrease seen with the diskOkamotbl 2013), but rather involve dynamical instability in
scale length at high andX; . is considerably lessened. We clumpy galaxies or high-redshift starbursts. While thegles|
do not fully understand the bar length trends with the ctzdsi  Of these simulations do have characteristics of local disky
bulge galaxies at the highestand; ., more work needs pseudobulg, our results here suggest that secular evolu-
to be done. Let us note, however, that the correlations of thelion does have a major effect, both in creating disky pseudob
scaled bar length with the disky pseudobulge galaxies #ire st Ul9es and in building up the stellar mass in the bulge region
present even when scaling with the isophotal radius, thus en ©f Parred galaxies.

hancing our confidence in the corresponding decompositions Nevertheless, there are substantial numbers of disk galax-
and trends. les that are non-barred and are hosting disky pseudobulges

icutt 2004). Up to a third or more of the
5. DISCUSSION local disk galaxy population is unbarred in even the most
; - conservative reckoning. This observations argues thay dis
5.1. Are We Observing Secular Evolution? pseudobulges have more than one formation mechanism. Per-
In €3 and B4, we showed evidence which suggests thathaps disky pseudobulges in non-barred galaxies were dreate
disky pseudobulges are more massive in populations of galaxthrough high redshift channels, while the disky pseudotmilg
ies which are more likely to host bars and which host in barred galaxies may have been created, and are still in the
longer bars (specifically that average values paf and  process of growing through bar-driven secular evolutidn, a
Lsbar increased withn and X7 ke for disky pseudobulge  much later times.
galaxies). We interpreted this as observational evidence
of bar-driven secular evolution growing disky pseudobslge 5.2. Can Bars Quench Star Formation?
(Kormendy & Kennicutt 2004; Athanassoula 2005). Ourin- — The highest values g are found among quiescent galax-
terpretation hinges on the assumption that bar lengthdrace jes withn ~ 2.5 (see FiglBb). Here we consider the question
the evolution of bars. This assumption is based on both ot yhether these bars were formed in situ or if they could be
simulations_of bﬁar growth as well as observational data. jmplicated in the processes which turned these disk gafaxie
;0 Block et

Elmegreen etal| (2007) showed that bar length mirrors bargiescent. We ask ‘were these bars formed i 2.5 quies-
strength (see also Block et al. 2004). The simulations of barcen galaxies, or did they form in star-forming galaxiestwi
growth shown in Figllb — and a large number of others, as re- < 2.5) that evolved into the ~ 2.5 quiescent disk galax-
viewed by Athanassoula_(2012) — demonstrate that isolatedes?’ \We refer to this latter process as ‘bar quenching’ and
bars typically grow stronger with time. explore this idea further.

_ Furthermore, the simulations of AMR13 argue that bars — Bars have been associated with enhanced central star
in isolated galaxies are long-lived structures — in 8140 formation in galaxies for decade5 (Hawarden é{al. 1986;
Gyrs that their simulations covered, not one of their bars|5ressél[ 19887 Friedli & Behz 1993: Giuricin el dl. 1094:
dissolved (see also Debattista et al. 2006.and Berentzeh et 8, ang et dll._1996; Martinet & Frietli 1997; Martin & Frigdli
2007 for a similar conclusion). Recent zoom-in cosmologi- [1997: [Ho et al.[ 1997[ Ellison etlal. 2011 Oh etal._2012:
cal simulations by Kraljic etall (2012) also support theade wangetal [2012). This is a natural consequence of
that bars are long-lived structures. Their simulationswsho he evolution of gas in a disk galaxy under the influ-
that most of the bars that formed at< 1, when mergers  gnce of a bar. The bar-induced gravitational torques fun-
have become less frequent, persist dowrz0. ODbser- g gas into the centers of galaxies (Matsuda & Nelson
vational studies have now observed bars with modest fre{1977:[Simkin et al. 1980 Athanassdlla 1992: Wada & Habe
quencies out ta~ 1 (Abraham et a[. 1999: Jogee etial. 2004 [199 [1995! Friedli & Benz 1993; Heller & Shiosman 1994;
[Elmegreen et al. 2004; Sheth el al. 2008; Melvin et al. 2013), [ 1995 al. 1999; Shethlet all 2005),
and one upcoming study detects bars as far oatad.5 (J.  \here it should quickly form stars, thus enhancing the @ntr
Herrington et al. 2013, submitted.), with the implicatibt  gtay formation. If this secular evolution were efficientauld
many of the bars we observe in the local Universe could have,celerate the depletion of the gas supply within a consider

formed az~ 1 or earlier. This gives a substantial ime win- gpe fraction of the disk, namely the region within coraati
dow for secular evolution to grow longer bars and stronger

disky plseUdObmges- 26 Not all bulges made from clump coalescence have charaitsris
Previous works have shown a trend between bar disky pseudobulges. For example. Elmegreenlefal. 2008y shat their

length and Hubble type — that bars are longer in earlier bulges made through clump coalescence have propertieassicil bulges.
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If this process were not balanced by an increased inflow ofas measured by MPA-JHU) and inner galactic structure (i.e.,

cosmological gas, this would ultimately, produce a quiesce bulge prominence) parameterized by global Sérsic index,

barred galaxy (Masters etlal. 2011; 012). as measured by GIM2D, and central surface stellar mass den-
Large surveys such as SDSS (Abazajian Et al. 2% COSsity, 7 ., as estimated from a 1 kpc radius circular aperture

MOS (Scoville et all 2007), and AEGIS (Davis etlal, 2007) projected onto SDSS images.

have painted a clear picture of the structural propertiegiof Our main observational result{8§3) are:

escent galaxies — they are massive, centrally concenjrated

and have high central velocity dispersions (€.g.. Frankleta 1. There exists an anti-correlation betwgwgg and SSFR;

2008; Bell et al. 2012; Wake et'al. 2012; al. 2012). this relationship is present even at fixdd, n, or £ .

Cheung et &l (2012) recently found that the most distirguis P

ing structural parameter of quiescent galaxies (compared t 2 The structural trends gf,sr are bimodal with SSFR.

star-forming galaxies) is their central surface stellasswen- In the star-forming sequencey, correlates withn

sity (within a radius of 1 kpc). Almost all quiescent galax- and¥; .., while in the quiescent populatiopys, anti-

ies in the sample of Cheung et al. (2012) have high values of correlatgs with and>*

Y1 ko While star-forming galaxies mainly have low values of 1 kpe

1 kpe This is clear evidence that the process(es) that quench 3 The structural trends df<per are also bimodal with

star formation in these galaxies are related to the buildup o SSFR. Within the star-forming sequendgp,, corre-

the central stellar mass density. We consider here if secula lates withn and X} koo in a similar way toppar. How-

evolution isable to build high enough central densities to act ever within the quiescent populatioiessr Shows a

as a quenching mechanism. i} _ rather different behavior, with a peak at valuesief 4
Indeed, Fig[l7c shows that the] . values of the disky and; g ~ 10°8 M, /kpc2.

pseudobulge galaxies overlap partly with g, . values of

the classical bulge galaxies. The most massive of the disky \we compare these results to simulations of bar formation
pseudobulges we argue are grown by bar-driven secular evogznq evolution in E4. We find that the underlying physical pro-
lution are comparable in central density to the smallest of cesses become clearer upon separating these galaxiesby tho
the classical bulges. This suggests that secular evolo&ion  tnat contain disky pseudobulges< 2.5) and those that con-

build the high central densities that are observed in qesc  tain classical bulgesi(> 2.5). This comparison reveals the
galaxies. This appears to be circumstantial evidence for-an o] jowing:

teresting, and potentially important galaxy evolutionqess
— bar quenching. We caution, however, that our identifica- 1 Assuming that SSFR is a good tracer of gas content,

tion of disky pseudobulges in quiescent barred disk gasaxie the anti-correlation opp,, with SSFR is consistent with

is based on global Sérsic fits. If it is indeed the case thaethe the expected effects of gas dar formation. Sim-
exist quiescent disk galaxies which host only disky pseadob ulations show that gas delays the formation of bars,
ulges, and show no evidence for classical bulges, this will thus many gas-rich galaxies simply have not yet formed

be strong evidence for the process of 'bar quenching’ having

; X ; Y bars, while most gas-poor disk galaxies have.
acted in these galaxies. However, more accurate identifica-

tions of disky pseudobulges are needed to verify this claim. 2. The observed trends @far andLspar With nands; .
for classical bulge galaxies are consistent with the ef-
6. CONCLUSION fects of classical bulges and CMCs on bar formation
In this paper, we use hundreds of thousands of visual clas- and evolution. The gravitational forcing of classical
sifications measurements of galactic bars provided by-“citi bulges ‘dilute’ the non-axisymmetric forcing of the bar,
zen scientists” through the Galaxy Zoo projmt%ét a which delays the formation of a bar. This diluting ef-
[2008, 2011} Willett et al. 2013). We first select a sample of fect is more powerful in more massive classical bulges,
disk galaxies in which reliable bar classifications can bdena resulting in a longer delay dfar formation. After the
— we call this the Galaxy Zoo 2 Disk (GZ2D) sample, which bar has formed, however, classical bulges are expected
comprises 13,295 oblique (i.e., face-on or mildly inclined to promotesecular evolution by absorbing the angular
disk galaxies in a volume limit to= 0.06. This sample is sim- momentum emitted from the bar region; this process
ilar to the GZ2 samples used previously to study trends of the also scales with the mass of the bulge and leads to both
bar fraction by Masters etlal. (2011) dnd Masters ket al. (p012 longer bars and longer disk scale lengths. Our results
Strongly barred galaxies identified in GZ2 were part of a $mal suggest that for Sérsic index up to roughly 4 the bar
Galaxy Zoo project which used a Google Sky interface to length may increase faster than the disk scale length.
collect measurements of bar IengtOll). In For yet higher values af, a strong ensuing CMC could
this paper we also make use of this Bar Length (BL) sample, lead to a decrease of the bar strength by generating in-

which comprises 1,154 galaxies. We use these data to analyze stabilities of the main family of bar-supporting orbits.
the dependence of bar likelihoogy,, a weighted and debi-

ased fraction of GZ users identifying a bar, and which akés li 3. The correlations 0fpar andLspar With nandy . for

a probability of a galaxy containing a visually identifiablzr; the disky pseudobulge galaxies are in agreement with
Willett et alll2013) and scaled bar lengthyar= Lpar/2.2rg; @ the predictions obar-driven secular evolution. Bars
measure of bar strength, linked to how evolved a bar is) on drive gas toward the centers of galaxies, where the gas
other galactic properties. Specifically we test how the-like should eventually form stars and give rise to disky pseu-
lihood and length of bars depend on specific star formation dobulges. As bars grow stronger and longer, the ability
rate (SSFR; estimated through nebular emission lines from to funnel gas grows stronger as well, resulting in more

the SDSS fiber, and the broadbaimgtiz SDSS photometry, massive disky pseudobulges.
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The comparison of the observational results we present hergelling pieces of evidence of not only the existence of sacul
with simulations of bar formation and growth shows general evolution, but also of the role of ongoing secular processes
agreement, indicating that many of the underlying physical the evolution of disk galaxies.
processes of bar formation and evolution are understood. An
implication of this is that we are confident in our basic un-

derstanding of the relationship between bars and their host 'tl'_his pfublicati(grr: hazsogggg malidet possjblttehby(;'chlez parztici-
galaxies. Bars are clearly not stagnant structures, réiegr ~ P&lon of more than 2V volunteers in the alaxy £00
are dynamic, evolving, and furthermore directly influertee t project. Their contributions are individually acknowlexth
evolution of their host galaxies. at http://www.galaxyzoo.org/Volunteers.aspx.
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APPENDIX
COMPLETENESS

Galaxy Zoo 2 Disk Sample

The Galaxy Zoo 2 Disk (GZ2D) sample was selected on the bé&s$igralreds of thousands of visual morphological classifi-
cations collected via the Galaxy Zoo website. In order foakaxgy to be in this sample, the majority of volunteers clyssj it
must have identified ‘features’ in it, and identified it as hetng an edge-on disk (see Masters ét al. 2011; Willett! GCil3).

In addition we apply an extra cut bfa > 0.5 to ensure disks are face-on enough to identify bars. Thisltein a sample of
disk galaxies with a broad mix in Hubble types. Objects miggitain an obvious disk (e.g., SBc, Sc) or a subtle disk,(8@).
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Figure 8. The number density distribution of the) volume-limited parent Galaxy Zoo 2 (GZ2) sample ddsalaxy Zoo 2 Disk (GZ2D) sample; both are
scaled to the same): The completeness of the GZ2D sample relative to the GZ2 karfpr each bin, we calculate the fraction of GZ2D galaxiethe GZ2
sample and color it according to the color bar to the righte Black contours outline the number density of the GZ2D sarapt only bins with at least 2
GZ2 galaxies are shown. The completeness of GZ2D is bimadl #hat it recovers 50% of high SSFR% 10711 yr™1) galaxies andv 20% of low SSFR
(< 10711 yr1) galaxies.
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Figure 9. The ratio of the number of galaxies in the GZ2D sample to tlygeaah GZ2 disk sample. The black contours outline the nurdessity distribution
of the GZ2D sample. Only bins with > 2 edge-on GZ2 galaxies are shown. GZ2D does not seem to bglstimased against low mass quiescent disks.
While we do not expect problems in identifying the former iy @rientation, SO galaxies are notoriously difficult (eventhe
most expert classifiers) to separate from ellipticals, éned face-on. We consider in this section if any face-on dalxies
are missing from our sample. Presumably, if a galaxy had aitbaould be readily identify as ‘featured’ and included higt
sample, thus we assume any missing disk galaxies will bebaored and therefore introduce potential biases into aulte

We use as a comparison sample, the volume-limited pareak§@loo 2 sample (se€ &2.2 for details of our initial GalaxpZo
2 sample) that the GZ2D sample was originally drawn from, el & a sample of edge-on disk galaxies in which we expect all
types of disks will be equally easy to identify. As a remindlee parent Galaxy Zoo 2 sample has the following criteria:

1. 001< z< 0.06, wherezis the SDSS spectroscopic redshift.
2. M; <-20.15, wherdV, is the rest-frame absolute Petrosiaband magnitude.

Hereatfter, this sample will be referred to as the Galaxy Zsar@ple, or simply, the GZ2 sample. We match the GZ2 sample
to the MPA-JHU catalog for stellar masses and star formatites, resulting in a total of 43,221 galaxies.

To identify edge-on disks, we use thresholds in the Galaxy vate fractions for ‘features of diskPfeatures> 0.5) and for
edge on disk’ Pedgeon > 0.80), this is slightly more conservative that the recommelrttieesholds for selecting a ‘clean edge-
on’ sample as given in Willett et al. (2013), but we do not etghe selection to introduce any bias with Hubble type fekdi
galaxies.

Fig.[8 compares the number density distribution of the GZamsle (panel b) to that of the whole volume limited GZ2 sample
(panel a). Both panels are scaled so that the blue scaleatedithe same range of density and only bins with at leastaXigal
are shown. Using the GZ2 sample as the fiducial completeresdasd, panel ¢ displays the completeness of the GZ2D sampl
(i.e., the fraction of the GZ2 sample which is in GZ2D) as gadéd by the legend. To aid the eye, contours of the GZ2D
number density distribution are over-plotted. We pointthiatt completeness levels of greater than 50% are not expsictee
the selection on axial ratidofa > 0.5) removes approximately half of all disk galaxies. In thistpve observe the expected
bimodality, such that the completeness of high SSERQ ! yr~%; ‘star-forming’) galaxies is much highes{50% complete)
than it is for low SSFR ¢ 107! yr™!; ‘quiescent’) galaxies¥ 20% complete). This reveals the well know correlation betwe
SSFR and morphology - that most star-forming galaxies haslkesdand many quiescent galaxies are elliptical, so do ae¢ h
obvious ‘features’ to be selected as part of the GZ2D sample.

This test, however, cannot reveal if the GZ2D sample repitesefair selection of all disks. To test that, we isolaterada
of edge-on disk galaxies in which we expect all disks (eves) 80l be identified. If the GZ2D sample is fairly represeive
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Figure 10. a): The number density distribution of the Bar Length (BL) séergraled to a quarter of panel a of Figl§: The completeness of the BL sample
relative to the GZ2D sample; the black contours in this paeptesents the number density distribution of the BL sam@lely bins with 2 or more GZ2D
galaxies are shown.

of all disk galaxies, then the ratio of GZ2D (face-on diskjegées to the sample of edge-on disks should be uniform tjirout
the SSFR-mass diagram (this assumes all disk galaxiesraendy orientated, which we expect they should be, but aso s
ISimard et al. 2011, and that the inclination introduces retesyatic biases into estimates of SSFR or stellar masshvigless
clear).

Fig.[d compares the number density of the edge-on GZ2 disksrit&Z2D sample of mildy inclined or face-on disk galaxies.
We show the ratio of the number of galaxies in the GZ2D samplbé¢ edge-on GZ2 disks sample. Only bins with at least 2
galaxies from the edge-on GZ2 disks sample are shown andabk ¢ontours represent the number density distributiohef
GZ2D sample. For high SSFR galaxies, there~avegalaxies in the GZ2D sample for every edge-on GZ2 disk galakis is
likely due to a combination of the expected number ratiogéte-on and not edge-on disk galaxies (e.g., for randomtatiens,
we expect one galaxy with> 85° for every five withi < 65°), and the possible effects of increased internal extindtiothe
egde-on sample causing SSFR to be underestimated. Howewvao wot expect to be missing systematically any star-fogmin
disk galaxies.

Because of the extinction of edge-on galaxies, the samplewoSSFR (log SSFR: -11.6 yr'!) edge-on GZ2 disks may
contain a combination of truly low SSFR disks and reddengstinediate SSFR disks. However, we assume that the reddened
intermediate SSFR contribution to the low SSFR regime oétlgee-on GZ2 disks sample is uniform across stellar massrapd o
changes the absolute scaling of the number ratio betweem@B@ edge-on GZ2 disks. We therefore examine the uniformity
of the low SSFR regime in Figl 9 to gauge whether the GZ2D saiisphissing any quiescent disks.

The number ratio between edge-on quiescent disks and fageiescent disks is largely uniform (at5 oblique disks per
edge-on disk). There is, however, hints of a small dearthé@Z2D sample at low masses. Averaging the number ratios at
low masses (logV.. < 10.6) reveals that we finet 10% less GZ2D galaxies compared to the average number dditibe high
mass quiescent disks. The total number of low mass quieg@daties in our sample iss 900, so this suggests we may be
missing= 90 low mass quiescent disk galaxies. Presumably, if a gddagya bar, it would be readily spotted and included in this
sample, thus we assume the missing disk galaxies are noedbale assume that the missing disks have valuessotl:; ;.
typical for GZ2D galaxies of the same mass and SSFR. We finditea andX] . values of these low mass quiescent disks are
roughly uniformly distributed, meaning that tipg., trends withn and7 . for the quiescent population are unaffected by this
incompleteness. We can estimate how many unbarred qutemskrgalames we are missing for every bin by simply divglin
the total number of missing galaxies @0) by the total number of bins that the quiescent populatams im andX] ., which
turns out to be~ 20 bins. Thus we are missing 5 unbarred quiescent disks in evéMy= 100 bin ofn andX7 ., (see Figd. 13b
and3c). Even if all five galaxies hayga, = 0 this would reduce the averagg, in each bin by at most 5% (by simply adding 5
more galaxies in the denominator).

The number of missing low mass disks in the affected part @ffB& works out to bez 10 per low mass quiescent bin (there
are~ 10 bins in the low mass quiescent regime). Elg. 3a shows tlegist, values for the low mass quiescent bins aré.60.
Adding 10 non-barreddysr = 0) disk galaxies to these bins, i.e., adding 10 galaxielg¢aenominator, reduces thgsg, values
to ~ 0.50. Our qualitative results and interpretation are unaéfécTherefore, the missing non-barred low mass quiesdsks d
do not significantly influence our results.

Bar Length Sample

Unlike the GZ2D sample, there is not a concern that the BL $anispmissing non-barred disks since, as the sample name
implies, the BL (Bar Length) sample only contains barredslisNevertheless, we want to ensure that it is not sufferimg a
selection bias.

Fig.[I0 shows the completeness of the BL sample relativead3h2D sample. The completeness of BL is approximately
bimodal with SSFR. In the high SSFR regime (log SSFR11 yr?), the BL sample is- 10% complete, while in the low SSFR
regime (log SSFR: —11 yr?), it is ~ 20%.

This completeness bimodality is reasonable because thambpls is primarily composed of strong bars, which as ilatsid
in Fig.[3, strong bars mainly lie in the quiescent populatidiowever, since our analysis splits the BL sample into fteming
and quiescent (i.e., Figl 4 and Hig. 7), this difference impteteness should be inconsequential to our results agighetations.
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Figure 11. Average bar length scaled by the isophotal radik/r2s, plotted againsta) M., b) n, andc) X3 kpc: Galaxies were split by their star formation

state, namely, log SSFR > -11¥r(star-forming; blue) and log SSFR < -11-¥(quiescent; red). Each bin contairs100 galaxies. The error bars are given by
o/v/N, whereo is the standard deviation ap,rper bin, andN is the total number of galaxies per bin.
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Figure 12. Averagelpar/r2s plotted againsta) M., b) n, andc) X} kpc: The details of this figure are identical to that of Figl 11thathe exception that each

bin contains~ 75 galaxies and also, galaxies are further separated by bypeg, as identified bg. Purple points represent the star-forming disky pseudybul
galaxies, light blue points represent the star-formingsitzal bulge galaxies, and red points represent the quieskessical bulge galaxies.

BARLENGTHSCALED BY ISOPHOTAL RADII

Comparing the trends of bar length scaled by the isophadiil (Gig. [11 andIPR) to those dfspar (Fig.[4 and¥) shows a good
agreement. The only noticeable differences are at the bigrandX; ., which is hard to interpret and may be due to a number
of issues. These GIM2D disk scale lengths may be affecteché@yptominent bars present in these galaxies. But the better
sky background determination and better object deblendirige GIM2D decompositions could also lead to a more aceurat
measurement of the disk scale length. More work needs to be tiotruly understand the differences, but this is outdide t
scope of this paper. Moreover, this paper does not put agsephasis on the bar length trends at the highestd®7 ., thus
it does not affect our major conclusions.

R90/R50

Fig.[13 shows the effects of using the Petrosian conceotratdex from SDSS, R90/R50, where R90 and R50 are the radii
enclosing 90 and 50 % of the galaxy luminosity, respectiv&lye trends withp,,, in Fig.[I3a are almost identical to that with
Sérsic index (Fig.13b). Fig.13b ahdl13c show that the treritts RO0/R50 for the star-forming sequence, star-formirekyi
pseudobulge galaxies, and the star-forming classicakbgddaxies are the same as witliFig.[4b andrb), i.e L sparincreases
with increasingn or R90/R50.

For the quiescent population (Flg.13b) and the quiesceassitial bulge galaxies (Fig.]13c), however, there is a eakite
difference between the trends lofy,r at the highest values of R90/R50 andNamely, while there is a decreaselgf,, at the
highestn (Fig.[4b andI7b), there seems to be a steady incredsgg#ith increasing R90/R50. It is unclear why this is the case.
It could be due to the improved sky background determinatiwhobject deblending in the fitslof Simard et 011) comgba
to the standard SDSS pipeline. However, no matter the re#sisrminor difference does not affect the paper since weelétiae
interpretation of the bar length trends for the highegalues open.

Comparing the trends of bar length scaled by the isophatélvatweem (Fig.[11b and12b) and R90/R50 (Fig] 13d 13e)
shows general agreement between all populations.

Thus the results from R90/R50 andare largely similar, and the use of either would not changentiain conclusions of the
paper.
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