Chapter 5

Anisotropic modes in six nearby spiral

galaxies1

In this chapter we discuss the study of anisotropic modes in column density and line of

sight and their implications.

5.1 Anisotropy and bending waves

In chapters 2 and 3, we discussed estimation of column density and line of sight veloc-
ity(los) power spectrum in nearby spiral galaxies. Estimators used there assumed the
fluctuations in the concerned field homogenous and isotropic. A large number of observers
have noted local wavy anisotropic undulations of the disc components in our Galaxy (Alves
et al., 2020; Cohen and Thaddeus, 1977; Dixon, 1967; Gum et al., 1960; Lockman, 1977,
Lyngd, 1970; Quiroga, 1974; Spicker and Feitzinger, 1986; Thulasidharan et al., 2021).
These ‘local’ vertical deviations of the mid-plane of about 70 - 100 pc, initially termed

as ‘vertical corrugations’ (Quiroga, 1974) or ‘scalloping’ (Kulkarni et al., 1982), were

!The work presented in this chapter is originally published in the paper titled ‘Bending Waves in Velocity
Space: a First Look at the THINGS’ by Nandakumar et al. (2022).
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noted to differ from warps in size, shape and location in the Milky Way disc. Subsequently,
theories were proposed (Hunter and Toomre, 1969; Lynden-Bell, 1965; Nelson, 1976;
Shu et al., 1983) that regarded both warps and corrugations as ‘Bending Waves’ - the
global bending of a disc in response to small non-axisymmetric perturbations. We refer
the reader to several comprehensive introductions (Chequers and Widrow, 2017; Gémez
et al., 2021; Laporte et al., 2018a; Poggio et al., 2021; Sanchez-Gil et al., 2015) that do
justice to this decade-old topic. In short, the Bending Wave theory can successfully explain
the observed shapes of disc bending with a single parameter - the azimuthal bending
mode, m. The mode m = 0 can lead to the U-shape (bowl mode) seen in NGC 4650A
(Sparke, 1995; Whitmore, 1991) and NGC 4631 (Richter et al., 2018); m = 1 describes
the most commonly observed S-shaped warps; m = 2 can give rise to a saddle shape, and
corrugations could arise from a large m value (like m > 10 ).

Figure 5.1 shows how a bending wave in a disc can induce oscillation in los column
density and line of sight velocity. The top panel shows the cross-section of a corrugated
gas disc with a certain corrugation amplitude and thickness. Note that here the circular
motion of the gas follows the corrugation pattern as shown by the black arrow with V,.,;.
We show the effect of observing such a disc from different inclination angles. From the
top, that is from a face-on orientation, the motion of the gas and stars along the corrugated
sheet produces an oscillatory line of sight velocity distribution. This is shown by the
black line in the bottom panel. This oscillation has the same wavelength as that of the
corrugation but is out of phase. The corresponding los column density variation is shown
with the black curve in the middle panel. We notice, that if the disc is observed face-on the
column density also shows an oscillatory pattern, however, the wavelength of oscillation,
in this case, is half of that in the corrugation. The nature of the line of sight velocity
and column density corrugation changes as the disc is viewed with higher inclination

angles (blue curves). For an inclination of 20° in our example, the amplitude of the line
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Fig. 5.1 A toy model showing bending waves in a sheet leading to column density and
velocity corrugations. The top panel show the cross section of a corrugated disc with the
V.ot showing that the gas velocity follow the bending. The middle and bottom panel show
the resulting column density and line of sight velocity oscillations (for V,.,; = 220 km s™1)
for two inclination angles of 0° (black) and 20° (blue).




108 Anisotropic modes in spiral galaxies

of sight velocity corrugation decreases and it picks up a constant component. At this
inclination, the column density corrugation follows a periodic pattern that repeats at the
same interval as the corrugation of the disc. For such a toy model, it can be trivially shown
that for a corrugation with wavelength A and amplitude A, at inclination angles greater than
tan~! [2wh/)], the oscillations in column density and line of sight velocity are correlated.

Local fluctuations of column density as well as velocity, may result also from compres-
sive forces of self-gravity of the disc. Nandakumar and Dutta (2020) estimate the column
density and line of sight velocity fluctuation power spectra for spiral galaxy NGC 5236.
Their measured power spectra slopes suggest that fluctuations could be originated from
compressive forces which can be from gravitational instabilities or self-gravity of the disc.
It is then expected, that to maintain the vertical equilibrium of the disc, the regions with
excess column density would also have an excess line of sight velocity dispersion. This
would imply a correlation between the fluctuations in column density and fluctuations in
los velocity dispersion. A similar trend is also expected in a corrugated disc, where the
change in los path length crossing through the disc defines the fluctuations in both column
density and velocity dispersion. Hence, any correlation between the local fluctuation in
the column density and line of sight velocity dispersion could imply either or both of the

above reasons at work.

5.2 Quantifying anisotropies using harmonic decomposi-
tion

Matter distribution and dynamics of the disc galaxies are often modelled in a cylindrical
polar system (R, ¢, z) with the origin at the centre of mass of the galaxy. In these models
it is considered that most of the matters are concentrated at the mid-plane z = 0. Such an

axisymmetric disc when subject to a non-axisymmetric perturbation can produce bending
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waves about the gravitational mid-plane such that at any given location (R, ¢), the vertical
displacement of the disc mid-plane is Az oc cos m¢@, m being the azimuthal wave number.
The wavelength of the bending waves should satisfy the mA = 27 R relation. It is worth
noting here that Levine et al. (2006) found that the observed bending in the Milky Way’s
H 1 disc can be completely explained by the coexistence of m = 0, 1 and 2 modes.

In this work, we look for the presence of similar lower-order bending modes in an
external galaxy’s H I disc using the concept outlined in Sec 5.1. For this, we investigate
the fluctuations in the H I column density, line of sight component of the velocity and
velocity dispersion over their locally averaged values in the disc. We use the zeroth, first
and second-moment maps made using H 1 position-position-velocity data cubes obtained
from radio interferometric observations of external spiral galaxies. For a typical galaxy,
the disc may have an inclination with the line of sight of observation. Using information
of the inclination and position angle from a tilted ring model fit to the rotation curve of
the galaxy, we identify the coordinates R, ¢ in the galaxy for each pixel in the moment
maps. We choose a circular annulus of a radius, say, R and width AR. The AR values
are chosen to be equal for all radii in this analysis. The lower limit of AR then comes
from the angular resolution. Since the galaxies have their disc oriented with the line
of sight while observing different galacto-centric radii contribute to a given observation
beam. Considering the local scale height of the galaxy be /., and the inclination angle is
i, we choose AR < h, tan i, to avoid any further mixing of contributions coming from
different radii. We note that the H 1 scale height of galaxies flares with higher scale height
at a higher galacto-centric radius (Olling, 1996; Vollmer et al., 2016). The scale height
of the galaxies in our sample is not estimated. Kregel et al. (2004) find that the ratio
between the H T average scale height to the H 1 scale length as 0.06 £+ 0.015. We use the
H 1 extent Ry, estimated as the semimajor axis value where the column density level of

102 atoms/cm? to find a represented value for the scale height /., of the H 1 disc. Note that,
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it has been observed (Patra, 2020) that the H 1 scale height of the galaxies increases with
the galacto-centric radius. Hence we need to choose a much lower value than A, tan 4, to
avoid mixing of contributions from different radii. We divide the annulus in N, equal bins
with each bin having an angular width of d¢ = 27/ N. For each bin, we estimate the bin
value of the corresponding quantity as the average of all the pixel values from the moment
map in the bin. For a typical annulus and a given moment map, this gives us the estimate
of the azimuthal variation of the values at that radius R, we denote it by f;(R, ¢), where
J = 0,1, 2 for column density, line of sight velocity and velocity dispersion respectively.
Uncertainties in these estimates, A f; (R, ¢), are calculated by combining the measurement
uncertainties in the pixels of the moment maps and the variation of the values in the pixels
in a given bin. We do harmonic decomposition of f;(RR, ¢) to get the multipole amplitudes

A,, as follows:

[i(R,¢) = Agj(R) + Z Ay (R) cos(me — xmj(R)) (5.1

where x,,;(R) is a phase factor. Subsequently we will be interested in estimating the

multipole amplitudes A,,,;(R) which can be obtained from,

A - (A?ILJ + A HLJ)% (52)
where fl;nj and A,,; are defined as,
f fi(R, @) cos(me)dep (5.3)

A,TYLJ = % f](R ¢) Sln(m¢)d¢a

0

additionally with
1 2
Ay = — ; do.
07 27T J‘O fJ (R7 d)) ¢
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We subtract the local averaged values of f;(R, ¢) from each of these bins to estimate
the fluctuations in column density, line of sight velocity and velocity dispersion from the

moment zero, one and two maps respectively.

* Column density: We consider the large scale distribution of the H I column density
in these galaxies are radial and estimate the fluctuations d Ny, (R, ¢) on top of those.
The radial profile at the radius R significantly contributes to the Agy(R) multipole

moment at that radius.

* Line of sight velocity: Two major components in the line of sight velocity are
from the systematic radial velocity of the galaxy and the rotation of the disc. The
systematic radial velocity is estimated by the Ay; multipole amplitude, which gives
the average line of sight velocity in the given annulus. Rotation of the disc induces
a dipole component at a given radius with its value dependent on the tangential
rotation velocity, inclination and position angle at that radius. This component is

captured in the m = 1 multipole mode A1;(R).

* Line of sight velocity dispersion: The azimuthally averaged H 1 velocity dispersion
is observed to reduce with R and follow a steeper power-law with radius in the stellar
disc compared to outside (Tamburro et al., 2009). We use Agz(R) as an estimate of

the azimuthally averaged line of sight velocity dispersion.

In presence of bending modes of the disc, we expect to see oscillations in the column
density and line of sight velocity as shown in Fig 5.1. We define the following quantities

to measure them:

ONwm(R, ¢) = fo(R, ) — Aw(R) (5.4)
dv(R,¢) = fi(R,0) — [An + A (R)cos(¢ — x11(R))]

do (R, ¢) = fa(R,¢) — An(R)
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We estimate the Spearman rank correlation between the values of § Ny, (R, ¢), 0v(R, ¢)
and 0o, (R, ¢) across different azimuth ¢ for a given R. As discussed earlier, the mo-
ment zero map of the H T position-position-velocity data cube gives the column density
distribution. The higher moment maps are all weighted by the column density. Hence,
it is possible that the column density fluctuations introduce fluctuations in higher-order
moment maps and we should be cautious to interpret any nonzero dv(R, ¢) and do, (R, ¢)
as fluctuations in the line of sight velocity or velocity dispersion. In such a case, however,
the fluctuations in the line of sight velocity and its dispersion are expected to be correlated.
Hence, if we observe a correlation between the line of sight velocity and its dispersion,
we do not interpret the oscillations in velocity arising from the corrugation in the disc.
Furthermore, for a corrugated disc with a relatively higher inclination angle, the quantities
INm (R, ¢),6v(R, ¢) are expected to be correlated (or anti-correlated depending on the
direction of the disc rotation velocity and position angle). On the other hand if the fluctua-
tion in column density arises from self gravity, then we expect d Ny (R, ¢) and do, (R, @)
to be correlated. Hence, looking for correlations among the residuals of the three-moment
maps would be insightful.

We use the multipoles m > 0 for column density and line of sight velocity dispersion
and m > 1 for a line of sight velocity to seek possible evidence of corrugation in the
disc. We estimate the uncertainties in the multipole amplitude in the following way. We
start by noting the uncertainties in f;(R, ¢), i.e Af;(R, ). Assuming the distribution
of their uncertainties to be Gaussian random with mean f;(R, ¢) and standard deviation
Af;j(R, ¢), we generate several realisations of f;(R, ¢) and perform harmonic decomposi-
tion for each such realisation. The standard deviation of the amplitudes of these harmonic
decompositions is then considered as the estimates of their uncertainties.

Note that, these multipole amplitudes will pick up the amplitude of a corrugation at

the length scale of 27 R/m present over the entire angular extent of the annulus. The
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multipole amplitudes calculated this way are however not sensitive to corrugations that
may be present locally over smaller length scales. Hence, the analysis present in this

section is not sensitive to any such small scale local corrugations.

5.3 Sample selection

Walter et al. (2008) observe H 1 emission from a sample of 34 spiral galaxies for THINGS
using the VLA ? and estimate several H I dynamical and morphological properties of
these galaxies. They provide moment maps * with angular resolutions between ~ 7 — 16"
and velocity resolutions ~ 5 km s, though these numbers vary across the galaxies. de
Blok et al. (2008) estimate the rotation curves of 19 galaxies from the THINGS survey
using tilted ring model fit, and also present the radial variation of disc inclination and
position angles. In this work, we investigate the regular pattern in the column density
and los velocity that arises from an origin other than the large scale H 1 variation over the
radius and rotational velocity. Hence, we would need to include galaxies in our sample
for which the rotation curves are estimated fairly well. For the relatively face-on galaxies,
the rotational component of the velocity cannot be well estimated, whereas for galaxies
with high inclination, the line of sight passes through multiple radii and the sky position
to galaxy position mapping is not clear. Hence, we choose galaxies with an inclination
angle between 30° and 70°. We also restrict ourselves to the galaxies from THINGS with
receding and approaching parts of the galaxies having nearly similar rotational velocities
to avoid including discs with obvious warps in our sample. Keeping these in mind we
choose six spiral galaxies from the THINGS sample for our analyses. Relevant properties
of these galaxies are given in Table 5.1. The inclination and position angle is given are

disc averaged values for reference. We also list the optical radii R»5, where the B band

2VLA: Very Large array, NRAO, New Mexico
3Moment maps of THINGS galaxies are made publicly available in their survey website
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Galaxy D 1 PA Av Ry, Rs5 | References
(Mpc) | ) | ) | (kmsec™) | (kpc) | (kpc)
NGC 2403 3.2 63 | 124 52 1.6 | 74 | 1,2,3,6,7
NGC 2903 8.9 65 | 204 5.2 324 | 152 | 1,2,5,6,7
NGC 3621 6.6 65 | 345 52 240 | 94 | 1,23,6,7
NGC 4826 | 7.5 65 | 121 52 240 | 114 | 1,2,4,6,7
NGC 5055 | 10.1 | 59 | 102 5.2 44.1 | 174 | 1,2,3,6,7
NGC 6946 | 5.9 33 | 243 2.6 30.0 | 9.8 | 1,2,3,6,7

Table 5.1 Table giving different properties of the six galaxies. Column 1: galaxy name;
Column 2: distance (D), Column 3: average inclination angle (¢); Column 4: average
position angle (PA); Column 5: velocity resolution of THINGS data cube; Column 6: H 1
extent (Ry7) at a H 1 column density of 10 atoms cm™2, Column 7: optical extent (Rys),
Column 8: References : (1) de Blok et al. (2008), (2) Walter et al. (2008), (3) Freedman
et al. (2001), (4) Karachentsev et al. (2004), (5) Drozdovsky and Karachentsev (2000), (6)
From LEDA survey (Prugniel et al., 2001), (7) Dutta et al. (2013).

surface brightness is at the level of 25 magnitude arcsec 2. The H I extent Ry, is defined

as the semi-major axis at the level of column density of 10*° atoms cm ™2,

5.4 Anisotropic signature for the galaxy NGC 3621

We first introduce the reader to our analysis with the galaxy NGC 3621. Distance to this
galaxy is estimated to be 6.6 Mpc and the average inclination angle is 65° (Freedman et al.,
2001; ?). The moment maps from THINGS has an angular resolution of 16" x 10", which
corresponds to a linear scale of 510 x 330 pc in the galaxy. As discussed in section 5.2,
considering the H 1 extent Ry, as an approximate estimate of H I scale length, we roughly
estimate the H 1 scale height of this galaxy as 1.44 kpc , which shows that AR < 3 kpc.
We choose AR = 570 pc which is sufficiently larger than the beam size of 510 pc. We

choose N, = 144 for all radii in this analysis. We estimate the multipole decomposition
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of fo(R,®), fi(R,¢) and f5(R, ¢) for multipoles up to 12 for a range of R values. The
amplitude of the multipole moments beyond m = 12 cannot be measured with statistical
significance. We estimate the fluctuations 6 Ny, (R, ¢), dv(R, ¢) and do, (R, ¢) using the
method described in section 5.2.

The top panel of Figure 5.2 shows different components of the line of sight velocity
of H 1 for NGC 3621at a radius of R = 12 kpc. The points with error bars correspond
to the values of fi(R, ¢) as a function of azimuth ¢ with 5-0 uncertainties. The black
solid curve gives the first two moments (m = 0, 1) of this function. Bottom panel of the
same figure shows 0 Ny, (R, ¢), dv(R, ¢) and do, (R, ¢) as a function of azimuth ¢. The
estimated uncertainties in the values of each quantity are shown with a shaded region. Note

2 whereas the

that, the left y-axis represents the column density in units of 10%° atoms cm™
right y-axis represents the scale for velocity in km s~1. We observe statistically significant
oscillations in all three quantities here. Figure 5.3 show the fluctuations in column density
(0Nm (R, ¢)), line of sight velocity (0v(R, ¢)) and velocity dispersions (do, (R, ¢)) for the
galaxy NGC 3621 projected on the galactic plane. The white circle marks the Ro; for this
galaxy.

The Spearman rank correlation coefficient between the azimuthal values of all three
pairs of Ny, (R, ¢), dv(R, ¢) and do, (R, ¢) are plotted with black dots in the Figure 5.4
for all radii. The shaded region represents the chance correlation between a pair of
quantities, i.e., if the black dot lies outside the shaded region we can consider that the
correlation is significant. The horizontal dashed line corresponds to the Ry of the disc. We
observe that the chance correlation is significantly higher when the correlation coefficients
are near zero, ruling out any statistically significant correlation between the pair of variables.
In some cases, we see that the pairs of variables stay correlated for successive radii,

indicating that the correlation may be extended in the radial direction, whereas the sudden

change in correlation in successive radii signifies local correlation. We observe that the
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Fig. 5.2 The top panel shows the function f;(R, ¢) for R = 12 kpc (blue dots) for the
galaxy NGC 3621. Five-sigma uncertainties are also plotted for the same as error bars.
The black continuous line represents the first two moments of this function. In the bot-
tom panel we show the column density, line of sight velocity and velocity fluctuations
INm (R, @), 0v(R, ¢) and b0, (R, ¢) with ¢ at the same radius R. The shaded regions rep-
resents one-sigma uncertainties. The y-axis on the left side shows the scale for d Ny, (R, ¢)
and the y-axis on right side shows the scale for v (R, ¢) and do, (R, ¢). Note that the
mean values of these quantities are different at different radius.
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Fig. 5.3 The figure shows the fluctuations in column density (6 Ny, (R, ¢)), line of sight ve-
locity (0v(R, ¢)) and velocity dispersions (do, (R, ¢)) for the galaxy NGC 3621 projected
in the galactic plane. White circle represents the optical extent with radius ~ Rys.

Radius (kpc)

5r

Fig. 5.4 The three columns show the Spearman rank correlation coefficients (black dots)
estimated for the respective pairs of residual maps for NGC 3621. Shaded region indicates
chance correlation. The figures share same y-axis giving the radius R. The horizontal
black line represents o5 of the galaxy.
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Fig. 5.5 Amplitudes of modes in residual maps of column density (left) and los velocity
(right) are shown for different radii 2. The white horizontal line corresponds to the I?55
indicating the optical disc of the galaxy.

line of sight velocity fluctuation 0v(R, ¢) is not correlated with its dispersion o, (R, ¢)
indicating that the fluctuations seen in the line of sight velocity are not a result of moment
map weighting. The strong anti-correlation seen between d Ny, (R, ¢) and dv(R, ¢) at
I? > 10 kpc strongly indicates towards the presence of disc corrugation.

The amplitudes of different m modes A,,; are shown in Figure 5.5 for m > 0 and
m > 1 for the column density (left, 7 = 0) and line of sight velocity (right, 7 = 1)
respectively for different radii. We show for m < 8 modes only, at higher m the moment
amplitudes are consistent with zero. Clearly, only first few multipoles are having significant
amplitudes. The horizontal lines in both panels mark Ry of the galaxy. The distinct Ay

mode seen here can also be observed in Figure 5.3.

5.5 Results for entire sample

We performed the above analysis for all the six galaxies in our sample. Table 5.2 shows

the Ry, ¢, h, tan 4, the resolution beam size in pc units and the chosen value for AR for
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Fig. 5.6 Figure shows the fluctuations in column density (0 Ny;), line of sight velocity (dv)
and velocity dispersions (4o, ) for all the six galaxies in our sample. White circle represents
the optical extent of the respective galaxy with a radius ~ I?55.
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Fig. 5.7 The Spearman rank correlation coefficients for all three pairs of
INm (R, 9),6v(R, ¢) and 6o, (R, ¢) as a function of radii for all the galaxies in our sample.
The shaded regions corresponds to chance correlation. The horizontal lines denote [255 for
those galaxies.
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Galaxy R i h, tan(i) Beam Size AR

(kpe) | (deg) (pc) (pc) (pc)
NGC 2403 11.6 63 1370 130 310
NGC 2903 | 324 65 4170 658 780
NGC 3621 | 24.0 65 3090 510 570
NGC 4826 | 24.0 65 3090 440 540
NGC 5055 | 44.1 59 4400 490 590
NGC 6946 | 30.0 33 1170 210 430

Table 5.2 Table shows following parameters . Column 1: galaxy name; Column 2: H 1
extent (Ry;), Column 3: average inclination angle (i); Column 4: computed values of
h, tan(z); Column 5: resolution beam size in pc units (Walter et al. (2008)); Column 6:
Chosen AR . References are already mentioned in table 5.1

all the galaxies. Note that AR is at least 4 times smaller than &, tan i for all but the galaxy
NGC 6946 and in all cases greater than the beam size. For the galaxy NGC 6946, we have a
less conservative value for AR ~ 2.7 x h, tan i. Given that the H 1 disc flaring is observed
to be not more than a few times in the inner and outer parts of the disc (Banerjee and Jog,
2008), our choice of AR suffices. Figure 5.6 shows the fluctuations in column density
(0Nm (R, ¢)), line of sight velocity (0v(R, ¢)) and velocity dispersions (do, (R, ¢)) for all
the six galaxies in our sample. We show the Spearman rank correlation coefficients for the
pairs of 0v(R, ¢), 60,(R, ¢) and 6 Ny, (R, ¢),for all the galaxies in Figure 5.7. Each row
represents a galaxy from our sample. The radial H I extent of each galaxy is different and
is shown on the y-axis. The dashed horizontal line corresponds to the Ry5 of the galaxy.
We note that the line of sight velocity and its dispersion mostly do not show any significant
correlation indicating the absence of influence from moment 0 map weighting. All galaxies
(except NGC 2903) show a correlation between column density and line of sight velocity
dispersion at large radii. There is also a significant correlation in the column density and
line of sight velocity for NGC 5055, NGC 4826, NGC 3621 and NGC 2903 at various radii.

These two correlations suggest the presence of vertical bending modes in these galaxies.
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The multipole amplitudes A, for all six galaxies are plotted for m > 0 in the left-
hand side of Figure 5.8, the right-hand panel of the same figure corresponds to multipole
amplitudes A,,; with m > 1. Amplitudes for m > 8 are not shown as they are found to be
negligible in our sample. The horizontal white dashed line corresponds to the Ro5 of each
galaxy. All the lower modes show strong radial dependence showing maximum amplitudes
only at certain radii. Wherever the amplitude is larger in this figure 5.8 for a particular
m, for a particular galaxy, there that mode m is dominant at that radius. Note that the
statistical significance at which the multipole moments are calculated varies for different
radius and m. The case of NGC 4826 is particularly interesting, as it does not show much
variation in column density residual but shows significant peaks in velocity residual.

To observe the variation of the multipole amplitudes as a function of radius we show
the first few significant multipole amplitudes for all the galaxies in Figure 5.9 with three
sigma uncertainties. As can be seen, the observed oscillations have large observational

significance in most of the cases.

5.5.1 Identifying anisotropic modes

In the right panel of Fig 5.9 we show the radial variation of the amplitude of the modes =2, 3
and 4 obtained from the H I residual velocity map for all six galaxies. As m = 0 component
of velocity overlaps with the galaxy’s systemic radial velocity and m = 1 component
overlaps with the galaxy’s rotation velocity, they are not shown here. Amplitudes for
modes m > 4 are not shown as they are statistically negligible (see Fig 5.8). In fact, NGC
4826 is the only galaxy that shows a peak of above 5 km s~ inm = 5.

Here we describe the method we use to identify the modes with an example. Consider
the amplitude of m = 2 velocity mode (red line in Fig 5.9) in NGC 3621. This mode has a
significant presence (> 8 kms™') in the galactocentric region of 6 — 12 kpc and reaches

a peak of 15 kms™! at 9 kpc. This kind of scenario is very similar to what are seen in
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Fig. 5.8 The multipole amplitudes for residual maps of column density (left) and los
velocity (right) at different radii for all galaxies in our sample. The horizontal lines denote
Ry5 for those galaxies.
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Fig. 5.9 First few multipole amplitudes A,,o(left) and A,,; (right) at different radius for all

galaxies in our sample. The vertical lines denote o5 for those galaxies.

6

18

14

Radius [kpc]

f T o~
LN o

o
— S o
[,_Wwd swoje] ,,0T x My



5.5 Results for entire sample 125

simulations (Carlin et al., 2013; Gémez et al., 2013, 2017; Widrow et al., 2012) where the
maximum bending is localised in R. As predicted in theory and witnessed in simulations
(Bland-Hawthorn and Tepper-Garcia, 2021), these ‘radial peaks’ move outward with time.
Similar but smaller crests in m = 3 & 4 of amplitude 6 kms™" are seen at 10 and 11 kpc
respectively. We regard this continuous significant amplitude over a radial range with a
crest in between as the sign of a bending mode. Thus we find 3 modes in NGC 3621:
m = 2 with a peak of 15 kms™! at 9 kpc; m = 3 with a peak of 6 kms™! at 10 kpc and
m = 4 with a peak of 6 kms~—! at 11 kpc.

Similarly, other galaxies in our sample also show these radial peaks spread across their
entire discs. The location of a peak and its amplitude can vary with time (Carlin et al., 2013;
Gomez et al., 2013, 2017; Poggio et al., 2021; Widrow et al., 2012). Hence, the observed
snapshot of the mode spectrum in a galaxy can be useful to find the present state of its
tidal interaction. We perform an exercise of identifying the peaks in both column density
and velocity, their corresponding amplitudes and locations for all the sample galaxies. We
find that in column density there are a total of 32 peaks for all multipoles (m = 1, 2, 3
and 4) with amplitude above 3 x10?° atoms cm 2. There was no density peak observed
for the galaxy NGC 4826. For the line of sight velocity, we find 25 peaks in total for
multipoles 2, 3 and 4 with amplitude above 5 km s™!. In both cases, we restrict ourselves
in radius between 0.4 Ro5 and the observed outer limit of the discs. We do not consider the
inner disc region because there the self-gravity is strong enough to resist the formation of
bending waves (Saha and Jog, 2006). Furthermore, the stellar spiral structure may also
contribute to coherent variations in los velocity of H 1 and hence not all peaks in this
region may be attributed to bending waves. Alfaro et al. (2001) and Sanchez-Gil et al.
(2015) find a close association between velocity peaks and emission peaks in Ha in the
inner disc regions. Figure 5.10 summarises the result of this analysis. The plots in the left

column correspond to the column density and that are in the right corresponds to the line of
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Fig. 5.10 Column density (left) and line of sight velocity (right) mode peaks shown for all
galaxies. The vertical axes show their maximum amplitude and the horizontal axes show
the radial positions in their host galaxies. For the ease of comparision, radial positions are
normalized by Ry5 of respective galaxies. In the top panel, the amplitude of all modes for
different galaxies (color coded) are shown. The bottom panel shows the same color coded
mode-wise. Note that we do not include m = 1 velocity mode here.

sight velocity. The panels show the amplitude of all the identified density/velocity modes
colour coded galaxy-wise (top panel) and mode-wise (bottom panel) at their corresponding
radial location (scaled to the optical disc radius, Ro5). A statistical analysis of these modes
coming from all the galaxies together is shown in Figure 5.11. The top panel of this figure
gives the number of appearances of different modes (left vertical axis) and their average
amplitudes (right vertical axis) for m = 2,3 and 4 in column density and velocity. The
bottom panel shows how all the modes are radially distributed. We do not include the
m = 1 column density mode here so that comparison between the velocity and density
modes is easier.

In our analysis we are able to detect as many as 25 radially unique velocity peaks in
the modes m = 2, 3 and 4. NGC 2403 and NGC 6946 show a minimum of three peaks
each whereas NGC 4826 shows up to 7 peaks in velocity. It is important to note here that

there is no galaxy in this sample that does not show any velocity modes at all indicating
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Fig. 5.11 Various statistics related to the column density (left) and velocity modes (right)
are shown. Top panels show the number of detected density and velocity peaks for
m = 2, 3 & 4 (solid colors) alongside with their average amplitudes (bars with stars)
considering all galaxies. The bottom panel shows a histogram of radial position of these
modes.

that all the galaxies may be definitely perturbed to an extent. This is in accordance with
recent simulations by Gémez et al. (2017) who predict corrugations to be a very common
phenomenon. Whereas in the case of density, we identify around 32 peaks with modes
ranging from m = 1to m = 4, the majority of them have amplitudes of ~ 3 x10%
atoms cm 2. NGC 4826 is an interesting galaxy in our sample, where not a single peak
is detected in density space, while in velocity space it has the largest number of peaks
among the sample. A single-density peak is found near the optical extent in NGC 6946.
The remaining galaxies have a significant number of density peaks (> 5 peaks) identified
over different radial positions with NGC 2903 having the highest amplitude density peak
(~ 7.6 x10%° atoms cm~2). We find the following interesting trends based on the results

presented in Figure 5.10 and Figure 5.11:
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1. More than 50% of the velocity peaks belongs to m = 2 modes while about 20% -
25% belong to m = 2 and 3. This indicates that m = 2 may be easier to excite or it
is more long-lived compared to the other two. This indication is in agreement with
the simulations of Poggio et al. (2021) where they find that m = 2 is more stable
than the other two modes studied (m = 0 and 1). As they have not followed m > 2
modes, we cannot directly compare our results with theirs in this aspect. Around

75% of the density peaks that are identified are either mode m = 1 or 2.

2. The average amplitude in each velocity mode is about 8 km s~! and density mode is

~4 x10%° atoms cm 2

3. The maximum number of density modes are seen in the inner galaxy. This is expected

if these are indeed spiral arms.

4. The velocity peak distribution shows a bi-modal behaviour. The first maximum
overlaps with the density mode maximum ~ 0.6 Ry5 suggesting that these velocity
peaks may be related to spiral arms and not due to bending waves. The second

smaller maximum occurs at the optical edge and is more likely due to bending waves.

5. We observe in figure 5.8, that for all galaxies except NGC 4826, at least one peak in
density and velocity space is located in the same position. These can be originating

from the in disc motion of the gas in an undulated disc as discussed with figure 5.1.

6. Since we do not find any associated column density mode for any of the velocity
modes for NGC 4826, it is quite likely that for this galaxy, the observed velocity

modes are arising from a classical vertical corrugation.

The above points raise intriguing questions like a) what makes m = 2 more stable
than other modes? b) why are the corrugations in H I disc more concentrated around

the edge of the optical disc rather than the edge of the H 1 disc? c) similarly, why are
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the maximum amplitudes seen at the optical edge rather than the H I disc edge? These
questions can be addressed in two possible ways - via simulations that include an extended
H 1 disc component; and by identifying velocity corrugations in a statistically large sample

of galaxies (in both optical and H 1 discs). We hope to see these studies in future.

5.6 Summary

In this chapter, we looked for anisotropies in the H T column density and velocity maps of
six galaxies from the THINGS sample: NGC 2403, NGC 2903, NGC 3601, NGC 4826,
NGC 5055 and NGC 6946. We subject the column density maps and residual velocity
maps (after subtracting local average components) to multipole analysis (performed on
each annular ring centred around the galaxy) and find several velocity and density peaks
belonging to different modes, with varying amplitudes, spread across the entire H I disc.
We do not use the kinematic m = 0 and 1 as they are mixed with the disc’s linear and
rotational velocity components respectively. We are able to filter out about 25 velocity
peaks with amplitude above 5 km s~! and lying between 0.4 R,5 and the disc’s reliable
outer limit. The maximum amplitude detected is 15 km s~!. About 32 density peaks are
detected above 3 x 10?° atoms cm ™ in the similar radius range with a maximum amplitude

2

of 7.6 x10%* atoms cm™2 . We find the following interesting trends from the detected

modes (belonging to m = 2, 3 and 4 only) in this limited sample study:

1. All of the sample galaxies appear to be vertically perturbed

2. More than 50% of the kinematic modes are m = 2, suggesting that they may be

more long-lived than the higher-order modes.

3. The average amplitude in each of m = 2, 3, 4 kinematic modes is the same ~ 8 km

s,
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4. Maximum number of non-axisymmetries in column density as well as los velocity

are seen ~0.6 Ro5 suggesting spiral arms as their likely cause.

5. A second smaller maximum in velocity non-axisymmetries is seen at the optical
edge suggesting bending wave origin. The amplitude of the modes are also larger in

this region.

It is important to note that several physical effects including bending waves, coherent
non-axisymmetric and/or vertical velocity components and density waves in the disc could
give rise to the observed column density and line of sight velocity modes. We believe that
the observed column density and velocity modes outside the optical disc are primarily
from bending waves. A detailed study of the observational signatures of these different
effects is needed to establish the origin of the modes. We urge for similar studies with a

larger sample and also hope to see simulations including the gas component.



