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Abstract

Bars are remarkable stellar structures capable of transporting gas towards centers and drive
the secular evolution of galaxies. In this context, it is important to locate dynamical reso-
nances associated with bars. In this study, we use Spitzer near-infrared images as a proxy
for the stellar gravitational potential and the ALMA CO(J=2-1) gas distribution from the
PHANGS survey to determine the position of the main dynamical resonances associated
with the bars in the PHANGS sample of 74 nearby star-forming galaxies. We use the grav-
itational torque method to estimate the location of the bar corotation radius (Rcgr), where
stars and gas rotate at the same angular velocity as the bar. Of the 46 barred galaxies in
PHANGS, we have successfully determined the corotation (CR) for 38 of them. The mean
ratio of the Rcg to bar radius is R = Rcr/Rpar = 1.12, with a standard deviation of 0.39,
consistent with the average value expected from theory and suggests that bars are predom-
inantly fast. Finally, using the PHANGS rotation curves, we have estimated other relevant
resonances such as the inner Lindblad resonance (ILR) and the outer Lindblad resonance
(OLR), often associated with rings. This work provides a useful catalog of resonances for a
large sample of nearby galaxies and emphasises the clear connection between bar dynamics
and morphology.

1 Introduction

Galactic structures, such as bars, can drive galaxy evolution through the redistribution of
gas. However, there are other non-gravitational mechanisms that also explain the radial
redistribution of the gas, such as viscous torques and dynamical friction between large molec-
ular clouds and stars (e.g., [0 [7, [I7]). Bars are usually classified into slow bars or fast bars
by studying the ratio between the corotation radius Rcr and the bar length Ry,,, typically
referred to as R. [13] proposed fast present 1 < R < 1.4, while slow bars present R > 1.4.
Later, [5] and [I] added a new category to this classification. According to them, “ultra-fast
bars” present R < 1. This is the nomenclature we are going to follow hereafter.



2 Revealing dynamical resonances of bars in PHANGS galaxies

In spiral galaxies, locations where the angular frequency 2 of a particle rotating with the
disk is related to the angular frequency of the rotating pattern (e.g., bar) Q, as Q = Q, + %/{
are known as dynamical resonances (see [3]). Examples of dynamical resonances are the
corotation (CR) or the Lindblad resonances. At the CR we have that Q(CR) = Q,,.

These conference proceedings summarise the main results from [25]. In this work we
study a sample of 74 galaxies, taken from the PHANGS-ALMA[] survey (see [21]). Out of
this sample, we have focused on those 46 galaxies that present bars. We use CO(2-1) maps
and Near-Infrared (NIR) stellar mass maps from the PHANGS-ALMA and S*G surveyE]
respectively. We study this subsample of 46 galaxies using the gravitational torques method
(see [17]) to obtain their CR locations.

2 The gravitational torque method

Generally, torques are defined as 7 = r X F', where r is the relative position of the particle with
respect to the center, and F' is the force exerted on the particles (i.e., the gravitational force
acting on molecular gas). For 7 to be non-zero, the force creating it must have a non-radial
component. This is why non-axisymmetric potentials (such as those of barred galaxies) are
needed to be able to apply the gravitational torques method. For more details on the method,
we refer the reader to [I7]. This method informs us about the expected redistribution of the
angular momentum of the gas in a galaxy.

We need a combination of molecular gas observations and stellar mass maps to quantify the
effect gravitational torques have on molecular gas. Images with high spatial resolution (~ 1",
corresponding to ~ 100 pc in the PHANGS sample of galaxies) that trace the distribution of
stars and gas are necessary for the accurate estimation of these phase shifts, as any offsets
would be diluted otherwise.

Before obtaining the gravitational potential, the images are deprojected according to the
inclination 7 and position angle PA of the galaxy using the code pydisc. Then, once the
gravitational potential has been obtained (as explained in [17]), assuming steady state in the
measured CO gas column density, we implicitly average over all possible orbits of gaseous
particles and take into account the time spent by the gas clouds along the orbit paths. Thus,
we compute the azimuthally averaged torques weighted by the present-day gas distribution
to obtain 7(R). This is done by an integration of pixels in an annulus defined as [R + JR],
where 6 R = 1.5 arcsec.

We adopt the convention that 7 < 0 corresponds to gas inflow while 7 > 0 imply gas
outflow. Thus, the sign of 7(R) will be affected by the sense of circulation of the gas. We
assume a dextro-rotatory [z,y, z] reference frame, therefore the sign of 7(R) is changed if
the galaxy rotates clockwise, while the sign remains unchanged if the galaxy rotates counter-
clockwise. We assign the signs based on the orientation of spiral arms, since all spirals in
PHANGS are trailing (see [20]).

We locate the CR of the bar at the position in the disk where 7(R) changes its sign from
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negative (7(R) < Rcr) to positive (7(R) > Rcr). Typically, the change of sign has to be
present inside the radial range defined by Rpa — 2Rpar, with Ry, obtained from [24], as we
do not anticipate to find the CR inside the bar according to classical theory [T} [10, 14]. The
upper limit of this radial range is motivated by the previous findings in the literature, that
obtain values in the range of R ~ (1.540.5) Rp,;. Nevertheless, we extend this interval further,
considering that A = 0.25Ry,,; is a reasonable margin given typical uncertainties. Therefore,
we search for the CR inside the range 0.75Rpa — 2.25Rp,. We often find multiple zero
crossingsﬂ inside this range, so we associate the CR to the crossing presenting the largest
amplitude. The amplitude is automatically calculated inside a range that spans from the
previous to the following crossinﬂ as abs(Tmax — Tmin), Where Ty is the maximum 7(R)
value reached within this range and 7, the minimum value. This process is repeated for
each galaxy.

3 NGC1097, case study

Here we present the case of NGC 1097, classified as strongly barred based on infrared data
from [4, 23| 24] 26] (the latter classification is based on the clear bar lanes visible in the
CO data). On the left panel of Fig. |1/ we find the torque map of this galaxy. In its central
part, we find a change of signs in the bar’s consecutive quadrants, also known as butterfly
pattern. Beyond the bar, on larger scales, we find another butterfly pattern that presents an
orientation different than the first one. This scenario could be explained by the presence of a
spiral structure with a different €2, than the bar (e.g., [16, 22]), resulting in a decrease of the
positive torques associated with the bar. In this particular case of NGC 1097 we also find, as
expected, negative torques along the leading sides of the bar.

In the upper central panel of Fig. [I] we present the CR location at Rcr = 6.4 kpc, showing
a change from negative to positive torques. With a quick look at this panel, it is possible
to find two more crossings from negative to positive within the range where we look for CR.
However, their amplitude is smaller, so they are not chosen as the CR. Taking a look at the
central region, at R ~ 0.7 kpc we see again a clear negative-to-positive crossing in 7(R), which
could be indicative of an inner Lindblad resonance (ILR). This crossing could also be related
to the presence of a ring. In fact, upon closer examination, we find a ring both in deprojected
CO and deprojected 3.6 pm at R ~ 10.4” ~ 0.7 kpc and R ~ 13.6” ~ 0.9 kpc respectively,
which is consistent with the results from [§], where Rying = 9.3 — 14.1” (deprojected).

On the lower central panel we can find a comparison with other estimations from the
literature, using different methods, of Rcr. We obtain reasonable agreement between our
estimation and those values and uncertainties.

3As bars are not isolated structures torque profiles may present some fluctuations due to the influence of
other commponents, such as spiral arms.
4Regardless of whether these are negative-to-positive crossings or viceversa.
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Figure 1: NGC 1097 non-weighted deprojected torque map (left panel), torque profile (up-
per central panel), comparison with values from the literature (lower central panel), rota-
tion curve (upper right panel) and angular rotation curve (lower right panel). The cyan-
contoured ellipse in the left panel indicates the bar extent. We show contours corresponding
to [5o, 150,450, ...,0.90max] in the CO map, where o is the mean value of the gas map. In
the central and right panels, CR is represented as a vertical pink line, together with its un-
certainties (pink-shaded area). The solid green line represents the bar length [24], while the
shaded green region represents the region where we search for the CR. Finally, in the lower
central panel, each dot represents a different measure of the CR (of the main bar) from the
literature, and the diamond symbol represents a measure of a nuclear bar CR. For both right
panels, the solid black line represents the rotation curve (left panel) and the angular rotation
curve € (right panel). Solid light pink and light blue lines represent  + /2 and Q — k/2,
respectively. The OLR and its uncertainties are represented in orange and the oILR (and its
uncertainties) in dark blue. Purple vertical line represents the central ring detected by [24].

Finally, apart from CR, using the epicyclic theory, we can infer the inner Lindblad res-
onance (ILR) and outer Lindblad resonance (OLR) if we know €,. First, from our derived
Rcr, we estimate €2, as the intersection of the position of the Rcr and the angular velocity
curve, since 2 = v/R, obtaining Q, = 38.5 £ 4.7 km s7! kpc~!. Then, we calculate Q + /2
curves, where & is the epicyclic frequency calculated as k2 = R% + 402, For the case of a
bar, m = 2, therefore Q = Q,+x/2. The intersection of Q=+r/2 with €2, provides the location
of the ILR and OLR, respectively. Thus, the inferred position of ILR and OLR depend on
the derivative of the rotation curve, which makes results highly sensitive to local wiggles. We
find an outer inner Lindblad resonance (oILR) at R = 1.0 kpc and an OLR at R = 9.6 kpc.

4 Fast bars vs slow bars
In [25], we obtain Fig. [2] which shows the distribution of R for the whole sample, excluding

those galaxies with a non reliable quality flag (QF), i.e., QF = 3. We find a mean value of
R ~ 1.12 + 0.39. With a quick look at Fig. [2| it can be seen that there is a majority of fast
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bars (or bars compatible with the fast regime within their uncertainties), which aligns with
some other studies such as [19, 12, [18]. From these 20 galaxies (QF = 1, 2), we found four
galaxies (20%) with slow bars, six galaxies (30%) presenting fast bars, and 10 galaxies (50%)
presenting ultra-fast bars, but in six of these cases, the galaxies are close to the transition
line between these two regimes of R ~ 1. However, [11 10, 9] argue against the existence of
ultra-fast bars (R < 1), as in the classical theory, a bar cannot go beyond its CR.
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Figure 2: Slow, fast and ultrafast bars containing exclusively galaxies with QF = 1 (dots)
and QF = 2 (stars).

The mean value of R could suggest that bars do not suffer much dynamical friction by
dark matter haloes ([15]). Alternatively, it can suggest that bars do slow down via dynamical
friction at the same time they grow in mass and length over time, evolving with R ~ 1 ([2]).

In [25] we also make a detailed comparison between our results and other measure-
ments of Ror estimated through different methods (e.g., Tremaine-Weinberg method, off-
set method, comparison to hydrodynamical simulations). We obtain a Spearman coefficient
p = 0.64 (p — value < 0.001), which indicates a moderate positive relationship between our
CR measurements and the ones from the literature, and a high significance of such correla-
tion. We also compare all results from literature to other CR measurements, to study how
well they correlate to one another.
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