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ABSTRACT

We apply the Tremaine-Weinberg method to 19 nearby galaxies using stellar mass surface densities and veloc-
ities derived from the PHANGS-MUSE survey, to calculate (primarily bar) pattern speeds ({2p). After quality
checks, we find that around half (10) of these stellar mass-based measurements are reliable. For those galaxies,
we find good agreement between our results and previously published pattern speeds, and use rotation curves to
calculate major resonance locations (co-rotation radii and Lindblad resonances). We also compare these stellar-
mass derived pattern speeds with Ha (from MUSE) and CO(J = 2—1) emission from the PHANGS-ALMA
survey. We find that in the case of these clumpy ISM tracers, this method erroneously gives a signal that is
simply the angular frequency at a representative radius set by the distribution of these clumps ({2ciump), and
that this Qcjump is significantly different to Qp (~20% in the case of Ha, and ~50% in the case of CO). Thus,
we conclude that it is inadvisable to use “pattern speeds” derived from ISM kinematics. Finally, we compare
our derived pattern speeds and co-rotation radii, along with bar properties, to the global parameters of these
galaxies. Consistent with previous studies, we find that galaxies with a later Hubble type have a larger ratio of
co-rotation radius to bar length, more molecular-gas rich galaxies have higher Q2p, and more bulge-dominated
galaxies have lower Qp. Unlike earlier works, however, there are no clear trends between the bar strength and
Qp, nor between the total stellar mass surface density and the pattern speed.
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1. INTRODUCTION

A fundamental, and currently open question in galaxy for-
mation and evolution is how spiral arms and bars are formed
and how they evolve. A natural question to ask is how long-
lived these structures are, but the answer to this question re-
mains elusive; even “transient” structures in terms of galaxies
may persist for millions of years (e.g. Bournaud et al. 2005;
Grand et al. 2012), and so are far beyond the timescales that
we are able to observe. The most common theory for the for-
mation of these structures (Lindblad 1963; Lin & Shu 1966,
although see Sellwood 2013 and sect. 6.4.2 of Binney &
Tremaine 2008 for alternative theories) is that density waves
propagating through galaxies act on the gas, forming stars
either along spiral shock lines (forming grand-design spiral
arms). Bars can form from disk instabilities, even in the ab-
sence of gas (see sect. 6.3 of Binney & Tremaine 2008). A
key prediction of this density wave theory is that the waves
propagating through these morphological features will have
a roughly invariant angular velocity across a large range of
galactic radii. These angular velocities are referred to as pat-
tern speeds, (2p (whether this is true in the case of spiral arms
is disputed, see review by Dobbs & Baba 2014).

The pattern speed of a spiral arm or a bar is a key param-
eter of the structure, and is associated with the evolution of
the galaxy it is present within. For instance, a bar can only
grow self-consistently if it lies within the co-rotation radius
(i.e. where the stars move at the same speed as the den-
sity wave; Contopoulos 1980). Density waves driving spiral
arms have been shown to trigger star formation (e.g. Rand
1993; Knapen et al. 1996), and the interface of a bar and
a spiral arm can also trigger massive starburst events (e.g.
Beuther et al. 2017), so galaxy evolution determines {p.
Furthermore, when combined with the rotation curve of a
galaxy, these speeds will set the location of resonances within
a galaxy (the co-rotation radii, and Lindblad resonances),
which in turn maintain and regulate the density wave (Lin
1970), and can have significant effects on the distributions of
stars (e.g. Fragkoudi et al. 2019).

However, the density wave speed is not directly observ-
able, so we must turn to indirect methods to infer this param-
eter. There are a number of ways to do this. For example, by
identifying resonance locations one can predict the radius of
co-rotation, and thus the pattern speed (e.g. EImegreen et al.
1989, 1996). This method is limited by an uncertain conver-
sion from resonance radius to co-rotation radius (e.g. Kranz
et al. 2003), and by the fact that given the particular pattern
speed and galaxy rotation curve, certain resonances may not
exist. Another option is to match simulations (where the pat-
tern speed is directly known) to galaxies (e.g. Garcia-Burillo

et al. 1993; Rautiainen & Salo 1999; Weiner et al. 2001a,b;
Sormani et al. 2015). The selection of the “best” model here
is somewhat qualitative, as direct comparisons between ob-
servations and simulations are difficult. This method has the
benefit of being more direct, but requires a suite of tailored
simulations for each individual object (selecting a value of
the stellar mass-to-light ratio, the shape of the dark matter
halo and its mass, etc.), and so is only feasible for small sam-
ples of galaxies.

Due to these difficulties, studies are typically limited to a
single galaxy (or a very small number of them). This means
that the literature contains heterogeneous measures of pat-
tern speeds using different methods. Given that these differ-
ent methods have different systematics (or, perhaps are more
sensitive to different pattern speeds within the galaxy), mak-
ing direct comparisons between these various literature val-
ues is difficult. Furthermore, applying the same method to
different kinematic tracers may yield differing results (e.g.
stars and HI, see Westpfahl 1998). To draw statistically ro-
bust conclusions about the distributions of pattern speeds in
the local galaxy population, it is important to have homoge-
neous measures of these quantities — not only in technique,
but in tracer, too.

Ideally, to extend studies of pattern speeds (and resonance
locations) to large samples of galaxies, we desire a method
of pattern speed determination that is widely applicable,
which is data (rather than model or simulation) driven, and
as quantitative as possible (i.e. with minimal reliance on by-
eye feature classification). For this, the Tremaine-Weinberg
(Tremaine & Weinberg 1984) method stands out as one of
the most popular approaches, due to its minimal model as-
sumptions, and the fact that it is purely based on the observed
kinematics. We will describe this method in more detail in
Sect. 3.1. As a brief historical introduction, this method was
originally designed for long-slit spectroscopy and applied to
measure bar pattern speeds of dust-free, early-type galaxies.
It is sensitive to non-axisymmetry along a number of (ideally
infinitely long) slits positioned along the major axis of the
galaxy. By taking the slope of the intensity-weighted velocity
with respect to the intensity-weighted position for a number
of slits, the velocity component mis-alignment with the line
of nodes (i.e. the major axis of the galaxy) can be quantified.
The commonly used form of the method was first formulated
by Merrifield & Kuijken (1995), and has since been applied
to a number of other galaxies, including late-type galaxies
(e.g. Gerssen et al. 1999; Debattista et al. 2002; Aguerri et al.
2003; Corsini et al. 2003, 2007; Guo et al. 2019, amongst
others). With the advent of integral field unit (IFU) spec-
troscopy, it is now possible to apply the Tremaine-Weinberg
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method to derived maps of the stellar mass and stellar veloc-
ities (see, e.g. Debattista & Williams 2004; Guo et al. 2019),
and with the Gaia satellite it has been applied to stars in the
Milky Way (Sanders et al. 2019).

The method has also been used in conjunction with ion-
ized or neutral gas tracers, with the goal of probing non-
axisymmetric structure further out in the disk, either with Ha
(e.g. Emsellem et al. 2006; Fathi et al. 2009) or occasionally
CO (e.g. Rand & Wallin 2004; Zimmer et al. 2004). The un-
derlying assumption, in such cases, is that this gas roughly
obeys continuity when there is little chemical transformation
between the gas and other phases of the ISM (i.e. molecular
to atomic hydrogen, or dust), and that the chemical abun-
dance of the tracers remains constant. In the case of CO,
Rand & Wallin (2004) argued that it should remain a valid
tracer when the ISM is molecule-dominated (so there is little
conversion from molecular gas to and from atomic gas) and
when the star formation rate is low to moderate (so that there
is little molecular gas lost to star formation, or expelled by
feedback; Chevance et al. 2020). However, as discussed in
Rand & Wallin (2004), the clumpiness of ISM tracers like
CO and Ha can pose a further issue: clumpy, highly asym-
metric disks introduce a fake signal in Tremaine-Weinberg
integrals. This effect becomes especially pronounced at high
resolution, when CO and Ha morphology becomes charac-
terised by clumpiness organised around, for example, HII re-
gions, GMCs, sharp spiral arms (e.g. Kreckel et al. 2018;
Schinnerer et al. 2019; S. Meidt et al. in prep.) We revisit this
in more detail in the context of our sample in Sect. 4. Because
of these potential shortcomings, fully sampled stellar kine-
matics are preferable for applying the Tremaine-Weinberg
method.

Recent works have combined a number of literature val-
ues of pattern speeds to attempt to perform statistical analy-
ses (Cuomo et al. 2020). Our study complements and builds
upon this earlier work by measuring pattern speeds homo-
geneously for a number of galaxies. In this work, we ap-
ply the Tremaine-Weinberg method to two of the Physics at
High Angular resolution in Nearby GalaxieS (PHANGS')
surveys, namely to observations taken using the Multi Unit
Spectroscopic Explorer (MUSE) instrument on the VLT (re-
ferred to as PHANGS-MUSE; PI. E. Schinnerer; E. Em-
sellem et al. in prep.), and the Atacama Large Millime-
ter/Submillimeter Array (ALMA) instrument (referred to as
PHANGS-ALMA; PI. E. Schinnerer, and from pilot pro-
posals with PLs G. Blanc and A. K. Leroy; Leroy et al.
2020a). Our work focuses on pattern speeds from the stel-
lar mass surface density (2,) from MUSE, but we also study
the application of this method to ISM tracers — ionised gas

! phangs.org

(Ha) from MUSE, and cold, molecular gas [CO(J = 2—1)]
emission from ALMA. With 19 galaxies mapped as part of
PHANGS-MUSE, and 84 with PHANGS-ALMA, this gives
us an unprecedented opportunity not only to measure pattern
speeds homogeneously for a large sample of galaxies at high
(< 100 pc) resolution, but also to perform vital cross-checks
between different kinematic tracers for many galaxies, which
are currently poorly explored in the literature. This work
derives pattern speeds, along with resonance locations for
these galaxies, which are tabulated in Table 2, and are also
made available online in a machine-readable format®>. For
future works that may have improved distance or orientation
measurements, this table also includes these parameters as
used in our work, to allow for simple rescaling in subsequent
works.

The structure of this paper is as follows: we provide
an overview of the PHANGS programmes and data prod-
ucts (Sect. 2), before summarising the Tremaine-Weinberg
method, our tests of its efficacy on the data, and our appli-
cation to the entire PHANGS-MUSE and PHANGS-ALMA
data sets (Sect. 3). In Sect. 4, we present our tests showing
that applying the Tremaine-Weinberg method to ISM tracers
can yield erroneous signals, and showing that this is gener-
ally an issue in our sample. We present an overview of our
derived pattern speeds in the context of previous work, and
make comparison between our pattern speeds and previously
derived pattern speeds for the same galaxies in the literature
(Sect. 5). We then calculate the radii of major resonances for
the entire PHANGS sample (Sect. 6). We study the potential
correlations between these derived dynamical properties of
the galaxy and some of its global parameters (such as Hub-
ble type, molecular gas fraction; Sect. 7). We discuss the
implications of these results (Sect. 8), before presenting a
summary of our work, along with future prospects for large
studies of pattern speeds in the future (Sect. 9).

2. DATA

This work uses data from two of the PHANGS large pro-
grammes: PHANGS-MUSE and PHANGS-ALMA. For de-
tails on the data reduction and product creation, we refer
the readers to E. Emsellem et al. (in prep.) for PHANGS-
MUSE, and Leroy et al. (2020b) and Leroy et al. (2020a)
for the PHANGS-ALMA data processing pipeline and sur-
vey description, respectively. We provide here only a brief
description of the data products we use in the proceeding sec-
tions, which are the surface brightness and velocity maps for
each tracer (MUSE stellar mass and velocity, MUSE He, and
ALMA CO, collectively referred to as “kinematic maps”),
along with associated error maps.

2 The code used in this work, as well as a .fits table, are available online at

https://github.com/thomaswilliamsastro/phangs_pattern_speeds
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Along with these kinematic maps, we use orientation pa-
rameters (the galaxy position angle, inclination, and systemic
velocities) from Lang et al. (2020). We also make use of
distances from Anand et al. (2020, and references therein)
to calculate physical pattern speeds in km s~! kpc™!, rather
than in kms~! arcsec™1!. Finally, we make use of cata-
logues from the Spitzer Survey of Stellar Structure in Galax-
ies (S*G; Sheth et al. 2010) — in particular, bar strengths
(Diaz-Garcia et al. 2016), bar orientations (Herrera-Endoqui
et al. 2015), and bulge to total flux ratios and disk scale
lengths (Salo et al. 2015).

2.1. PHANGS-MUSE

Our primary sample in this study consists of MUSE optical
spectroscopy for 19 galaxies as part of the PHANGS-MUSE
data release (DR) 2.0 (E. Emsellem et al., in prep.). The
reduction is performed using standard MUSE recipes (e.g.
wavelength and flux calibration, cosmic ray rejection, mo-
saicking), run through PYMUSEPIPE®. These reduced prod-
ucts are then run through the MUSE data analysis pipeline
(DAP), which is run in three stages: firstly, stellar kinemat-
ics are measured (the stellar velocity and higher order mo-
ments); next, the properties of stellar populations are esti-
mated (e.g. age, stellar metallicity, stellar mass). Both of
these stages are performed on Voronoi binned data to a stel-
lar continuum signal-to-noise ratio (S/N) of 35, to maximise
reliability. The fit is performed via pPXF (Cappellari & Em-
sellem 2004; Cappellari 2017), and makes use of E-MILES
(Vazdekis et al. 2016) simple stellar population models of
eight ages (0.15 - 14 Gyr) and four metallicities ([Z/H] = [-
1.5,-0.35,0.06,0.4]). Only the wavelength range 4850-7000A
are used in the fit, in order to avoid strong sky residuals in the
reddest part of the MUSE spectral range. Finally, for indi-
vidual spaxels the properties of emission lines are measured
(fluxes and kinematics), via a simultaneous fit of continuum
and emission lines also performed via pPXF. The DAP fits
only a single stellar population, so the stellar masses and ve-
locities are an average of young and older stars. We primarily
want to apply the method to the old stellar population, as we
do not expect young stars to obey continuity. As the stellar
mass is dominated by old stars (typically, the mass-weighted
age per spaxel is of the order of Gyr), and the velocities of
young and old stars are typically similar (Rosado-Belza et al.
2020; Shetty et al. 2020), therefore, averaging these values
over stellar populations will not bias our results. Finally, for
individual spaxels, the properties of emission lines are mea-
sured (fluxes and kinematics). We make use of the stellar
mass surface density and velocity maps (from the first two
processing stages), and the Ha flux and velocity maps (from
the final processing stage).

3 https://github.com/emsellem/pymusepipe

2.2. PHANGS-ALMA

We make use of 12CO(J = 2—1) maps (hereafter “CO” for
brevity) from the PHANGS-ALMA survey. Whilst the ob-
servations and data reduction are detailed separately (Leroy
et al. 2020a,b), we provide a brief summary of the products
used in this study.

These CO maps are provided as part of the internal
PHANGS-ALMA DR v3.4. This includes a total of 84 galax-
ies (of which two are omitted due to no detected emission in
the cubes). We use cubes combined with all available data
from the 12m and 7m arrays, and total power (TP) obser-
vations. This means that we maximise the resolution of the
observations, whilst still being sensitive to extended emission
on all scales. In total, 69 of our galaxies have 12m+7m+TP
data, 7 have 12m+7m, 7 have 7m+TP, and 1 has 7m only.
Typically, the data without 12m antenna configurations are
for the nearest galaxies, so the spatial resolution remains rea-
sonably consistent. As shown in the right-hand panel of Fig.
4, we do not expect the particular antenna configuration to
have a strong impact on our results.

The 12m+7m data are imaged simultaneously, using a
multi-scale clean followed by a single-scale clean. This com-
bined cube is then corrected for primary beam pickup, and
convolved to have a round synthesised beam. The TP data
are imaged separately using the method described in Her-
rera et al. (2020), and these two cubes are then combined in
Fourier space (“feathered”). The cubes are then collapsed
into standard moment O (integrated intensity) and moment 1
(intensity-weighted velocity), along with error maps. There
are two types of masks used to create these maps: firstly,
strict masks that grow out any voxels with S/N > 4 in 2
or more successive channels down to voxels with S/N > 2
in 2 or more successive channels. Secondly, there are broad
masks that take the union of the highest resolution strict mask
from a strict mask generated at a spatial resolution of 500pc,
which captures lower level, extended emission. For more de-
tails of this masking, see Leroy et al. (2020b). We opt to use
broad, rather than strict maps, to maximise our completeness
(at the cost of increased noise). We find a negligible impact
on our results using these different masking schemes in most
cases. This choice only matters for the low surface brightness
galaxies in the sample, for which we typically find a poor fit
in any case.

We use maps at their highest resolution (1.3795 arcsec,
corresponding to 100f§}) pc, whereby the native resolution
maps are smoothed to a common circular beam for each
galaxy. Combined with the MUSE stellar and Ho maps, we
have three different kinematic tracers, which affords us use-
ful cross-checks between derived pattern speeds for the sam-
ple of 19 galaxies where the observations overlap.

3. CALCULATING PATTERN SPEEDS
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Figure 1. Top left: Stellar mass surface density map of NGC 3351 shown in greyscale, with Tremaine-Weinberg integral slits of 1” width,
oriented parallel to the major axis overlaid. Only one in every four slits is shown, due to the slit density, and are coloured according to their
position along the kinematic minor axis.For this galaxy, the quality flag, Q@ = 1 (see Sect. 3.5). Top right: Stellar velocity map for the same
galaxy, with a dashed black line showing the kinematic major axis, passing through the galaxy centre. Bottom: intensity-weighted velocity ({v))
versus intensity-weighted position ({x)) for each of the slits (the colour corresponds to the slit colour in the above top-left panel). The black
line shows the best fit, and the grey shaded region the errors on the fit (in this case, this region is extremely small). One point has an extremely
large uncertainty in this panel, and the error bar extends across the entire range of (v) shown.

In this section, we present a brief overview of the
Tremaine-Weinberg method (Sect. 3.1). We detail our treat-
ments of the various uncertainties associated with the method
(Sect. 3.2), and then investigate the effect of slit lengths and
widths on the recovered pattern speeds (Sect. 3.3). We then
apply the method to our data set (Sect. 3.4), and perform
a posteriori checks on the pattern speeds (Sect. 3.5). We
stress that we only provide one pattern speed; for barred
galaxies, we expect this to be the pattern speed of the bar,
and for non-barred galaxies this will be a pattern speed for the
spiral arms. As an umbrella term, we will refer to these mea-
sured pattern speeds as “primary” pattern speeds through-
out this work, as these structures will dominate the non-
axisymmetry the Tremaine-Weinberg method is sensitive to

when we are in a regime with multiple pattern speeds present
(we discuss this further in Sect. 3.1).

3.1. The Tremaine-Weinberg Method

The Tremaine-Weinberg method is a model independent
method to calculate a pattern speed within a galaxy. It has
three, minimal assumptions:

1. The galaxy disk is flat;
2. The disk contains a single, well-defined pattern speed;
3. The tracer obeys the continuity equation.

Assumption (1) is justified as our observations cover mainly
the inner disks of galaxies (typically around 1 Ra5; Lang
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Figure 2. Left: Recovered pattern speed, 2p, versus Tremaine-Weinberg integral slit length, r, for MUSE stellar mass surface density obser-
vations of NGC 3351 (at this distance, 1"’ corresponds to ~50 pc). The vertical dashed black line indicates the bar extent in this galaxy. Right:
Recovered pattern speed versus Tremaine-Weinberg integral slit width for the same galaxy (the resolution of this map is ~1”). As the pattern
speed measured for each slit width is not independent from other slit widths (they use the same data, and larger slit widths combine information
from narrower slits), the scatter in each measurement is much smaller than the typical uncertainty. In both cases, the horizontal black line
indicates our fiducial pattern speed, and the dashed black lines either side of it the uncertainty on this measurement.

et al. 2020), and the detected emission is less radially ex-
tended than, e.g. HI. Thus, we do not expected these ob-
servations will be sensitive to disk warping. We therefore
assume that this assumption holds true across all of our sam-
ple.

On point (2), prior studies have has shown that many galax-
ies host multiple pattern speeds, corresponding to different
morphological features (e.g. bars and spiral arms within a
galaxy; Meidt et al. 2008b; Beckman et al. 2018). In this
case, assumption (2) may be invalid. We would expect two
different (but linked) phenomena here. For slits that contain
no information from the bar, we would expect to measure a
different pattern speed than for slits with bar information, if
the pattern speeds are different between spiral arms and bars.
This is reflected in our quality flagging (Sect. 3.5), and we
believe this to only affect a small subset of our sample.

Furthermore, as we make our slits as long as possible,
some slits may pass through both bars and spiral arms. If
these structures have different pattern speeds, then any pat-
tern speed we measure will be some weighted average of
these two distinct values. We expect this measurement to
strongly deviate from the bar pattern speed only when the
spatial and kinematic non-axisymmetry of the secondary pat-
tern (i.e. spiral arms) is strong relative to the primary pattern
speed, and also when this secondary pattern extends over a
considerable portion of the slits (for examples of this, see
scenarios considered by Meidt et al. 2008a). For most of
the galaxies in our sample, this does not appear to be the
case; outer spirals tend to be both substantially dimmer and
exhibit weaker streaming motions compared to the bars in
our sample: whereas residual velocities from the fitted ro-

tation curves by Lang et al. (2020) are typically 20 kms~*

or greater in our sample for bars, they reach a maximum of
only ~10km s~ in the spiral arms. Attempting to quantify
the bias this may present would require detailed simulations
of galaxies where we know a ground truth for the pattern
speed. This is beyond the scope of this work, but will be re-
visited in later studies. For the present work, we assume that
the secondary pattern is weak compared to the bar pattern,
and so the bias is small — much like in earlier works apply-
ing the Tremaine-Weinberg method to stellar kinematics (e.g.
Aguerri et al. 2015; Guo et al. 2019; Garma-Oehmichen et al.
2020).

Whilst assumption (3) (the tracer obeys the continuity
equation) is approximately valid for the old stellar mass sur-
face density distribution that we are primarily sensitive to
with our MUSE observations, it may not be formally valid
given the clumpy nature of CO and Ha emission, the phase
transitions from Hi to Hy to Hil, and the way these phases
participate in the star formation process. We investigate this
further in Sect. 4, and find that this is generally an issue
within our sample. For this reason, the bulk of our analysis is
performed on pattern speeds measured from stellar kinemat-
ics.

If the continuity equation is valid, then

oY 0 0
ot + %(Evm) + a—y(Evy) =0, 1

where (v, vy) is the mean velocity of the tracer at (x, y), and
¥ the surface brightness at (z,y). In polar coordinates (r, ¢),
we assume that the surface brightness (2) in a frame rotating
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with an angular pattern speed, Qp:
S = 5(r,¢ — Qpt), )

and from this we can write

)y )y ( oy az)

— =—Qp—=0Q — - 3
ot Poe P Yar " Toy ®)
Substituting this into Eq. 1 and integrating over both = and y
(see Tremaine & Weinberg 1984), we can obtain

75 h(y) 72, Svos(z,y) dedy
ffooo h(y) ffooo Yz dzdy ’

where 7 is the inclination of the galaxy, v1,0g the line-of-sight
velocity, and h(y) a weight function. In this work, we take
h(y) to be a boxcar function from y — dy to y + dy, to rep-
resent a pseudo-slit parallel to the line of nodes. Throughout
this work, we will refer to “slits” and “integrals” interchange-
ably in this context. This equation can be simplified to

Qp sin(i) = 10 (5)

()’

by recognising that the integrals in the numerator and denom-
inator are simply the intensity-weighted velocity and position
along a slit, respectively. In this formalism, non-zero values
of (v)/(z) are caused by non-axisymmetric structure within
the slit. Thus, taking a number of slits and plotting (v) versus
(x) yields a straight line with a slope equivalent to Qp sin(4).

There are some limitations to this method given the data.
Firstly, the integrals formally should extend from —oo to oo,
whereas in reality this is not the case due to the limited field
of view of the observations. However, assuming the disk is
axisymmetric at large x, we can instead integrate from —x
to xo (where this is set by the extent of the field of view of
the observations). Secondly, this method is less effective for
galaxies that are face-on (due to loss of kinematic informa-
tion), or edge-on (due to loss of photometric information).
Finally, for galaxies with bars we expect our primary pattern
speed to be the bar pattern speed. If the bar is oriented along
the galaxy minor axis, the integrals will tend to cancel out
and no pattern speed will be measured.

Qp sin(i) =

“)

3.2. Uncertainties on the Pattern Speeds

In order to provide robust estimates on the pattern speed
uncertainties, we take multiple sources of error into account
when calculating them. Firstly, we account for errors in both
(x) and (v) separately, based on the error in each pixel along
the slit, and summed in quadrature. These are then propa-
gated into the fitting routine using Orthogonal Distance Re-
gression (ODR), which allows us to effectively account for
errors in both (z) and (v). We use the scipy implementa-
tion of ODR (SCIPY.ODR). We find that, given the high S/N

of our observations and the large numbers of pixels along
each slit, the formal errors on these ODR fits are very small.
As an example, one such fit is shown in Fig. 1, for NGC 3351.
In Appendix B, we show this visualisation for all MUSE
galaxies. Even our highest quality fits have some points that
lie off the fitted line. These can be caused by multitude of
reasons, including unmasked foreground stars, small varia-
tions in the galaxy position angle with galactocentric radius,
or (particularly at the edges of the observations) insufficiently
long slits. However, particularly for the fits with a quality flag
Q@ =1 (see Sect. 3.5), the fits tend to look excellent.

We also account for errors in the position angle of the
galaxy, and the galaxy centre. We do this via a Monte-Carlo
method, perturbing the line of nodes and the galaxy centre by
the measured errors (recorded in Lang et al. 2020). We use
1000 bootstraps, measure the pattern speed for each of these
iterations, and quote the pattern speed as the median of this
distribution, with the associated errors as the 16" and 84th
percentiles, as we find these errors tend to be asymmetric.
These are listed in Table 2. We find the errors on our pattern
speeds to be 11J_rz1))5% (the median percentage error and 16"
and 84th percentiles), and that it is the error in the position
angle that dominates, as has been shown in previous work
(Debattista 2003; Garma-Oehmichen et al. 2020). We do not
include uncertainties from the inclination or distance in our
uncertainty for the pattern speeds. This is because many of
our comparisons are to other quantities that are inclination-
and distance-dependent (see Sect. 7).

3.3. Effects of slit length and width on recovered pattern
speeds

Finally, we investigate the effects of both the slit length
and slit width on recovered pattern speeds. These can af-
fect the pattern speeds in two ways: firstly, the slits must be
sufficiently long as to reach a sufficient radius at which the
disk is roughly axisymmetric (and the effect from morpho-
logical features no longer prominent). If this is not achieved,
the measurement will be biased. Secondly, if the slits are
too wide, we may have insufficient slits covering the bar to
retrieve a reliable pattern speed measurement. We use a num-
ber of slit lengths, from 10" to 150" (~1 to 15 kpc, dependent
on the distance and inclination of the galaxy), and slit widths
from 0.5” to 10” (in general, the resolution of our data is
~1", but the pixels oversample the beam; this corresponds to
~50pcto 1 kpc). 1” corresponds to between around 25 pc for
the nearer targets in the sample, and 120 pc for the farthest.
The results of this experiment for NGC 3351 are shown in
Fig. 2. We find that the measured pattern speeds tend to con-
verge as the slits become longer (typically, slightly longer
than the bar). We also find that the slit width has a min-
imal impact on the recovered pattern speed (right panel of
Fig. 2). With larger slit widths, we have fewer points to fit,
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and typically the uncertainty in the pattern speed becomes
slightly larger. Motivated by these results, we opt to make
each individual slit as long as possible, and 1” wide to ap-
proximately match the resolution of the data. For surveys
with larger number of galaxies, but with physical resolutions
of ~kpc scales, rather than ~100pc scales (e.g. MaNGA;
Bundy et al. 2015), efforts to measure pattern speeds in these
galaxies should still produce reliable results (right panel of
Fig. 2; see also work by Guo et al. 2019). We perform
these slit length and slit width diagnostics for all galaxies,
and these form a critical component of our diagnostic assess-
ments (Sect. 3.5).

3.4. Data Preparation

We perform a number of pre-processing steps to the data
before calculating the Tremaine-Weinberg integrals. These
are:

1. Mask foreground stars. For the MUSE data only,
foreground stars can be a contaminant. These are
clearly recognisable in the data with extreme (positive
or negative) velocities (with respect to the systemic ve-
locity of the galaxy). We therefore remove any pixels
with |v| > 300kms~". This cut is arbitrary, and may
need to be tailored for other data sets. However, we
find that the recovered pattern speeds with masked or
non-masked stars are not significantly different;

2. Subtract systemic velocity. For the ALMA data only,
the systemic velocity is not subtracted in the moment 1
maps. We estimate the systemic velocity using PAFIT
(Krajnovic et al. 2006), and subtract it from the ALMA
velocity field (moment 1) map. This has the effect of
centring the (v) integrals. As we are primarily inter-
ested in the slope of (v) versus (z), this value is not
particularly important, but is included so tha