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ABSTRACT

Aims. To gain insight into the expected gas dynamics at the interface of the Galactic bar and spiral arms in our own Milky Way galaxy,
we examine as an extragalactic counterpart the evidence of multiple distinct velocity components in the cold dense molecular gas that
populates a similar region at the end of the bar in the nearby galaxy NGC 3627.

Methods. We assembled a high-resolution view of molecular gas kinematics traced by CO(2—1) emission and extracted line-of-sight
velocity profiles from regions of high and low gas velocity dispersion.

Results. The high velocity dispersions arise with often double-peaked or multiple line-profiles. We compare the centroids of the
different velocity components to expectations based on orbital dynamics in the presence of bar and spiral potential perturbations. A
model of the region as the interface of two gas-populated orbits families supporting the bar and the independently rotating spiral arms
provides an overall good match to the data. An extent of the bar to the corotation radius of the galaxy is favored.

Conclusions. Using NGC 3627 as an extragalactic example, we expect situations like this to favor strong star formation events such as
are observed in our own Milky Way since gas can pile up where the orbit families cross. The relative motions of the material following
these orbits is most likely even more important for the build-up of high density in the region. The surface densities in NGC 3627 are
also so high that shear at the bar end is unlikely to significantly weaken the star formation activity. We speculate that scenarios in
which the bar and spiral rotate at two different pattern speeds may be the most favorable for intense star formation at such interfaces.
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1. Introduction

The interfaces of galactic bars and outer spiral arms represent
some of most active star-forming environments in the local Uni-
verse. In our own Milky Way, the overlap between the end of
the Galactic bar and the inner Scutum-Centaurus spiral arm at
longitudes of ~30 degrees hosts the W43 mini-starburst with an
approximate luminosity of L ~ 3 x 10° Ly (e.g., Blum et al.
1999; Motte et al. 2003; Bally et al. 2010; Nguyen Luong et al.
2011). Questions about the nature of star formation in such bar-
spiral interface regions remain puzzling. Is it possible, for in-
stance, that clouds at different relative velocities physically in-
teract and maybe even induce the star formation process in this
way? Nguyen Luong et al. (2011) estimated a star formation rate

(SFR) of between 0.01 and 0.1 Mg, yr~" x (#)2 (with d the dis-
tance) over the approximate diameter of the W43 cloud complex
of ~140 pc. One of the observational difficulties lies in the fact
that gas kinematics are hard to constrain at these locations, both
in our own Milky Way and in external galaxies.

In W43, several lines of evidence reveal the dynamics
of the bar-spiral interaction and its effect on gas motions as
the source of burst of star formation, which is thought to

* Based on observations carried out with the IRAM PdBI and 30 m
telescope.
** The reduced images (FITS files) are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/597/A85
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be the site of converging flows (e.g., Benjamin et al. 2005;
Lépez-Corredoira et al. 2007; Rodriguez-Fernandez & Combes
2008; Nguyen Luong et al. 2011; Carlhoff et al. 2013; Motte
et al. 2014). This region contains various evolutionary stages,
from young infrared dark clouds to active star-forming clouds
and a Wolf-Rayet cluster (Blum et al. 1999; Beuther et al. 2012).

A peculiar aspect of the W43 region are the two prominent
gas velocity components along the line of sight, the principle
component at ~100 km s~!, and a secondary at ~50 km s~
Motte et al. (2014) discussed several converging gas flows in
that region which are associated with kinematic CO and HI
gas components between approximately 60 and 120 km s~!. In
their picture, the 50 km s~' component is not considered fur-
ther because they did not identify associated converging ve-
locity structures towards W43. Similarly, Nguyen Luong et al.
(2011) and Carlhoff et al. (2013) argued that the more promi-
nent ~100 km s~! peak is dominant for the on-going star forma-
tion in the region, corresponding to the W43 complex, whereas
the ~50 km s~! component may only be a chance alignment
that could be attributed to the Perseus spiral arm. In contrast
to this, Beuther etal. (2012) found both components in the
13CO(2-1) emission not just along the same sidelines, but the
two components appear in projection spatially connected. Fur-
thermore, both components are also detected in dense gas trac-
ers like N,H*, and again, they appear in mapping studies as
connected gas structures (Beuther et al. 2012). While this may
still be a chance alignment, it nevertheless suggests that the two
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components may emerge from the same region. This part of our
Galaxy is also almost the only region in the Milky Way that
exhibits multiple velocity components in the ionized gas tracer
through radio recombination lines (Anderson et al. 2011). This
can be interpreted as additional evidence of potentially interact-
ing gas clouds.

Our position in the Galaxy means, however, that it is cur-
rently not possible to accurately determine the distance of the
two components, and therefore to unambiguously determine
whether the two gas components in W43 are either in fact inter-
acting or just chance alignments in different parts of the Galaxy.
Unambiguous proof will most likely depend on future exact
distance measurements through maser parallaxes of the Bessel
project of the two velocity components (Brunthaler et al. 2011).
While the 100 km s~! component has recently been determined
to be at a distance of ~5.5 kpc through maser parallax measure-
ments (Zhang et al. 2014), the comparable measurement for the
50 km s~! component is still lacking.

Hence, while proofing the spatial (dis)association of veloc-
ity components 50 km s~! apart is currently not possible for the
interface of bar and spiral arm in the Milky Way, we wish to
test whether the scenario is in principle possible by means of
studying a nearby galaxy with more favorable almost face-on
geometry. Comparable regions in nearby galaxies can provide
critical insight into the nature of Galactic environments such as
that of W43. Much of our understanding in this context derives
from the study of Kenney & Lord (1991), who first linked star
formation at the end of the bar in M 83 to the molecular gas
reservoir traced by CO. Their detailed examination of the prop-
erties and kinematics of the molecular gas at the time, although
limited to rather coarse resolution, suggested that the change in
orbit structure from the bar to the spiral may lead to the observed
local build-up of gas, which might then favor a burst of star for-
mation. Soon thereafter, Rand (1992) found supporting evidence
for this picture, showing that the intense star formation observed
at the end of the bar in M 51 is linked to locally high (molec-
ular) gas surface densities. Since then, numerous observational
and theoretical studies have dealt with galactic bars and their dy-
namical importance for star formation as well as galactic dynam-
ics (e.g., Martin & Friedli 1997; Jogee et al. 2005; Verley et al.
2007; Athanassoula et al. 2013; Zhou et al. 2015).

It is still unclear, however, how frequently star formation of
this type occurs, which types of bars and spirals may be most
conducive, or whether it can explain environments such as that
of W43 in our own Milky Way. To develop this picture further
requires an in-depth study of the gas kinematics at more such
interfaces, which are still poorly constrained in our Milky Way,
as well as in external galaxies.

In this paper, we seek to explore potential interactions of bar
and spiral arm in an exemplary external galaxy that allows a bet-
ter identification of associated velocity components because of a
geometry that is near to face-on. As a starting point we used
the HERACLES database, which provides sensitive CO(2—1)
images of several tens of nearby galaxies (Leroy et al. 2009).
Additionally, all HERACLES galaxies have extensive multi-
wavelength coverage from the X-ray to the radio regime from the
SINGS (Kennicutt et al. 2003) and KINGFISH (Kennicutt et al.
2011) efforts. Of the barred galaxies in the HERACLES sample,
only two galaxies show the desired geometry, that is, a stellar bar
with strong spiral arms emanating from the bar ends and asso-
ciated massive star formation. NGC 3627 is one of these two
galaxies and has high-quality published molecular gas obser-
vations available (Paladino et al. 2008; Leroy et al. 2009). The
well-known barred spiral galaxy NGC 3627 exhibits strong burst
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signatures at the two interfaces of bar and arm in the north and
south, as is visible, for example, in the 70 um Herschel map
(Fig. 1 left panel, Kennicutt et al. 2011). These active interaction
zones of bar and arm closely resemble the structures found in
W43 in our Milky Way. Furthermore, the location of NGC 3627
is very favorable for our study: the orientation is almost face-on
(inclination angle of 65 deg with a position angle 6py = 170°,
Chemin et al. 2003), the object is relatively nearby at a distance
of 11.1 Mpc (e.g., Saha et al. 1999), where spatial resolution el-
ements of 1” correspond to linear scales of ~54 pc, and the sys-
temic velocity is Vgys = 744 km s~ (Casasola et al. 2011). More
details are given in Sect. 4. Although these linear scales are ob-
viously much larger than what can be achieved within our Milky
Way, the almost face-on nature of this galaxy facilitates the in-
terpretation of the data tremendously.

Using near-infrared imaging from the Spitzer Survey for
Stellar Structure (S*G, Sheth et al. 2010), Buta et al. (2015) clas-
sified NGC 3627 as a SB(s)bpec, that is, as a strongly barred
galaxy with a boxy or peanut bulge. NGC 3627 has a stellar mass
of log(M,(My)) ~ 10.8 and a specific SFR (sSFR = SFR/M,)
of log(sSFR(yr™!)) ~ —10.3, meaning that it lies on the local
main sequence of star-forming galaxies (Salim et al. 2007). As
we are interested in a qualitative comparison of signatures for
the stellar bar and spiral arm region, an exact match in proper-
ties between NGC 3627 and the Milky Way is not necessary.

The two interface regions between the bar and inner spi-
ral arms at the northern and southern ends of the stellar bar
of NGC 3627 have been observed with the Plateau de Bure
Interferometer (PdBI) in the CO(1-0) and CO(2-1) emission
by Paladino et al. (2008). While the authors concentrated on
the connection between radio continuum, CO and 8 ym emis-
sion, we now analyze the kinematics of the gas. We recalibrate
and reimage these data (see next section), and in particular we
added the CO(2-1) short-spacing information from the HERA-
CLES data (Leroy et al. 2009) to minimize flux and imaging arti-
facts. Figure 1 (right panel) presents the single-dish HERACLES
CO(2-1) data as a first-moment map (intensity-weighted veloc-
ities) with the integrated intensity contours. This image shows
the bar and spiral structure as well as the rotational velocities of
the gas. The primary beams of the PdBI observations are also
marked.

Using the PACS 70 um image from KINGFISH
(Kennicutt et al. 2011), we assess the SFR of the NGC 3627
southeast bar end region. To do this, we convolve the PACS
image to have a round Gaussian beam of FWHM 8”. At this res-
olution (~350 pc) the star-forming region is largely unresolved.
For the 70 um-to-SFR conversion quoted by Kennicutt & Evans
(2012), the bar end has an SFR of ~0.23 M, yr~' inside
the 8” Gaussian beam. This compares relatively well to the
~0.01-0.1 My yr~! for W43 (Nguyen Luong et al. 2011) given
the degree of uncertainty in extragalactic SFR estimates,
especially for individual regions.

With the goal to better understand the interface dynamics of
bar and arm in an external galaxy and set this into context to
our Milky Way, we here study the nearby galaxy NGC 3627
as an excellent example case with a comparable configuration
to the Milky Way. This paper is structured as follows: Sect. 2
describes the combination of the Plateau de Bure Interferom-
eter and 30 single-dish data. Section 3 then outlines the basic
morphological and spectral signatures of the spectral line data.
Section 4 reports the dynamical interpretation of the multiple ve-
locity components at the interface of bar and arm in the frame-
work of crossing orbit families corresponding to the bar and arm.
Finally, Sect. 5 discusses these results as potential reasons for
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Fig. 1. Herschel 70 um (Kennicutt et al. 2011) and HERACLES CO(2-1) data of NGC 3627 (Leroy et al. 2009). The left panel presents in
color the 70 um emission (logarithmic stretch from 0.0001 to 0.1 Jy pixel™!), while the contours shows the integrated CO(2-1) emission from 5 to
55K km s~ in 5 Kkm s! steps. In the right panel, the color scale presents the first moment map (intensity-weighted velocities), the contours again
show the integrated CO(2-1) emission. Circles mark the locations and areas of the PABI(2—1) primary beams for NGC 3627N and NGC 3627S.
The central star and white line indicate the bar location following Casasola et al. (2011). A linear scale bar assuming 11.1 Mpc distance is shown

in the bottom left corner.

enhanced star formation activities at interfaces of bar and arm,
and also sets it into context with our Milky Way and particularly
W43, Section 6 then summarizes our results.

2. Observations

Paladino et al. (2008) presented the PdBI for the first time, how-
ever, they focused on the CO(1-0) observations and did not com-
plement the data with short-spacing information. The PdBI ob-
servations were carried out on March 20, 2005 with six antennas
in the C configuration. At that time, 1.3 and 2.6 mm data could be
taken simultaneously, and the observations targeted the CO(1-0)
and (2-1) lines, respectively. The two frequencies were centered
on 114.997 and 229.88 GHz, which are the transition rest fre-
quencies at an assumed vy, of ~712.6 km s~1. With four over-
lapping 160 MHz spectral units, the correlator covered 580 MHz
for each line (corresponding to 1512 and 756 km s~! for the (1—
0) and (2-1) lines, respectively). Bandpass and flux calibration
were conducted with 1055+018 and MWC349, and the gains
were calibrated with regular observations of 1116+128.

To complement the PABI CO(2-1) data with the lacking
short-spacing information, we used the IRAM 30 m single-dish

observations from the HERACLES survey (Leroy et al. 2009)".
The HERACLES CO(2-1) data were further processed in
GILDAS/CLASS and finally combined and imaged with the
PdBI data within the mapping part of the GILDAS package.

In the following, we only use the combined PdBI+30m
CO(2-1) data. The phase reference centers for NGC 3627N and
NGC 3727S are RA(J2000.0) 11:20:13.50, Dec(J2000.0)
13:00:17.70 and RAJ2000.0) 11:20:16.60, Dec(J2000.0)
12:58:44.50., respectively. The final channel spacing of the
used data product is 5 km s~'. The 1o rms and synthesized
beam values for the merged PdBI+30m CO(2-1) data are
~6 mJy beam™! and 1.66” x 0.87" (PA 22deg). At the given
distance of 11.1 Mpc, this corresponds to an approximate linear
resolution of ~68 pc.

3. Results
3.1. Morphological and spectral structures

Figure 2 present the first and second moment maps (intensity-
weighted peak velocities and line width) of the combined
PdBI+30m CO(2-1) data toward the two target regions at the

' These data are available for download at www.mpia.de/HERACLES
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Fig. 2. Combined PdBI+30 m CO(2-1) data toward NGC 3627 north and south (top and bottom panels, respectively). The colors show in the left
and right panels the first (intensity-weighted peak velocities) and second moments (intensity-weighted line widths), respectively. The contours
present the integrated intensities in the velocity regimes indicated above each panel from 5 to 95% of the peak intensities (in 10% steps). The stars
in the right panels show the positions for spectrum extraction. Example spectra are shown in Fig. 3, and fit results are presented in Tables A.1

and A.2.

northern and southern ends of the galactic bar in NGC 3627. In
the following, we refer to the two regions as NGC 3627N and
NGC 3627S. Both regions are detected at high significance in
the CO(2-1) emission, and the moment maps already reveal a
wealth of kinematic structure. Toward the northern end of the
bar, we find an intensity-weighted peak velocity spread between
~550 and ~660 km s~!, which it is even higher in the southern
region between ~760 and ~915 km s~!. While we see veloc-
ity gradients across both regions, the second-moment maps also
show that most of the broadest lines are found toward the inte-
grated intensity peaks, that is, toward the highest column density
positions.
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A different way to look at the kinematic properties of the
gas is by inspecting the spectra toward selected points in the
fields. To do this, we extracted the combined PdBI+30 m
CO(2-1) spectra toward regularly spaced grids in NGC 3627N
and NGC 3627S that are separated by the approximate beam size
of 1.7” as marked in Fig. 2. Figure 3 presents example spectra
and Gaussian fits to them, the fit results are listed in Tables A.1
and A.2. To fit the Gaussians, we averaged spectra over an area
slightly larger than the beam size. We included all spectra with
offsets +0.5” from the respective position, which then results
in a fitted area corresponding to a ~1.6” beam size, a factor
of 1.625 larger in area than for the nominal resolution. This
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Fig. 3. PdBI+30 m CO(2-1) example spectra toward NGC 3627N (left) and NGC 3627S (right). The offsets of the positions are marked (see also
Fig. 2). The green lines present the Gaussian fits to the data. The corresponding FWHM and peak positions are reported in Tables A.1 and A.2.
The blue and red lines at the bottom of each panel indicate mean values of the velocities for the bar 1 scenario and the spiral described in Sect. 4.

The corresponding full velocity ranges are shown in Figs. 5 and 6.

reduces the average rms in the fitted spectra to ~4.5 mJy beam™".

The number of Gaussian components to be fitted was visu-
ally identified individually for each spectrum. In most cases,
the selection of the number of components was unambiguous
and straightforward (Fig. 3), but for some positions other so-
lutions might be found: for example, the spectrum at position
0.2”/-1.7" in NGC 3627N may indicate more than two com-
ponents (Fig. 3, second panel to the left), however, the Gaussian
fitting algorithm did not converge with more than two compo-
nents. Therefore, we restricted ourselves to the lowest number of
reasonable components in such cases. While very broad compo-
nents (Tables A.1 and A.2) may in reality consist of more com-
ponents, for our interpretation and analysis this is less important
because we are mainly interested in the dominating components
that may stem from the bar and/or spiral. Multiple and blended
components are also discussed in Sect. 4.2.

The only adjusted parameter for each fit is the number
of Gaussian components, all other parameters, in particular
the peak velocities vpeax and the full-width at half-maximum
(FWHM) line widths Av for each component are free param-
eters. In general, we fit Gaussians only to peak flux densities

above the 30 level of 13.5 mJy beam™'. In a few cases (~8%
out of 207 features in total) we also allowed slightly lower peak
flux densities with the lowest value at 9.2 mJy beam. However,
in all these cases, visual inspection of the spectra confirmed the
reality of the features because they were detected in several con-
tiguous channels. The strongest peaks exhibit peak flux densities
>100 mJy beam™! (maximum 142 mJy beam™'), and we can de-
tect peak-to-peak flux density differences between neighboring
features of around a factor 10. The smallest identified separation
between adjacent peaks is ~20 km s~! (Tables A.1 and A.2).

We find a variety of features: Some spectra are single-
peaked, but many also exhibit clearly spectrally resolved mul-
tiple peaks toward individual positions. The derived FWHM (or
Av) values for the different spectra also cover a relatively broad
range of FWHM values between ~5 km s~! at the narrow end
(which is also our spectral resolution limit), and values up to
100 km s~'. While the broadest lines most likely consist of
multiple components that are difficult to separate, the narrow
end with several values between 10 and 20 km s~! is approxi-
mately in agreement with what would be expected from Larson’s
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line-width Av size L relation Av ~ 2355 x Ikms™ ()",
where Av is the velocity FWHM and L the root-mean-square
size (Solomon et al. 1987). Using the average synthesized beam
FWHM of 1.3” as an estimate for the size L ~ 1.3"”7/2.355, this
results in a linear L of ~70/2.355 pc or an approximate 6v of
12.8 km s~!. Taking into account that the size estimated in this
way is most likely a lower limit since the peak regions are no
point sources but extended (see Fig. 2), we conclude that the nar-
rower lines observed in NGC 3627 are broadly consistent with
Larson’s relation and hence resemble typical molecular clouds.

4. Dynamical interpretation

In this section we examine whether the observed velocity com-
ponents are consistent with expected streaming motions in the
presence of the stellar bar and spiral arms. Potential implica-
tions for enhanced star formation activity and the connection to
our Milky Way will be drawn in Sect. 5.

At each position (x, y) relative to the galaxy center, we as-
sume that the centroid of the line profile reflects both radial and
azimuthal components v, and vy in projection, that is,

ey

where 6 = arctan (y/x) measures the offset from the kinematic
major axis position angle 6ps (by convention measured in the
anti-clockwise direction with respect to the major axis of the
receding half of the galaxy) and vg includes the circular ve-
locity V.. We adopted the inclination i = 65°C Gpy = 170°
and the kinematic center as determined by Chemin et al. (2003)
and took the systemic velocity Vsys = 744 km s~! following
Casasola et al. (2011).

Our goal in what follows is to develop a model for v, and vy
at the end of the bar that we can compare with the observations.
In this particular galaxy, given the alignment of the bar morpho-
logical major axis with the disk kinematic major axis (so that
0 ~ 6pa), the comparison of a model for v, and v, at the end of the
bar with observations is considerably simplified. Typically, this
orientation can inhibit the extraction of kinematic information
related to the bar strength and pattern speed (i.e., Rand & Wallin
2004), since characteristic strong radial motions directed along
x1 orbits in the bar potential are directed almost entirely out of
the line of sight. For studying the bar end, however, this is in
fact ideal: here the orbits of stars and gas are characterized by
primarily azimuthal motions (and negligible radial motions). In
this favorable set-up, the line-of-sight velocity therefore captures
almost entirely the full picture of azimuthal motions in the bar
potential.

The dominant contribution to the line-of-sight velocity orig-
inates from circular motion about the galaxy center, projected
on the plane of the sky. We adopted the rotation curve model
of Chemin et al. (2003), which extends out to ~90”, beyond
which it closely matches the circular velocities modeled by
Trachternach et al. (2008). Figure 4 shows the angular frequency
curves Q = V./R, Q + «/2 and Q — /4, where the radial orbital
oscillation frequency « is defined by

2
&= (RE + 492).
dR

Vies = Viys + [v, sin (6 — Opa) + vy cos (0 — HPA)] sin i,

@)

These curves are shown together with two models for the rela-
tion between the bar and spiral pattern described in more de-
tail below. These two models correspond to different azimuthal
streaming near the end of the bar, which we assume to addition-
ally contribute to the observed line-of-sight velocity.
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Fig. 4. Angular frequency curves in NGC 3627: Q (thick black), Q + x/2
(light gray), and Q — «/4 (dashed). The vertical line marks the end of
the bar (Chemin & Hernandez 2009) with length ag = 49”. The red
horizontal box shows the range in spiral speeds as measured from gas
kinematics (see text). The blue horizontal box indicates the range of bar
speeds in scenario 1, suggested by Chemin & Hernandez (2009), while
the green box shows the bar speed in scenario 2 (same speed as the
spiral). The different bar and spiral scenarios are labeled in the plot.

4.1. Combined system of bar and spiral

Depending on position, the line-of-sight velocity profiles near
the bar end will contain information related to azimuthal mo-
tions directed along orbits in the presence of either the bar or
spiral, or both. When gas populates intersecting bar and spiral
orbits, two velocity components will emerge (although they may
not be spatially resolvable). The locations of the individual bar
and spiral components, and their relation to each other, depend
on the relation between the bar and spiral pattern speeds. We
considered two possibilities, one in which the bar and spiral ro-
tate with the same speed (bar 2 scenario), and a second, in which
the bar and spiral rotate with distinct speeds (although they may
be dynamically coupled, bar 1 scenario). As described below, the
latter corresponds to a scenario in which the bar extends out to
its corotation radius R., the location where the bar pattern speed
€, is equal to the disk angular rotation . In the former scenario,
the bar ends well inside corotation.

Constraints on the likelihood of one or the other scenario
in this particular galaxy are varied, mostly as a result of the
orientation of the bar, which leads to ambiguous results with
kinematics-based techniques. The direct, model-independent
Tremaine-Weinberg method (TW; Tremaine & Weinberg 1984)
uses departures from axisymmetry traced by a continuity-
obeying kinematic tracer (e.g., HI or CO) along the line of sight
to measure the pattern speed, and thus provides little constraint
on the speed of the bar. The pattern speed Qp s = 50 km s~ kpc™!
measured by Rand & Wallin (2004), however, provides an esti-
mate for the spiral speed.

Although we cannot rule out that the bar drives a spiral with
the same speed based on the TW method, we have other reasons
to expect that the bar may rotate with a much higher speed. Stel-
lar orbit theory predicts that bars end at or near their corotation
radii (e.g., Contopoulos & Papayannopoulos 1980), which is the
location where the pattern speed Q, is equal to the disk angular
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rotation Q). We can estimate the speed that would be necessary
for the bar length ap to fall within the predicted range, that is,
1 < ag/R. < 1.4, by inspection of the angular rotation curve €2
as shown in Fig. 4.

Chemin et al. (2003) previously suggested a pattern speed
Q, B in the range 5672 km s~ kpc™!, based on the requirement
that 1 < ag/R. < 1.4. Corotation at this location in the disk
was later confirmed from an analysis of gravitational torques by
Casasola et al. (2011). Meanwhile, the spiral appears to rotate at
a lower speed, most likely in the range 40 < Qp < 50 kms™!,
according to the results of the TW method (Rand & Wallin 2004)
and the harmonic decomposition of the HI velocity field by
Trachternach et al. (2008), which clearly shows the signature of
corotation at ~100”.

This set of bar and spiral speeds is consistent with the mode-
coupling scenario (Masset & Tagger 1997), in which the over-
lap of two patterns at resonance leads to the efficient transfer of
energy and angular momentum between them. Figure 4 shows
that the bar corotation (where the blue lines intersect with the
black curve, at the bar end) overlaps with the radius of the in-
ner 4:1 resonance of the spiral (where the spiral pattern speed
Q, = Q —«/4, i.e., the red band intersects the dark gray curve),
which arrangement has been found previously in nearby ob-
served galaxies (e.g., Meidt et al. 2009; Rautiainen et al. 2005).

4.1.1. Bar streaming motions

Whether or not the bar extends to its corotation radius has im-
plications for the line-of-sight velocity expected for gas motions
directed along orbits supporting the bar.

Bar 1 scenario: Bar ends at corotation. When the bar extends to
its corotation, we can describe streaming using the equations of
motion specifically at the corotation resonance of a weak bar
perturbation (i.e., Binney & Tremaine 1987, Egs. (3)—(123)).
These imply that the radial and azimuthal streaming motions are
(nearly) identically zero and the azimuthal component of the ve-
locity equals the circular velocity in the disk, that is,

Bl
v =V,

¢ 3

For libration at the bar end (instead of circulation about the
galaxy center; i.e., Binney & Tremaine 1987), the trapped stars
or gas still overall rotate with the bar. Thus, even with the (small)
additional component Qe for a libration of size €, Eq. (3) remains
a good approximation.
Bar 2 scenario: Bar ends inside corotation. In the alternate sce-
nario, in which the bar ends well inside its corotation radius,
we can gain insight into gas flow characteristics at the bar end
by considering the case of a weak bar (e.g., Sellwood & Evans
2001). Although the bar in NGC 3627 is more accurately a
strong bar, motions at the bar end are qualitatively similar to
those in the weak case.

We followed Sellwood & Sanchez (2010) to estimate the
magnitude of azimuthal streaming adopting the (weak) bar per-
turbation to the gravitational potential

l—q2
Dp = -V} —>
4q®

, “

where g¢ is the axial ratio of the bar potential, which is related
to the axial ratio of the density distribution as

g~1-3(1-gqy) )

(Binney & Tremaine 1987). We estimated g as (1 —é€,,,) using the
bar ellipticity e, = 0.69 measured from the S*G 3.6 um image
tracing the stellar mass (Cisternas et al. 2013).

In this case, the azimuthal component of the velocity away
from corotation (i.e., Sellwood & Sanchez 2010) is reduced to
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at the bar end. Although there are non-negligible radial motions
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they go to zero at azimuths aligned with the bar major axis.
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4.1.2. Spiral streaming motions

Spiral density wave theory provides the basis for estimating the
magnitude of spiral streaming motions, which we assumed are
the same in the two scenarios (since the spiral pattern speed
is the same in both). Following Binney & Tremaine (1987), the
azimuthal velocity component associated with the spiral in the
tight-winding approximation is

S sinm(¢ — @) Zq
=Vl - ——=, 8
bs c( mcoti, % ®)
and the radial component is
—mR(Q — Qp) cosm(dp — ¢5) X,
5 - TR Oy cosm@ =90 %, )

mcot i, >’
where the circular velocity is V. = RQ, Q, is the spiral pattern
speed, i, = 34¢i js the spiral arm pitch angle (La Vigne et al.
2006), m = 2 since there are two spiral arms, and X, /% is the ra-
tio of the perturbed to unperturbed surface mass density. We es-
timate X,/%¢ using the arm-interarm contrast, which we expect
to fall between 2—-3 (so that £,/%y ~ 1-2) given this galaxy’s
SABDb classification, using the 3.6 um contrast for this type
measured by Elmegreen et al. (2011) and assuming a constant
3.6 um mass-to-light ratio (e.g., Meidt et al. 2014). We have con-
firmed that this is consistent with the arm contrast that is directly
measurable from the stellar mass map for this galaxy derived by
Querejeta et al. (2015) from its S*G Spitzer/IRAC 3.6 um image.

Because of the alignment (zero phase offset) between the
end of the bar and the start of the spiral arms, we considered
motions near the spiral arm potential minimum where ¢ = ¢;.
According to Eq. (8), azimuthal streaming motions should go
to zero. However, the gas response can be complex, with shock-
ing and viscous and gravitational torques that introduce non-zero
azimuthal motions in close proximity to the spiral minimum,
such as are observed in M 51 (Shetty et al. 2007). Models of gas
streaming in the presence of a density wave qualitatively predict
that v, varies rapidly as gas encounters the arm, passing through
zero on switching from negative (in the interarm) to positive im-
mediately upon exiting the arm (e.g., Roberts & Stewart 1987;
Shetty et al. 2007). In the slightly upstream position at which
the observed line profiles are extracted (see Figs. 2 and 1), we
expect a maximum of v3 ~ 0.5V, = and v} ~ -25km ~".

We note that radial streaming motions would be consider-
ably stronger for a lower spiral pattern speed, whereas azimuthal
motions would be unchanged. As we are most sensitive to the
latter along the line of sight with this particular set of disk and
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Fig. 5. Histogram showing the relative frequency of the centroid veloc-
ities of all fitted velocity components (PdBI+30 m CO(2-1) data). Ve-
locities measured in the north and south are shown as gray dashed and
solid lines, respectively, while the solid black line takes all components
into consideration. The centroid velocity is shown transformed into the
galaxy-plane (Eq. (1)). Overlaid rectangles represent the different pre-
dictions of the models described in Sect. 4. Two predictions for the bar
are shown: the blue rectangle shows Vf’l in Eq. (3) from scenario 1, in
which the bar has a higher pattern speed than the spiral Q, > Q, while
the green rectangle shows Vf’z in Eq. (6) from scenario 2, in which the
bar and spiral have the same pattern speed Qp, = €. The red rectan-
gle shows the prediction for the spiral motions corresponding to V; in
Eq. (8). Velocities spanned by the spiral illustrate a range of spiral arm
strengths corresponding to X,/% = 0.5—1.5.

bar orientations, we cannot distinguish the proposed scenario, in
which the spiral pattern speed is Q, ~ 50 km s™! kpc™!, from one
in which it is closer to ©, ~ 25 km s™! kpc™'. Such a low value
has been suggested by Reuter et al. (1996), taking the corota-
tion R. = 216” identified with the Canzian (1993) method, and
it is also consistent with the value measured by Rand & Wallin
(2004) specifically for the southern extension of the western
arm, which appears to lie off the plane of the rest of the disk.
We do not consider streaming motions predicted in the case of
this low speed further because they are most likely applicable
only at larger galactocentric radius and would further be identi-
cal to those predicted in the azimuthal direction in our nominal
scenario.

4.2. Comparison to observations

As argued in the previous section, the line-of-sight velocity at the
bar end in NGC 3627 is dominated by azimuthal motions, and
we expect two distinct kinematic components when gas popu-
lates bar and spiral orbits. Thus, in our bar 1 scenario, in which
the bar ends at its corotation radius, we expect one component
from the bar to be centered on ~Viys + V.(ap) sini. This compo-
nent should exhibit as much as 80 km s~! offset from a second
component associated with the spiral, at ~Vys + 0.5V,(ap) sini.

Figures 5 and 6 show the measured centroid velocity in com-
parison to the different bar 1, bar 2, and spiral model introduced
in the previous section. NGC 3627S frequently shows two ve-
locity components (21 out of 42). The lower-velocity component
arises from within a range ~100—150 km s~!, while the higher-
velocity component is more regularly found near an average
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of 200 + 10 km s~!. The single-peak profiles (17 out of 42) con-
sistently arise near the high 200 km s~! value and tend to be lo-
cated offset from the region of brightest CO emission. Figure 7
visualizes the number of components with respect to the loca-
tion, confirming that the single-peaked profiles avoid the zone of
strongest interaction and trace mainly bar orbits (see right panel
of Fig. 7). More statistical properties of the kinematic gas prop-
erties are shown in Fig. B.1 and are referred to below.

These features are remarkably consistent with the predictions
of our simple model. Based on the higher velocity components in
Fig. 6, which are close to the circular velocity V. ~ 200 km s~!
at these radii, we can rule out the bar 2 scenario (the green rect-
angles in Figs. 5 and 6) in which the maximum velocity does not
exceed 0.8 V.. In contrast to this, we find good agreement be-
tween the observations and our model for velocities at the end of
the bar in scenario 1 (the blue rectangles in Figs. 5 and 6). The
width of the blue and green rectangle illustrating the predicted
bar velocity is set by the range in V. corresponding to the range
in galactocentric radii spaned by the mapped regions.

The prediction for the spiral (red rectangle in Figs. 5 and 6),
which also agrees well with the observations, spans a wider
range to demonstrate the effect of variation in the strength of the
spiral and/or in the exact (azimuthal) location at which the profile
is extracted relative to the spiral potential minimum. Figures 5
and 6 illustrate the range of velocities corresponding to an in-
crease in the strength of the spiral arm from X,/%y = 0.5 to
1.5. This range of spiral strengths yields azimuthal streaming
motions that vary from low (Vy, = 33 km s7h to high (Vs =
100 km s~!). This reduces the azimuthal velocity vg =, - Vi
(Eq. (8), plotted in Figs. 5 and 6) at these spatial locations to
91-172 km s~! (Sect. 4.1.2).

In comparison to the south, spectra in NGC 3627N still show
double-peaked profiles (33 out of 80), but regularly also exhibit
single components centered on a location near the spiral velocity
of ~150 km s~ (27 out of 80; Figs. 5 and 6). Although the bar 2
model could be consistent with the lower grouping of velocities
near 150 km s~! (Fig. 6), measurements in NGC 3627S make
this scenario unlikely. We therefore associate the lower-velocity
component in the north with the spiral. The lower-velocity com-
ponent is more frequent than the higher-velocity component
around 200 km s~! (expected for the bar, Fig. 5). In contrast
to the south, where single peaks are mostly associated with the
higher- velocity bar component, in the north many single-peaked
profiles are centered on a spot close to the lower-velocity spiral
component. All profiles in the north lie farther beyond the bar
end than in the south, by 10” ~ 0.5 kpc on average (top row of
Fig. B.1). They may also arise from a different location in the
spiral potential than the profiles extracted in the south, which are
found 10 degrees further downstream on average (middle row
of Fig. B.1). According to the model, in both circumstances the
magnitude of the spiral streaming motions might be qualitatively
reduced compared to the south, where profiles appear to arise
consistently throughout the interaction zone of bar and spiral.
This could explain why the lower of the two primary velocities
observed in the north is nearer to the circular velocity, implying
weaker spiral streaming motions.

The northern bar end probed by the observations might
also be influenced by interaction with the companion galaxy
NGC 3628. This galaxy has an evident effect on the morphol-
ogy and kinematics of the spiral emerging from the northern bar
end at large galactocentric radius (R = 90", Chemin et al. 2003).
These signs of interaction suggest that the spiral arm dynamics
are more complex, even at galactocentric radii R ~ 50", and
deviate from our simple model.
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Fig. 6. Histograms of the centroid velocity of each fitted component extracted in the north (right) and south (leff). The line style indicates the
number of velocity components fitted along each line of sight: single (solid), double (dashed), and triple or more (dotted). The centroid velocity
is shown transformed into the galaxy-plane as in Fig. 5. Overlaid colored rectangles show the predictions of the model for the spiral, the bar in

scenario 1, and the bar in scenario 2 as in Fig. 5.
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Fig. 7. Map of the locations of the different velocity profiles in the south (left) and north (right) where spectra are fit with single (open circle),
double (filled circle), triple (triangle), or more (square) components (see for comparison Fig. 2). The size of the symbol is scaled to the integrated
CO intensity, while the gray scaling indicates the effective velocity width of the profile shown by the scale bar to the right (estimated by summing
the AV measured for each individual component in quadrature). The same scaling is adopted for the northern and southern bar ends.

The number and the widths of velocity peaks along each
line of sight contain additional information to support the idea
of interacting clouds on overlapping bar and spiral orbits. For
example, at either bar end a small fraction of spectra shows more
than two velocity peaks (3 out of 42 in the south and 14 out of 80
in the north). On average, these are narrower (Av ~ 20 km s~h
Fig. B.1 bottom row) than either of the two primary components
characteristic of the double- or single-peaked profiles (typical
Av ~ 40-80 km s~!) and closer to the value expected from the
size-linewidth relation (Sect. 3.1). In all cases, at least two of the
velocities are consistent with the bar-spiral model, while other
additional components fall near one or the other of the two pri-
mary velocities and accordingly appear to belong to either the
bar or spiral components.

5. Discussion
5.1. Enhanced star formation at interfaces of bar and spiral?

In the previous section, we presented a simple model of inter-
secting gas-populated orbits supporting the bar and spiral arms
that can explain the double-peaked line of sight velocity pro-
files observed in CO(2-1) emission at the end of the bar in
NGC 3627. These two velocity components most regularly ap-
pear at the southern bar end. Kinematics to the north, on the
other hand, appear to deviate from the simple model expecta-
tion, which might be due, for instance, either to the influence
of the interaction evident at larger radii or to a genuine under-
population of one set of orbits. Regardless of the nature of gas
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Table 1. Streaming motions at the bar-spiral interface in NGC 3627.

Bar Spiral
Vg vy Vg Uy
scenario 1: ag ~ R, V. 005V, ~-25kms™!
scenario 2: ag <R, | 0.8V, 0 |05V, ~-25kms™'

Notes. All values are approximate (see text). In scenario 1 (scenario 2)
Qp,B * QP,S (Qp,B = QP,S)-

motions in the north, it is clear that over similarly sized areas at
the end of the bar, the frequency of two distinct components is
higher in the south than in the north. At the same time, the south
shows enhanced rates of star formation per unit gas mass rela-
tive to the north (e.g., Paladino et al. 2008). It therefore appears
that the existence of double-peaked profiles is connected to en-
hanced star formation, presumably through an increase in colli-
sions within the gas.

Here we discuss the mechanisms by which our model of gas
motions at the intersection of the bar and spiral arms can lead
to intense star formation, focusing only on the role of stream-
ing motions in increasing the likelihood of collisions in the re-
gion. As first argued by Kenney & Lord (1991), orbit crossing
between orbit families alone would seem to be insufficient for
building high gas densities and triggering star formation. The re-
gion of potential crossing within the gas is spatially extended and
unlikely to explain the highly localized bursts of star formation
that are observed. Instead, collisions could be enhanced with the
help of streaming motions that specifically transport the gas into
the orbit-crossing region.

Table 1 summarizes the velocities expected in the two dif-
ferent scenarios considered so far. As discussed in the previous
section, our comparison rules out the second scenario, which
predicts much lower velocities at the bar end in NGC 3627
than exhibited by the observed profiles. We still include it here
because it is thought to apply in the prototype case of M 83.
(Kenney & Lord 1991, argued that the bar corotation radius Rcr
in M 83 lies well beyond the bar end, and thus the bar and spiral
patterns have the same angular speed at the interface of bar and
spiral).

In both scenarios, radial streaming is expected to be mini-
mal at the interface, of ~25 km s~! as a result of motion asso-
ciated with the spiral. The primary difference between scenar-
ios 1 and 2 is the relative azimuthal velocity between the bar
and spiral. In the first scenario, the bar and spiral exhibit a dif-
ference of 80 km s~!, whereas we expect the bar and spiral to
have very little relative azimuthal velocity at the interface in sce-
nario 2. This is qualitatively different from what was described
by Kenney & Lord (1991) at the end of the bar in M 83, where
it is suggested that streaming is observed to enhance collision in
exactly scenario 2.

The difference arises from the interpretation of the ob-
servations. With only ~400 pc resolution, the interferometric
CO(1-0) observations analyzed by Kenney & Lord (1991) were
not resolved well enough to reveal multiple velocity components
along the line of sight. To estimate the angular velocities at the
interface, they therefore measured single isolated components
that sampled the bar and spiral individually from neighboring
positions. However, according to the previous section, we do not
expect the angular velocities exhibited by gas populating either
set of bar or spiral orbits to necessarily persist at the actual orbit
interface. For bars that end at corotation, bar streaming will be
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on the order of —V_ e at a small distance € from corotation, but
then go to zero at the interface with the spiral. This means that
although Kenney & Lord (1991) inferred a velocity difference in
the gas populating bar and spiral orbits at the interface in their
presumed scenario 2, we suspect that this may not be evident
upon closer inspection. (The bar-spiral interface in M 83 may
even be found to better resemble scenario 1 if the bar and spiral
exhibit genuinely different speeds, unlike what was assumed by
Kenney & Lord 1991.)

In contrast to the conclusion of Kenney & Lord (1991), we
therefore argue that the likelihood of collision is quite low in
scenario 2, when the bar and spiral rotate with the same pattern
speed. Instead, the large azimuthal velocity difference character-
istic of scenario 1, when the bar and spiral have different speeds,
probably enhances collision. We note that even if the spiral arms
were to rotate with the same high pattern speed as the bar, the
likelihood of collision in such a scenario would still be reduced.
In this case, the spiral arms would sit entirely outside corotation,
which would lead to azimuthal streaming motions directed in the
opposite sense to that described above (even as they approach
Zero near corotation).

Numerical simulations by Renaud et al. (2013, 2015) and
Emsellem et al. (2015) have modeled a Milky Way-like galaxy
at sub-pc resolution to study various aspects of ISM interactions
from large spiral and bar scales down to the fueling of central
black holes. Recently, Renaud et al. (2015) investigated the ef-
fect of bars on triggering and/or regulating star formation. In
their study, they also found that the leading edges of bars are
favorable for converging gas flows and large-scale shocks (see
also Athanassoula 1992). While the gas circulates fast along the
bar, it slows down and accumulates at both bar ends. Hence, or-
bital crowding at the edge of the bar can then lead to cloud-cloud
interactions.

Shear motions may act destructively on the star formation
process. However, in the case of NGC 3627, gas surface densities
at the bar end exceed the critical density for stabilization from
shear or Coriolis forces. We have estimated the shear at the bar
end by adopting the rotation curve in Fig. 4. Only background
shear due to differential rotation of the disk material is important
at the end of the bar because shear due to gradients in the motions
within the bar potential goes to zero at the bar end, where stream-
ing motions are reduced (e.g., Athanassoula et al. 2013, and as
described by the analytical model here). Following Elmegreen
(1993; and see Meidt et al. 2013), we can estimate the shear crit-
ical surface density as Zgit shear = 2.5% where the Oort param-
eter A = 1/2(v./R — dv./dR) measures the shear rate and o is
the gas velocity dispersion. At the end of the bar, R = 49", we
find the shear critical surface density to be 85 My pc~2. We com-
pare this to the observed surface densities in the two mapped
regions: the average integrated intensities of the maps in Fig. 2
are 1.88 Jy km s~ and 2.44 Jy km s~! for NGC 3727N and
NGC 36278, respectively. Assuming the Rayleigh-Jeans approx-
imation, this converts into 25.6 K km s~ and 33.2 K km s~! for
the northern and southern region. This is equivalent to 113 and
146 Mg pc~2, adopting a standard Galactic CO-to-H, conversion
factor (e.g., Hughes et al. 2013), which is well above the shear
critical density estimated above. Since these are only average
values, the peak surface densities are even higher. It therefore
seems unlikely that shear at the bar end in NGC 3627 greatly
weakens the ability of gas to form stars.

Based on our findings in NGC 3627, we therefore conclude
that the strength of the interaction between gas populating bar
and spiral orbits may be more sensitive to the relative azimuthal
speeds of the two components, rather than the difference in radial
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motions. Bursts of star formation may therefore occur preferen-
tially when the bar and spiral have two different pattern speeds.

We emphasize that the likelihood of collision is probably fur-
ther enhanced given gravitational torquing on the gas (due to the
bar and spiral). When both the bar and spiral sit inside their own
corotation radii, the torques they exert will lead to continual gas
inflow. Radially inward motions along the spiral supporting or-
bits might be particularly conducive to collision. We note that
this would occur in either scenario.

5.2. Comparison with the Galactic bar-arm interaction region
around W43

One of the goals of this investigation is to provide a compar-
ison to Milky Way studies of the bar-arm interaction regions
that are hampered by Galactic projection and line-of-sight con-
tamination problems. As outlined in the Introduction, the in-
terface of bar and arm in the Milky Way around W43 exhibits
several velocity components, a very broad one between 60 and
120 km s~! consisting of several sub-components, and a sep-
arate one roughly between 30 and 55 km s~!. Several indica-
tors described in Sect. 1 support a picture of two physically re-
lated clouds at the location of W43, but this evidence is only
circumstantial and simple projection effects of clouds in dif-
ferent spiral arms are also capable of explaining the results
(Nguyen Luong et al. 2011; Beuther et al. 2012; Carlhoff et al.
2013; Motte et al. 2014).

Several parameters can be compared between the W43 com-
plex and the clouds in the interface of bar and arm of NGC 3627.
These are the velocity differences between several cloud com-
ponents, the line widths, and the peak flux densities of differ-
ent velocity components. For W43, Nguyen Luong et al. (2011)
reported a ratio of peak flux densities between the 100 and
50 km s~! components between 3 and 4 (their Fig. 2). These
are typical ratios that we also found in NGC 3627. Furthermore,
for W43, the velocity difference between the two components is
~50 km s~!, and Nguyen Luong et al. (2011) reported a FWHM
of the '*CO(1-0) line averaged over an extent of ~140 pc of
~22.3 km s~'. A direct comparison between the numbers for
W43 and those reported in Sect. 3.1 is tricky because of several
reasons: first, the '3CO(1-0) line in W43 traces partly different
gas components than the '?CO(2-1) line analysis presented in
the current paper. Furthermore, W43 in our Milky Way is ob-
served along the line of sight, whereas the NGC 3627 clouds
are seen almost face-on. Nevertheless, the measured line widths
and velocity separations approximately agree and are compara-
ble between NGC 3627 and the Milky Way. While cloud-cloud
collisions in theoretical simulations without Galactic bar effects
typically take place at lower velocity-separations (<20 km s7!,
e.g., Dobbs et al. 2015; but see also Renaud et al. 2015, who re-
ported larger velocity separations, including a bar potential), and
Motte et al. (2014) concentrated on velocity components in that
regime for their converging gas flow stduy in W43, bar-spiral
interface regions are special in that regard because they pile up
much more material than in other regions of a galaxy. Since ve-
locity separations are similar in NGC 3627 and the Milky Way
W43 region, even if shear motions are strong, physical associa-
tions of clouds at velocity differences on the order of 50 km s~!
appear reasonable. Although this does not allow a conclusive an-
swer to whether the two clouds in W43 are indeed physically re-
lated, the data in NGC 3627 of several clouds with similar spec-
tral parameters make the cloud-cloud interface interpretation for
W43 at least plausible.

6. Conclusions

With the aim to gain insight into the nature of the Galactic bar
and spiral arm interface region W43 in our Milky Way, we in-
vestigated as an extragalactic counterpart example region the
kinematic properties of the molecular gas in the interface region
of the bar and spiral arm of the nearby almost face-on galaxy
NGC 3627. Similar to the situation in our Milky Way, we also
found several independent spectral velocity components in many
spectra toward the interface in NGC 3627. Modeling these ve-
locity components as being caused by different orbit families
that independently populate the bar and spiral of NGC 3627, we
found that solutions with the bar extending to the corotation ra-
dius give a reasonable fit to our data.

The implications of this are various. The similarity of the
spectral signatures at the Milky Way interface of bar and spiral
to that of NGC 3627 make it plausible that the multiple velocity
components found toward W43 may indeed stem from interact-
ing molecular clouds in this region and are not located in dif-
ferent spiral arms. Furthermore, the extremely active star forma-
tion processes at the interface of bar and spiral may be caused
by exactly such crossing gas orbits and interacting or collid-
ing gas clouds. The crossing gas streams may pile up signifi-
cant amounts of dense gas, which can then collapse and undergo
intense star formation activity. Furthermore, the gas surface den-
sities in NGC 3627 are so high that shear motions are probably
incapable of significantly reducing the star formation activity.
While this scenario is intriguing, further investigations of more
regions with respect to their gas kinematics as well as star for-
mation activity are needed to investigate the importance of these
cloud-collision processes in more detail.
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Appendix A: Fit results Table A.2. Gaussian fit results for NGC 3727S.
Table A.1. Gaussian fit results for NGC 3727N. Offset Upeak Ao
) (kms™)  (kms™h)
Offset Upeak Av | Offset Upeak Av —5.6/-42 906.8 193
@) (kms™) kms™H | () (kms™") (kms™h -5.6/-2.5 903.8 26.8
-10.0/-5.1 - - | -1.5/0 612.5 253 -5.6/-0.8 896.0 37.6
-10.0/-3.4 632.5 39.0 639.9 20.3 -5.6/0.9 849.5 64.0
-10.0/-1.7 625.7 27.6 690.3 11.3 907.8 31.3
-10.0/0 613.3 414 | -1.5/1.7 611.0 323 -5.6/2.6 861.5 47.7
-10.0/1.7 603.5 28.6 | —1.5/3.4 603.7 61.1 906.5 31.3
-10.0/3.4 617.4 62.3 | —-1.5/5.1 560.8 24.5 -5.6/4.3 874.8 107.8
—10.0/5.1 614.6 38.7 599.4 12.8 -3.9/-4.2 904.5 23.5
-10.0/6.8 - - 623.4 20.3 -3.9/-2.5 899.7 25.9
-8.3/-5.1 - — 651.8 12.3 -3.9/-0.8 820.7 38.9
-8.3/-34 - - | —-1.5/6.8 567.5 17.3 895.8 35.2
-8.3/-1.7 594.7 18.5 606.7 42.7 -3.9/0.9 843.5 74.8
628.3 27.9 651.5 25.7 897.6 39.2
-8.3/0 608.3 48.1 | 0.2/-5.1 633.5 53.5 -3.9/2.6 884.8 69.8
-8.3/1.7 611.1 62.1 | 0.2/-3.4 - - -3.9/4.3 825.3 7.7
-8.3/34 600.0 29.7 | 0.2/-1.7 567.3 11.2 884.5 65.9
643.0 353 627.9 64.0 -2.2/-4.2 903.8 28.7
-8.3/5.1 591.7 6.6 | 0.2/0 622.0 57.5 -2.2/-2.5 900.2 33.3
619.8 433 | 0.2/1.7 598.6 57.0 -2.2/-0.8 819.0 22.8
-8.3/6.8 607.6 61.6 | 0.2/3.4 587.3 63.0 892.4 48.4
—-6.6/-5.1 582.3 23.7 | 0.2/5.1 553.2 14.8 -2.2/0.9 826.5 67.0
616.1 17.2 601.6 56.3 902.1 36.7
651.6 38.4 | 0.2/6.8 567.5 20.9 -2.2/2.6 886.4 74.3
-6.6/-3.4 629.1 78.2 602.1 28.4 -2.2/4.3 884.5 64.2
-6.6/—1.7 611.2 584 | 1.9/-5.1 582.8 19.9 -0.5/-4.2 821.6 14.2
647.9 21.6 607.0 11.7 852.6 22.8
—-6.6/0 589.6 8.1 640.5 33.2 908.2 37.1
617.8 299 | 1.9/-3.4 570.7 7.7 -0.5/-2.5 902.5 30.0
-6.6/1.7 565.5 9.2 622.6 55.2 -0.5/-0.8 832.0 53.1
609.4 38.8 651.7 8.1 891.1 34.3
-6.6/3.4 605.4 335 | 1.9/-1.7 584.4 62.7 -0.5/0.9 813.3 29.7
—-6.6/5.1 550.8 7.9 642.3 33.6 887.5 56.8
599.0 48.6 | 1.9/0 604.6 54.7 -0.5/2.6 893.2 58.8
—-6.6/6.8 589.2 48.8 642.6 29.8 -0.5/4.3 817.5 54.7
609.6 12.1 1.9/1.7 596.3 38.2 886.8 59.0
-4.9/-5.1 627.6 66.0 646.2 23.1 1.2/-4.2 _
-4.9/-34 - - | 1.9/34 569.5 314 1.2/-2.5 884.4 71.6
-4.9/-1.7 625.2 47.0 604.2 25.7 1.2/-0.8 838.0 40.4
-4.9/0 575.3 35.8 646.5 18.5 891.4 37.4
618.1 289 | 1.9/5.1 556.0 28.7 1.2/0.9 867.3 60.7
-4.9/1.7 574.8 23.8 602.6 26.2 903.1 14.7
615.3 20.4 647.5 9.1 1.2/2.6 787.5 21.1
647.8 159 | 1.9/6.8 568.7 11.2 884.8 67.9
-4.9/3.4 546.7 6.1 597.4 30.7 1.2/4.3 784.3 12.6
607.2 45.5 643.7 11.9 882.3 60.0
-4.9/5.1 591.4 21.2 | 3.6/-5.1 591.2 19.4 2.9/-4.2 891.2 67.2
617.6 26.4 611.4 8.3 2.9/-2.5 866.2 19.3
-4.9/6.8 590.0 25.3 637.1 15.6 906.0 27.0
-3.2/-5.1 574.7 23.2 | 3.6/-3.4 581.7 51.8 2.9/-0.8 844.9 59.8
627.2 46.4 625.7 30.4 905.7 22.0
-3.2/-34 619.5 70.5 | 3.6/-1.7 618.3 40.2 2.9/0.9 839.6 33.8
-3.2/-1.7 546.7 12.9 649.2 9.5 900.4 29.3
624.9 49.1 3.6/0 617.9 50.3 2.9/2.6 847.5 41.4
-3.2/0 537.9 5.0 | 3.6/1.7 612.9 53.4 901.0 31.9
617.7 40.2 | 3.6/34 577.9 20.5 2.9/4.3 845.5 36.1
-3.2/1.7 612.2 28.0 609.7 85.2 900.7 35.3
645.3 8.5 | 3.6/5.1 590.3 61.9 4.6/-4.2 895.2 41.6
-3.2/34 613.7 60.1 647.9 27.4 4.6/-2.5 774.8 11.4
-3.2/5.1 528.3 6.8 | 3.6/6.8 598.0 41.2 869.9 100.2
559.7 9.0 641.9 26.1 4.6/-0.8 904.2 29.8
596.5 19.3 | 5.3/-5.1 574.0 30.4 4.6/0.9 839.3 62.8
624.7 16.7 628.5 70.6 900.7 28.4
647.7 10.6 | 5.3/-3.4 580.4 31.5 4.6/2.6 809.9 8.1
-3.2/6.8 527.6 5.0 631.0 42.2 848.5 62.3
599.7 349 | 5.3/-1.7 618.5 57.9 893.6 18.4
-1.5/-5.1 588.4 53.0 | 5.3/0 614.1 52.7 4.6/4.3 812.4 9.5
636.0 30.3 | 5.3/1.7 568.1 5.0 848.6 52.7
-1.5/-34 550.5 15.8 608.1 49.0 916.6 13.7
615.2 547 | 5.3/3.4 572.9 5.0
675.7 10.8 601.0 59.9
-1.5/-1.7 529.4 5.5 | 5.3/5.1 589.7 47.2
612.6 29.5 677.7 5.0
644.4 18.4 | 5.3/6.8 587.7 61.8
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Appendix B: Additionnal figure
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Fig. B.1. Histograms of galactocentric radius (fop) and azimuthal angle (relative to the bar major axis; middle) at which spectra are extracted
toward the north (right) and south (left) ends of the bar in NGC 3627. The bar end is located at ag = 49" according to Chemin & Hernandez
(2009). The line style indicates the number of velocity components that are fit along each line of sight: single (solid), double (dashed), and triple
or more (dotted). Histograms of the FWHM Av of each fit component are shown in the bottom row.
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