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Abstract

Bars drive gas inflow. As the gas flows inward, shocks and shear occur along the bar dust lanes. Such shocks and
shear can affect the star formation (SF) and change the gas properties. For four barred galaxies, we present Ha
velocity gradient maps that highlight bar-driven shocks and shear using data from the PHANGS-MUSE and
PHANGS-ALMA surveys, which allow us to study bar kinematics in unprecedented detail. Velocity gradients are
enhanced along the bar dust lanes, where shocks and shear are shown to occur in numerical simulations. Velocity
gradient maps also efﬁciently pick up HII regions that are expanding or moving relative to the surroundings. We
put pseudo- shts on the regions where velocity gradients are enhanced and find that Ho and CO velocities jump up
to ~170kms™ ', even after removing the effects of circular motions due to the galaxy rotation. Enhanced velocity
gradients either c01nc1de with the peak of CO intensity along the bar dust lanes or are slightly offset from CO
intensity peaks, depending on the objects. Using the Baldwin—Philips—Terlevich BPT diagnostic, we identify the
source of ionization on each spaxel and find that SF is inhibited in the high-velocity gradient regions of the bar, and
the majority of those regions are classified as a low-ionization nuclear emission-line region (LINER) or composite.
This implies that SF is inhibited where bar-driven shear and shocks are strong. Our results are consistent with the
results from the numerical simulations that show SF is inhibited in the bar where the shear force is strong.

Unified Astronomy Thesaurus concepts: Barred spiral galaxies (136); Spiral galaxies (1560); Galaxy structure
(622); Star formation (1569); Galaxy kinematics (602)

1. Introduction

Numerical simulations and observations find that once a
galactic disk is massive enough and dynamically cold, it is
often easy to form bars (e.g., Hohl 1971; Ostriker & Peebles
1973; Combes & Sanders 1981; Athanassoula & Misirio-
tis 2002; Kraljic et al. 2012; Sheth et al. 2012; Seo et al. 2019;
Fragkoudi et al. 2020). Bars are frequently found in nearby
galaxies, and the fraction of barred galaxies exceeds 65%,
including weak bars (e.g., de Vaucouleurs 1963; Eskridge et al.
2000; Menéndez-Delmestre et al. 2007; Barazza et al. 2008;
Aguerri et al. 2009; Masters et al. 2011; Buta et al. 2015; Diaz-
Garcia et al. 2016; Lee et al. 2019). Bars are nonaxisymmetric
structures inducing tangential forces and gravitational torques
on the gas. As the gas around the bar within the corotation
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radius loses angular momentum, it flows inward. Piled-up gas
in the central region ignites active star formation (SF;
Hawarden et al. 1986; Knapen et al. 1995; Sheth et al. 2005)
to form nuclear disks that lead to the formation of inner bars in
the nuclear disks and nuclear rings in some galaxies (e.g.,
Sormani et al. 2018a; de Lorenzo-Céceres et al. 2019; Seo et al.
2019; Gadotti et al. 2020; Bittner et al. 2021; de Sa-Freitas
et al. 2023a, 2023b). The gas transported to the central 100 pc
may feed active galactic nuclei (AGN; e.g., Storchi-Bergmann
& Schnorr-Miiller 2019; Silva-Lima et al. 2022; Garland et al.
2023; Kolcu et al. 2023), although the connection between bars
and AGN is still controversial (e.g., Ho et al. 1997; Knapen
et al. 2000; Laine et al. 2002; Cisternas et al. 2013; Cheung
et al. 2015; Neumann et al. 2019; Zee et al. 2023). Moreover,
bars also enrich the diversity of the outer part of galaxies. Bars
are frequently accompanied by an inner and outer ring and also
induce spiral arms (e.g., Salo et al. 2010; Comerén et al. 2014;
Buta et al. 2015).

In addition to structure and morphology, there are significant
differences in the observed kinematics between barred and
unbarred disk galaxies. Unbarred disk galaxies show
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Figure 1. Schematic diagram of gas dynamics in the bar region. The magnitude
and direction of gas particles are denoted by black arrows. Gas particles stream
along the bar dust lane (thick gray lines). Some of them flow into the nuclear
ring (blue circle), while others overshoot and spray into the other dust lane. On
the right, the bar-driven shocks and shear are described. Gas particles are
compressed in the dust lane. As gas enters the dust lane, the gas velocity is
changed abruptly in direction and magnitude and thus experiences shocks. In
the lower right panel, only the gas velocity vectors that are parallel to the dust
lane are plotted. Shear occurs when there is a velocity gradient across the flow,
perpendicular to the dust lane (orange dotted arrow) in this case.

isovelocity maps that can be well explained by circular motions
(e.g., Bosma 1981), while barred galaxies exhibit characteristic
“S-shaped” bends along the bar in isovelocity diagrams (e.g.,
Peterson & Huntley 1980; Fathi et al. 2005; Lopez-Coba et al.
2022). Due to the nonaxisymmetric structure, both gas and
stellar kinematics are affected. Gas in the bar region
experiences noncircular, streaming motions, which are esti-
mated to be ~40—100 km sfl(Rozas et al. 2000; Zurita et al.
2004). Stars in the bar region are thought to follow x1 orbits
which are elongated along the major axis of the bar, and also x2
orbits that are rounder, and elongated perpendicular to the bar
(e.g., Contopoulos & Papayannopoulos 1980).

In Figure 1, we present a schematic diagram that describes
the direction and magnitude of gas velocities within the bar
region. Gas flows inward along the bar dust lanes, which are
found at locations of hydrodynamic shocks based on simula-
tions (e.g., Roberts et al. 1979; Athanassoula 1992; Sormani
et al. 2015; Fragkoudi et al. 2017). If there is a nuclear ring, a
part of the gas (~20%-30%, Regan et al. 1997; Hatchfield
et al. 2021) enters the nuclear ring, while the remaining gas
overshoots and sprays toward the other bar dust lane (e.g.,
Sormani et al. 2019). In the right panel of Figure 1, shocks and
shear are described in the blue and orange boxes, respectively.
When the gas particles are sprayed and encounter the other bar
dust lane, the gas particles are suddenly decelerated, and both
the direction and the magnitude of the gas velocities are
abruptly changed (see, e.g., Figures 7 and 8 of Kim et al.
2012a). This mechanism makes dissipative gas particles
experience shocks. As gas particles flow into the dust lane,
they also experience large velocity shear. The shear occurs
when there are velocity gradients across the flow, here
perpendicular to the dust lane. To highlight shear motions,
only the gas velocity vectors that are parallel to the dust lane

Kim et al.

are drawn on the right bottom panel of Figure 1. There are
velocity gradients along the orange dotted arrow, which lead to
velocity shear. More details from simulated barred galaxies can
be found in Figure 2 of Athanassoula (1992), Figure 10 of
Downes et al. (1996), Figure 9 of Regan et al. (1999), Figure
7(a) of Kim et al. (2012a), and Figures 8 and 9 of Sormani et al.
(2018b).

Using hydrodynamic simulations, Kim et al. (2012a)
investigate the formation and properties of various substruc-
tures of barred galaxies. They find strong velocity shear across
the bar dust lane amounting to ~1-3kms™ ' pc™', which is
~10 times larger than the shear from the Galactic rotation in
the solar neighborhood.

Gas flows into the central regions of the galaxy along the bar
dust lanes (e.g., Athanassoula 1992; Englmaier & Ger-
hard 1997; Kim et al. 2012a; Fragkoudi et al. 2016; Sormani
et al. 2023), and as the bar-driven shocks and shear occur right
at the dust lane, it is one of the most interesting sites to test the
influence of shocks and shear on SF. In this study, we aim to
examine whether SF is promoted or suppressed along the bar
where strong shear and shocks are expected.

The loci of SF and star formation rate (SFR) vary among
barred galaxies (e.g., Verley et al. 2007; Neumann et al. 2019;
Diaz-Garcia et al. 2020; Fraser-McKelvie et al. 2020; George
et al. 2020). Detailed studies on individual galaxies found that
SF in the bar region is low (e.g., Tubbs 1982), although the gas
column densities in the bar dust lanes are high (Sheth et al.
2000). Star formation efficiency (SFE) is found to be low in the
bar region compared to other regions in the disk (Momose et al.
2010; Hirota et al. 2014; Muraoka et al. 2016; Yajima et al.
2019; Maeda et al. 2020, 2023; Pessa et al. 2022).

However, studies on larger samples give different results and
find that SFE in the bar region is not systematically lower
compared to that in the other regions (e.g., Muraoka et al. 2019;
Diaz-Garcia et al. 2021; Querejeta et al. 2021). Diaz-Garcia
et al. (2021) report that SFE in strong bars is not systematically
inhibited, and the SFEs are roughly constant along bars. Using
data from the PHANGS-ALMA survey, Querejeta et al. (2021)
define five environments within galaxies (center, bar, spiral
arm, interarm region, and disk without strong spirals) and find
that the SFR surface density in bars is comparable to that in
spiral arms and higher than those in disks and interarm regions.

Spatial resolution may play a role in resolving the detailed
structures in the bar region (e.g., nuclear rings). Large integral
field spectroscopy surveys (e.g., CALIFA, Séanchez et al. 2012,
MaNGA, Bundy et al. 2015) typically have an average spatial
resolution of ~1-2kpc, and therefore, often cannot resolve
nuclear rings, nuclear disks, or other smaller structures or star-
forming sites. On the other hand, recent surveys such as
TIMER (Gadotti et al. 2019), PHANGS-ALMA (Leroy et al.
2021a, 2021b) and PHANGS-MUSE (Emsellem et al. 2022)
provide more resolved data sets (with spatial resolution
<100 pc). However, different results on SFR and SFE do not
seem to be particularly affected by different resolutions. The
main difference may arise from the definition of the bar ends.
Because the SF in bar ends is often high and efficient for some
galaxies (e.g., Martin & Friedli 1997; Hirota et al. 2014;
Renaud et al. 2015; Beuther et al. 2017; Yajima et al. 2019),
including the bar ends (e.g., Querejeta et al. 2021) or excluding
the bar ends (e.g., Maeda et al. 2023) in analyzing SFE in bar
regions would yield different results. The differences may also
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Table 1
Basic Properties of Sample Galaxies
Galaxy Type Log M., Distance Log(SFR) Viys PAjisk PApar Incl. Scale COPT PSF
(M) (Mpc) Moyr™)  (kms™h) (deg) (deg) (deg)  (pcarcsec ') (arcsec)
@ (@) 3 @ )] © O] ®) (©)] (10) an
NGC 1365 (R*)SB(rs ,nr)bc 10.99 19.57 1.23 1613.3 201.1 88.5 (65%) 55.4 94.9 1.15
NGC 1512 (RL )SB(r,bl,nr)a 10.71 18.83 0.11 871.4 261.9 43.07 425 91.3 1.25
NGC 1672 (R*)SAB (rs,nr)b 10.73 19.40 0.88 1319.2 1343 —84.0 42.6 94.1 0.96
NGC 3627 SBy (s)b pec 10.83 11.32 0.58 717.9 173.1 —22.81 57.3 54.9 1.05

Notes. (1): Galaxy name. (2): MIR galaxy morphology (Buta et al. 2015). (3): Stellar mass (Leroy et al. 2021b). (4): Distance (Anand et al. 2021). (5): SFR (Leroy
et al. 2021b). (6): Systemic velocity (Lang et al. 2020). (7): PA of the galaxy from CO kinematics, counterclockwise from the north (Lang et al. 2020). (8): PA of the
bar measured using 3.6 pm images (Salo et al. 2015). (9): Inclination (Lang et al. 2020). (10): Scale of PHANGS-MUSE data (Emsellem et al. 2022). (11): FWHM of
the Gaussian PSF of the homogenized, convolved, and optimized (“copt”) PHANG-MUSE mosaic (Emsellem et al. 2022).

% the PA of the bar dust lane of NGC 1365. As it is different from the PA of the stellar bar for NGC 1365, we rotate NGC 1365 with the PA of the bar dust lane when

we obtain the velocity gradient map.

stem from various samples of different bar evolutionary phases
(e.g., Verley et al. 2007; Fraser-McKelvie et al. 2020).

Several mechanisms have been introduced to explain the
suppression of SF in the bar region. First, bar-driven high shear
prevents SF (e.g., Tubbs 1982; Athanassoula 1992; Zurita et al.
2004; Kim et al. 2012a; Emsellem et al. 2015; Renaud et al.
2015). Studies using simulations find that shear may suppress
the growth of gravitational instability to form stars. Second,
cloud—cloud collisions have been found to affect SF (e.g.,
Stone 1970; Scoville et al. 1986). If the relative velocity of two
colliding gas clouds is high, i.e., if the gas clouds enter into the
dust lane with high velocity, then the SF can be suppressed
(e.g., Tubbs 1982; Reynaud & Downes 1998; Fujimoto et al.
2014; Maeda et al. 2021). Third, all of the gas within the bar
extent may already have been converted into stars, and thus,
gas is depleted, and the current SF is low (Spinoso et al. 2017;
James & Percival 2018). Fourth, the fraction of dense gas is
related to SF and SFE (Solomon et al. 1992; Gao &
Solomon 2004; Muraoka et al. 2009; Usero et al. 2015; Bigiel
et al. 2016), and vigorous motions near the dust lane make it
difficult for dense gas to survive and may only exist as diffuse
gas in the bar region between the center and bar ends (e.g.,
Sorai et al. 2012; Muraoka et al. 2016; Yajima et al. 2019).
Lastly, turbulence (Elmegreen & Scalo 2004; McKee &
Ostriker 2007; Haywood et al. 2016; Khoperskov et al. 2018;
Sun et al. 2020) and magnetic fields found in the dust lanes of
the bar (Beck et al. 1999; Kim & Stone 2012b) may prevent
molecular clouds from collapsing to form stars (Krumholz &
Federrath 2019).

Extensive studies on NGC 1530, an archetypal barred
galaxy, have been performed on kinematics. Reynaud &
Downes (1998) argue that the SF in NGC 1530 is inhibited in
dust lanes where shocks and shear are expected to be strong.
Using Fabry—Pérot interferometry in Hao on NGC 1530, Zurita
et al. (2004) present clear observational evidence that shear
inhibits massive SF, whereas shocks act to enhance it.

Another aim of this paper is to examine whether the
emission-line ratios are modified due to the bar-driven shocks
and shear. Several studies show that shocks from stellar winds,
stellar feedback, supernova explosions, and galactic outflows
can change the optical emission-line ratios (e.g., [O11]/HS,
[N1]/He, [SU]/He, and [O1]/He, Shull & McKee 1979;
Calzetti et al. 2004; Hong et al. 2013; Ho et al. 2014). Shocks
with velocities greater than 110km s~ ' can generate sufficient
UV radiation for the complete ionization of H and He (Shull &
McKee 1979). Depending on the shock velocity and

contribution of shock, emission-line ratios can change from
the star-forming to the low-ionization nuclear emission-line
region (LINER) in the Baldwin—Philips—Terlevich (BPT)
diagram (Figure 13 of Ho et al. 2014). Therefore, we examine
the emission-line ratio of the bar-driven shocks and shear
region in the BPT diagram in order to see whether bar-driven
shocks and shear can change the gas properties.

The paper is organized as follows. We describe the data and
the analysis in Section 2. We explain the methods to estimate
the Ha velocity gradients to identify bar-driven shock and
shear in Section 3. We quantify velocity jumps across the high-
velocity gradients in Section 4. We investigate whether the bar-
induced shocks and shear promote or prevent SF in Section 5.
By examining the BPT map, we classify the ionizing source on
each spaxel, and assess the impact of bar-driven shocks and
shear on SF in Section 6. We conclude and summarize our
results in Section 7.

2. Data

We make use of data products from the PHANGS-MUSE
survey (Emsellem et al. 2022). We use the mosaicked data
cubes and emission-line fluxes, gas, and stellar kinematics,
which were convolved and optimized in terms of resolution
(“copt”). The point-spread function (PSF) of these data has
been homogenized spatially across the galaxy, and the seeing
of the “copt” data of our sample spans from 0796-1”25. Ha
flux and kinematics of PHANGS-MUSE are obtained using
pPXF (Cappellari & Emsellem 2004). The Ha emission line is
fitted, treating it as an additional Gaussian function, while the
stellar continuum is fitted simultaneously. The velocity and
velocity dispersion for Ha and H are tied together. Detailed
descriptions can be found in Emsellem et al. (2022). The
spectral resolution is ~50 kms ™' at Ho. CO (2—1) emission-
line flux and velocity maps are drawn from the PHANGS-
ALMA survey (Leroy et al. 2021b).

The basic properties of our four sample galaxies are
presented in Table 1. We present an optical image, maps of
the Ha velocity, a galaxy rotation model from the Ha velocity,
the difference between the Ha velocity and galaxy rotation
model, the Ha intensity, the stellar velocity, and the difference
between the Ha velocity and the stellar velocity for NGC 1365
in Figure 2 as an example. In order to model the galaxy
rotation, we utilize 3D-BAROLO (Di Teodoro & Frater-
nali 2015), which is a tool for fitting 3D tilted-ring models to
emission-line data cubes. The position angle (PA), inclination
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Figure 2. NGC 1365 (a): PHANGS-MUSE 5400 ~ 5600 A summed image. North is up and east to the left. (b): Ha velocity field, (Vy,), (c): Ha velocity model
obtained using 3D-BAROLO. White regions denote masked regions. (d): Ha residual velocity map, i.e., (Via—VHa.model)s Obtained by (b), (c), (e): Ha emission-line
map, (f): Ha velocity field, (Vi,), (g): stellar velocity field, Vi, (h): velocity difference between Ha velocity map and stellar velocity map, (Vi,—Viar) obtained by (f)

and (g).

of the galaxies, and center are fixed to the values from Table 2
of Lang et al. (2020) in running 3D-BAROLO. The velocity
dispersion and scale height of the disk are fixed to 8 km s~ ' and
0”, respectively, which are the initial values implemented in 3D-
BAROLO. An example of a rotation model is presented in
Figure 2(c). We present velocity differences between the Ha
velocity and the Ha rotation model in Figure 2(d), and the
velocity differences between Ha velocity and stellar velocity
maps in Figure 2(h).

3. Velocity Gradient
3.1. Deriving Gas Velocity Gradient Maps

To explore bar-driven noncircular motions, it is necessary to
remove the effect of circular motions. Noncircular motions can
be measured in two ways. The first one is to obtain a galaxy
rotation model and subtract it from the observed velocity field
(i.e., the Ha velocity field in this study, Zurita et al. 2004). The
second one is to utilize the differences between the gas and
stellar velocity field, as gas and stars respond to the bar-driven
gravitational forces differently. We use both methods to
produce velocity gradient maps for NGC 1365 to explain the
methodologies, compare them, and present results for other
galaxies later in this section. We obtain the velocity gradient
map first using the galaxy rotation model with the following
steps.

1. From the Ha velocity map (Figure 2(b)), we subtract the
Ha galaxy rotation model (Figure 2(c)) to obtain the Ha
velocity residual map (Figure 2(d)).

2. We rotate the velocity residual map to align the bar
horizontally using the PA of the bar presented in Table 1,
and denote this map as V.

3. We move along the velocity residual map by 1 pixel
(072, 11 ~19pc, depending on the object) to the left
(Vies,—1pix) and to the right (Vies +1pix), and estimate the
horizontal velocity gradient as

VV, = %(lvres_vres,—lpixl + |Vres_vres,+lpix|)- (D

4. We estimate the vertical velocity gradient (VV,) similarly
by moving 1 pixel up and down, perpendicular to the bar.

5. We add in quadrature both the horizontal (VV,) and
vertical (VV,) velocity gradients to obtain the full
velocity gradlent

VV = VV? + VV2. )

We plot the velocity gradient map for NGC 1365 in
Figure 3(a). The velocity gradient is in the unit of kms ™ 'pc,
and it is not corrected for galaxy inclination.'” Zurita et al.
(2004) show that velocity gradients perpendicular to the bar
trace shear along the bar, while velocity gradients parallel to the
bar trace shock along the bar. However, our sample galaxies
show rather curved dust lanes. Thus, even velocity gradients

perpendicular (parallel) to the bar may not perfectly represent

17" As we do not intend to compare velocity gradients among different galaxies,
velocity gradients are not corrected for inclination. The main conclusions we
draw from Sections 5 and 6 do not change when correcting for inclination.
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VV+7.7um+Ha

Figure 3. Velocity gradient map of NGC 1365. (a): velocity gradient map calculated using Equation (2) on the map of velocity residual of (Vijo—Viha.moder), it units of
[kms™! pc"]. The white horizontal line in the bottom left spans 1 kpc (10”54). (b): Velocity gradient map calculated using the map of (Viza—Vir). White arrows
denote regions that are prominent in the velocity gradients map, which we infer to be driven by bar kinematics. White dashed ellipses indicate possible expanding
shells around H II regions, superbubbles, or supernovae. (c): Velocity gradient map in green, CO J = 2-1 line emission map from PHANGS-ALMA in blue, and the
dust lane mask in red. The dust lane mask is made from the PHANGS-MUSE ancillary data that satisfy the ratio of Sloan Digital Sky Survey g-band flux over r-band
flux is less than 0.8. (d): zoomed-in velocity gradient maps of regions pointed by two arrows. (e), (f), (g): zoomed-in red, green, and blue images of the white dashed
ellipses in (a) and (b). Velocity gradients are displayed in red, JWST MIRI F770W images (Lee et al. 2023), which highlight PAH features at 7.7 pum, are shown in
green, and PHANGS-MUSE Ha emission-line maps are shown in blue. The shells in the figure have a radius in the range of ~50-350 pc.

shear (shock). Therefore, we use VV for further analysis. We
present VV, and VV, in Appendix A for comparison.

Velocity gradients can also be estimated using the
differences between the Ha and observed stellar velocities
(Figure 2(h)). We calculate the Vi~V map and follow the
same procedure from steps 2-5 to obtain the velocity gradient
map of NGC 1365 (Figure 3(b)).

Comparing Figures 3(a) and (b), we find that the patterns are
almost the same, while the one from subtracting the galaxy
rotation model is more patchy, due to low signal-to-noise regions
in estimating the galaxy rotation model. We found similar results
for the other sample galaxies where galaxy rotation models are

radially smooth. However, when galaxy rotation models are not
smooth, the resulting velocity gradient maps become bumpy and
thus unsuitable for investigating the velocity gradients. There-
fore, we opt to use the velocity gradient maps from Vi,—Vi,, for
further analysis, which is unaffected by the galaxy rotation
model. In general, if a galaxy is dynamically hot (e.g., bulge-
dominated galaxies), we cannot use stellar velocity fields to trace
the galaxy's rotation because stars also reside outside the disk
plane and are dynamically hotter than gas. However, as our
sample of barred galaxies is relatively dynamically cold,
Figure 3 shows that we can use the stellar velocity field to
trace the galaxy rotation in order to obtain noncircular motions.
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We also have tried to obtain the velocity gradient using CO
from the PHANGS-ALMA data set. However, bar regions are
not sufficiently detected or are patchy along and adjacent to the
bar. Thus, it is not suitable to obtain the velocity gradient map
over the full bar regions for our sample galaxies, although the
spectral resolution is superb. We compare the velocity
gradients of Ha and CO in Appendix B, and conclude that
we can use Ha velocity gradients to trace molecular gas
velocity gradients for our sample galaxies.

3.2. Two Different Types of Velocity Gradients

The velocity gradient map tells us where the velocity
changes abruptly. As we add vertical and horizontal compo-
nents in quadrature, it shows velocity change in both directions.
Figure 3 shows that there are various shapes of enhanced
velocity gradient regions, which can be categorized into two
groups. First, along the bar dust lanes, there are enhanced
velocity gradients that are extended more than 1kpc, as
indicated with white arrows in Figures 3(a) and (b). These are
directly connected to the gas inflow along the bar. Therefore,
we claim that these velocity gradients are produced by bar-
driven shocks and shear.

Second, there are circular or arc-shaped enhanced velocity
gradients that are a few hundred parsecs in radius, which are
not related to the bar but are spread throughout the galaxy (see
the white dashed ellipses in Figure 3). The shape of the regions
with enhanced velocity gradients suggests they are expanding.
Such shapes of high-velocity gradients are especially numerous
in NGC 1365. We find that Ha sources and PAH emissions at
7.7 pmare located at the center of these circles and arcs (see
Figure 3). Thus, we infer that these might be due to the
expanding shells from H1I regions ionized by young stars or
stellar associations (Relafio & Beckman 2005; Bresolin et al.
2020) or due to H II regions that are moving relative to the
surroundings. Also, supernova remnants, superbubbles (Wat-
kins et al. 2023), or prestellar compression shocks may well
produce such high-velocity gradients. These velocity gradients
are not artificially created by the procedures we followed. The
velocity difference in these regions can even be seen directly in
the Ha velocity map and Vi,V in Figures 2(b) and (h). We
will study these velocity gradients of expanding regions in
more detail in a future paper, while in this work, we focus on
the first type of high-velocity gradients and examine whether
the bar-driven shocks and shear inhibit or promote SF.

3.3. Velocity Gradients Due to Bar-driven Gas Inflow

Velocity gradient maps for our sample galaxies are presented
in Figure 4, along with optical, Ha, and CO images. In deriving
velocity gradient maps, we applied an amplitude-over-noise
ratio of Ha greater than 3. We exclude regions where the Ha
velocity errors (6Vy.(x, y)) are high in the velocity gradient
map as follows. We mask out pixels where 6Vy,(x, y) >
(6VHa) + C X 0(6Vy,), where (6Vy,) is the average of Ha
velocity errors and o(6Vy,) is the standard deviation of 6Vy,,
for each galaxy. Constant C is set to 0.2 for NGC 1365 and
NGC 3627, while C is empirically set to —0.05 for NGC 1512
and NGC 1672 to avoid spurious signals around the bar to
produce a reliable velocity gradient map. The PHANGS-
MUSE data sets are Voronoi binned to a target signal-to-noise
ratio S/N =35 in the continuum range of 5300-5500 A.
Therefore, regions with low signals have a large bin size. We
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found that for some of those bins, the differences between Ho
and stellar velocity (Vy,—Vgar) are artificially large, especially
at the edge of those bins due to binning. We empirically find
that those pixels can be removed if we remove pixels that have
stellar velocity errors greater than the median of stellar velocity
errors of each galaxy.

Enhanced velocity gradients clearly show up along the bar
dust lanes, and they extend out for a considerable length,
almost covering the whole bar except for NGC 1365. The
velocity gradients of the bar region in NGC 1365 range
between 0.1 and 1.0kms ' pc™'. This is consistent with the
study of Zurita et al. (2004), who find velocity gradients up to
0.35kms ™' pc~! for NGC 1530 and also consistent with the
study of Kim et al. (2012a), who find 1-3 kms ™' pc™'of shear
across the bar dust lane from numerical simulations. Our results
should be considered as a lower limit of the velocity gradient
because of the smoothing effect due to the_spatial resolution
(0”2 pixel ") and spectral resolution (2.6 A, corresponds to
50km s~ 'at Ho). Detailed notes on each object are available in
Appendix D.

3.4. Comparison to the CO Map

Figure 4 shows that the velocity gradients are pronounced
along the bars in all samples of galaxies. But exactly where are
the velocity gradients enhanced? Previous studies have found
that the velocity gradients coincide with the dust lane, i.e., on
the leading side of the bar (see, e.g., Zurita et al. 2004 and Feng
et al. 2022 for studies on NGC 1530 and M31, respectively).

We plot CO emission-line contours on top of the velocity
gradient map in Figure 5 for comparison. We find that velocity
gradients are enhanced either along the bar dust lane inferred
from the CO distribution or slightly offset to the edge of the bar
dust lane. In NGC 1365, the southern part of the enhanced
velocity gradients is located right next to the brightest contour
of the CO emission along the bar dust lane. We find that in
NGC 1512, enhanced velocity gradients coincide with the CO
emission detected along the bar dust lane, which can be seen in
the optical image. However, in NGC 1672 and NGC 3627,
velocity gradients are slightly offset toward the peak of the CO
emission. Velocity gradients are enhanced on the leading side
of the bar in NGC 1672 and in the southern part of NGC 3627.
Interestingly, in the northern part of the bar in NGC 3627, it is
the opposite. Details on NGC 3627 are in Appendix D. In
summary, the locations of enhanced velocity gradient regions
either coincide with the peak of the CO emissions or are
slightly offset to them, depending on the objects.

4. Velocity Jumps

We quantify how much velocity jump occurs in the regions
where strong bar-driven shocks and shear are expected for our
sample galaxies. In order to estimate velocity jumps, we place
pseudo-slits perpendicular to the regions of the high-velocity
gradient in the bar region. Figure 6 shows the velocity changes
along the slits in selected regions for NGC 1365. We find that
the velocity jump exceeds 100km s~ within 2 (190 pc) in
both Ha and CO in slits 1 and 3. Within 5” (475 pc), the
velocity of CO changes up to 200kms ™', and that of Ha
changes up to 150kms 'in slit 1. The inclination of NGC
1365 is estimated to be 55°4 (Lang et al. 2020). Thus, the
velocity jump would become even higher (x1.2 for NGC
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Figure 4. (a): Optical image from PHANGS-MUSE, 5400 ~ 5600 A summed image. The white line on the bottom left covers 2 kpc for each galaxy. North is up and
east to the left. (b): PHANGS-MUSE Ha flux map. (c): CO J = 2-1 line emission map from PHANGS-ALMA, and (d): velocity gradient map calculated using (Vi,—
Viar)- Velocity gradients are not corrected for inclinations.

1365) if we correct for inclination. We note that these velocity While the gaseous velocity jumps are prominent, the stellar
jumps are measured directly from the velocity map, and velocity jumps are not as pronounced in these regions. The
therefore are not model dependent. degree of velocity jumps may be different between gas and
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Figure 5. Velocity gradient map superimposed with contours that correspond to the emission-line flux of CO (2—1) from the PHANGS—ALMA survey. Numbers in
the bottom right of each panel correspond to the CO contour levels in [K km s™']. The black line on the bottom left covers 1 kpc for each object.

stars because they respond differently to the gravitational forces
of the bar. Gas is dynamically cold and thus highly responsive
to the changes in the gravitational potentials it feels as it orbits
in the disk. In addition, gas is collisional and thus easily
influenced by shear and shocks, and therefore loses angular
momentum more easily, which leads to stronger noncircular
motions. However, stars are generally not affected by shocks,
and stars making up bars are in more stable orbits, which leads
to milder velocity jumps.

Components of galactic rotation are included in the velocity
map and thus in these velocity jumps. Therefore, to exclude the
effects of circular motions from galaxy rotation, we subtract the
galaxy rotation model from the Ha velocity map. Then, we
assess the velocity jump in the bottom right panel of Figure 6. In
fitting galaxy kinematics using 3D-BAROLO, PAs and inclina-
tions can be fixed or freely modeled ring by ring. We present
both results. Even after the circular motions are removed, we still
find the velocity changes reaching 140kms™' (170kms™'
after deprojecion) within 2 (190 pc) in slit 3 and 90kms ™'
(110 km s~ after deprojection) within 4” (380 pc) in slit 1 for
NGC 1365. Velocity jumps and the position of pseudo-slits of
other sample galaxies are presented in Appendix C. Velocity
jumps of other sample galaxies after removal of the galaxy

rotation span from 50-80 kms ™' (75-95kms ™' after deprojec-
tion) within 2” and Ha velocity jumps are more pronounced
compared to stellar velocity jumps as in NGC 1365.

Velocity jumps reaching ~100—150kms ' have been
found using He, [NI], [ST], H I, and CO (Pence &
Blackman 1984; Reynaud & Downes 1998; Laine et al.
1999; Mundell & Shone 1999; Weiner et al. 2001; Zurita et al.
2004), and even up to 200 km st (Zanmar Sanchez et al. 2008;
Feng et al. 2022). Thus, our results are comparable to previous
observational studies on the other objects. With idealized
hydrodynamic simulations, Kim et al. (2012a) show that the
velocity along the slit direction changes abruptly by up to
100 km s~ ' within 100 pc, while the velocity perpendicular to
the slit direction jumps up to 200 km s~ " within 100 pc in their
Figure 8. It is not straightforward to directly compare the values
of velocity jump from simulations with our observational data
analysis because we only measure the line-of-sight velocity.
Nevertheless, overall results are still comparable. If we know
the bar pattern speed and the inclination of the galaxy, we can
derive the gas velocity vector (e.g., Sormani et al. 2023) by
assuming that the gas velocity vector in the bar lanes is parallel
to the lane, but this is beyond the scope of this paper.
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Figure 6. Velocity jumps in high-velocity gradient regions of NGC 1365. Four pseudo-slits (0”6 x 10”) are put perpendicular to the high-velocity gradient segments
as in the upper panels of the figure. (a): optical image of NGC 1365, (b): velocity gradients, (c): CO (2—1) velocity, (d) velocity jumps from south to north (upward)
along the slit of Ha (blue solid line), CO (red dashed line, if available), and stellar velocity (purple dotted line), (e) velocity jumps after removal of the galaxy rotation
model. Two cases of galaxy rotation models are obtained with 3D-BAROLO, where PAs and inclinations are fixed (green solid line) and set to free (orange dashed line)
for each ring. Velocity jumps for other sample galaxies are presented in Appendix C.

5. Impact of Shear and Shock on SF

In this section, we examine the impact of bar-driven shear
and shock on SF, which can be traced approximately by
velocity gradients and Ha emission, respectively. With this
aim, we compare the velocity gradients with Ha emission-line
maps spatially. Figure 7 shows an extinction-corrected Ho
emission-line map superimposed with the velocity gradient
contours. To correct for extinction, we use the flux ratio of two
emission lines, Ha/H/ (Balmer decrement; e.g., Berman 1936;
Groves et al. 2012). We assume the value of the intrinsic Ha/
Hp3 to be 2.86, corresponding to a temperature 7= 10* K and
an electron density n, = 10*cm > for Case B recombination
(Baker & Menzel 1938). Overall, bright Ho sources are rarely
found in high-velocity gradient regions along the bar. In
particular, SF in NGC 1512 is concentrated in the nuclear ring
and the inner ring that encircles the bar, and bright Ha sources
are rare inside the ring that encompasses the bar. In NGC 3627,
there are many star-forming regions along the spiral and

interarm regions. Interestingly, high-velocity gradients are
avoiding bright star-forming regions. Overall, bright SF knots
are not found on the enhanced velocity gradient regions.

Then, we examine whether there is an anticorrelation
between star-forming sites and regions of strong shear and
shock in a quantitative approach. We plot the SFR surface
density and velocity gradients in Figure 8. Each point
corresponds to a spaxel. To focus on the shear and shock
regions that are directly connected to the gas inflow along the
bar, we select the bar regions outside the nuclear region and
inside the bar ends, and plot the selected regions in color
according to each spaxel’s molecular gas surface density in
Figure 8. Nuclear regions, bar ends, outside the bar regions,
and regions with no PHANGS-ALMA CO (2—1) detection are
plotted in gray. We use the environmental masks from
Querejeta et al. (2021) to define the bar, bar ends, and nuclear
regions.

The SFR is calculated based on Ha luminosity. Ha traces
recent SF as 90% of the Ha emission comes from stellar
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Figure 7. Extinction-corrected Ha emission-line maps overlaid with the velocity gradient contours. The white line on the bottom of each panel spans 1 kpc. The two
numbers on the bottom right in each panel correspond to the velocity gradient contour levels in [km s ' pc™']. Darker blue shades represent higher velocity gradients.

populations younger than 10 Myr (Kennicutt & Evans 2012).
Although the SFR can be better estimated with hybrid
estimators in combination with Hey, mid-infrared (MIR), and/
or far-UV data, it has been shown that once stellar continuum
absorption and dust attenuation are properly corrected, there is
a good correlation between the SFR derived from Ha and the
SFR derived from Ha, UV, and MIR data (Catalan-Torrecilla
et al. 2015, see also Belfiore et al. 2023). Furthermore, to
conserve the resolution of the Ha velocity gradients, we use the
SFR derived from Ha luminosity in this study.
We estimate the SFR using the following relation (Calzetti
et al. 2007; Kennicutt & Evans 2012):
SFR [Moyr~'] = 5.3 x 10¥2L(Ha)eorlerg s71, ?3)
where L(Ha).o 1S the extinction-corrected Haw luminosity. The
molecular mass surface density can be estimated using CO(2—1)

10

1-0 p—1 .
Ymol = Qco Rs1 Ico@-1)cos i, 4
1-0

where apo’ is the CO(1—0) conversion factor, R,;' the
CO(2—1)—to—CO(1—-0) line ratio, and i the inclination of a
galaxy. We use QICE)O of the standard Milky Way (4.35
M pc*Z(K km s*l)*l], Bolatto et al. 2013), and we use
R5;! = 0.65 (Leroy et al. 2013; den Brok et al. 2021).

If shear and shocks prevent SF, there should be an anticorrelation
between the SFR surface density and the velocity gradients, i.e., the
SFR surface density should decrease with the velocity gradients.
However, Figure 8 shows that while the upper envelope of the SFR
surface density—velocity gradient decreases, data points fill the area
below the upper envelope. In low-velocity gradient regions, there
are regions of diverse values of SFR surface density. However, as
the velocity gradient increases, the upper envelope of SFR surface
density decreases. If we combine it with molecular gas density, this
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Figure 8. SFR surface density and velocity gradients. Each point corresponds to a spaxel. Bar regions defined by Querejeta et al. (2021) (excluding nuclear region and
bar ends) are color-coded according to molecular surface density. Spaxels outside the bar regions and no PHANGS-ALMA CO(2—1) detection are plotted in gray. We
show the minimum and maximum of the molecular gas surface densities of bar regions in parenthesis for each galaxy. Black contours contain 10%, 50%, and 90% of
star-forming spaxels in the bar region, where the bar ends and nuclear regions are excluded. Purple contours include 10%, 50%, and 90% of LINER, Seyfert, and
composite spaxels in the bar region classified by the BPT diagnostics, which are detailed in Section 6.

distribution becomes clear to understand. In low-velocity gradients,
i.e., low shear and shock, regions with high molecular gas density
regions show active SF. In the high shear/shock region, active SF
is rare. Exceptions are the nuclear regions of NGC 1365 and NGC
1672 where they protrude horizontally in the SFR surface density—
velocity gradients diagram. Our results imply that SF is hindered in
bar-driven shear and shocks. This is consistent with previous
studies (Reynaud & Downes 1998; Zurita et al. 2004), who
conclude that steep velocity gradients prevent molecular gas clouds
from condensing to form stars.

Our results are in line with the study of Emsellem et al. (2015),
who find a notable correlation between the regions of newly
formed stars and the location of high-density gas clumps with low
shear but not with high shear using hydrodynamical simulations of
a Milky Way-like galaxy. In the next section, we revisit the impact
of bar-driven shear and shock on SF using the BPT classification.

6. Changes to Emission-line Ratios Due to Bar-driven Shear
and Shocks: BPT Diagrams
6.1. BPT Map

We examine whether shear and shocks driven by bars lead to
any change in the ionized gas properties by inspecting
emission-line ratio diagnostic diagrams.
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Dominant ionizing sources of gas can be separated using the
BPT diagram (Baldwin et al. 1981; Veilleux & Oster-
brock 1987; Kewley et al. 2001; Kauffmann et al. 2003). A
theoretical maximum starburst line (Kewley et al. 2001, solid
line in Figure 9) is defined by the upper limit of the theoretical
pure stellar photoionization model. Points above this line are
likely to be dominated by gas ionized by an AGN or shock.
Points below the dotted line in Figure 9 (Kauffmann et al.
2003) represent regions where the emissions come from pure
SF. The regions between the dotted line and solid line indicate
that gas is ionized by both SF and AGN and thus is named
composite. The dashed line (Cid Fernandes et al. 2011) divides
Seyfert and LINER. We plot the BPT diagram for NGC 1365
in Figure 9. Each point denotes a spaxel of the galaxy. All the
spaxels that satisfy the amplitude-over-noise ratio of emission
lines greater than 5 are plotted. Blue points represent emissions
from star-forming regions, and green ones denote composite
spectra. Orange to red points correspond to Seyfert, and
magenta points represent LINER. Points that are in close
proximity to the maximum starburst line are plotted in lighter
shades, whereas points distant from the maximum starburst line
are denoted with darker shades. The corresponding maps for all
galaxies in the sample are presented in Figure 10 with the same
color coding as in Figure 9.
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Figure 9. BPT diagram of NGC 1365. The solid line indicates the theoretical
maximum starburst line (Kewley et al. 2001), the dotted line marks the limit of
pure SF (Kauffmann et al. 2003), and the dashed line divides Seyfert and
LINER (Cid Fernandes et al. 2011). Blue points denote emissions from SF
regions, green points represent emissions from composite, both from SF and
AGN, red to orange points stand for emissions from Seyfert, and magenta
points correspond to emissions from LINER. Points become darker as they are
farther away from the theoretical maximum starburst line (solid line).

NGC 1365 displays a biconical outflow (e.g., Phillips et al.
1983; Jorsater et al. 1984; Venturi et al. 2018; Gao et al. 2021).
Within that outflow region, emission-line ratios are located in
either the Seyfert or LINER area in the BPT diagram. Bar-
driven high-velocity gradient regions are mostly composite,
LINER, or Seyfert. The region marked by the yellow arrow in
Figure 10 shows a remarkably sharp change compared to
adjacent regions, from star-forming to composite and Seyfert
type. However, in the other bar-driven high-velocity gradient
regions, the ionizing sources seem to be contaminated by the
outflow. Inside the bar radius of NGC 1512, the sources of
ionization in most regions are LINER, and it also applies to
strong shear regions driven by the bar. For NGC 1672, high
shocks and shear regions are not preferentially occupied by any
types of ionizing sources. In NGC 3627, the northern part of
the high shear regions is mostly of composite or Seyfert type.
However, the southern part of the high-shear regions shows
either SF or a composite.

In the previous section, we plotted the velocity gradients and
the SFR surface density in Figure 8. It contains all the spaxels
of SF, LINER, composite, and AGN. If we only consider SF
spaxels (black contours in Figure 8), the mean SFR surface
density is approximately five times higher on average
compared to the spaxels of composite, LINER, and Seyfert
(purple contours in Figure 8). SF spaxels span a slightly narrow
range of velocity gradients with a lower (~20% on average)
mean value.

6.2. SF Classified with BPT Diagnostics

In order to reexamine whether the SF is inhibited in high
shear/shock regions, we classify the ionizing sources using the

12

Kim et al.

BPT diagnostics and compare them with those of low shear/
shock regions in the bar, and all the other regions of the galaxy
in Figure 11. Nuclear regions and bar ends are excluded in this
bar region, as they exhibit active SF and shear and shocks, due
to bar-driven gas inflow not being strong there. We define the
high-velocity gradient regions in the bar (H) as those with
velocity gradients greater than the upper 5th percentile in the
bar for each galaxy, and define the low-velocity gradient
regions in the bar (L) so that their velocity gradients are less
than the upper Sth percentile. We also define the interbar (IB)
region, outside the bar but still within the bar radius. We find
that the fraction of the SF group in high-velocity gradient
regions in the bar (H in Figure 11) is lower than that of low-
velocity gradient regions in the bar (L) and all the other regions
of the galaxy (A). The majority of high-velocity gradient
regions exhibit composite or LINER. The fraction of the SF
group in high-velocity gradient regions of the bar spans ~2%-—
40%. This implies that SF is inhibited in high-velocity gradient
regions in the bar, which is in line with our results from the
previous section that bar-driven shear/shock hinders SF.

By analyzing 240 barred galaxies with MaNGA, Krishnarao
et al. (2020) find that ionized gas is generally classified as
LINER-like within the bars, composite in the IB regions, while
ionized gas from SF is located either at the center and/or
outside the bar radius. Figure 11 also shows that in the IB, the
majority of spaxels are either composite or LINER, which is
consistent with the results of Krishnarao et al. (2020). Except
for NGC 1672, our sample galaxies fit well into their picture in
general. However, some galaxies still show SF regions in the
bar region (NGC 1365 and NGC 1672). We also found that
there are Seyfert spaxels that are not just confined to the center,
but related to the biconic outflow from the AGN (NGC 1365)
or spread inside the bar radius (NGC 1512, NGC 1672) even
without the AGN.

6.3. Enhanced Emission-line Ratios in the High-velocity
Gradient Regions

Our results imply that the emission-line ratios (e.g., [N 11]/
Ha and [O 111] /HP) are elevated due to bar-driven shear/shock
toward either composite or LINER in the BPT diagram.
However, for NGC 1512, the difference between high- and
low-velocity gradient regions of the bar is negligible. There can
be two reasons for this.

First, the shock velocity and the fraction of shock converted
to excite the gas play roles in enhancing the line ratio. Ho et al.
(2014) show in their Figure 13 that the line ratios of [N II]/Ha,
[Su]/Ha, and [OI1]/Ho increase as the shock velocity
increases. Also, within the same shock velocity, the line ratio
of [OTI]/Hg increases as the shock fraction increases, where
the shock fraction is the contribution of shock excitation
relative to H1I regions. In Section 4, we show that the velocity
jump in the high-velocity gradient regions ranges from
75-170km s ', depending on the objects. Therefore, we would
expect high shear regions to show enhanced [N II] /Ha to some
degree toward the LINER regime in the BPT diagram. But the
shift of [N 11]/Ha also depends on the fraction of shock that is
converted to change the emission-line ratio, which cannot be
readily estimated. Therefore, we infer that the shock fraction
might not have been large enough to show a prominent change
in the emission-line ratio for NGC 1512.

Second, even though the shear and shock may enhance the
line ratio by shock excitation, if the regions already have
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Figure 10. BPT maps of the sample galaxies. The right panels are zoomed-in versions of the BPT map overplotted with the velocity gradient contours. Numbers on
the bottom right of each panel indicate the contour levels of velocity gradients in [km s ™' pc™']. The color coding is the same as in Figure 9. Blue points indicate SF,
red to orange points denote Seyfert, magenta points indicate LINER, and green points represent the composite region.
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Figure 11. Ratio of ionizing sources in different structures of galaxies: high-
velocity gradient regions in the bar (H), low-velocity gradient regions in the bar
(L), interbar (IB) regions, which are outside the bar but still within the bar
radius, and all the other regions of the galaxy (A) for each object. Note that in
this bar region of “H” and “L,” bar ends and nuclear regions are excluded to
estimate the ratio to focus on regions of bar-driven shear and shock along the
bar dust lane.
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increased emission-line ratio and located in LINER or Seyfert
domain, then it would be difficult to uplift the line ratios. The
whole bar of NGC 1512 is dominated by the LINER or Seyfert
type emissions judging by the BPT diagnostics.

It should also be noted that enhanced emission-line ratios do
not necessarily guarantee that the ionizing source of the regions
is shock originated. The leaking of ionizing photons from H I
regions is suggested to be able to explain the diffuse ionized
gas with LINER-like emissions (Belfiore et al. 2022). Also,
ionization by hot evolved stars (e.g., post-AGB) is found to
present LINER-like emission (Singh et al. 2013). As post-AGB
stars are common in galaxies, their ionizing effect can be
observed unless strong radiation from SF or AGN outshines
them. As we observe superimposed different ionizing sources
along the line of sight, not just on the disk plane but also in the
galactic halo, if there is a lack of SF in the disk, we may well be
left with the LINER-like emission from the post-AGBs located
along the line of sight. The whole bar region of NGC 1512 may
consist of old stars. Indeed, Pessa et al. (2023) find that the
mean mass-weighted age of the stellar populations in the bar
region of NGC 1512 is ~10 Gyr.

Recently, Johnston et al. (2023) proposed a novel method to
distinguish ionizing sources by using the multidimensional
diagnostic diagram, which exploits the classical BPT, velocity
dispersion, and equivalent width of Ha (see also Cid Fernandes
etal. 2011; D’Agostino et al. 2019). With the multidimensional
diagnostics, they categorize a more diverse range of ionization
sources, such as the ionization from hot low-mass evolved
stars, shocks, elevated kinematics with low emission-line ratio,
diffuse ionized gas, in addition to the classical divisions of
AGN, LINER, Seyfert, and SF. Applying these multidimen-
sional diagnostics to divide into more detailed classifications is
beyond the scope of the current paper as we focus on the
impact of bar-driven shear and shock on SF, and we will apply
this in the upcoming future paper to explore further the impact
of bar dynamics on gas ionization, gas properties such as virial
parameter and turbulent pressure.

14

Kim et al.

7. Summary and Conclusion

We investigate the impact of bar-driven shocks and shear
along the bar dust lane on SF and emission-line ratios by
utilizing data from the PHANGS-MUSE and PHANGS-ALMA
surveys. Our results can be summarized as follows.

1. We derive velocity gradients using Ha and stellar velocity
maps, and find that velocity gradients are enhanced along
the bar dust lane where shear and shock are expected to
occur. CO intensity peaks coincide with the enhanced
velocity gradient regions or slightly offset to the edge of the
bar dust lane. Enhanced velocity gradient regions show
velocity jumps from 50 to 150 kms ™.

2. We examine the velocity gradient versus SFR surface
density and find that spaxels with high (low) molecular
surface density show high (low) SFR surface density in
general. In low-velocity gradient regions, there are various
SFR surface density values from low to high. However, as
the velocity gradient increases, the range of SFR surface
density narrows down such that the maximum SFR surface
density decreases with the velocity gradient. Exceptions are
nuclear regions and star-forming knots in the inner rings,
which protrude out in the trend with enhanced velocity
gradients.

3. By comparing the Ha emission-line maps and velocity
gradient maps (Figure 7), we find that strong SF does not
occur in the high-velocity gradient regions. We apply the
BPT diagnostics on a spaxel-by-spaxel basis and find that
the fraction of SF spaxels is lower in high-velocity
gradient regions in the bar compared to low-velocity
gradient regions in the bar and to all the other regions of
the galaxy (Figure 11). This implies that SF is inhibited in
the high-velocity gradient regions in the bar where shocks
and shear are strong.

4. The majority of high-velocity gradient regions are
classified into either LINER or composite categories.
This may imply that emission-line ratios are elevated due
to bar-driven shock or shear. But we cannot rule out that
the absence of recent SF results in revealing LINER-like
emission line.

5. Our results are consistent with numerical simulations in
which bars drive strong shear, and thus, inhibit SF (e.g.,
Emsellem et al. 2015). Currently, it is not yet clearly
known what properties of a barred galaxy control the
strength of bar-driven shear and at what shear strength the
SF is inhibited. These questions might be answered
through further numerical simulations, which will lead us
to understand the diverse impact of bars on the SF and
galaxy evolution.
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Appendix A
Velocity Gradient Perpendicular to the Bar and Parallel to
the Bar

Velocity gradients can be divided into two different
components, perpendicular and parallel to the bar. We estimate
the parallel velocity gradient (V'V,) and perpendicular velocity
gradient (VV,) separately and compare them in Figure 12. We
reestimate the ratio of the SF group classified by the BPT
diagnostics in high- and low-velocity gradient regions and all
the other regions of each galaxy with VV, and VV, as in
Figure 11. We obtain the same results that the ratio of the SF
group is lower in high-velocity gradient regions compared to
the others.
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Figure 12. The three columns show, respectively, the velocity gradients as in Section 3.1, velocity gradients parallel component to the bar (VV,), and perpendicular to
the bar (VV,) in units of [km s pc"]. The black line on the bottom left of each panel spans 1 kpc.
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Appendix B
Comparing Velocity Gradients from Ho and CO

Velocity gradients can also be obtained using the CO
velocity field. However, compared to Ha, CO is patchy and
only detected marginally along the bar for some galaxies. In
order to examine how well Ha velocity gradients trace velocity
gradients of molecular clouds, we compare velocity gradients
from Ha (VVy,) and CO (VVco) in Figure 13. VVy, is
estimated from the map of (Vi,—Var) and VVq is estimated

Kim et al.

with the (Vco—V) map following the same steps presented in
Section 3.1. CO in the bar of NGC 1512 is marginally detected
along the bar; therefore, we could not obtain CO velocity
gradients for this object. We find that while there is a spread
(especially for low gradients), CO velocity gradients are
correlated with Ha velocity gradients. This suggests that we
can use Ha velocity gradients to trace molecular gas velocity
gradients for these galaxies.

NGC1365 t
Co pf.='__'0‘428‘ 1
. P00l g

NGC1672 t
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-
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Vv,
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Figure 13. Comparing velocity gradients from Vy,, and Vco. Spearman coefficients are presented for each galaxy.
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Appendix C
Velocity Jumps for Sample Galaxies

We present velocity jumps on high-velocity gradient regions
for the rest of the sample galaxies in Figures 14—16.

Vco

\ -
800 850 900 950 1000
[10-16 erg s-1 cm-2 spaxel-1] [km s-1 pc-1] [km s-1]
Slit 1 2 3 4 Slit 1 2 3 4
[ NGCI512913pe/) (] 100k OF
950 . E E
— ] OF ;
T, 900F o s ]
é E‘”‘ E O :— ) —:
> 850, . ; ]
] =50 ]
800 _: E - VHa Vmodel,fixed E
] _100 N VHq Vmodel,free g
750 (b ]
0 40 0 10 20 30
Radius ["] Radius ["]

Figure 14. Velocity jumps in high-velocity gradient regions of NGC 1512. Four pseudo-slits (076 x 10”) are put perpendicular to the high-velocity gradient segments
as in the upper panels of the figure. (a): optical image, (b): velocity gradients, (c): CO (2—1) velocity, (d): velocity jumps from south to north (upwards) along the slit
of Ha (blue solid line), CO (red dashed line, if available), and stellar velocity (purple dotted line), (e): velocity jumps after removal of the galaxy rotation model. Two
cases of galaxy rotation models are obtained with 3D-BAROLO, where PAs and inclinations are fixed (green solid line) and set to free (orange dashed line) for each ring.
Velocity jumps reach 50 km s~ after removal of the galaxy rotation (75 km s~ after deprojection).
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Figure 15. Velocity jumps for NGC 1672 (continued). Velocity jumps reach 50 km s~ after removal of the galaxy rotation (75 km s~ " after deprojection).
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Figure 16. Velocity jumps for NGC 3627 (continued). Velocity jumps reach 80 km s~ after removal of the galaxy rotation (95 km s~ after deprojection).
Appendix D The branch with high ¥, where the X, ranges between
Notes on Individual Galaxies 107! and1 10° and the velocity gradients between 0.2 and
0.7kms™ ", belong to the nuclear region (R < 2”5) inside the
D.1. NGC 1365 nuclear ring. In this region, CO (2—1) and Ho intensity are
Although there are numerous enhanced velocity gradients that high, and also the velocity gradient is extraordinarily high. The
are thought to have originated from the expanding or moving H1I elevated velocity gradients may be caused by intense winds
regions, velocity gradients along the bar dust lanes are not from young stars, as appears to be the case in other galaxies
prominent in the outer part (R > 15”) of the galaxy, and are not with star-bursting nuclear rings, such as NGC 3351 (see

symmetric. Schinnerer et al. (2023) combined JWST/MIRI, Leaman et al. 2019). The other branch with low X,
ALMA, and MUSE data and found that the gas inflow onto the (1073 ~1072) consists of regions around faint Ha sources

central ring is asymmetric and different between the two dust with distinctive velocities.
lanes. In addition, they found that in the southern dust lane, young
star clusters are rarely found even when abundant molecular gas D.3. NGC 3627

with properties similar to those of the other dust lane is present.
Exactly in this region (marked with a yellow arrow in Figure 10),
we found that the velocity gradient is enhanced.

Enhanced velocity gradients along the dust lane are
disconnected at R ~ 19" (~1 kpc) on both sides from the center
(Figure 4). The elevated velocity gradients in the southern outer
part (R > 19”) are located at the leading side compared to the

D.2. NGC 1672 CO peaks (Figure 5), but in the inner part (R < 19"), they are
In Figure 8, there are two branches that stick out located at the trailing side compared to the CO intensity. Along
prominently, one with high > ., and one with lower X the northern part of the bar, enhanced velocity gradients are
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located along the trailing side. It is not clear why enhanced
velocity gradient regions are located on the trailing side in
some parts, especially in this galaxy, as they are located along
or at the leading side of the dust lane in other sample galaxies.
Gas inflow is found to be reduced when there is a boxy/peanut-
shaped bulge (Fragkoudi et al. 2016), and interestingly, the
boxy/peanut-shaped bulge of the galaxy spans 18" (Erwin &
Debattista 2016). We suggest that the orbital structures due to
the boxy/peanut-shaped bulge and spurs (Erwin & Debat-
tista 2013, 2016) may have an effect on the gas inflow, and
may be related to the origin of this offset.
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