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Abstract

The Whirlpool Galaxy is a well-studied grand design galaxy with two major spiral arms, and a large satellite NGC
5195. The arms both show long uniform sections with perturbations (“kinks” or sharp turns) in specific regions.
Comparing the two arms shows a small radial offset between the main kinked regions. We analyzed the
morphology and also the velocity field in the disk of M51 using kinematic maps based on Ha and CO line
emission. These sample complementary radial ranges, with the CO map covering the central zone and the Ha map
extending to cover the outer zone. We looked for indicators of density wave resonance, zones where radial flows of
gas in the disk plane reverse their sign. These were present in both velocity maps; their 2D localization placed them
along or closely parallel to the spiral arms, at a set of well-defined galactocentric radii, and notably more
concentrated along the southern, stronger arm. The results can be well interpreted quantitatively, using a numerical
model of the interaction of M51 and NGC 5195 in which the satellite has made two relatively recent passes through
the disk plane of M51. During the first pass the pair of dominant spiral arms was stimulated, and during the second
pass the strong kinks in both arms were formed at about the same time. The second interaction is particularly well
characterized, because the timescale corresponding to the production of the kinks and the recovery of the original
pitch angle is identical for the two arms.

Unified Astronomy Thesaurus concepts: Galaxy spectroscopy (2171); Galaxy kinematics (602); Galaxy dynamics

(591); Spiral arms (1559); Spiral pitch angle (1561); Galaxy interactions (600)

Supporting material: animation

1. Introduction

Evidence for the presence of density waves in spiral galaxy
disks has been presented in a numerous and wide variety of
articles in the literature. In this article we will not attempt to
summarize these publications, but will concentrate on a subset
of those previous studies most relevant to the spiral structure in
the disk of M51. There are half a dozen published methods for
measuring pattern speeds and corotation radii of density wave
patterns, each with their own limitations. These can be
classified as direct methods and combined methods; the former
are based entirely on observational data, such as the potential
density phase-shift method (Buta & Zhang 2009), the Canzian
method (Canzian 1993), or the gravitational torque method
(Querejeta et al. 2016), while the later methods compare
observational data with predictions of models or simulations
(see a detailed description in Font et al. 2014b). Among all
these methods, two have been used to produce the great
majority of results. The classical TW method due to Tremaine
and Weinberg (Tremaine & Weinberg 1984) yields the pattern
speed of a barred galaxy without requiring a dynamical model,
measuring the radial velocity along a strip parallel to the line of
nodes of the projected disk and the surface brightness of the
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component emitting the spectrum from which this velocity is
derived. The method assumes that this component obeys a
continuity equation, which means that strictly speaking it
should be employed with the stellar population of the disk, and
should be applied mainly to a stellar disk having a little internal
absorption. The result of an integration using these measured
parameters is a single value for the pattern speed averaged
between the radial limits of the disk zone measured. For an
assumed single disk pattern speed, this radial extent should be
as large as possible. After obtaining the pattern speed, the
corotation radius can then be derived immediately from the
observed rotation curve. The method was introduced for barred
galaxies, where the dynamical effect of the bar is assumed to
dominate, producing the rotational stationary wave in the disk
beyond the bar. It has been generalized for more complex
systems, in which different annular zones of the rotating disk
may have different dominating pattern speeds (Meidt et al.
2008), and various authors have used the TW technique with
emission from interstellar gas using approximate arguments to
justify the absence of continuity in the gas phase. A clear
example, using Ha emission from M100 was given in
Hernandez et al. (2004).

An alternative method, to which we will refer as FB, was
proposed by Font and Beckman (Font et al. 2011). It is based
on the general prediction of the change in symmetry of orbits as
we pass through corotation in a density wave (Kalnajs 1978).
This change becomes evident in the kinematics of the
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streaming motions detectable in the gas of the spiral arms. At
corotation, the radial component of the streaming motion
changes sign from inflow to outflow, or vice versa. Radio-
astronomers were aware of this prediction, and made use of it
via kinematic maps of neutral atomic hydrogen at 21 cm to try
to define a corotation radius in a limited number of nearby
galaxies. Vogel et al. (1993) used a Fabry—Perot map of Ha
emission kinematics in MS51, to detect and analyze the
streaming motions along the spiral arms and showed that the
radial components of these motions changed sign at well-
determined radii in the disk. Their work can well be considered
a precursor to that of Font et al. (2011), but they did not
consider the possibility that a single-density wave defined by a
single corotation and its associated Lindblad resonances might
not be a satisfactory basis for the full spiral arm structure. The
FB technique is a generalization of the method used by Vogel
et al. (1993). The complete 2D Fabry—Perot kinematic map of a
galaxy from its Ha emission is analyzed as follows. First a
mean rotation curve is derived using all the data, taking due
account of rotational geometry, and performing a harmonic fit.
This curve is then projected azimuthally to give a 2D smooth
mean velocity map of the galaxy, which is subsequently
subtracted from the original map, to give a map of the
(residual) noncircular velocities. Pixels are then identified
where the radial velocity is zero within uncertainty. Each pixel
is tested to find the change in the value of the radial velocity as
we cross the pixel in a radial direction in the disk. Only those
where this change is more than twice the measurement
uncertainty are maintained in the map. The final step is to
divide the disk into annuli, and plot a 1d radial histogram of the
numbers of these “zero” pixels in each annulus. The typical
result, found in a couple hundred galaxies (see, e.g., Font et al.
2014a), is a histogram with a series of peaks. The galacto-
centric radius of each peak should correspond to a corotation,
according to the predictions. In Font et al. (2014a) and a series
of following papers (Font et al. 2014b, 2017, 2019), the
validity of this conclusion was tested. In this context, special
note should be taken of the work in Beckman et al. (2018) on
NGC 3433, a galaxy where it was practical to use both TW and
FB, with the relevant kinematic and photometric data from stars
and also from interstellar Ha. Both methods yielded a
dominant pattern speed and corotation, with the same values,
well within the error limits of each, derived separately. Four
detailed data sets could be used with the TW and FB methods
using both stellar and interstellar data. However, FB yielded
three further corotations, one corresponding to an interior
radius, and two placed beyond the dominant corotation, out in
the spiral arms. Of these, only the outermost was also
obtainable using TW, with kinematic data from the gas. The
overall conclusion is that FB, where the galaxy has sufficient
star formation in the disk to produce disseminated Ho
emission, yields a more complete analysis of the resonant
structure of a disk, where it can be compared directly with TW,
gives the same result.

In previous studies using FB, the 1D radial histograms have
given the information needed to establish the galactocentric
radii of the corotations. But the more detailed relations of the
siting of the zero radial velocity pixels in relation to
morphological features were not studied. In the present article
we take advantage of the high spatial and spectral resolution in
a Fabry—Perot map of M51 to examine these relations with
respect to the spiral arm morphology.

Font et al.
Table 1
Parameters of M51

Parameter Value Source
Morphological type SA B(rs, rs)bc Buta et al. (2015)
kinematic center R.A. (J2000) 13M29™:5259 This study
kinematic center Decl. (J2000) +479:11™4352 This study
Systemic velocity 4705+ 1.6 kms ™' This study
Inclination Angle 22° This study
Position Angle 169°(Har), 175°(CO) This study

Distance 8.34 Mpc NED database

2. The Observations of M51

The Whirlpool galaxy, M51, is a nearby grand design galaxy
with quite low inclination angle, which makes this galaxy a
preferred target of numerous observations and numerical
models, which have led to hundreds of published studies.
Table 1 shows the main parameters of M51, as well as the
sources from where the values are obtained. This galaxy has
been observed in all possible wavelengths of the electro-
magnetic spectrum, from radio waves up to the X-ray domain,
including ~-rays, making the Whirlpool galaxy a real multi-
messenger source. In the present study we combine precise
observations of the ionized gas, mapping the Ha emission line
all over the whole galaxy, with precise observations of the
molecular gas, tracing the CO(1-0) emission line in the central
region of the galaxy. The kinematic position of the center of
M51 is found to be the same for the two sets of data, and so is
the inclination angle; however, there are two position angles of
the major axis (which do not coincide) for the Ha data and the
CO data, as indicated in Table 1. This difference is quite small,
and can be attributed to the azimuthal offset of the spiral arms
in CO with respect to those in Ha, as discussed in Section 2.1.
The values calculated here are in agreement with those
determined in previous studies (see Table 1 in Colombo et al.
2014).

2.1. The Ionized Gas

Fabry—Perot data of M51 (NGC 5194) in the wavelength
range around the Ha line were observed in 2003 May at
Observatoire du Mont Mégantic with the FaNTOmM instru-
ment as part of the SINGS survey (Daigle et al. 2006). These
data were acquired with a photon-counting camera with
512 x 512 1”61 pixels covering an unvignetted field of view
of 13.74 x 13.74 arcmin?, which corresponds to 33.3 x
33.3kpc of M51, and contains 48 spectral channels each of
width 7kms ™' obtained with a scanning Fabry—Perot inter-
ferometer having a spectral resolution R = 18609 at the
observed wavelength of the Ha line, for a total exposure time
of 4.1 hr (5.1 minutes per channel).

During the data reduction process performed by Daigle et al.
(2006) on M51, the data cube was first wavelength calibrated,
then sky subtracted, and finally either smoothed or binned
adaptively. To gain more control over the data analysis, we use
the sky-subtracted data cube before smoothing or binning. We
perform our own 3 pixels FWHM Gaussian smoothing on each
slice of the cube to increase slightly the signal-to-noise ratio
(S/N) while hardly affecting the spatial resolution, which after
processing is ~5”8 FWHM.

Since scanning Fabry—Perot data is periodic in the spectral
dimension, we use the same dedicated algorithm as that used in
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Figure 1. Velocity map derived from the Ho data cube in the left panel, and from the CO(1-0) data cube in the right panel. The color scale to the right side indicates
the velocity in km s~ '. The kinematic center is marked with an x and the kinematic Position Angle is shown with a solid line in black. The dashed box plotted over
the ionized gas velocity map shows the field covered with the molecular gas data. North is up and east is left in both maps.

the original data reduction (Daigle et al. 2006) to compute line
moments from barycenter measurements for each pixel and
derive maps in the continuum, dispersion around continuum,
Ha line flux, radial velocity, and velocity dispersion maps.
Finally, we create masks in order to identify spurious pixels
with low S/N that have velocity values incoherent with the
large-scale pattern. We use a new automatic procedure for this
task that segments the velocity field based on velocity field
continuity, and sorts the segments based on their S/N.

The left panel of Figure 1 shows the velocity map extracted
from the Ho observations, and in the right panel, the equivalent
map obtained from the CO observations, as detailed in
Section 2.2 below.

2.2. The Molecular Gas

We also work with an alternative tracer, that of the molecular
interstellar matter ISM). We employ the CO(1-0) intensity
maps from the PdBI Arcsecond Whirlpool Survey (PAWS;
Schinnerer et al. 2013), which traces the bulk molecular gas in
the central ~11 x 6 kpc of M51. The observations were taken
with the Plateau de Bure interferometer (PdBI) in all
configurations between 2009 August and 2010 March, and
were corrected for missing short spacings with single-dish
observations from the IRAM 30 m telescope (obtained in 2010
May). The data reduction is described in detail in Pety et al.
(2013). The resulting spatial resolution is ~1”, but here we use
a version tapered to 3”, which produces a higher S/N. Here we
consider the moment-0 intensity map, produced using a
combination of masks (dilated mask and HI prior; see
Appendix B in Pety et al. 2013). We transformed the measured
CO(1-0) intensities into molecular hydrogen gas surface
densities (H,) using a constant Galactic conversion factor,
aco=4.35 M, pc_z(K kms™1)~! (Bolatto et al. 2013). Any
radial variations in «aco should have no significant conse-
quences for our method, as we consider azimuthal profiles. The
cubes have channels of 5km s_l, and here we consider a

velocity map obtained as a first-order moment map. In order to
produce the moment map, emission in the CO cube is first
masked according to a combination of a dilated mask (based on
adjacent high S/N regions) and an HI velocity prior (see
Appendix B in Pety et al. 2013).

3. Morphology of M51

The ideal coordinate system for our analysis is (log(r), ),
where r is the galactocentric radius and € is the azimuthal
angle. In this system, logarithmic spirals are linear, and the
slope of the linear fit gives the pitch angle, . The 3.6 um
Spitzer image was used for this morphological work, in order to
minimize any geometrically distorting effects of dust, and the
spiral arms were delineated by distributing pixel points on the
arms wherever the surface brightness exceeded a predetermined
lower limit. The results of these plots are shown in Figure 2 in
which the northern and southern arms are plotted together.
Here, the northern arm is the one pointing to the companion
galaxy NGC 5195, which is in the north of the image (see the
Spitzer image in Figure 7). These graphs have the virtue of
showing clearly the range of a spiral arm along which the pitch
angle is virtually constant, and identifying very clearly the
points where the pitch angle changes. There is a striking
quantitative morphological similarity between the two arms:
both show perturbed regions where the arms are “kinked” back
inward toward the center of the galaxy over well-defined
ranges, and then resume their outward spirals with pitch angles
very close to the original values interior to the kinks. The
graphs show that there is a separation in angle of 7 between the
two arms; thus, even with the kinks, M51 is a good example of
a grand design spiral galaxy. In Figure 2 the yellow shaded area
marks the range of angles between which the kinked sections of
the arms are found, which we term the “kink region.” Although
the overall offset between the two arms is just m there is a
subsidiary offset for the kinks: the southern arm reaches a local
maximum radial distance from the center at an angular distance
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Figure 2. Plot of the two spiral arms of M51 in the (log(r), 0) plane (with r in pixel units), the northern arm in red and the southern arm in blue. An offset of 180° is
applied to the southern arm. The vertical shaded region in yellow indicates the perturbed region, (the “kink” region) and the vertical line marks the position of the kink
of the southern arm.
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Figure 3. Left. Plot of the northern arm of M51 in the (log(r), ) plane (with r in pixel units). The shaded region in green shows the perturbation region, which covers
an azimuthal range A#, is characterized with A7 (see Section 4 for a detailed description). The different fits are also plotted in red. Additionally, the Ha and the CO
corotation radii associated with this arm are also indicated as horizontal dashed and dotted lines, respectively, and are labeled accordingly Right. The same as the left
panel but for the southern arm.

Table 2
Variation of the Pitch Angle in M51

Main Region Reverse Region Change at Kink Outermost Region Change After Kink
Pmain Prev Angink Pout ALf;'oul
N Arm 19%6 + 074 —7°4 £ 0°9 27°0 £ 1°0 25%4 £0°6 3278 £ 172
S Arm 16°8 £ 074 —12°0 £ 1°4 28°8 £ 1°5 22°0 £ 076 3420 £ 175

of 7 from where the northern arm reaches a local minimum.
This is marked with a vertical solid line in Figure 2, and there is
a ~50° incremental offset between the local maxima and also
between the local minima for the two arms. As for the radial
positions of the kinks, the northern arm kink is found at a radial
distance of 5.9 kpc, while the kink in the southern arm is
located at 7.2 kpc. A closer look at Figure 2 reveals that there is
a weak kink feature in the inner region at a distance of 2.6 kpc
from the center of the galaxy in both spiral arms. This small
perturbation is clear in the southern arm, but also noticeable in
the northern arm (see left and right panels of Figure 3), where
this feature is indicated with a blue-shaded vertical region. A
careful inspection shows a further small difference between the

arm morphologies: the southern arm has a slightly smaller pitch
angle than the northern arm. In the 7-shifted plot, it trails the
northern arm in the inner section of the disk, then crosses the
northern arm to lead it at an increasing radius until the kink
region.

For a quantitative treatment of the arms we have performed
functional fits to their defined portions. These fits are shown in
Figure 3 for the two arms. In both arms, a single linear fit gives
a good global description of the inner sections of the arm out as
far as the kink, allowing a single pitch angle to be derived for
each arm in those sections. The values for these pitch angles are
given in Table 2. Beyond the kink regions, it is clearly
preferable to make a second-order polynomial fit, and these fits
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Figure 4. Left panel. Radial distribution of the Phase Reversals obtained with the Ha velocity map. The peaks in solid color indicate the corotation radius of the
resonances found, which are marked as vertical dotted lines and are labeled as CR;, CR,, ...The shaded weak peaks are not relevant and do not contribute to any

resonance. Right panel. The same as left panel, but for the molecular gas.

are shown in Figure 3. The kink regions are shaded in green
for the two arms. The corotation radii associated with the
arm are marked in each plot with an horizontal dashed line
for the Ha resonances and with horizontal dotted line for
the CO resonances (see Section 4 for a detailed description
of the resonances); we label the corotations CR;(Ha/CO),
CR,(Ha/CO), ..., in agreement with the resonances found in
Ha or CO, which are shown in Figure 4. In order to examine
the behavior of the pitch angles, however, we treated the kink
regions in an alternative way, making asymptotic linear fits to
the zones right after the kinks, as far as the pitch angle
minimum ., and measuring the deviation, Ay, for each
arm, of the pitch angle between this section and the inner
section. The pitch angles of the outer sections of the arms can
be measured using single linear fits in each arm, and the
difference between the pitch angle of the inner and outer linear
sections of the arms, Ay, can be measured for each arm. It is
interesting to note that the values of A and Apgy
respectively are closely similar in both arms.

The pitch angle of the spirals of M51 has been estimated in a
variety of studies using different types of observations. Table 3
summarizes the results found in previous studies, along with
the type of observations used to derive the pitch angle. In most
of these studies, a single value of the pitch angle is provided,
which is consistent with the pitch angle we determine for the
inner region, ¢m,, in Table 2. We find particularly interesting
the analysis of Egusa et al. (2017), where gas and stellar data
are used to derive the pitch angle of the inner regions for each
arm separately from the main regions, included in Table 3, but
the authors also determine the pitch angle in the outer region
for each arm, obtaining 27°8 + 193 for the gas component,
37°4 4+ 325 for the stellar component of the southern arm, and
similarly, 27°6 & 1°5, 3294 + 28 for the northern arm; these
values are clearly larger, in particular for the stellar component
than the values of (., given in Table 2. The most detailed
analysis of the spiral arms in terms of pitch angle was
performed by Honig & Reid (2015). In that study, the authors
fragment the arms into several azimuth ranges and determine
the pitch angle in each segment (see Table 4 in Honig &
Reid 2015). Following this method, the authors find a segment
in each arm in which the pitch angles reverse their signs, and
thus they identify the kink in each arm with a radial position

Table 3
Pitch Angle of M51 Spiral Arms
Reference Values Data
Elmegreen et al. 15° +4° B-band
(1989)
Nakai et al. (1994) 21° 4+ 5° CO(J = 1-0)
Shetty et al. (2007) 21°1 CO(J = 1-0)
Fletcher et al. (2011) 20° 220 cm
Puerari et al. (2014) 19° 8 pm
Miyamoto et al. 19°+1° CO(J = 1-0)
(2014)
Egusa et al. (2017) 18°8 + 0°6, 23°4 + 09 CO(J = 1-0),
(N Arm) Stellar
1929 + 093, 1993 £ 0°5
(S Arm)
Brok et al. (2022) 20° several lines

This study 1996 4+ 0°4 (N Arm)

1678 + 0°4 (S Arm)

3.6 um

compatible with the positions we determine in the present
study.

Another morphological feature that is considered here is the
nuclear bar of M51. Buta et al. (2015; see Table 1) have
classified this galaxy as barred, and Herrera-Endoqui et al.
(2015) using Spitzer images have estimated a deprojected
radius of r,,. = 22”1, which is consistent with the bar length of
20”1 determined in Comerén et al. (2010), who used archival
data from the Hubble Space Telescope.

4. Resonances of M51

The FB method used to find the resonance radii and pattern
speeds in M51 has been described previously in detail (Font
et al. 2011, 2014a) so here we just describe it quite briefly. We
first note that in Beckman et al. (2018) we showed, with a
meticulous treatment of the internal dynamics of NGC 3433,
that FB produced identical values for the main bar pattern
speed and corotation radius to those obtained using the
“classical” TW method, and also identified additional corota-
tions. The technique uses a 2D mapping of the internal
kinematics of a galaxy disk to find the zones with a
concentration of pixels where the radial velocity in the disk
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Table 4
Resonances of M51

Font et al.

rer(Ha) Qp(He) rcr(CO) Qp(CO) Associated with
(arcsec) (km's™'kpc ") (arcsec) (kms™'kpe™")
312436 135.05114 stellar bar
495+53 91.4%2§ spiral arms
628 +28 762 +2.1 65.2 +3.7 714732 weak kink
81.1 +£4.9 60.7 £3.2 775+49 60.973% spiral arms
130.0 £ 4.1 38.7+22 spiral arms
160.2 £ 1.7 314+ 1.7 kink northern arm
188.7 £5.6 26.6 +1.2 kink southern arm
plane changes sign (named phase reversals) from inflow to Table 5
outflow or vice versa. The final product of the method is the Comparison of Pattern Speed Values
radial Qistﬁbution of the phase re\{ersals, which can be plotFed Reference Type of Data O,
as a histogram, resulting in a series of peaks, each of which (km s~ kpe 1)
defines a corotation radius. The FB method was performed in - -
the present study on the Ho map and also on the CO map of Tully (1974) Simulations 436
. . . Garcia-Burillo et al. CO 31
M51. The normalized histograms derived from both maps are (1993)
shown in Figure 4, where we have marked the position of the Salo & Laurikainen Simulations 58
corotation radii as vertical dotted lines. We can see in Figure 4 (20002)
that the CO map extends out to a radius of ~120” but has full Zimmer et al. (2004) co 44 + 7
azimuthal coverage only out to ~80” from the center, so we Hernandez et al. Ho 46 £ 8
cannot use it to derive corotations or pattern speeds beyond that (2004)
radius. However, the excellent angular resolution provided by Egusa et al. (2009) Ha & CO 3745
PdBI allows us to identify four corotations within this range. Meidt et al. (2008) co 104139, 587, 23
The complementarity between the two data sets is shown by the Dobbs et al. (2010) Simulations between 29 and 58
fact that although the Ha velocity map does not show Querejeta et al. (2016) _co 168 & 15, 48 & 5
Ghosh & Jog (2016) Simulations between 39.0 and 51.6

resonances for galactocentric radii smaller than ~50” the map
extends out to ~200” from the center. We find four corotations
using the CO map, and five resonance radii using the Ho map,
of which the two innermost are consistent, within the
uncertainties, with the two outer CO resonances (see Table 4
for a quantitative comparison).

In order to obtain a better understanding of the observed
kinematic distributions we have plotted the points where the
radial velocity flow changes direction from inward to outward
on a 2D image of M51. To do this we relaxed our previously
established condition for the assignment of these phase reversal
points. Instead of selecting only those points with zero radial
velocity where the change when going from larger to smaller
radii is at least as big as the measured uncertainty in the
mapping velocity, we have enlarged the number of points by
including those where the change is greater than one half of the
velocity uncertainty. The phase reversal points are overplotted
on surface brightness maps. In Figure 5, the Ha phase reversals
are shown on a map of Ha surface brightness; each resonance
identified in Figure 4 is plotted with a different color. In
Figure 6, the CO phase reversals are shown on the zeroth
moment map in CO, similarly, the four resonances found in
CO, shown in the histogram of Figure 4, are displayed with
different colors. Note that the angular scale is indicated in the
two images with a bar of 30” length. All the phase reversals, for
the Ha with X symbols and for the CO with diamond symbols,
are plotted on a Spitzer 3.6 um continuum image in Figure 7,
which shows that the first corotation in Ha overlaps with the
third corotation found in CO (the two of them are plotted in
green but with different symbols). The same situation happens
with the second corotation in Ho and the fourth resonance in
CO (in yellow in Figure 7).

In a number of previous articles, the existence of more than a
single pattern speed with its associated corotation radius has

Abdeen et al. (2020) Multiwavelengths 21.56 + 6.13

This study Ho 762+ 2.1, 60.7.6 £ 3.2,
38.74+22,314+17,
26.6 + 1.2
co 13501144, 914498,

714432, 60.913%

Note. All values are corrected for a distance of 8.34 Mpc.

been suggested and demonstrated for disk galaxies (Meidt et al.
2008; Font et al. 2014a; Beckman et al. 2018; Font et al. 2019).
For barred galaxies, the dominant density wave is associated
with the bar, but there is usually more than one associated with
the spiral arms. In M51, Elmegreen et al. (1989) had already
suggested that the morphology of the galaxy cannot be well
explained with a single pattern speed, and Dobbs et al. (2010)
claimed that each arm should have its own radially varying
pattern speed. Meidt et al. (2008) confirmed the prediction of
multiplicity, finding three pattern speeds within the disk. Our
results presented in Figure 7 show that the phase reversals are
strongly associated with the spiral arms, responding to different
density waves for each arm. This result is in agreement with the
hydrodynamical simulations by Baba et al. (2016), and
supports the dynamical spiral theory, which describes the
spiral arms as differentially rotating, transient but recurrent
patterns (Dobbs & Baba 2014). The quantities for the relevant
parameters are collected in Table 4 where we present the
corotation radii we derive using FB, and the corresponding
pattern speeds calculated assuming the value for the distance to
M51 used within the present study. We also offer in Table 5 the
results of the pattern speed corrected for an assumed distance of
8.34 Mpc used in other studies in the literature for comparison
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Figure 5. Phase reversals identified from the Fabry—Perot data are overplotted on the Ho intensity map. Each color indicates a different peak of the histogram shown

in Figure 4. North is up and east is left.

with the values found in the present study. In the last column of
Table 4 the morphological feature associated with each
corotation is defined. To make our results clear, here is the
explanation for each of these associations.

CR,4 (Ha) and CRs (Ha) are very close to the kinks making a
virtually tangential contact with the kinks in the two arms, as
shown in Figure 3. CRs(Ha) almost touches the kink in the
southern arm, and CR4 (Ha) is very close to the kink in the
northern arm. We interpret this as giving us a criterion for
associating each resonance with its corresponding arm. Using
the azimuthal range of the region of the kink perturbations, Af
(the green shaded regions in Figure 3) and the pattern speed
associated with each arm in its respective azimuthal range ({24
for the northern arm and ()5 for the southern arm) we can
estimate the timescales for the transmission of the perturba-
tions. These are calculated to be A7y =55.8 (£ 2.1) Myr for
the northern arm, and A7g=55.0 (£ 1.1) Myr for the southern
arm. These timescales are the same, which strongly suggests
that the source of the perturbation which caused the kink and is

then propagated through the perturbation region was the same
for both arms.

CR; (Ha) and CR; (CO) have a similar corotation radius
(see Table 4), meaning that the same resonance is found for the
ionized gas and the molecular gas. Figure 3 shows that this
resonance is very close to the weak kink, which is peaked at
r~ 65", so following the previous criterion we can associate
this resonance with the weak kink, which is present in
both arms.

CR; (CO) is the strongest resonance feature, and is caused
by the bar. The rotational parameter I" which is defined as the
ratio of the corotation radius to the bar length, I" is measured as
1.48. According to the widely used criterion of Debattista &
Sellwood (2000) this would make the bar a slow rotator, but its
pattern speed, 135 kms™'kpc™' is really fast. This result is
compatible (within the error limits) with that of Meidt et al.
(2008) who used a radial variant of the TW method, but
significantly smaller than a value by Querejeta et al. (2016)
using a method of torques. We should point out that in a
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Figure 6. Phase reversals found from the CO data overplotted on its corresponding moment zero map of CO. Each color indicates a different peak of the histogram

shown in Figure 4. North is up and east is left.

previous article (Font et al. 2019) we explain in detail why the
Debattista and Sellwood criterion should not be generally
applied.

CR, (Ha) and CR4 (CO) are located in the same radial
position, taking into account the uncertainties; thus, we can
consider that we are dealing with a single dynamical resonance,
which cannot be related to any feature of the spiral arms, such
as kinks or bifurcations. Therefore, this resonance is associated
with the two arms. The same situation happens with two other
resonances: CR, (CO) and CR; (Ha); each of them has its own
corotation radius and pattern speed, and we consider that they
are also associated with the spiral structure of the galaxy, as
indicated in Table 4. The corotation of the three spiral
resonances are located at radii of ~50”, ~80” and ~130”,
and the corresponding pattern speeds are ~90 kms ™ 'kpc™ ',
~60 kms 'kpc™!, and ~40 kms 'kpc™', respectively. The
ratio of the corotation radii of each pair of two contiguous
resonances takes a constant value of 1.6, while the ratio of the
pattern speeds takes a fixed value of 1.5. This pattern is also
repeated between the bar resonance with a radius of 31”7 and an
angular rate of 135 kms 'kpc™', and the innermost arm
resonance, but not for the three resonances associated with the
kinks. We interpret these tight relationships between the four
resonances as evidence that these four describe the basic m = 2
resonant structure of the galactic disk. Consequently, we infer
that the three resonances associated with the kinks have been
triggered by the interaction of M51 with its galaxy companion.

5. Discussion

So far, we have been paying full attention uniquely to NGC
5194 (note that in this study we are considering that M51 and

NGC 5194 are the same galaxy), which is playing two different
roles: the morphology of its spiral arms by means of the pitch
angle and the dynamics of the disk by means of the resonant
structure. Now, we must welcome a second player, NGC 5195,
the companion galaxy of M51, so that the dialog between these
two will provide a fully comprehensive understanding of the
entire scene.

In general terms, the formation of the spiral arms can be
explained by excitation mechanisms, which can be originated
externally or internally. The internal excitation can be produced
by the presence of a bar in the center of the galaxy, but also by
self-excited instabilities of the disk. The external excitation is
generated by the tidal interaction of a companion galaxy (see
the reviews by Dobbs & Baba 2014 and Sellwood &
Masters 2022 for a detailed description of these mechanisms).
M51 is a clear example of a grand design galaxy stimulated by
an external perturbation mechanism resulting from the interac-
tion with NGC 5195, and this is supported by numerical
simulations of the interaction between M51 and its companion
galaxy, showing how M51 has been affected by the passage of
the satellite galaxy NGC 5195. Toomre & Toomre (1972)
investigated the effects on the morphology, in terms of tails and
bridges, that a galaxy will experience due to different modes of
interaction with a companion galaxy and compare their results
to the duo M51-NGC 5195. However, the most complete
numerical model of M51 and NGC 5195 was carried out by
Salo & Laurikainen (2000a, 2000b). These authors demon-
strated that for a parabolic single passage or a bound encounter,
in which the companion can cross the galactic plane of the
primary disk, either type of orbit can reproduce the morphology
of MS5I1, whereas only the bound model with multiple
encounters can replicate the observed kinematics of MS5I.



THE ASTROPHYSICAL JOURNAL, 966:110 (12pp), 2024 May 1

CR1 (CO)
& CR2(CO)
CRs(CO)
© CR4(CO)

Font et al.

X CRy1 (Ha)
X CR2 (Ha)
X CRa (Ha)
CR4 (Ha)
CRs (Ha)

Figure 7. The Ha and CO phase reversals, marked with x symbol and diamond, respectively, displayed on the Spitzer image of M51. The resonances shown in
Figure 4 are coded in different colors as indicated in the legends. North is up and east is left.

These results were confirmed by Theis & Spinneker (2003),
who used a different technique to investigate ~10° models to
derive the optimal region in parameter space. Subsequently,
Dobbs et al. (2010) performed a suite of numerical simulations
of M51 in which the gaseous component was included, and
they found that with two encounters in which the companion
galaxy crosses the galactic plane of M51, the galaxy evolves
from a flocculent galaxy to a grand design galaxy in agreement
with the morphology of M51 observed, now including the
kinks in the spiral arms. This is nicely illustrated in Figure 4 of
Dobbs et al. (2010), which shows how the first passage of NGC
5195 gives rise to the spiral arms of M51. This can also be seen
in the animation of Figure 8. Kinks in both spiral arms are also
reproduced in some models of the simulations of Pettitt &
Wadsley (2018).

In this scenario, the first passage of NGC 5195 triggers the
two spiral arm structure of M51 (see the second panel of Figure
4 of Dobbs et al. 2010). An inference from the simulation of
Dobbs et al. (2010) is that the first encounter affects the central
region of M51, and mainly the southern arm (see the second
panel of their Figure 4), and this can explain why the phase
reversals associated with the resonances produced in this

encounter are mostly located around the southern arm rather the
northern one, as illustrated in green and yellow in Figure 5 for
the ionized gas only, and in cyan, green and yellow in Figure 6
for the molecular gas only and also in Figure 7 for the two
components. Similarly, Figure 5 shows that the two outermost
resonances we find for the ionized gas distribute their phase
reversals mainly around the northern arm, which is in
agreement with a second passage of NGC 5195, as illustrated
in the fourth panel of Figure 4 in Dobbs et al. (2010), showing
that the companion galaxy excites mainly the external region of
the northern arm. This second encounter with NGC 5195
creates a perturbation in the gravitational potential of the outer
region of M51, which is responsible for the kink and the
subsequent perturbation region that we identify in each spiral
arm (see Figure 2); this perturbation is propagating in each arm
at a different angular velocity. Therefore, a new resonance,
which is almost touching the kink, is associated with each
spiral arm (as discussed in Section 4). This is consistent with
the observational inference that the timescale associated with
the perturbation region, A7 in Myr, that we have estimated
using the pattern speed of the resonance and the azimuthal
extension of the perturbation region, is the same for both arms.
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Figure 8. Numerical simulation of the interaction of M51 and NGC 5195, which was also presented in (Dobbs et al. 2010), where some snapshots were used to
compose their Figure 4 (see that paper for a more detailed description of this simulation). The animation, which covers the timescale between t = 0 My (first frame)
and # = 375 My (last frame) in 9 s of real-time video, shows how the gas of a disk galaxy (MS51) evolves and forms the spiral arms after the passage of the companion

galaxy (shown here as a point mass in white).
(An animation of this figure is available.)

Furthermore, the change of the measured pitch angle at the kink
and at the outer region (see Table 2) is found to be the same in
both spiral arms, which also favors this scenario.

Observational studies of the effects of density waves in the
origin and maintenance of spiral arms in disk galaxies have
concentrated on deriving a coherent pattern speed, most often
associated with a bar, and using the frequency curve, which is
obtained by dividing the rotation curve (in kms™') by the
radius (in kpc), have then derived a corotation radius. A
virtue of the FB method is to be able to derive the 2D wave
patterns in disks, and this has proved of particular value for
MS51 where the spiral structure has clearly been stimulated
and affected by its interaction with NGC 5195, leading to
specific interaction features and to departures from symme-
try. Finding two slightly different corotation radii, each
associated with one of the spiral arms, can be very well
accounted for if the density wave pattern departs from ideal
circularity. This can be visualized using a diagram derived
from the classical simplified orbital description of density
wave structure by Lindblad, in which the individual orbits are
no longer simple ellipses, but are distorted due to the
interaction with the satellite galaxy; we show this in Figure 9.
A highly plausible rendering of the effects of the interaction
can be seen in the animation of Figure 8, which was produced
by Dobbs et al. (2010).

Figure 9. Diagram of elliptical orbits with an asymmetric extension added in
order to simulate the case of M51, illustrating how two spiral arms with slightly
different pitch angle can be produced, each of them with its own pattern speed
and corotation radius.

6. Summary

In this study, we have measured and analyzed the
morphology of the spiral arms of M51 using the technique of
plotting their projection in the log(r)—6 plane. By using this for
each arm, we have shown that:

1. M51 is a clear example of a grand design galaxy, as its
arms are symmetrical with an azimuthal offset of 180°.

2. The pitch angles of the arms are very similar, with the
southern arm slightly more tightly wound than the
northern arm.

3. The two arms each show a couple of kinks; while the
weak ones are located in the inner region and show a
clear symmetry in radius, the main kinks are measured at
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somewhat different radial and azimuthal positions,
indicating that the two kinks in each arm have a different
mechanism of formation (respond to different processes)

4. Just beyond each outer kink, the two arms show the same
behavior: they have a perturbation region, which is best
described using a quadratic function.

5. Assuming a linear approximation along the whole length
of the spiral arms, the change of the pitch angle at the
main kink is very similar in both arms, as is also the
change of the pitch angle beyond the kink.

Proceeding to use the relevant kinematic information, with
very precise velocity maps in Ha and CO, we have derived the
resonant structure of the Whirlpool galaxy, showing that

1. The Ha map covers the whole extension of the galaxy but
lacks the angular resolution to resolve correctly the
central region of the galaxy (r <50”) as illustrated in
Figure 5. On the other hand, the CO data cover only the
central region and do not provide reliable results beyond r
~80" (see Figure 6).

2. When we overplot the phase reversals identified accord-
ing to the FB method on each corresponding intensity
map, we confirm that they are located around the
spiral arms.

3. The Ho data reveal five resonances, while the CO map
show the presence of four resonances in the central region
of the galaxy.

4. The innermost resonance (in CO) is associated with the
bar, giving a rotational parameter (resonance radius
divided by bar length) of 1.48.

5. In the overlapping region between the two data sets, the
two innermost resonances in Ho are compatible with the
two outermost resonances in CO, as their corotation radii
are matched. In terms of pattern speed, both of these two
resonances show consistent values within the uncertain-
ties, whether measured via the molecular or the ionized
atomic gas.

6. We identify three different resonances associated with the
two spiral arms of M51, which define a precise ratio of
pattern speeds, as well as corotation radius, between pairs
of contiguous resonances, with a value of 1.5 and 1.6,
respectively; including the resonance associated with the
bar this ratio holds for four contiguous pairs.

7. The relative position between the kink and the corotation
radius in the log(r)-0 plane gives a criterion for
associating a given resonance with a given kink. Using
this criterion, we relate three resonances with the kinks
we identify in the spiral arms of M51.

8. We find that the timescale of the perturbation region (see
Figure 3) is the same in both arms when using the
corresponding pattern speeds for each arm. We interpret
this as indicating that the same mechanism is responsible
for the production of the kink in each spiral arm.

The third piece of this jigsaw is the effect of the tidal
interaction of the companion galaxy, NGC 5195:

1. First encounter: This triggers the formation of the two
spiral arms structure, which evolves to a grand design
morphology in which the two spiral arms have a very
similar pitch angle. The relative orbital position between
the two galaxies, according to the numerical simulations,
explains the location of the phase reversals we find in
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MS51. This encounter can also be related to the weak
perturbation, which we identify in the inner region.

2. Second encounter: This creates a perturbation, which
makes the two spiral arms bend inward, which we
identify as a strong kink, followed by a region
(perturbation region) where the spiral arms tend to
recover the spiral pattern. From numerical models of
the interaction of the two galaxies, we see that the
perturbation excites mainly the external region of the
northern arm, which is where we find most of the phase
reversals.

7. Conclusions

In this study we have shown how the morphology and the
kinematics of a disk galaxy can be combined with the
predictions of simulations of that galaxy, to explain quantita-
tively how the tidal interaction of a companion galaxy has
contributed to the formation and structure of its arms. For M51
the measured morphological parameters include the funda-
mental pitch angles of its two arms, and the morphology and
positions of the kinks in the arms caused by two passages of the
companion through the plane of the disk. The measured
kinematic parameters are the positions in the plane of the disk
of the resonances marked by the change from inflow to
outflow, or vice versa, of the interstellar gas, both ionized and
molecular, in the spiral arms.

For this grand design galaxy we have shown, combining the
observations with simulations, that a single external perturba-
tion of the gravitational potential has created an opposed pair of
resonances, and that the presence of another, albeit weaker pair,
implies that the companion galaxy has made two encounters
with M51.

We have found seven resonances within the disk of M51,
one associated with the two weak kinks, and two associated
with the strong kinks in the arms, all of which are the responses
to the gravitational perturbations caused by the interaction of
NGC 5195. The other four resonances can be associated with
the bar: one not far outside the end of the bar, whose radius, at
1.48 times the bar radius, is well within the range found for the
bar resonances of many disk galaxies, and three within the
spiral arms. The invariant ratios between the radii and the
pattern speeds of adjacent pairs of these four resonances lead us
to associate the three arm resonances and the bar resonance
with an underlying morphological structure throughout the disk
due to a perturbation with m =2 symmetry.

These results for M51 are in agreement with the results, both
theoretical and observational, of previous studies, showing that
disk galaxies can have multiple resonances that are radially
distributed, but can also be distributed in azimuth. The spiral
arms may have a set of pattern speeds in defined annular zones,
with values that fall with increasing galactocentric radius of
each annular zone. The spiral arms of galaxies in general have,
according to this scenario, both transient and persistent
characteristics, because although each annular arm segment
may be treated as dynamically separate, there are usually
resonant links between the annuli.

The scenario we have found in M51, where the resonances
are distributed radially and azimuthally (the two outer
resonances are assigned to a different arm), raises questions
that require further detailed observational study.
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1. To what extent does this distribution of resonances occur
only in grand design galaxies, or can the pattern be found
in multiarm galaxies?

2. Is this distribution of resonances induced only by tidal
interactions, or can it be found in spiral arms formed by
internal excitation (bar-driven mechanisms, for example)?
Results to be found in our previous work suggest that the
latter is probably correct.

3. Can morphological breaks in spiral arms be produced by
internal asymmetries? Here also we venture to suggest
that this may indeed be the case.

The global agreement between our observations and the
simulations of Dobbs et al. (2010) should give encouragement
to both observers and simulators of galaxy evolution.

Acknowledgments

This research has made use of the NASA/IPAC Infrared
Science Archive and the Extragalactic Database (NED), which
are funded by the National Aeronautics and Space Adminis-
tration and operated by the California Institute of Technology.

ORCID iDs

Miguel Querejeta ® https: //orcid.org/0000-0002-0472-1011

References

Abdeen, S., Kennefick, D., Kennefick, J., et al. 2020, MNRAS, 496, 1610

Baba, J., Morokuma-Matsui, K., Miyamoto, Y., Egusa, F., & Kuno, N. 2016,
MNRAS, 460, 2472

Beckman, J. E., Font, J., Borlaff, A., & Garcia-Lorenzo, B. 2018, AplJ,
854, 182

Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A, 51, 207

Brok, J. S. d., Bigiel, F., Sliwa, K., et al. 2022, A&A, 662, A89

Buta, R. J., Sheth, K., Athanassoula, E., et al. 2015, ApJS, 217, 32

Buta, R. J., & Zhang, X. 2009, ApJS, 182, 559

Canzian, B. 1993, AplJ, 414, 487

Colombo, D., Meidt, S. E., Schinnerer, E., et al. 2014, ApJ, 784, 4

Comerdn, S., Knapen, J. H., Beckman, J. E., et al. 2010, MNRAS, 402, 2462

Daigle, O., Carignan, C., Amram, P., et al. 2006, MNRAS, 367, 469

12

Font et al.

Debattista, V. P., & Sellwood, J. A. 2000, ApJ, 543, 704

Dobbs, C., & Baba, J. 2014, PASA, 31, €035

Dobbs, C. L., Theis, C., Pringle, J. E., & Bate, M. R. 2010, MNRAS, 403, 625

Egusa, F., Cooper, E. M., Koda, J., & Baba, J. 2017, MNRAS, 465, 460

Egusa, F., Kohno, K., Sofue, Y., Nakanishi, H., & Komugi, S. 2009, ApJ,
697, 1870

Elmegreen, B. G., Seiden, P. E., & Elmegreen, D. M. 1989, AplJ, 343, 602

Fletcher, A., Beck, R., Shukurov, A., Berkhuijsen, E. M., & Horellou, C. 2011,
MNRAS, 412, 2396

Font, J., Beckman, J. E., Epinat, B., et al. 2011, ApJL, 741, L14

Font, J., Beckman, J. E., James, P. A., & Patsis, P. A. 2019, MNRAS,
482, 5362

Font, J., Beckman, J. E., Martinez-Valpuesta, 1., et al. 2017, ApJ, 835, 279

Font, J., Beckman, J. E., Querejeta, M., et al. 2014a, ApJS, 210, 2

Font, J., Beckman, J. E., Zaragoza-Cardiel, J., et al. 2014b, MNRAS, 444, L85

Garcia-Burillo, S., Combes, F., & Gerin, M. 1993, A&A, 274, 148

Ghosh, S., & Jog, C. J. 2016, MNRAS, 459, 4057

Hernandez, O., Carignan, C., Amram, P., & Daigle, A. O. 2004, in Penetrating
Bars through Masks of Cosmic Dust: The Hubble Tuning Fork Strikes a
New Note, 319, ed. D.L. Block et al. (Dordrecht: Kluwer), 781

Herrera-Endoqui, M., Diaz-Garcfa, S., Laurikainen, E., & Salo, H. 2015, A&A,
582, A86

Honig, Z. N., & Reid, M. J. 2015, ApJ, 800, 53

Kalnajs, A. J. 1978, in IAU Symp. 77, Structure and Properties of Nearby
Galaxies, 77, ed. E.M. Berkhuijsen & R. Wielebinski. (Dordrecht:
Reidel), 113

Meidt, S. E., Rand, R. J., Merrifield, M. R., Shetty, R., & Vogel, S. N. 2008,
ApJ, 688, 224

Miyamoto, Y., Nakai, N., & Kuno, N. 2014, PASJ, 66, 36

Nakai, N., Kuno, N., Handa, T., & Sofue, Y. 1994, PASIJ, 46, 527

Pettitt, A. R., & Wadsley, J. W. 2018, MNRAS, 474, 5645

Pety, J., Schinnerer, E., Leroy, A. K., et al. 2013, ApJ, 779, 43

Puerari, 1., Elmegreen, B. G., & Block, D. L. 2014, AJ, 148, 133

Querejeta, M., Meidt, S., Schinnerer, E., et al. 2016, A&A, 588, A33

Salo, H., & Laurikainen, E. 2000a, MNRAS, 319, 393

Salo, H., & Laurikainen, E. 2000b, MNRAS, 319, 377

Schinnerer, E., Meidt, S. E., Pety, J., et al. 2013, ApJ, 779, 42

Sellwood, J. A., & Masters, K. L. 2022, ARA&A, 60, 36

Shetty, R., Vogel, S. N., Ostriker, E. C., & Teuben, P. J. 2007, ApJ, 665, 1138

Theis, C., & Spinneker, C. 2003, Ap&SS, 284, 495

Toomre, A., & Toomre, J. 1972, ApJ, 178, 623

Tremaine, S., & Weinberg, M. D. 1984, ApJL, 282, L5

Tully, R. B. 1974, ApJS, 27, 449

Vogel, S. N., Rand, R. J., Gruendl, R. A., & Teuben, P. J. 1993, PASP,
105, 666

Zimmer, P., Rand, R. J., & McGraw, J. T. 2004, ApJ, 607, 285


https://orcid.org/0000-0002-0472-1011
https://orcid.org/0000-0002-0472-1011
https://orcid.org/0000-0002-0472-1011
https://orcid.org/0000-0002-0472-1011
https://orcid.org/0000-0002-0472-1011
https://orcid.org/0000-0002-0472-1011
https://orcid.org/0000-0002-0472-1011
https://orcid.org/0000-0002-0472-1011
https://doi.org/10.1093/mnras/staa1596
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1610A/abstract
https://doi.org/10.1093/mnras/stw987
https://ui.adsabs.harvard.edu/abs/2016MNRAS.460.2472B/abstract
https://doi.org/10.3847/1538-4357/aaa965
https://ui.adsabs.harvard.edu/abs/2018ApJ...854..182B/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...854..182B/abstract
https://doi.org/10.1146/annurev-astro-082812-140944
https://ui.adsabs.harvard.edu/abs/2013ARA&A..51..207B/abstract
https://doi.org/10.1051/0004-6361/202142247
https://ui.adsabs.harvard.edu/abs/2022A&A...662A..89D/abstract
https://doi.org/10.1088/0067-0049/217/2/32
https://ui.adsabs.harvard.edu/abs/2015ApJS..217...32B/abstract
https://doi.org/10.1088/0067-0049/182/2/559
https://ui.adsabs.harvard.edu/abs/2009ApJS..182..559B/abstract
https://doi.org/10.1086/173095
https://ui.adsabs.harvard.edu/abs/1993ApJ...414..487C/abstract
https://doi.org/10.1088/0004-637X/784/1/4
https://ui.adsabs.harvard.edu/abs/2014ApJ...784....4C/abstract
https://doi.org/10.1111/j.1365-2966.2009.16057.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.402.2462C/abstract
https://doi.org/10.1111/j.1365-2966.2006.10002.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.367..469D/abstract
https://doi.org/10.1086/317148
https://ui.adsabs.harvard.edu/abs/2000ApJ...543..704D/abstract
https://doi.org/10.1017/pasa.2014.31
https://ui.adsabs.harvard.edu/abs/2014PASA...31...35D/abstract
https://doi.org/10.1111/j.1365-2966.2009.16161.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.403..625D/abstract
https://doi.org/10.1093/mnras/stw2710
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465..460E/abstract
https://doi.org/10.1088/0004-637X/697/2/1870
https://ui.adsabs.harvard.edu/abs/2009ApJ...697.1870E/abstract
https://ui.adsabs.harvard.edu/abs/2009ApJ...697.1870E/abstract
https://doi.org/10.1086/167733
https://ui.adsabs.harvard.edu/abs/1989ApJ...343..602E/abstract
https://doi.org/10.1111/j.1365-2966.2010.18065.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.412.2396F/abstract
https://doi.org/10.1088/2041-8205/741/1/L14
https://ui.adsabs.harvard.edu/abs/2011ApJ...741L..14F/abstract
https://doi.org/10.1093/mnras/sty2983
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.5362F/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.5362F/abstract
https://doi.org/10.3847/1538-4357/835/2/279
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..279F/abstract
https://doi.org/10.1088/0067-0049/210/1/2
https://ui.adsabs.harvard.edu/abs/2014ApJS..210....2F/abstract
https://doi.org/10.1093/mnrasl/slu120
https://ui.adsabs.harvard.edu/abs/2014MNRAS.444L..85F/abstract
https://ui.adsabs.harvard.edu/abs/1993A&A...274..148G/abstract
https://doi.org/10.1093/mnras/stw914
https://ui.adsabs.harvard.edu/abs/2016MNRAS.459.4057G/abstract
https://doi.org/10.1007/978-1-4020-2862-5
https://doi.org/10.1051/0004-6361/201526047
https://ui.adsabs.harvard.edu/abs/2015A&A...582A..86H/abstract
https://ui.adsabs.harvard.edu/abs/2015A&A...582A..86H/abstract
https://doi.org/10.1088/0004-637X/800/1/53
https://ui.adsabs.harvard.edu/abs/2015ApJ...800...53H/abstract
https://ui.adsabs.harvard.edu/abs/1978IAUS...77..113K/abstract
https://doi.org/10.1086/591516
https://ui.adsabs.harvard.edu/abs/2008ApJ...688..224M/abstract
https://doi.org/10.1093/pasj/psu017
https://ui.adsabs.harvard.edu/abs/2014PASJ...66...36M/abstract
https://ui.adsabs.harvard.edu/abs/1994PASJ...46..527N/abstract
https://doi.org/10.1093/mnras/stx3129
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.5645P/abstract
https://doi.org/10.1088/0004-637X/779/1/43
https://ui.adsabs.harvard.edu/abs/2013ApJ...779...43P/abstract
https://doi.org/10.1088/0004-6256/148/6/133
https://ui.adsabs.harvard.edu/abs/2014AJ....148..133P/abstract
https://doi.org/10.1051/0004-6361/201527536
https://ui.adsabs.harvard.edu/abs/2016A&A...588A..33Q/abstract
https://doi.org/10.1111/j.1365-8711.2000.03651.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.319..393S/abstract
https://doi.org/10.1046/j.1365-8711.2000.03650.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.319..377S/abstract
https://doi.org/10.1088/0004-637X/779/1/42
https://ui.adsabs.harvard.edu/abs/2013ApJ...779...42S/abstract
https://doi.org/10.1146/annurev-astro-052920-104505
https://ui.adsabs.harvard.edu/abs/2022ARA&A..60...73S/abstract
https://doi.org/10.1086/520037
https://ui.adsabs.harvard.edu/abs/2007ApJ...665.1138S/abstract
https://doi.org/10.1023/A:1024056211087
https://ui.adsabs.harvard.edu/abs/2003Ap&SS.284..495T/abstract
https://doi.org/10.1086/151823
https://ui.adsabs.harvard.edu/abs/1972ApJ...178..623T/abstract
https://doi.org/10.1086/184292
https://ui.adsabs.harvard.edu/abs/1984ApJ...282L...5T/abstract
https://doi.org/10.1086/190306
https://ui.adsabs.harvard.edu/abs/1974ApJS...27..449T/abstract
https://doi.org/10.1086/133217
https://ui.adsabs.harvard.edu/abs/1993PASP..105..666V/abstract
https://ui.adsabs.harvard.edu/abs/1993PASP..105..666V/abstract
https://doi.org/10.1086/383459
https://ui.adsabs.harvard.edu/abs/2004ApJ...607..285Z/abstract

	1. Introduction
	2. The Observations of M51
	2.1. The Ionized Gas
	2.2. The Molecular Gas

	3. Morphology of M51
	4. Resonances of M51
	5. Discussion
	6. Summary
	7. Conclusions
	References



