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Abstract

We study how bar strength and bar kinematics affect star formation in different regions of the bar by creating radial
profiles of EW[H«] and D,4000 using data from Sloan Digital Sky Survey-IV Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA). Bars in galaxies are classified as strong or weak using Galaxy Zoo DESI,
and they are classified as fast and slow bars using the Tremaine—Weinberg method on stellar kinematic data from
the MaNGA survey. In agreement with previous studies, we find that strong bars in star-forming (SF) galaxies have
enhanced star formation in their center and beyond the bar-end region, while star formation is suppressed in the
arms of the bar. This is not found for weakly barred galaxies, which have very similar radial profiles to unbarred
galaxies. In addition, we find that slow bars in SF galaxies have significantly higher star formation along the bar
than fast bars. However, the global star formation rate is not significantly different between galaxies with fast and
slow bars. This suggests that the kinematics of the bar do not affect star formation globally, but changes where star
formation occurs in the galaxy. Thus, we find that a bar will influence its host the most if it is both strong and slow.

Unified Astronomy Thesaurus concepts: Galaxy bars (2364); Galaxy evolution (594); Galaxy kinematics (602);

Star formation (1569)

1. Introduction

Bars are common structures among disk galaxies, as 44%—
52% of low-redshift disk galaxies observed with optical
wavelengths have a clearly defined bar (Marinova &
Jogee 2007; Barazza et al. 2008; Aguerri et al. 2009; Buta
et al. 2019). This fraction goes up to 59%—73% when using
infrared wavelengths (Eskridge et al. 2000; Marinova &
Jogee 2007; Menéndez-Delmestre et al. 2007; Sheth et al.
2008), presumably due to infrared wavelengths not being as
affected by dust and star formation (Erwin 2018). Other studies
report lower bar fractions, ranging between 24% and 29% (see,
e.g., Masters et al. 2011; Skibba et al. 2012; Cheung et al.
2013), although these studies noted that they primarily consider
strong bars and leave out weak bars. The bar fraction is also
dependent on the stellar mass of the galaxy. For example, Lazar
et al. (2024) have found a bar fraction of 11% for dwarf
galaxies. Finally, the bar fraction among disk galaxies at higher
redshifts (0.5 < z < 2) is also lower, ranging between 10% and
23% (Elmegreen et al. 2004; Sheth et al. 2008; Melvin et al.
2014; Simmons et al. 2014). Bars are known to influence their
host in multiple ways. As a bar grows over time, it will transfer
angular momentum outward from the inner disk to the outer
disk and the dark matter halo (Lynden-Bell & Kalnajs 1972;
Sellwood 1981; Athanassoula 2003; Athanassoula et al. 2013).
The growing bar will also funnel gas to the center of the galaxy
along the arms of the bar (Sorensen et al. 1976;
Athanassoula 1992a; Davoust & Contini 2004; Villa-Vargas
et al. 2010; Vera et al. 2016; Spinoso et al. 2017; George et al.
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2019). Multiple studies have found that bars appear more often
in massive, red and gas-poor galaxies (i.e., typical quiescent
galaxies, Hoyle et al. 2011; Masters et al. 2011, 2012; Cheung
et al. 2013; Vera et al. 2016; Cervantes Sodi 2017; Kruk et al.
2018; Fraser-McKelvie et al. 2020b), which suggests that bars
are linked to the quenching process. One proposed quenching
mechanism states that bars can trigger a starburst in the center
of the galaxy after causing a substantial inflow of gas, which
increases the rate of gas consumption and eventually quenches
the host (Alonso-Herrero & Knapen 2001; Jogee et al. 2005;
Sheth et al. 2005; Hunt et al. 2008; Carles et al. 2016). Another
possibility is that bars increase the velocity dispersion or shear
in the bar region, so that the gas becomes too dynamically hot
for star formation (Athanassoula 1992a; Reynaud &
Downes 1998; Sheth et al. 2000; Zurita et al. 2004; Haywood
et al. 2016; Khoperskov et al. 2018; Hogarth et al. 2024).
There is a large variety of bar length and strength, which is
typically addressed by classifying bars as either weak or strong.
This terminology goes back to de Vaucouleurs (1959, 1963),
who defined strong bars as obvious and long structures,
whereas weak bars are faint and small structures. There are
many ways to measure bar strength. For example, the
maximum ellipticity (Athanassoula 1992b; Laurikainen &
Salo 2002; Erwin 2004) and the boxiness of the bar isophotes
(Gadotti 2011) have been used to estimate bar strength, as
galaxies with stronger bars have more pronounced and
elongated isophotes. One can also approximate the bar strength
by measuring the torque exerted by the bar (Combes &
Sanders 1981; Buta & Block 2001; Laurikainen & Salo 2002;
Speltincx et al. 2008) or by estimating the amplitude of the
m = 2 Fourier mode (Athanassoula 2003; Garcia-Gémez et al.
2017). In the catalog of detailed visual morphological
classifications of Nair & Abraham (2010), a bar is strong if it
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dominates the light distribution of the galaxy and vice versa for
a weak bar. The Galaxy Zoo 2 (GZ 2) project (Willett et al.
2013) explored another method to measure bar strength. They
asked citizen scientists to identify bars on images of the Sloan
Digital Sky Survey (SDSS; Blanton et al. 2017) and noted that
bar strength is correlated with the number of volunteers that
voted that there is a bar in the galaxy (Masters et al. 2011;
Skibba et al. 2012). GZ Dark Energy Camera Legacy Survey
(DECaLS; Walmsley et al. 2022) expanded on this idea and
asked citizen scientists to classify bars into strong or weak
based on images from DECalLS (Dey et al. 2019). These
classifications were used in Géron et al. (2021), who found that
differences between weak and strong bars disappeared when
correcting for bar length. They suggested that weak and strong
bars are not fundamentally different physical phenomena but
rather that weak and strong bars are part of a continuum of bar
types, which changes from “weakest” to “strongest.”

While morphology is often used as a proxy for kinematics, it
is also important to look at the kinematics of galaxies, rather
than morphology alone, as insight can be derived from
considering both. This has been demonstrated by Emsellem
et al. (2011) and Cappellari et al. (2011), who found that early-
type galaxies with similar morphologies can be classified into
two distinct types, fast and slow rotators, based on their
kinematics. Slow rotators are dispersion-dominated galaxies
that have undergone many gas-poor mergers. In contrast, fast
rotators are rotationally supported structures that slowly build
up their bulge by accreting gas (Bois et al. 2011; Duc et al.
2011; Emsellem et al. 2011; Naab et al. 2014; Cappellari 2016).
The kinematics of bars have also been shown to be important.
The bar pattern speed ({,), also known as the rotational
frequency of the bar, is correlated with the evolution of the bar
and its host in simulations. As the bar grows and exchanges
angular momentum with its host, the bar typically slows down
and the pattern speed decreases (Debattista & Sellwood 2000;
Athanassoula 2003; Martinez-Valpuesta et al. 2006; Okamoto
et al. 2015). Another important parameter is the corotation
radius (Rcgr), which is the radius at which the stars have the
same angular speed as the pattern speed of the bar. The
corotation radius is used to calculate the dimensionless ratio R,
which is defined as R = Rcr/Rpa, Where Ry, is the
deprojected bar radius. This ratio is used to classify bars into
slow (R > 1.4), fast 1.0 < R < 1.4), and ultrafast (R < 1.0)
bars (see, e.g., Debattista & Sellwood 2000; Rautiainen et al.
2008; Aguerri et al. 2015). In simulations, R is thought to be
correlated with the formation mechanism of the bar. Bars
triggered by tidal interactions tend to remain slow for a longer
time and have overall higher values of R compared to bars
formed by global bar instabilities (Sellwood 1981; Miwa &
Noguchi 1998; Martinez-Valpuesta et al. 2016, 2017).

In this paper, we will consistently refer to distinct regions
within barred galaxies, as illustrated in Figure 1, using the well-
known barred galaxy NGC 1300. This figure shows a very
prominent bar that connects to the two spiral arms of the
galaxy. The key regions in the bar are the center, the arms of
the bar, and the bar-end region. The region between the two bar
ends is referred to as the “barred region,” while everything else
is considered “outside the bar.” While the center of the bar
often coincides with the center of the galaxy, it is worth noting
that offset bars have been observed in a limited number of
galaxies. According to Kruk et al. (2017), only 2% of galaxies
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Figure 1. NGC 1300 is arguably the most famous barred galaxy. Different
important regions of a bar are highlighted in this figure. The center of the bar
usually coincides with the center of the galaxy. The arms of the bar connect the
center with the bar-end regions. The dust lanes along the arms of the bar are
clearly visible and the spiral arms connect directly to the bar ends. The dashed
rectangle delineates the barred region. Credits: NASA, ESA, and The Hubble
Heritage Team (STScI/AURA).

with masses comparable to the Milky Way (10'%°—10""! Mm..)
have offset bars.

We know from observations that barred galaxies have more star
formation in their center (Alonso-Herrero & Knapen 2001; Hunt
et al. 2008; Coelho & Gadotti 2011; Ellison et al. 2011; Lin et al.
2020) and bar-end regions (Reynaud & Downes 1998; Verley
et al. 2007; Diaz-Garcia et al. 2020; Fraser-McKelvie et al. 2020a;
Maeda et al. 2020), while they suppress star formation along the
arms of the bar (Reynaud & Downes 1998; Zurita et al. 2004;
Watanabe et al. 2011; Haywood et al. 2016). These observations
show that bars play a role in the evolution of their host galaxies,
although it is unclear whether this is true for both weak and strong
bars, and for both fast and slow bars. Géron et al. (2021) looked
into the effect of strong and weak bars and showed that strong bars
have higher central star formation rates (SFRs), while weak bars do
not. However, the influence of bar strength on star formation in the
arms of the bar and the bar-end region has not yet been studied in
detail. It is also uncertain how the kinematics of bars affect galaxy
evolution and quenching. Géron et al. (2023) classified a sample of
bars as either fast (1.0 < R < 1.4) or slow (R > 1.4), which we
use in this paper to address the following questions. Do fast and
slow bars affect star formation in the same way? Do the kinematics
of a bar contribute to how strong or weak bars affect their host
galaxies? Or, in other words, do slow strong bars and fast strong
bars affect their hosts in the same way? To answer these questions,
we make use of resolved star formation indicators obtained
through the Mapping Nearby Galaxies at Apache Point Observa-
tory (MaNGA) survey (Bundy et al. 2015), which allows us to
study different regions within barred galaxies. In Section 3.1, we
construct radial profiles of EW[Ha] and D,4000 to assess
differences in star formation between strong and weak bars. A
comparable analysis is carried out for fast and slow bars in
Section 3.2. The results are discussed in Section 4 and the main
conclusions are summarized in Section 5. We assume a standard
flat Lambda cold dark matter (ACDM) cosmological model with
Hy=70kms " Mpcfl, Qn=0.3, and 2, = 0.7 where necessary.

2. Data and Methods
2.1. Galaxy Zoo

We used the GZ project to identify weak and strong bars. In
GZ, citizen scientists are shown images of galaxies and answer
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multiple questions about their morphology according to a
decision tree structure (Lintott et al. 2008, 2011). This paper
makes use of GZ DESI (Walmsley et al. 2023), which used
images obtained from the DESI Legacy Imaging Surveys (Dey
et al. 2019).> DESI consists of three individual projects: the
DECaLS, the Beijing-Arizona Sky Survey (BASS) and the
Mayall z-band Legacy Survey (MzLS) that collectively cover
~14,000 deg” of sky. The DESI Legacy Imaging Surveys are
relatively deep (e.g., the point-spread function depth of the r
band is 23.54 for DECaLS; Dey et al. 2019), which means that
it is possible to reliably identify weak bars in these images. The
classifications of citizen scientists are used in GZ DESI to train
machine classifications based on Bayesian convolutional neural
networks described in Walmsley et al. (2022). We use these
machine classifications in this paper to classify bars as strong or
weak (more details are provided in Section 2.5).

2.2. MaNGA

To investigate how bars impact their host galaxies, we make
use of Ha and D,4000 measurements obtained from the
MaNGA survey (Bundy et al. 2015), which is part of the
SDSS-IV Collaboration (Blanton et al. 2017). In this paper, we
used data from the 17th data release of SDSS (Abdurro’uf et al.
2022). MaNGA used the Baryon Oscillation Spectroscopic
Survey spectrograph, which has a wavelength coverage of
3600-10000 A and a resolution of R~ 2000 (Smee et al.
2013), on board the 2.5m Sloan Telescope at Apache Point
Observatory (Gunn et al. 2006). MaNGA is an integral field
unit (IFU) survey, which means that it stacks 19—127 optical
fibers hexagonally to obtain spectra at multiple positions for a
galaxy. Galaxies are typically covered out to 1.5 effective radii
(R.), although a third are covered up until 2.5 R, (Wake et al.
2017). In this paper, we use the Voronoi binned maps that are
binned to a signal-to-noise ratio of ~ 10 (Westfall et al. 2019).
More information on the observing strategy, survey design,
data reduction process, sample selection, and the data-analysis
pipeline (DAP) can be found in Law et al. (2015, 2016), Yan
et al. (2016), Wake et al. (2017), Belfiore et al. (2019), and
Westfall et al. (2019). The SFRs and stellar masses used in this
paper are obtained from the Pipe3D value-added catalog
(Sanchez et al. 2016a, 2016b). The SFRs in Pipe3D are based
on the Ho flux and are corrected for dust extinction. More
details can be found in Sanchez et al. (2016b). Additionally, we
made extensive use of the Marvin software to access the
MaNGA data (Cherinka et al. 2019).

We use the Gaussian-fitted equivalent width measurement of
Ha, EW[Ha], in order to investigate the impact of bars on their
host galaxies. Ha emission, found at a rest-frame wavelength
of 6564 A originates from H 1I regions that are excited by the
ionizing radiation emitted by OB-type stars found in young
stellar populations (Argence & Lamareille 2009; Spindler et al.
2018; Smethurst et al. 2019). The amount of Ha radiation is
proportional to the number of OB stars and, consequently, the
amount of star formation (Kennicutt 1998). We also look at the
strength of the 4000 A break, which i is caused by the combined
effects of absorption around 4000 A by the metals in the
atmosphere of older and cooler stars and the absence of
emission from young, blue OB-type stars. This implies that the
4000 A break traces the age of the stellar population, although
there is a dependence on the stellar metallicity (Kauffmann

5
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et al. 2003; Smethurst et al. 2019; Paulino-Afonso et al. 2020).
We use the definition of the 4000 A break from Balogh et al.
(1999), known as D,4000, which is an update of the definition
proposed by Bruzual (1983). D,4000 is a dimensionless ratio
of the flux between 4000-4100 and 3850-3950 A as measured
by the MaNGA DAP (Westfall et al. 2019). A low D,4000
value suggests recent star formation, indicating a relatively
young average stellar population. Conversely, an older stellar
population is present if D,4000 is high (Kauffmann et al. 2003;
Smethurst et al. 2019; Paulino-Afonso et al. 2020). This also
means that D,4000 serves as a useful probe to assess whether a
quenching mechanism (e.g., a strong bar) has had a long-lasting
effect on the galaxy, which helps to probe the timescales of that
mechanism.

2.3. Tremaine—Weinberg Method and Bar Kinematics

The Tremaine—Weinberg (TW) method is a model-indepen-
dent method to calculate the pattern speed of a galaxy
(Tremaine & Weinberg 1984). Its main assumptions are that
the tracer used to calculate the pattern speed (i.e., stars or gas)
satisfies the continuity equation and that there is a well-defined
pattern speed. The TW method has been used frequently to
measure the bar pattern speed (see, e.g., Aguerri et al. 2015;
Cuomo et al. 2019; Guo et al. 2019; Garma-Oehmichen et al.
2020, 2022). More recently, Géron et al. (2023) used the TW
method to obtain reliable measurements of the bar pattern
speed, corotation radius, and R for a sample of 210 barred
galaxies that have a wide range of bar strengths. The TW
method can be written as

14
Qusin) = Y1 M
(X)
where (2, is the bar pattern speed, i is the inclination of the
galaxy, (X) is the photometric integral, and (V) is the kinematic
integral. These last two integrals are defined as

[ *;o XY(X, Y)dX

(X) = )

[ s, vyds
—00

J T Vios(X, MR, )dy)

(V) = ©)

[ *; Y(X, Y)dY

where . is the surface brightness of the galaxy and Vi og is the
line-of-sight velocity of the galaxy. The coordinate system
(X, Y) is found in the sky plane with the origin centered on the
center of the galaxy and the X-axis aligned with the major axis
of the galaxy. Géron et al. (2023) used surface brightness and
line-of-sight velocity data from the MaNGA survey. The
integration is done along multiple pseudo-slits placed parallel
to the major axis of the galaxy across the IFU to make sure that
the final measurement of the pattern speed is reliable. For more
details on the technical aspects of the TW method, refer to
Section 2.1 in Géron et al. (2023).

Once the pattern speed is calculated, it is possible to find the
corotation radius if the rotation curve of the galaxy is known.
The corotation radius is the radius at which the gravitational
and centrifugal forces balance each other in the rest frame of
the bar. This means that, at the corotation radius, the stars in the
disk will have the same angular velocity as the bar. In Géron
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Figure 2. This figure demonstrates how the radial profiles are constructed using a randomly picked strongly barred SF galaxy (plate-ifu: 12622-9101), the DECaL.S
image of which is shown in the first panel. The second panel shows the EW[Ha] map obtained from MaNGA. This panel is overlaid with an aperture positioned along
the PA of the bar. All the spaxels whose center lie within the aperture are extracted from the map. The EW[Ha/] of those spaxels is plotted against the distance to the
center of the galaxy normalized to the bar radius in the third panel. The radial profile of this particular galaxy is shown by the black line. Finally, if multiple galaxies
are binned in the same way, it is possible to create a median profile of any sample of galaxies by taking the median value in each bin. The fourth panel shows the radial
profiles of all strongly barred SF galaxies in the GZ DESI-MaNGA sample using faint gray lines. The black line corresponds to the radial profile calculated in the third
panel. The thicker orange line shows the median radial profile of EW[Ha] for all strongly barred SF galaxies (n = 172). The shaded regions represent the 33rd and
66th percentiles in every bin. The dashed line at Ry, = 1 denotes the end of the bar.

et al. (2023), the rotation curve of the galaxy is determined by
fitting the stellar velocity data of MaNGA to a two-parameter
arctan function, described in Courteau (1997):
Vit = Viys + %Vc arctan(w), 4
s 1y
where V. is the true stellar velocity (i.e., corrected for the
inclination of the galaxy), Vi is the systemic velocity of the
galaxy, V. is the asymptotic velocity, r is the deprojected
distance to the center of the galaxy, ry is the spatial center of
the galaxy, and r, is the transition radius. In this model, the
rotation curve flattens at r, and goes toward V.. As the
corotation radius is defined as the radius where the stars in the
disk rotate with the same velocity as the bar, it can be identified
by finding the intersection of the rotation curve and the line
found by multiplying the bar pattern speed by the distance from
the center of the galaxy (i.e., 2, - r; see Figure 4 of Géron et al.
2023).

Finally, the dimensionless parameter R can be calculated with
R = Rcr/Rpa, where Ry, is the deprojected bar radius. This
parameter is used to classify bars into slow (R > 1.4) and fast
bars 1.0 < R < 1.4) (Debattista & Sellwood 2000; Rautiainen
et al. 2008; Aguerri et al. 2015). Although bars with R < 1.0,
which are called ultrafast bars, should theoretically not exist, as
bar orbits become unstable beyond the corotation radius
(Contopoulos 1980, 1981; Athanassoula 1992a), they have been
nevertheless repeatedly observed (Buta & Zhang 2009; Aguerri
et al. 2015; Cuomo et al. 2019; Guo et al. 2019; Garma-
Oehmichen et al. 2020). Slow bars have bar lengths that are
shorter than the corotation radius, whereas fast bars end near the
corotation radius. This also implies that the bar ends of a fast bar
will rotate with a velocity similar to the stars in the disk at that
radius. In contrast, the bar ends of slow bars rotate much slower
than the stars in the neighboring parts of the disk. Refer to Géron
et al. (2023) for more details and a step-by-step example of how
4, the rotation curve, the corotation radius and R are calculated
using the TW method. The code used to calculate these
kinematic parameters and the full table of final values are
publicly available and can be found in Géron (2023).° The fast
and slow bars identified there are used throughout this paper.

6 https://doi.org/10.5281/zenodo.7567945

2.4. Radial Profiles

We will study how a bar influences different regions (such as
the center, the arms of the bar, and the bar end) of a galaxy.
This analysis involves creating radial profiles for each target
over any particular map from MaNGA along any given
position angle (PA; e.g., the PA of the bar). A median profile is
then created by taking the median of individual profiles
belonging to a specific group (e.g., for all strongly barred
galaxies). This process is shown in Figure 2. The leftmost panel
shows a DECaLS image of a random strongly barred star-
forming (SF) galaxy. The second panel shows the Gaussian-
fitted equivalent width measurement of Ha (EW[Ha]) from
MaNGA, with an overlay of an aperture with a width of 3”. The
aperture is usually positioned along the PA of the bar.
However, in some cases, the aperture can be placed perpend-
icular to the bar in order to probe off-bar regions. The projected
distance to the center of the galaxy is normalized to the
projected bar radius for each spaxel whose center falls within
the aperture. All the bar lengths and bar PAs used in this work
were previously measured in Géron et al. (2023); refer to their
Section 3.3.3 for more details on these measurements. These
normalized distances are then plotted against EW[Ha] in the
third panel. Next, the radial profile for this galaxy is calculated
by binning these spaxels into bins with a width of 0.15 R, and
computing the median within each bin. This bin width was
chosen as a compromise between generating detailed profiles
and the sample size. However, the results of this paper do not
change qualitatively if other reasonable bin widths (e.g.,
anywhere between 0.10 Ry, and 0.3 Ry,) are used instead.
The radial profile of this specific galaxy has an interesting
shape. The EW[Ha] appears to peak at the center, after which it
decreases until ~0.5 Ry,. Subsequently, the EW[Ha] rises
again, reaching a second peak around ~1.2 R, after which it
falls again. Interestingly, this second peak reaches its maximum
right beyond the end of the bar. In this particular example, it
seems that the EW[Ha] is high in the center and bar ends,
while lower in the arms of the bar and outside the bar. It is also
possible to construct radial profiles in terms of kiloparsec,
instead of normalizing to the bar radius. The bin width in this
case is 0.5 kpc.

The faint gray lines in the background of the rightmost panel
of Figure 2 represent the median radial profiles for all strongly
barred SF galaxies within the GZ DESI-MaNGA sample (more
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details of this sample will be given in Section 2.5). When
galaxies are consistently binned in the same way, it is possible
to generate a median profile for any given galaxy sample by
calculating the median of all individual profiles in every bin.
This median radial profile of EW[Hqa], which is representative
of the strongly barred SF galaxies population in the GZ DESI-
MaNGA sample, is shown by the thicker orange line.

In certain situations (e.g., to facilitate comparison with
barred galaxies), we want to create radial profiles normalized to
Ry, for unbarred galaxies. To achieve this, we assign bar
lengths to unbarred galaxies based on their stellar masses. We
first create stellar mass bins with a width of 0.25 log (Mx/M,).
We then modeled the bar length distribution of the barred
galaxies in our sample in each bin using a log-normal
distribution. Each unbarred galaxy was then assigned a bar
length in kiloparsec to normalize with, which was randomly
drawn from the distribution corresponding to its mass bin.
However, it is crucial to note that this process was done just to
establish a reference point for comparing with barred galaxies
and that any observed trends with Ry, for unbarred galaxies do
not have any physical meaning.

2.5. Sample Selection

There are two main samples used in this work. The first one
is called the GZ DESI-MaNGA sample. This sample consists
of the machine classifications of GZ DESI (Walmsley et al.
2023), which are crossmatched against MaNGA (Bundy et al.
2015). This crossmatch contains a total of 9812 galaxies. We
further apply thresholds on the redshift (0.01 < z < 0.05,
spectroscopic redshift estimates are from the NASA-Sloan
Atlas) and the absolute r-band magnitude (M, < —18.96, also
from the NASA-Sloan Atlas), in order to remove targets where
a potential bar is difficult to detect because it is too faint or too
distant. This reduced the sample size to 5810 galaxies.

Additionally, volunteers in GZ DESI are only asked “Is there
a bar feature through the center of the galaxy?” when they first
answered that the galaxy is a disk galaxy that is not viewed
edge-on. Additional thresholds should therefore be used to
make sure enough volunteers answered the bar question and to
guarantee reliable bar classifications (Willett et al. 2013). Since
the machine classifications used here are trained on the
volunteer classifications, similar thresholds should be consid-
ered. We place thresholds on the estimated fraction of
volunteers that would have voted that the galaxy has features
or a disk (Preawres/aisk = 0.27), the estimated fraction of
volunteers that would have voted that the galaxy is not viewed
edge-on (Ppotedge-on == 0.68), and the estimated fraction of
volunteers that would have been asked the bar question
(Npge = 0.5). More information on these thresholds can be
found in Géron et al. (2021) and Walmsley et al. (2022). These
thresholds further reduced the sample size to 2125 galaxies.

Using the GZ DESI machine classifications, every galaxy
was assigned one of three bar types: strong, weak, or no bar. A
galaxy is classified as unbarred if more than half of all the
predicted classifications voted that the galaxy did not have a
StI'OIlg or weak bar? i'e's Pstrong bar+weak bar < 0.5. If this was not
the case, then the galaxy had a weak bar if pyrong bar < Pweak bar
and a strong bar if Pyrong bar 2 Pweak bar- 1hese thresholds have
been successfully used before in Géron et al. (2021, 2023).
This classification scheme results in a strong bar fraction of
17.0% (363/2125) and a weak bar fraction of 37.5%
(796/2125).
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Finally, the galaxies are also divided into SF and quenching
using the star formation sequence defined by Belfiore et al.
(2018):

log(SFR/M,, yr~) = (0.73 £ 0.03)log(M./M.)
— (733 £ 0.29). 5)

We assume that any galaxy that is 10 (=0.39 dex) below this
line is quenching and all other galaxies are SF. The GZ DESI-
MaNGA sample is used to assess the effects of bar strength on
different regions in the galaxy (see Sections 3.1 and 4.1).

The second sample used in this work is called the TW
sample, which is a subsample of the GZ DESI-MaNGA
sample. Géron et al. (2023) calculated the bar pattern speed,
corotation radius, and R for the galaxies in the GZ DESI-
MaNGA sample using the TW method. However, there are a
few limitations and additional thresholds that need to be put in
place in order to use the TW method, which limit the final
sample size. To begin with, all unbarred galaxies are removed,
which reduced the sample size to 1159 galaxies. The TW
method can only be applied to galaxies with regular kinematics,
which removed another 474 galaxies. Additionally, the TW
method only works for galaxies where the bar is not aligned
with the disk major or minor axis and for galaxies with
intermediate inclinations. These two restrictions removed
another 193 and 32 galaxies, respectively. Additional thresh-
olds on the quality of the TW output are used to ensure reliable
estimates of the kinematic parameters. All these thresholds and
restrictions are explained in much greater detail in Géron et al.
(2023). These thresholds resulted in a final sample of 210
galaxies that have reliable measurements of the bar pattern
speed, corotation radius, and ratio R.

Using this ratio, we find that 67% of the bars in the TW
sample are slow bars (R > 1.4), 21% are fast bars
1.0 <R <14), and 12% are ultrafast bars (R < 1.0).
However, only 2% of the ultrafast bars that Géron et al.
(2023) identified in the TW sample are confidently within the
ultrafast regime. Because only very few ultrafast bars exist in
this sample, they are grouped together with the fast bars for the
remainder of this work. The TW sample is used to study the
effects of bar kinematics on different regions in the galaxy (see
Sections 3.2 and 4.2).

2.6. Contamination by AGN

Ha emission from star formation can be contaminated by other
sources, such as active galactic nuclei (AGNs), which can bias
the results presented in this work. This is particularly important
when studying bars, as some studies suggest that bar-driven
inflow of gas could trigger AGN activity (Knapen et al. 2000; Oh
et al. 2012; Fanali et al. 2015; Galloway et al. 2015). To ensure
the results presented here are not biased by the presence of AGN,
we crossmatched the galaxies in the GZ DESI-MaNGA catalog
to the MaNGA AGN value-added catalog (Comerford et al.
2020). The MaNGA AGN catalog identified AGN in MaNGA
galaxies using four distinct methods. The first method involves
using the Wide-field Infrared Survey Explorer colors (Wright
et al. 2010), based on the W1 and W2 bands, which correspond
to 3.5 pym and 4.6 pm, respectively (Assef et al. 2018). The
MaNGA AGN catalog employed the 75% reliability criteria,
defined as W1 — W2 > 0.486exp [0.092(W2 — 13.07)2] and
W2 >13.07, or W1 — W2 > 0.486 and W2 < 13.07 (Assef et al.
2018; Comerford et al. 2020). The second method is based on
X-ray sources from the Swift Observatory’s Burst Alert
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Telescope (BAT) all-sky survey. The BAT catalog has identified
AGN and crossmatched them with SDSS (Oh et al. 2018), which
are included in the MaNGA AGN catalog (Comerford et al.
2020). The third method utilized radio observations. Best &
Heckman (2012) have created an AGN catalog based on the
NRAO Very Large Array Sky Survey (Condon et al. 1998) and
the Faint Images of the Radio Sky at Twenty Centimeters survey
(Becker et al. 1995). This catalog was then crossmatched against
MaNGA and added to the MaNGA AGN catalog (Comerford
et al. 2020). Finally, AGN were also identified in the MaNGA
AGN catalog using broad Ho emission lines in spectra from
SDSS (Oh et al. 2015). They identified AGN based on a few
thresholds. First, the full width at half-maximum of the broad Heo
component has to be higher than 800 km s~ ' and the amplitude
over noise ratio of the broad Hae component must be larger than
3. Additionally, the ratio of the area of the broad Ha component
to the noise level of the continuum (more specifically, the
measurement uncertainty around [N II] A\6584) must be greater
than 2 (Oh et al. 2015).

The AGN identified with the broad emission lines are
expected to affect the results presented here the most, as they
will interfere with the Ha measurement. This method identified
14 out of 2125 galaxies (0.7%) in the GZ DESI-MaNGA sample
as an AGN. A total of 106 galaxies in the GZ DESI-MaNGA
sample are identified as an AGN in the MaNGA AGN catalog
using any of the methods described above, implying an overall
AGN fraction of 5.0%. However, the MaNGA AGN catalog
only covers 6261 of the 11,273 MaNGA targets (Comerford
et al. 2020). The total estimated AGN fraction of the GZ DESI-
MaNGA sample is 1.2% when considering only AGN identified
by the broad emission lines, assuming a similar AGN fraction for
the remaining galaxies. When including AGN identified by any
of the methods discussed above, the total estimated AGN
fraction becomes 9.0%. To ensure that the presence of AGN did
not introduce any bias into the results presented here, we
excluded the 106 galaxies identified as AGN by the MaNGA
AGN catalog using any method from the sample. We found that
all the results presented here remained qualitatively the same.
We can therefore conclude that the results in this paper are not
significantly biased by the presence of AGN.

3. Results
3.1. Strong and Weak Bars

Observations show that the bar fraction is higher among
quiescent galaxies (Masters et al. 2011, 2012; Vera et al. 2016;
Cervantes Sodi 2017), which implies that bars are involved in
the quenching process. To understand how a bar affects its host,
studies have looked at the star formation in different regions of
the bar, such as the center and arms of the bar (see, e.g.,
Watanabe et al. 2011; Haywood et al. 2016; Fraser-McKelvie
et al. 2020a; Lin et al. 2020; Maeda et al. 2020). However, it
remains unclear whether these regions are affected similarly in
both weak and strong bars. This is the topic of the first part of
this paper, where we use resolved star formation indicators
obtained through the MaNGA pipeline to look at the differences
in star formation between strong and weak bars in detail.

3.1.1. EW[Ha] along Strong and Weak Bars

We generate radial profiles for EW[Ha] and D,4000
obtained from MaNGA in order to probe the effect that a bar
has on different regions of a galaxy. These radial profiles are
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constructed for all the galaxies in the GZ DESI-MaNGA
sample. Figure 3 shows the radial profiles of the Gaussian-fitted
equivalent width measurement of Ha (EW[Ha]) for each bar
type: strong, weak, and unbarred. The galaxies are categorized
as SF or quenching based on Equation (5) shown in
Section 2.5. The top row shows the profiles for SF galaxies,
while the bottom row shows the profiles for quenching
galaxies. The profiles are shown in terms of distance to the
center of the galaxy (in kiloparsec, left column) and relative to
the bar radius (right column). However, it is important to
realize that a distance of, for example, 2 Ry, is farther out in the
disk of the galaxy for a strong bar than for a weak bar, as strong
bars are typically longer than weak bars (de Vaucou-
leurs 1959, 1963; Géron et al. 2021). The top part of each
panel shows the number of galaxies that have spaxels in each
radial bin. The bottom part of every panel shows the difference
between the radial profiles of any two samples. The
significance of the difference in every bin is shown by the
size of the point, with the largest sizes representing a significant
difference greater than 3¢ after comparing the two populations
with an Anderson—Darling test. Conversely, the smallest sizes
represent <1o. Bins with a significant difference exceeding 3o
are additionally outlined in black.

The EW[Ha] radial profile of strongly barred SF galaxies
(orange, top row of Figure 3) peaks in the central bins, after
which it reaches a minimum in the arms of the bar.
Interestingly, the profile rises again, reaching another peak
beyond the bar-end region (at R~ 1.2—1.5Ry,), before
decreasing again at higher radii. This profile suggests a higher
SFR in the center and beyond the bar end, as EW[Ha] serves as
a proxy for specific star formation rate, while it is suppressed in
the arms of the bar. The EW[Ha] profiles of weakly barred SF
galaxies and unbarred SF galaxies closely resemble each other.
Both profiles are flat in the outskirts (at R 2 5 kpc or 1.5 Ry,
and have lower median values for EW[Ha/] closer to the center.
Additionally, it is interesting to note that the EW[Ha] is lower
for strongly barred SF galaxies compared to weakly barred and
unbarred SF galaxies in the outskirts of the galaxy.

The bottom half of Figure 3 shows the radial profiles for
quenching galaxies with strong bars, weak bars, and no bars.
Strongly barred quenching galaxies have consistently lower
values for EW[Ha], while weakly and unbarred galaxies have
relatively similar values to each other. All profiles have higher
values for EW[Ha] in the outskirts of the galaxy, which
decrease toward the center, which is the opposite trend to what
we saw for strongly barred SF galaxies. Interestingly, for both
weak and strong bars, this decrease starts around the bar end
(R~ 1.0—1.2 Ry,,), although it is more distinct for strong bars.
This decrease at the bar-end region is not found in the profiles
of the unbarred galaxies normalized to the bar radius. However,
it is important to keep in mind that the profiles normalized to
the bar radius for unbarred galaxies are not physical. They are
constructed by assigning a random bar radius to every unbarred
galaxy, which is drawn from a log-normal distribution fitted to
all the barred galaxies in the same stellar mass bin as the
unbarred galaxy (see Section 2.4 for more details).

3.1.2. D,4000 along Strong and Weak Bars

Figure 4 shows the radial profiles for D,4000. The average
profile for strongly barred SF galaxies is low in the center of
the galaxy, reaches a maximum in the middle of the arms of the
bar (R~ 0.5 Ry,,), followed by a decline and flatting beyond
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Figure 3. The radial profiles of EW[Ha/] are shown for SF galaxies (top row) and quenching galaxies (bottom row) for strongly barred (orange), weakly barred (blue),
and unbarred galaxies (gray). The radial profiles are shown in kiloparsec (left column) and normalized against the bar radius (right column). The profiles for unbarred
galaxies are normalized to the bar radius by assigning a random bar radius to every unbarred galaxy, which is drawn from a log-normal distribution fitted to all the
barred galaxies in the sample. The sample size, n, for every sample is indicated in the legend. The solid line is the median in every bin, while the shaded regions bound
the 33rd and 66th percentiles. The dashed line at Ry, = 1 denotes the end of the bar. The width of the bins in the left column is 0.5 kpc and 0.15 Ry, in the right
column. The top part of each panel shows the number of galaxies that have spaxels in each radial bin. The bottom part of each panel shows the difference between each
radial profile in every bin, where the size of the point represents the significance of the difference after comparing the two populations with an Anderson—Darling test.
The smallest sizes represent a significant difference of less than 1o, while the largest sizes represent >3¢ and are additionally outlined in black. Strongly barred SF
galaxies have higher values for EW[Ha] in the center and bar end, while having less EW[Ha] in the arms of the bar. The profiles of weak and unbarred SF galaxies are

very similar to each other.

the bar-end region (R~ 1.2—1.5Ry,). This profile is in
contrast to the profiles observed in weakly barred and unbarred
galaxies. Here, D,4000 is highest in the center and decreases
monotonically with radius. On average, strongly barred
galaxies have the highest values for D, 4000, followed by

weakly barred and unbarred SF galaxies, which have very
similar values to each other. These results suggest that the
stellar population is oldest in the arms of the bar of strongly
barred SF galaxies and that they have younger stellar
populations in the center and beyond the bar end. These
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very similar to each other.

results are consistent with the results obtained from the EW unbarred galaxies. These results are discussed in more detail in
[Ha] radial profiles. These results confirm that strong bars can Section 4.1.2.

impact stellar populations, implying that strong bars are a long- Among quenching galaxies (bottom row of Figure 4), the
lived phenomenon. This is not the case for weakly barred profiles of the three samples exhibit similar trends: highest in
galaxies, whose D,4000 profiles closely resemble those of the center and decreasing monotonically with radius. However,
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for strongly barred galaxies, this decrease happens around the
bar-end region, whereas it is much more gradual for weakly
barred and unbarred galaxies. In the outskirts of the galaxy, the
value for D,4000 is comparable for all three samples. Strongly
barred quenching galaxies have higher values for D,4000
overall, while weakly and unbarred galaxies have similar
values to each other.

To summarize, strongly barred SF galaxies have increased
star formation in the center and bar-end region, while
suppressing star formation in the arms of the bar. In contrast,
the profiles of weakly barred and unbarred galaxies are very
similar to each other. Weakly and unbarred galaxies have lower
star formation in the center, which increases with radius. These
results are further discussed in greater detail and compared to
the literature in Section 4.1.1.

3.1.3. Effect of Stellar Mass

Unbarred, weakly barred, and strongly barred galaxies
typically have different stellar masses (Géron et al. 2021). To
investigate how stellar mass impacts the results of this paper,
we also generated the radial profiles for all SF galaxies across
three different mass bins: low mass (M, < 10'%? M),
intermediate mass (10'%? M. < M, < 10"° M_), and high
mass (M, > 10'°® M..)). These thresholds were selected so that
an equal number of galaxies are in each bin (471 galaxies
in each).

The left column of Figure 5 shows the radial profiles of EW
[Ha] for the three mass bins. The central peak of EW[Ha] for
strongly barred galaxies is found in all mass bins. However, the
suppression of EW[Ha] and the subsequent second peak
beyond the bar-end region (R~ 1.2—1.5 Ry,,) among strongly
barred SF galaxies are only observed in the intermediate- and
high-mass bins, not in the low-mass bin. Interestingly, the EW
[Ha] of the weakly barred galaxies also increases around the
bar end in the high-mass bin. A similar result is shown in in
right column of Figure 5, where the radial profiles of D,4000
for SF galaxies in the different mass bins are shown. The
increase of D,4000 in the arms of strong bars is much more
prominent in the intermediate-mass and high-mass bins,
compared to the low-mass bin. The profiles of the weakly
barred SF galaxies and unbarred SF galaxies are similar across
all mass bins in both the EW[Ha] and D,4000 radial profiles.

These results show that the conclusions drawn in this paper
regarding bar strength hold true for intermediate-mass and
high-mass galaxies, but not for low-mass galaxies. This is in
agreement with the results found in Géron et al. (2021), who
showed that strong bars are most efficient at facilitating
quenching at higher stellar masses. Other studies have found
that more massive galaxies have longer and stronger bars
(Aguerri et al. 2009; Erwin 2019; Fraser-McKelvie et al.
2020a; Kim et al. 2021). This implies that the strongest bars,
which have the most effect on their host, are predominantly
found in the highest mass bin.

3.1.4. Focus on Bar-end Region

The bar-end region is of particular interest. A local peak of
EW[Hq] is found here for strongly barred SF galaxies, but not
for weakly barred SF galaxies. Moreover, the bar-end region
appears to be a turnover point in the EW[Ha] and D,4000
profiles for strongly barred galaxies. To study this region in
more detail and compare it to corresponding off-bar regions,

Géron et al.

we construct radial profiles with the aperture placed parallel
and perpendicular to the bar (the rest of the procedure remains
identical; see Section 2.4 for more details). The profiles created
with the aperture placed parallel to the bar (as shown in
Figures 3-5) provide information specifically about the barred
region, such as the bar end. In contrast, profiles created with the
aperture placed perpendicular to the bar probe the off-bar
regions. Comparing the profiles generated with these two
apertures will show what the impact of the bar is (e.g., in the
bar-end region) with respect to the rest of the galaxy. However,
do note that the central region of the profiles should be similar,
given that the parallel and perpendicular apertures overlap in
the 3” center.

This is done in Figure 6 for all strongly barred SF galaxies
(top row) and weakly barred SF galaxies (bottom row) for both
EW[Ha] (left column) and D, 4000 (right column). The median
difference in EW[Ha] beyond the bar-end region (R~ 1.2—
1.5 Ryar) is ~10 A for strongly barred SF galaxies, while this is
only ~4 A for weakly barred SF galaxies, though it is >30
significantly different for both strongly and weakly barred SF
galaxies. Additionally, the profile with the aperture aligned
with the bar clearly shows the peak beyond the bar-end region,
which is not observed in the profile with the aperture placed
perpendicular to the bar. The difference in D,4000 at the bar-
end region for strongly barred SF galaxies is ~0.05 and it is
>30 significant. Meanwhile, the difference in D,4000 is only
~0.01 for weakly barred SF galaxies and this difference is not
significant (<20) in any bin.

Thus, the difference in EW[Ha] and D,4000 around the bar-
end region is significantly higher for strongly barred SF
galaxies compared to weakly barred SF galaxies. This suggests
that there is more star formation in the bar-end region of
strongly barred SF galaxies compared to the bar-end region of
weakly barred SF galaxies.

3.2. Fast and Slow Bars

As explained in Section 2.3, bars are kinematically classified
as either fast or slow based on R, the ratio of the corotation
radius to the bar radius. In this section, we will investigate
whether there are significant differences between fast and slow
bars in terms of their EW[Ha] and D,4000 profiles. This will
probe whether the kinematics of bars have a measurable impact
on the star formation of their hosts. Furthermore, we will
examine whether the kinematics of the bar is influenced by the
bar strength, i.e., whether fast strong bars have different effects
on their hosts compared to slow strong bars.

3.2.1. EW/Ha] and D,4000 along Fast and Slow Bars

The radial profiles of EW[Ha] for fast and slow bars in SF
and quenching galaxies are shown in Figure 7, which is
constructed similarly to before. The top-left panel clearly
shows that slow bars have higher EW[Ha] than fast bars in SF
galaxies, especially in the intermediate radius range of the
galaxy (~2-4 kpc). The top-right panel shows that the median
profile is slightly higher for slow bars than for fast bars in SF
galaxies when expressing distance normalized to the bar radius,
although the difference remains less than 30. Both slow and
fast bars have higher EW[Ha] in the center and bar end
compared to the arms of the bar. The profiles for quenching
galaxies are relatively similar between slow and fast bars,
except around the bar end, where the EW[Ha] profile is steeper
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Figure 5. The radial profiles of EW[Ha] (left column) and D,,4000 (right column) are shown for SF galaxies that are strongly barred (orange), weakly barred (blue),
and unbarred (gray). These profiles are constructed similarly to those in Figures 3 and 4. However, the profiles here are shown in three different mass bins: low mass
(M. < 10'°2 M, top row), intermediate mass (10'*? M, < M, < 10'%® M., middle row), and high mass (M, > 10'*® M, bottom row). The profiles for
intermediate- and high-mass galaxies are similar to those found in Figures 3 and 4. This is not true for the low-mass galaxies.
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Figure 6. The effect of the bar-end region is probed in more detail in SF galaxies by creating radial profiles with apertures placed on the bar (parallel to the PA of the
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(right column). The width of the bins is 0.15 Ry, The difference is much greater for strongly barred SF galaxies (top row) than for weakly barred SF galaxies (bottom
row). The difference in EW[Ha] and D,4000 in the bar end is bigger for strongly barred galaxies than weakly barred SF galaxies.

for fast bars and fast bars have significantly (>30) higher
values for EW[Ha]. The rest of the EW[Ha] profile rises
slowly with increasing distance from the galaxy.

Similar conclusions are drawn for the D, 4000 profiles,
which are shown in Figure 8. Slow bars in SF galaxies have
significantly lower values for D,,4000 in the intermediate radius
range of the galaxy (~3-5kpc) than fast bars. The average
profile for slow bars in SF galaxies decreases monotonically
with radius, while the profile for fast bars has a bump in the
arms of the bar. Again, the profiles of slow and fast bars in
quenching galaxies are relatively similar, except at the bar-end
region.

These results suggest that there is more star formation along
slow bars compared to fast bars in SF galaxies, as we find

11

higher values for EW[Ha] and lower values for D,,4000 in slow
bars than in fast bars.

3.2.2. Effect of Bar Strength

The results presented in Section 3.2.1 suggest that there is
more star formation along slow bars compared to fast bars in
SF galaxies. At the same time, we showed in Section 3.1 that
there is more star formation in strongly barred galaxies than in
weakly barred galaxies. In this section, we will address whether
there is a combined effect between these two independent
results.

The effect of bar strength on the profiles of fast and slow
bars is studied in Figure 9, which shows the radial profiles for
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Figure 7. The radial profiles of EW[Ha] are shown for SF galaxies (top row) and quenching galaxies (bottom row) for fast bars (purple) and slow bars (green). The
radial profiles are shown in kiloparsec (left column) and normalized against the bar radius (right column). The sample size, n, for every sample is indicated in the
legend. The solid line is the median in every bin, while the shaded regions bound the 33rd and 66th percentiles. The dashed line at Ry, = 1 denotes the end of the bar.
The width of the bins in the left column is 0.5 kpc and 0.15 Ry, in the right column. The top part of each panel shows the number of galaxies that have spaxels in each
radial bin. The bottom part of each panel shows the difference between each radial profile in every bin, where the size of the point represents the significance of the
difference after comparing the two populations with an Anderson—Darling test. The smallest sizes represent a significant difference of less than 1o, while the largest
sizes represent >30 and are additionally outlined in black. Slow bars in SF galaxies have higher values for EW[Ha] in the intermediate radius range of the galaxy than

fast bars.

EW[Ha] (left column) and D,4000 (right column) for strongly
barred SF galaxies (top row) and weakly barred SF galaxies
(bottom row). The median profile of EW[Hq] for slow strong
bars is always higher than that of fast strong bars, as shown in
the top-left panel of Figure 9, although the significance of the
difference is always <3o. These profiles are reminiscent of the
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profiles previously shown in Figure 3 for strong bars: high EW
[Ha] in the center, lower values in the arm of the bar, and a
second peak beyond the bar end. However, the increase of EW
[Ha] beyond the bar-end region is more pronounced in slow
strong bars than in fast strong bars. The median EW[Hq] is
also higher in the arms of slow strong bars than in the arms of
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Figure 8. The radial profiles of D,4000 are shown for SF galaxies (top row) and quenching galaxies (bottom row) for fast bars (purple) and slow bars (green). The
radial profiles are shown in kiloparsec (left column) and normalized against the bar radius (right column). The sample size, n, for every sample is indicated in the
legend. The solid line is the median in every bin, while the shaded regions bound the 33rd and 66th percentiles. The dashed line at Ry, = 1 denotes the end of the bar.
The width of the bins in the left column is 0.5 kpc and 0.15 Ry, in the right column. The top part of each panel shows the number of galaxies that have spaxels in each
radial bin. The bottom part of each panel shows the difference between each radial profile in every bin, where the size of the point represents the significance of the
difference after comparing the two populations with an Anderson—Darling test. The smallest sizes represent a significant difference of less than 1o, while the largest
sizes represent >3¢ and are additionally outlined in black. Slow bars in SF galaxies have lower values for D,,4000 in the intermediate radius range of the galaxy than

fast bars.

fast strong bars. The EW[Hq] profiles for slow weak bars and
fast weak bars, shown in the bottom-left panel, are similar to
each other (<1o¢ at all radii smaller than 2 Ry,,).

The top-right panel shows that the median values for D,,4000
are always lower for slow strong bars than for fast strong bars,
which is consistent with the EW[Ha] profiles. Fast strong bars
have a very distinct peak of D,4000 in the arms of the bar,
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which is not as apparent in slow strong bars. This suggests that
galaxies with slow strong bars might have younger stellar
populations in the arms of the bar due to more recent star
formation, presumably triggered by the presence of the slow
strong bar. However, these differences are again not signifi-
cantly different (<30), possibly due to the very low sample
size. The bottom-right panel shows that the D,4000 profiles for



THE ASTROPHYSICAL JOURNAL, 973:129 (24pp), 2024 October 1

Géron et al.

- T
5 200 = 200
(_En —‘—|_‘_I_‘_‘— C@ —|_I_|—|—|_‘_
40 ' 18
H —— Fast (n = 18)
1 s =
35 : Slow (n = 26)
H 17
1
30 E
E = 1 16
© o 25 i —
0 = H —
oy o
o)) B 20 i Q 15
c I | 2
o=
P Es : 5
ﬁ i 1.4
10 .
i
5 : 13
1
1
I
0 t 1.2
: —— Fast - Slow
i
1
-4
)
t
i —— Fast (n = 10)
' ——— -
35 : Slow (n = 37)
1 1.7
i
30
1
g - : 16
[(v] o 25 : '
— o
0 — C o
v % 20 ; S L8
@ = g
Q = =
w15 (e
B 1.4
10
1.3
5
0 1.2
10.0
0.1
< 0 <
-10.0 (1) T S S e N i ———
1

0.0 0.5 1.0 1.5 2.0 2.5

Radius [Rpar]

3.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Radius [Rpar]

Figure 9. The radial profiles of EW[Ha] (left column) and D,,4000 (right column) are shown for strongly barred SF galaxies (top row) and weakly barred SF galaxies
galaxies (bottom row). The sample is additionally divided into fast bars (purple) and slow bars (green). The radial profiles are shown normalized against the bar radius.
The sample size, n, for every sample is indicated in the legend. The solid line is the median in every bin, while the shaded regions bound the 33rd and 66th percentiles.
The dashed line at Ry, = 1 denotes the end of the bar. The width of the bins is 0.15 Ry, The top part of each panel shows the number of galaxies that have spaxels in
each radial bin. The bottom part of each panel shows the difference between each radial profile in every bin, where the size of the point represents the significance of
the difference after comparing the two populations with an Anderson—Darling test. The smallest sizes represent a significant difference of less than 1o, while the
largest sizes represent >3¢ and are additionally outlined in black. It is clear that a slow bar will affect its host more if it is also strong. The profiles of fast and slow

weak bars are very similar to each other.

fast weak and slow weak bars are very similar to each other
(<10 at all radii smaller than 2 Ry,,).

Despite the limited sample sizes used in this analysis, bars
strength seems to have an effect on the profiles of fast and slow
bars. While not statistically significant (<30), these results
suggest that there is more star formation at all radii in slow
strong bars, compared to fast strong bars. In contrast, the
profiles of fast and slow weak bars are very similar to each
other. Increasing the sample size in future studies will be
crucial to clarify these issues, as discussed in more detail in
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Section 4.2.2. The physical interpretation of this observation
will be addressed in the following two subsections.

3.2.3. Global or Local Effect?

We have shown that slow bars have higher EW[Hc«] than
fast bars in SF galaxies, which implies more star formation in
slow bars than fast bars. Interestingly, Figure 10 shows that the
global SFR (obtained from Pipe3D, Sanchez et al. 2016a,
2016b, 2018) is not significantly different between SF galaxies
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Figure 10. The difference in global SFR (obtained from Pipe3D) between fast
bars in SF galaxies (purple) and slow bars in SF galaxies (green). The p-value
of a two-sample Anderson—Darling test is shown in the top-right corner, with
the null hypothesis being that the two samples are drawn from the same
population. The global SFR is not significantly different between fast and
slow bars.
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with fast and slow bars (the p-value of an Anderson—Darling
test between the SFRs of fast and slow bars is >0.25). These
observations initially seem contradictory to each other.
However, the radial profiles are constructed using an aperture
with a width of 3” oriented along the PA of the bar. This means
that these results suggest that the increase in EW[Ha] observed
in slow bars only affects the bar region locally, without a
significant impact on the global star formation of the galaxy. In
other words, a slow bar seems to concentrate its SF along the
bar, without increasing the global star formation.

This hypothesis can be tested by constructing radial profiles
of EW[Ha] with apertures parallel and perpendicular to the bar
and comparing the differences. This is done for all SF galaxies
in Figure 11. The barred galaxies are divided into four
subsamples: galaxies with slow strong bars, fast strong bars,
slow weak bars, and fast weak bars. The biggest difference
between the parallel and perpendicular apertures was observed
among slow strong bars, where the parallel aperture has
significantly (>30) higher values for EW[Ha] between ~1.2
and 1.8 Ry, compared to the perpendicular aperture. No
significant difference (>30) between the parallel and perpend-
icular apertures is observed for fast strong bars, fast weak, or
slow weak bars.

This confirms that a slow bar will increase star formation
along the PA of the bar, but not in the entire galaxy. This was
only observed for slow strong bars, which suggests that a slow
bar will have more of an effect on its host if it is also a strong
bar. This result is further discussed in Section 4.2.3.

3.2.4. Differences in Velocity at the Bar End

The results presented in the last few sections suggest that
slow bars induce more star formation along the bar compared to
fast bars in SF galaxies. However, the underlying physical
cause of this increased star formation remains unclear. As
mentioned above, the classification of bars into fast and slow
depends on R, which is based on the kinematics of the bar and
galaxy. Fast bars typically end near the corotation radius,
whereas slow bars have bar radii shorter than the corotation
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radius, given that R = Rcr/Rpa- The corotation radius is the
radius at which the stars in the disk rotate with a speed equal to
the rotation of the bar. This means that the bar-end region of
fast bars typically rotates with a velocity similar to stars in the
disk, whereas the bar ends of slow bars should rotate much
slower. This is illustrated in the left panel of Figure 12, where
the difference in the velocity of the stars (V) at Ry,,, based on
the stellar rotation curve, and the velocity of the bar end
(Vbar ena) 18 measured for all SF galaxies. Bars with R > 1 will
have V, > Vipar end» While bars with R < 1 (i.e., ultrafast bars)
will have V. < Vi, end. For bars with R = 1, the velocities
will be equal to each other, as Rcr = Ry, for these bars. The
difference in velocity is clearly bigger for slow bars in SF
galaxies compared to fast bars in SF galaxies, as indicated by
an Anderson—Darling test (p-value < 0.001; >3.30p). The
median difference in velocity is 4.2kms™' for fast bars and
49.6kms ™' for slow bars.

Note that these differences in velocity are a direct
consequence of the definitions of fast and slow bars based on
R, so this is what we expect to find. Nevertheless, quantifying
this difference highlights how significant it is. Additionally, R
was calculated based on the stellar kinematics of the galaxy.
However, we also see a difference between the velocity of the
gas (Vgus) at Ry, based on the gas rotation curve, and the
velocity of the bar end (Vpar end)s Which is shown in the right
panel of Figure 12. The gas rotation curves are constructed
similarly to the stellar rotation curves (see Section 2.3).
However, instead of using the stellar velocity maps from
MaNGA, the gas rotation curve is derived from a Gaussian fit
to the Ha emission line. The difference between Vi, and
Viar enda 18 significantly higher for slow bars in SF galaxies (the
median value is 59.0 km s ') than for fast bars (12.7kms™ ") in
SF galaxies.

These results confirm that slow bars have a large difference
in velocity compared to the stars and gas in the disk in the bar-
end region. This is not observed for fast bars. These differences
in velocity at the bar end between slow and fast bars suggest
that slow bars come into contact and interact with a more
significant amount of gas than fast bars, which could explain
the observed differences in local star formation. The implica-
tions of this are discussed in more detail in Section 4.2.4.

4. Discussion
4.1. Strong and Weak Bars

4.1.1. Star Formation in Different Regions of Strong and Weak Bars

Géron et al. (2021) found that strong bars in SF galaxies
increase the central star formation of their hosts, while weak
bars do not. However, the impact of strong bars in other
regions, and whether weak bars behave similarly in these other
regions, remained unclear. This was studied in Figures 3 and 4
using EW[Ha] and D,4000, respectively. These figures show
that strongly barred SF galaxies have higher star formation in
the center of their galaxy, compared to weakly barred and
unbarred SF galaxies, in agreement with the results from Géron
et al. (2021). There are many other examples in the literature of
barred galaxies increasing the SFR in their host (Alonso-
Herrero & Knapen 2001; Hunt et al. 2008; Coelho &
Gadotti 2011; Ellison et al. 2011; Hirota et al. 2014;
Janowiecki et al. 2020; Lin et al. 2020; Magafa-Serrano
et al. 2020). The increase in central star formation in strongly
barred galaxies can be attributed to the gas inflow from the
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Figure 11. The radial profiles of EW[Ha] are shown for strongly barred SF galaxies (top row) and weakly barred SF galaxies (bottom row) for slow bars (left column)
and fast bars (right column). A radial profile was calculated for every target with the aperture positioned along the bar (red) and perpendicular to the bar (light blue).
The radial profiles are shown normalized against the bar radius. The sample size, n, for every sample is indicated in the legend. The solid line is the median in every
bin, while the shaded regions bound the 33rd and 66th percentiles. The dashed line at Ry, = 1 denotes the end of the bar. The width of the bins is 0.15 Ry, The top
part of each panel shows the number of galaxies that have spaxels in each radial bin. The bottom part of each panel shows the difference between each radial profile in
every bin, where the size of the point represents the significance of the difference after comparing the two populations with an Anderson—Darling test. The smallest
sizes represent a significant difference of less than 1o, while the largest sizes represent >30 and are additionally outlined in black. This figure shows that a slow strong

bar will increase star formation along the PA of the bar, but not in the entire galaxy.

outskirts to the center induced by the bar (Athanassoula 1992a;
Villa-Vargas et al. 2010; Athanassoula et al. 2013), where the
gas is available to increase star formation. However, this is only
found here for strongly barred SF galaxies and is not observed
in weakly barred SF galaxies or all quenching galaxies.
Figures 3 and 4 also show that, on average, the arms of a
strong bar suppress star formation, as suggested by low values
for EW[Ha] and high values for D,4000 around R = 0.5 Ry,;.
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This is consistent with other studies that have found evidence
for lower SFR and star formation efficiency (SFE) in the arms
of the bar (Reynaud & Downes 1998; Sheth et al. 2000;
Watanabe et al. 2011; Khoperskov et al. 2018). This is
typically attributed to high-velocity dispersion or shear caused
by the bar potential (Athanassoula 1992a; Reynaud &
Downes 1998; Sheth et al. 2000; Zurita et al. 2004; Haywood
et al. 2016; Khoperskov et al. 2018) or by fast cloud—cloud



THE ASTROPHYSICAL JOURNAL, 973:129 (24pp), 2024 October 1

0.025 :
r - p-value < 0.001
> . :
9] : -
C 0020 1 ' '
Q i I
3 1
o : :
0,_J 0.015 A |
“— - i SF Slow
o i i SF Fast
2 0010 : :
© : :
E 0.005 1 ; :
o : :
= - .'
4 ]
0.000 T T - r - ‘ T v
-50 =25 0 5 50 s 100 125

V. - Vbar~end [km 5-1]

Géron et al.

0.0200
p-value < 0.001
0.0175 A
0.0150 4
0.0125 -
0.0100 1
00075

0.0050 A

0.0025 1

0.0000

-50 0 50 100
Vgas = Vbar—end [km S_l]

150

Figure 12. The difference between the velocity of the bar-end region (V4 eng) and the velocity of the stars (V) at Ry, is shown in the left panel, while the difference
between Vi ena and the velocity of the gas (Vga) at Rpar is shown in the right panel for all slow (green) and fast (purple) SF galaxies. The dashed vertical lines
represent the median value of each distribution. The p-value of a two-sample Anderson—Darling test is shown inside each subplot, with the null hypothesis being that
the two samples are drawn from the same population. It is clear that the velocity difference is significantly bigger for slow bars than for fast bars.

collisions (Fujimoto et al. 2014, 2020; Maeda et al. 2018,
2021). Regardless of the specific physical process, these
findings imply substantial gas flows along the arms of a strong
bar. These results are also consistent with the “star formation
desert” described by James & Percival (2018) as well as the
gas-depleted regions observed in barred galaxies in George
et al. (2019) and Newnham et al. (2020). The EW[H«a] and
D,4000 profiles of weakly barred galaxies are very similar to
the profiles of unbarred galaxies in the arms of the bar of SF
galaxies. This implies that the suppression of star formation
and evidence for gas flows are not found for weak bars in SF
galaxies and that weak bars are not as efficient in transporting
gas to the center of the galaxy. This is also in agreement with
the previous result that lower rates of star formation are found
in the center of weakly barred galaxies. Interestingly, the EW
[Ha] profile of weakly barred quenching galaxies also drops at
R ~ 1Ry,;, although not as abruptly as in strongly barred
quenching galaxies. This suggests that the arms of a weak bar
in a quenching galaxy can still suppress some star formation,
possibly due to increased velocity dispersion in the barred
region of galaxies with lower gas concentrations.

There is a second peak of EW[H«] found just beyond the bar
end (R~ 1.2—1.5 Ry,,) in strongly barred SF galaxies, shown
in Figure 3. This was studied in more detail in Figure 6, where
we found that the difference in EW[Hqa] and D,4000 between
slits placed parallel and perpendicular to the bar around the bar-
end region was larger for strongly barred SF galaxies compared
to weakly barred SF galaxies, which illustrates the importance
of the bar-end region for strong bar. This is in agreement with
other studies that have found increased star formation in the
bar-end region (Reynaud & Downes 1998; Verley et al. 2007,
Emsellem et al. 2015; Diaz-Garcia et al. 2020). For example,
Maeda et al. (2020) found higher SFEs in the bar-end region
than in the arms of the bar. Fraser-McKelvie et al. (2020a) also
found increased Ha in the bar ends of 18% of barred galaxies,
most of which have high stellar masses (M, > 10'° M_.)). They
also found increased Ha in a ring around the bar, including at
the bar end in an additional 21% of their sample. This brings
the total to 38% of galaxies in Fraser-McKelvie et al. (2020a)
with elevated Ha emission in the bar-end region. However, we
only observe increased Ha emission specifically in SF galaxies,
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while Fraser-McKelvie et al. (2020a) did not differentiate
between SF and quenching galaxies. This implies that the
fraction of galaxies with increased Ha emission in the bar-end
region in Fraser-McKelvie et al. (2020a) would likely be even
higher if only SF galaxies were considered. This beyond the
bar-end region might correspond to the “bar shoulders” found
in the simulations of Anderson et al. (2022) and Beraldo e Silva
et al. (2023). They show that these shoulders form due to
looped x; orbits and appear in growing bars. Erwin et al. (2023)
also found these shoulders in the surface brightness profiles of
nearby barred galaxies. Interestingly, they noted that the
shoulders were preferentially found in stronger bars, though
they mention that this trend could mostly be explained by
accounting for stellar mass. This is consistent with our results,
as the increase in EW[Ha/] beyond the bar end is highest for the
galaxies with higher mass (see Figure 5). These increases in
star formation at the bar end can be attributed to an increased
probability of cloud—cloud collisions due to orbital crowding
and high gas density, and low amounts of shear in the bar-end
region (Emsellem et al. 2015; Renaud et al. 2015; Fraser-
McKelvie et al. 2020a). However, an increase in star formation
in the bar end is more pronounced in this work for strongly
barred SF galaxies, compared to weakly barred SF galaxies.
This suggests that a weak bar is less capable of inducing or
supporting the effects described above.

The profiles in Figures 3 and 4 show that strongly barred SF
galaxies have significantly lower EW[Ha] and higher D,4000,
implying lower star formation, in the outskirts of the galaxy,
compared to weakly barred and unbarred SF galaxies. This is
consistent with the hypothesis that strong bars induce gas
inflow from the outskirts to the center of the galaxy, where it is
available to increase star formation (Athanassoula 1992a;
Athanassoula et al. 2013). However, this result is more
prominent in the radial profiles expressed in absolute units
and less in the ones normalized to the length of the bar. This
can be explained by the normalization that is used: a distance of
2 Rbar extends much farther out into the disk of the galaxy for a
strong bar than for a weak bar, as strong bars are longer than
weak bars.

These results show that strong bars have more star formation
in their center and beyond the bar end, while suppressing star
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formation in the arms of the bar. These findings are consistent
with much of the literature. This suggests heavy gas flows
along the arms of a strong bar to the center and confirms that
strong bars have a significant influence on their host.
Additionally, these results show that strong bars can facilitate
the quenching process, which is in agreement with the results
from Géron et al. (2021). However, these observations are not
found for weakly barred galaxies, which suggest that they do
not affect their host in a significant way. This highlights the
importance of bar strength in galaxy evolution and quenching.

4.1.2. Strong Bars Are Long-lived

The shape of the D,4000 profiles of strongly barred galaxies
is very different from those of weakly and unbarred galaxies, as
shown in Figures 4 and 6. This implies that strong bars are
long-lived structures, as they have been able to influence the
average age of the stellar populations. This is particularly
evident in the arms of the bar. The median value of D,4000 for
strongly barred SF galaxies in the arms of the bar is ~1.4. This
suggests that the mean age of the stellar population in the arms
of the bar is ~1 Gyr (Kauffmann et al. 2003; Paulino-Afonso
et al. 2020), which is consistent with the results presented in
Géron et al. (2023) as well as other studies that show that bars
are robust and have a long lifetime (Jogee et al. 2004; Shen &
Sellwood 2004; Debattista et al. 2006; Kraljic et al. 2012;
Athanassoula et al. 2013).

However, this was not observed for weakly barred galaxies,
whose D,4000 profiles closely resemble those of unbarred
galaxies. This could mean that weak bars are transient and
short-lived structures that do not have the time to affect the
stellar populations of their host. The simulations of Bournaud
& Combes (2002) and Bournaud et al. (2005) found that bars
are short-lived and significantly weaken before they are
destroyed. The results presented in this paper suggest that this
may be applicable to weak bars, but not to strong bars.
Alternatively, weak bars might be simply recently formed
structures or they lack the ability to influence the stellar
population of their host in a significant way, even if they were
long-lived.

4.1.3. Implications for Bar Continuum

The bar continuum was introduced in Géron et al. (2021),
which showed that weak and strong bars are part of a
continuum of bar types and that differences between weak and
strong bars disappeared when correcting for bar length. The bar
continuum suggests that the radial profile of a weak bar should
gradually change to that of a strong bar when considering bars
of increasing bar strength along this continuum. For example,
as the bar becomes stronger, the increase of EW[Ha] in the
center and the suppression of EW[Hq] in the arms of the bar
should become increasingly more pronounced. This suggests
that there are many intermediate radial profiles between the
typical weak and strong profiles. This is indeed what is found
(see Figures 3 and 4 in particular), as the shaded regions in the
radial profiles indicate that there is substantial variability and
scatter in these profiles. An alternative possibility is that the
probability of observing these features (i.e., the peak of EW
[Ha] in the center) increases with bar strength. Either scenario
can be tested in future work by characterizing the diversity of
the radial profiles of galaxies of different bar types in more
detail.
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4.2. Fast and Slow Bars
4.2.1. Star Formation in Different Regions of Fast and Slow Bars

We investigated the impact of bar kinematics on their host
galaxies in terms of star formation in Section 3.2 using EW
[Ha] and D,4000. Figure 7 shows that slow bars in SF galaxies
have significantly higher values of EW[Ha] in the intermediate
radius range of the galaxy (~2—4 kpc) compared to fast bars in
SF galaxies.

This is consistent with the results found in Figure 8, where
significantly lower values for D,;4000 were found in the
intermediate radius range of SF galaxies with slow bars,
compared to fast bars in SF galaxies. This suggests the
presence of younger stellar populations due to more recent star
formation and implies that slow bars in SF galaxies have
significantly more star formation compared to fast bars along
the PA of the bar.

This effect is only observed for SF galaxies and not for
quenching galaxies. The radial profiles for fast and slow bars in
quenching galaxies have similar trends: EW[Ha] increases
with radius, while D,4000 decreases monotonically with
radius. A similar result was found in Géron et al. (2021),
who showed that strong bars increase the central star formation
for SF galaxies, but not for quenching galaxies. This is
presumably because the underlying physical processes that
cause the observed differences in star formation are related to
the gas distribution of the galaxy. If a feature (e.g., a slow bar)
influences the gas distribution in a galaxy, and SF galaxies
have more gas than quenching galaxies (Baldry et al. 2006;
Dekel & Birnboim 2000), it is expected that this feature affects
SF galaxies more than quenching galaxies.

4.2.2. Effect of Bar Strength

The impact of bar strength on the results presented above
was studied in Figure 9 in SF galaxies using EW[Ha] and
D,4000. The median value for EW[Ha] was always higher in
slow strong bars than in fast strong bars. The increase of EW
[Ha] beyond the bar-end region, which is characteristic of
strong bars, was much more pronounced in slow strong bars
compared to fast strong bars, implying that the latter has more
star formation there than the former. Additionally, the median
EW[Ha] in the arms of a slow strong bar was also higher than
in the arms of a fast strong bar.

The median value for D,4000 was also consistently lower
along slow strong bars compared to fast strong bars. The value
for D,4000 was especially high in the arms of fast strong bars,
suggesting that the arms of fast strong bars are more efficient in
suppressing star formation than the arms of slow strong bars.
However, an Anderson—Darling test reveals that these profiles
are not significantly different. The profiles for fast weak and
slow weak bars are very similar to each other and are not
significantly different.

The biggest limiting factor of this analysis is the sample size.
These results hint that a slow bar will increase star formation
more if it is also a strong bar. In contrast, the profiles of fast
weak and slow weak bars are difficult to distinguish from each
other. However, a bigger sample size is needed to verify
whether these effects are statistically significant. The sample
size is relatively modest due to the need for very robust data to
perform the TW method. Although this is the largest sample the
TW method has been applied to so far, it only contains 210
galaxies with reliable measurements of R (see Géron et al.
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Figure 13. This toy model illustrates a possible physical interpretation of the results presented in this work. The left panel shows how the radial profile of a strongly
barred galaxy will change if the bar is also a slow bar. The bar ends of slow bars rotate with a lower velocity than the stars and gas in the disk of the galaxy.
Consequently, a slow bar will come into contact with much more of the gas of its host compared to a fast bar. This will cause more gas to be trapped in the slow bar,
which will flow along the bar to the center of the galaxy. This increased concentration of gas along the bar will increase the observed values of EW[Ha] in the radial
profiles of slow bars. Conversely, the right panel shows what happens for fast bars. The bar ends of a fast bar rotate with a similar speed to the stars and gas in the disk.
This will cause less gas to be trapped in the bar and lower values of EW[Ha] along the bar, compared to slow bars.

2023 for more details). Subsequently, dividing the sample into
different subsamples (SF or quenching, weak or strong, and
fast or slow) further reduces the sample size in the final
comparisons. Increasing the total sample size, by including data
from past and future IFU surveys, would greatly help to clarify
the impact that bar strength has on the profiles of fast and
slow bars.

4.2.3. Local but Not Global Effect

Even though we have shown that slow bars in SF galaxies
have higher EW[Ha] along the PA of the bar, Figure 10 shows
that the global SFR is not significantly different between SF
galaxies with slow or fast bars. This apparent contradiction is
explained in Figure 11, where we constructed radial profiles
with apertures placed parallel and perpendicular to the PA of
the bar. The EW[Ha] between the parallel and perpendicular
profiles was only significantly different for slow strong bars in
SF galaxies, particularly in the region beyond the bar end
(1.2-1.5 Ryy,)- This is also the region where the second peak of
EW[Ha] was typically found in strongly barred SF galaxies in
Figure 3, implying that this peak is most prevalent among
strong bars in SF galaxies that are also slow. Although not
significantly different, the median value of EW[Ha] for the
profile with the parallel aperture is higher than the profile with
the perpendicular aperture in the region beyond the bar end of
fast strong and fast weak bars as well. The profiles for the
parallel and perpendicular apertures for weak strong bars in SF
galaxies were also not significantly different. This implies that
the distribution of star formation along the PA of the bar is
shaped by whether the bar is fast or slow, despite both fast and
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slow bars having similar effects on their host in terms of global
SFR. This suggests that star formation is more concentrated
along the bar for slow bars compared to fast bars. However, as
the global SFR remains the same, this also suggests that a slow
bar does not change the overall rate of gas consumption of its
host. Instead, a slow bar influences its host by changing where
gas consumption and star formation take place. As a side note,
these results also highlight the importance of using IFUs to
study galaxy evolution. The crucial kinematic distinction
between fast and slow bars could not have been found using
only global properties and photometry.

4.2.4. Effect of Velocity

The results from the previous section suggest that slow bars
have more star formation along their bars. But we have not yet
looked into a possible physical explanation for this observation.
A bar is classified as slow or fast based on its kinematics. Slow
bars are shorter than their corotation radius, whereas fast bars
end near the corotation radius. As the corotation radius is the
radius where the stars in the disk rotate with the same speed as
the bar, this implies that the bar end of fast bars should move
with a similar velocity as the stars in the disk. Conversely, the
stars in the disk should rotate faster than the bar-end region of
slow bars. This is confirmed in the left panel of Figure 12,
while the right panel shows that this is also the case for the gas
in the disk: the difference in velocity between the bar end and
gas in the disk is much higher for slow bars than for fast bars.

Figure 13 shows a possible interpretation of how these
differences in velocity cause changes to the radial profiles of
slow bars (left panel) and fast bars (right panel). Because of the
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greater difference in velocity between the bar end and disk, a
rotating slow bar will come into contact with much more of the
gas of its host, compared to a fast bar. This suggests that slow
bars possibly trap and concentrate more gas along the bar than
fast bars. This increased concentration of gas will increase the
observed values of EW[Ha] along the bar for slow bars.
Conversely, the bar ends of fast bars rotate with a similar
velocity to the stars and gas in the disk and will not concentrate
as much gas along the bar. This results in lower observed
values of EW[Ha] along the bar for fast bars. We stress that
this is one possible interpretation of the results presented in this
paper and that more detailed observations of the effect of bar
kinematics on the distribution of gas will help to clarify any
remaining questions.

This interpretation suggests that slow bars are possibly more
efficient at sweeping up gas and creating gas-depleted regions,
such as the ones observed by Gavazzi et al. (2015), James &
Percival (2018), George et al. (2019), and Newnham et al.
(2020). Simulations also find such gas-depleted regions. For
example, the high-resolution cosmological “zoom-in” simula-
tion of Spinoso et al. (2017) finds a very clear gas-depleted
region in a barred galaxy. The bar has a radius of ~1.5 kpc at
z=0.02, at which point the corotation radius is ~3.5 kpc, so
that R ~ 2.3. Therefore, the bar that created the obvious gas-
depleted region is a slow bar. Similarly, the self-consistent
simulations of Milky Way-sized isolated disk galaxies in Seo
et al. (2019) also show a clear gas-depleted region in barred
galaxies. The bars all start out as fast, but quickly become slow.
However, as explained in Géron et al. (2023), simulations tend
to overestimate the observed values for R, which implies that
studying the effect that slow and fast bars have on the gas-
depleted regions using simulations might not be robust. It
would be better to study this observationally instead. This
could be done with resolved gas observations of multiple slow
and fast bars in galaxies, verifying whether the gas-depleted
region is more pronounced in slow bars than in fast bars.
Another way to test this is by looking at the stellar mass
distributions of slow strong bars and fast strong bars. As we
hypothesize that slow bars are more efficient at sweeping up
gas, we expect the stellar mass distribution for slow strong bars
to be more concentrated along the bar, compared to fast
strong bars.

However, as noted in the previous section and shown in
Figures 10 and 11, slow and fast bars have similar global SFRs,
despite the differences observed along the bar. This suggests
that the total SFE of the galaxies remains the same. Even
though a slow bar is likely to be more efficient at sweeping up
and concentrating gas in the bar region compared to a fast bar,
an additional element must be acting to counteract the expected
increase in SFE that a higher gas concentration implies. A
likely candidate is the increased velocity dispersion or shear
that is commonly associated with strong gas flows in the arms
of the bar (Athanassoula 1992a; Reynaud & Downes 1998;
Sheth et al. 2000; Zurita et al. 2004; Haywood et al. 2016;
Khoperskov et al. 2018). As Figure 9 shows, the arms of the
bar are where the most significant differences are observed
between fast and slow bars, especially if the bar is strong as
well. Thus, while slow bars increase the concentration of gas in
the bar, the global SFR does not increase due to the high
amounts of shear in the arms of the bar. These opposing effects
result in a global SFR in slow bars that is similar to that of fast
bars. In other words, because of these effects, the kinematics of
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the bar do not affect the global SFR, but dictate where star
formation occurs.

4.2.5. A “Kinematic” Bar Continuum

The idea of fast and slow bars works conceptually well with
the continuous nature of bar types, given that R, which is used
to classify bars into slow or fast, is a continuous variable.
Furthermore, R is defined as the ratio of the corotation radius
to the bar radius, both of which are known to change over time.
This implies that R can vary over time as well and that bars can
become “slower” or “faster.” This is similar to the classification
of bars into strong and weak, based on pgirong. This parameter
can also change over time, so that bars can become stronger or
weaker. However, the classification of bars into weak or strong,
and the bar continuum presented in Géron et al. (2021), are
based on visual morphology. In contrast, the classification of
bars as fast and slow is based on the kinematics of the bar. This
suggests that a potential second kinematic axis should be added
to the bar continuum, which would accurately reflect that the
kinematics of the bar have an important role in galaxy
evolution as well.

A visualization of the distribution of galaxies in the TW
sample on such a two-dimensional plane is shown in Figure 14,
where R is plotted against the normalized strong bar vote
fraction (Pyyong par) from GZ DESI. The normalized strong bar
vote fraction is defined as follows:

Pstron g bar

(6)

pstrong bar — s
DPweak bar + pstrong bar

Where Pgirong bar 1S the strong bar vote fraction from GZ DESI
and pyeak bar the weak bar fraction from GZ DESI (see
Section 2.1 for more detailed information about GZ). This is
done to eliminate the dependence of the unbarred vote fraction
(Pno bar) and implies that all strong bars have ﬁsmng bar > 0.5

and all weak bars have pqne par < 0.5.

This plane has four separate quadrants: one for galaxies with
slow weak bars, fast weak bars, fast strong bars, and slow
strong bars. The characteristic radial profile of EW[Ha] of SF
galaxies in each quadrant (as calculated in Figure 9) is shown
in the corresponding insets. It is clear from this figure that there
are barred galaxies in every quadrant. This means that a
classification based on bar strength does not preclude any
classification based on kinematics. In other words, a strong bar
can still be either fast or slow. This also suggests that both the
kinematic and photometric information are needed in order to
fully characterize a barred galaxy.

The results in this paper suggest that barred galaxies on the
right side of the plot (strong bars, p,ne by > 0-5) will increase
the star formation in the center of the bar and beyond the bar
end, while suppressing star formation along the arms of the bar.
This is in contrast to barred galaxies on the left side of the plot
(weak bars, Py onepar < 0.5), which do not seem to signifi-
cantly influence star formation in their hosts. Additionally,
barred galaxies in the upper half of the plot (slow bars,
R > 1.4) will concentrate their star formation more along their
barred regions and sweep up gas more efficiently, compared to
barred galaxies in the bottom half of this plot (fast bars,
R < 1.4). Therefore, bars in the upper-right quadrant of
Figure 14, i.e., slow strong bars, will affect their hosts the most.
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Figure 14. Visualization of how the targets in the TW sample would lie on a two-dimensional bar continuum, with one axis based on morphological arguments
(horizontal axis, Pyong bar) @and one axis based on kinematic arguments (vertical axis, R). The dashed vertical line separates strong and weak bars, while the dashed
horizontal line separates (ultra)fast and slow bars. This means that there are four distinct quadrants in this plot for the different bar types: slow weak bars, fast weak
bars, fast strong bars, and slow strong bars. The characteristic radial profile of EW[Ha] of SF galaxies in each quadrant (as calculated in Figure 9) is shown in the
corresponding insets. The Spearman correlation coefficient equals —0.31, and its significance is 4.630.

5. Conclusions

In this paper, we have created radial profiles of EW[Ha] and
D,4000 for all the strongly, weakly, and unbarred galaxies in
the GZ DESI-MaNGA sample in Section 3.1 and for all the fast
and slow bars in the TW sample in Section 3.2 using IFU data
from MaNGA. These profiles were used to study how bar
strength (strong and weak bars) and bar kinematics (fast and
slow bars) affect star formation in different regions of the
galaxy.

Previous work showed that strong bars have increased
central star formation in SF galaxies, compared to weak bars
(Géron et al. 2021). However, they did not study what
happened in different regions of the bar, such as the arms of the
bar and the bar-end regions. The kinematics of barred galaxies
were studied in Géron et al. (2023), who identified slow
(R > 1.4), fast 1.0 < R < 1.4), and ultrafast bars (R < 1.0).
Howeyver, it was still unclear whether fast and slow bars affect
their host differently in terms of star formation and galaxy
quenching. These issues were addressed in this paper.

1. Strong and weak bars:

(a) We found more star formation in the center and
beyond the bar-end region of strongly barred SF
galaxies, compared to weakly barred and unbarred SF
galaxies. In contrast, there is less star formation in the
arms of the bar and the outskirts of the galaxy in
strongly barred SF galaxies. These observations can
be explained by heavy gas flows induced by the bar,
which flow along the arms of the bar to the center of
the galaxy, where the gas is available for star
formation. This suggests that strong bars can sig-
nificantly affect the evolution of galaxies.

(b) In contrast, the EW[Ha] and D, 4000 profiles of
weakly barred SF galaxies were largely similar to
those of unbarred SF galaxies, suggesting that weak
bars do not induce significant gas flows and do not
have the ability to significantly affect their host.
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(c) These results remained valid in intermediate- and

high-mass galaxies. However, the suppression of star
formation in the arms of the bar and the increase of
star formation in the bar end for strongly barred SF
galaxies were no longer observed among low-mass
galaxies, suggesting that stellar mass plays an
important role in galaxy quenching. However, the
increase in central star formation in strongly barred SF
galaxies was still observed in low-mass galaxies.

(d) Strong bars are long-lived structures, as they can

influence the age of the stellar population, as shown
by the D,4000 profiles. This was not found for weak
bars, whose D,4000 profiles are similar to those of
unbarred galaxies.

(e) The median radial profiles of weakly and strongly barred

galaxies are found to be very different. However, the
shaded regions around these median profiles indicate
that there is still a large amount of variability, which
suggests that there are many intermediate profiles. This
is consistent with the idea of the bar continuum
introduced in Géron et al. (2021).

2. Fast and slow bars:
(a) Slow bars have significantly higher star formation

along the bar than fast bars in SF galaxies, indicated
by the EW[H ] and D,4000 profiles.

(b) However, we found that the global SFR is similar

between fast and slow bars, which implies that the
total rate of gas consumption in fast and slow bars is
still similar. We found that slow bars increase star
formation locally along no bar, but not globally. Thus,
the kinematics of the bar dictate where star formation
occurs.

(c) This increase in star formation along slow bars is most

likely caused by larger differences in velocity between
the bar end and the gas in the disk observed in slow
bars, compared to fast bars. This implies that slow
bars are likely more efficient at sweeping up and
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concentrating gas in the bar and creating gas-depleted
regions.

(d) The work presented in this section suggests that the
distinction between fast and slow bars is physically
meaningful and that they affect their host in
different ways.

3. Combining bar strength with bar kinematics:

(a) The results presented here suggest that there is a
combined effect between bar strength and bar
kinematics: a bar will affect its host the most, in
terms of star formation, if it is both strong and slow.

(b) As 'R is a continuous variable, bars can become faster
and slower. This is consistent with the continuous
nature of bar types from weakest to strongest. However,
the bar continuum presented in Géron et al. (2021) was
based on visual morphology, whereas the distinction
between fast and slow is based on kinematics.
Furthermore, a strong (or weak) bar can be either fast
or slow. These results suggest that a possible second
axis could be added to the bar continuum, so that it has
one morphological axis and one kinematic axis.

We have shown that it is important to consider both the
kinematics and morphology of bars when studying galaxy
evolution, as both separately have different and significant
effects on how the bar influences its host. Nevertheless, these
intriguing results need to be confirmed by a larger sample size,
which will help to improve our understanding of the combined
effects of bar kinematics and bar strength.
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