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ABSTRACT

Neutral atomic gas (HI) effectively traces galactic dynamics across mid to large galactocentric radii. However, its limitations in
observing small-scale changes within the central few kiloparsecs, coupled with the often observed HT deficit in galactic centers,
necessitates the use of molecular gas emission as a preferred tracer in these regions. Understanding the dynamics of both neutral
atomic and molecular gas is crucial for a more complete understanding of how galaxies evolve, funnel gas from the outer disk into
their central parts, and eventually form stars. In this work we aim to quantify the dynamics of both, the neutral atomic and molecular
gas, in the nearby spiral galaxies NGC 1512, NGC 4535, and NGC 7496 using new MeerKAT H 1 observations together with ALMA
CO (2-1) observations from the PHANGS collaboration. We use the analysis tool *°Barolo to fit tilted ring models to the HI and
CO observations. A combined approach of using the HI to constrain the true disk orientation parameters before applying these to the
CO datasets is tested. This paper sets expectations for the results of the upcoming high-resolution H1 coverage of many galaxies in
the PHANGS-ALMA sample using MeerKAT or VLA, to establish a robust methodology for characterizing galaxy orientations and
deriving dynamics from combing new H1 with existing CO data.

Key words. galaxies: ISM — galaxies: kinematics and dynamics — galaxies: spiral

1. Introduction acteristic radial and vertical distribution (Colombo et al. 2014;
Martinez-Medina et al. 2020). The ubiquitous neutral atomic gas
Different emitting constituents (neutral gas, ionized gas, molec- (HT) is typically the most extended component in galaxies reach-
ular gas, or stars) of star-forming disk galaxies and their individ- ing out to 2—4 X ry5 (Wang et al. 2016; where 1,5 is the radial
ual rotation curves (RCs) can be used to trace galactic dynam-  position of the isophote at 25 mag arcsec™2).
ics. Each of these galactic components offers a unique per- H1 kinematics have long been used to trace the galactic
spective on the dynamics caused by their distinct and char- potential and its division into baryonic and dark matter mass
components (e.g., de Blok et al. 2008; de Blok & Bosma 2002;
* Corresponding authors; laudage@uni-bonn . de, Gentile et al. 2007; Lelli et al. 2016). The extended atomic gas
ceibenst@nrao. edu disks in particular, provide a key view on the dark matter halos
** Jansky Fellow of the National Radio Astronomy Observatory. of galaxies (e.g., Bosma 1981; Sofue & Rubin 2001) and the
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accretion of new material that supplies the fuel for star for-
mation (see e.g., Schmidt et al. 2016; Di Teodoro & Peek 2021;
Eibensteiner et al. 2023).

To trace small-scale kinematics in the centers of galaxies
rich in dynamical structure (e.g., having bars or rings), CO
becomes preferred over HI. This is because the ISM tends to
be molecular-dominated towards the center and CO observations
can achieve better resolutions (Bigiel & Blitz 2012; Levy et al.
2018; Su et al. 2022; Walter et al. 2008). One of the issues often
faced when modeling the kinematics in the centers is that the
gravitational potential and gas kinematics show signs of non-
axisymmetry (i.e due to stellar bars and spiral arms), which can
make it difficult to determine the disk orientation and RC accu-
rately (Lang et al. 2020; Kim & Ostriker 2006) at these radii.
Additionally, the molecular gas traced by CO tends to be more
clumpy in comparison to HI, making CO velocity fields some-
times sparsely sampled, presenting a further challenge for kine-
matic modeling (Lang et al. 2020).

Given these difficulties, a solution would be to use the H1
velocity field sampling further out in the disk to constrain the
true disk orientation, thereby improving the accuracy in RC
determination from either the CO or HT information. This paper
examines the validity and usefulness of this approach, study-
ing an initial small sample of galaxies with both existing CO
and new HT data. The hypothesis is that HT can provide a good
probe of the gas disk’s intrinsic orientation, as long as additional
factors that affect HI and CO are taken into consideration on a
galaxy-by-galaxy basis. These factors include the fact that outer
H1 disks of galaxies often exhibit genuine warps and twists as
well as spiral arms (e.g., Wong et al. 2004; de Blok et al. 2008;
Schmidt et al. 2016; Trachternach et al. 2008). H1 kinematics
may also trace radial inflows, as newly accreted material in the
outskirts of the disk makes its way inward (e.g., Wong et al.
2004; Di Teodoro & Peek 2021; Eibensteiner et al. 2023). All of
these factors can impact the derivation of the disk parameters.
Consequently, both the orientation must be allowed to vary when
modeling HT velocity fields, and the validity of that orientation
in the inner CO disk is not guaranteed.

In this paper, we perform a detailed modeling of the CO and
HT observations to determine where their RCs agree and under
which circumstances they differ. Our initial target consists of
three galaxies, but it should be sufficient for reaching our goal of
determining a best-practice recommendation for fitting the disk
orientation and RC when both CO and H 1 observations are avail-
able in future works.

For our dynamic analysis and comparison of atomic and
molecular rotation curves, we use observations from the
PHANGS collaboration (Physics at High Angular resolution
in Nearby GalaxieS') (Schinnerer et al. 2019). The PHANGS-
ALMA survey presents 90 nearby (d < 20Mpc ) galaxies
targeting CO J = 2 — 1 emission (Leroy etal. 2021). By
using the excellent capabilities of the MeerKAT telescope it is
possible to complement these data with a unique view in HI.
Eibensteiner et al. (2024) present a refined view of the HI in
eight nearby star-forming galaxies observed with the MeerKAT
telescope. Three of these galaxies are part of the PHANGS-
MeerKAT sample (cycleO; PI: D. Utomo) which is growing in
the near future (cyclel; PI: D.J. Pisano). The focus of this paper
is on the first three galaxies in the PHANGS-MeerKAT sample:
NGC 1512, NGC 4535, and NGC 7496.

In addition to pure circular velocities, we also analyze
radial velocities in HI of the three galaxies. Studying radial
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motions of matter in galaxies contributes to the explanation
of their current star formation rates and evolution (Wong et al.
2004; Spekkens & Sellwood 2007). Many galaxies, including
the Milky Way, have been forming stars at a nearly constant
or slightly decreasing rate throughout cosmic time (Bigiel et al.
2011; Panter et al. 2007). This raises the question of why the
star-forming gas is not yet depleted. A prominent explanation
for the current star formation rates (SFRs) is radially transported
neutral atomic gas (see e.g., Schmidt et al. 2016). We analyze
radial mass flow rates even though our sample size is currently
not large enough to formulate conclusions on this topic. How-
ever, with upcoming H I observations the presented methodology
in this paper can be applied to a much larger sample.

We describe our observations in Section 2. Section 3 out-
lines our methodology for implementing the tilted ring model.
We present our results that encompass the best-fit parameters
and rotation curves, in Section 4. Section 5, is dedicated to the
implications and trustworthiness of our models and we further
quantify radial motions in our models.

2. Sample and observations
2.1. Sample

The galaxies NGC 1512, NGC 4535, and NGC 7496 are all
nearby (d < 20Mpc), star-forming, barred spiral galaxies
(Table 1). Targets were selected from the parent sample of galax-
ies that have PHANGS-ALMA CO observations and where
MeerKAT has an opportunity to substantially improve on the
quality of data available in the literature because of its excel-
lent uv coverage, sensitivity and resolution capabilities. Previ-
ous HI studies of nearby galaxies that are part of the PHANGS-
ALMA sample (e.g Koribalski et al. 2018; de Blok et al. 2008;
Murphy et al. 2010; de Blok et al. 2024; Chung et al. 2009) have
led to a detailed view of the atomic gas distribution already.
NGC 1512 for example was covered with the Australia Tele-
scope Compact Array (ATCA) (Koribalski & Lépez-Sanchez
2009) and additionally observed at a coarser resolution with
MeerKAT (Elson et al. 2023). NGC 4535 has been mapped as
part of the Imaging survey of Virgo galaxies in Atomic gas
(VIVA) (Chung et al. 2009) before.

Moment maps in HI and CO and the moment 1 map in HI
are presented in Figure 1. The most unique appearance is seen in
NGC 1512. It has a double-ring structure, a nuclear ring around
the galactic center, and an additional ring further out in the main
disk. The galaxy presents a very extended disk in HI (going
out to ~120”) with the dwarf galaxy NGC 1510 located about
26.5 kpc away (assuming the distance presented in table Table 1).
A clear peak in HI emissions is seen at the position of NGC 1510
from our integrated intensity map (compare Figure 1. The galaxy
pair is believed to be strongly interacting because of the proxim-
ity, creating an asymmetric distribution of HT across the disk of
NGC 1512 (Koribalski & Lépez-Sanchez 2009). A similar but,
not as strong unwinding of spiral arms can be seen in NGC 4535.
Such unwinding of spiral arms is typical for galaxies influenced
by ram pressure inside galaxy clusters (Bellhouse et al. 2021).
NGC 4535 is part of the Virgo Cluster and the peculiar structure
at large radii might be caused by this effect.

2.2. MeerKAT 21cm observations

The HT observations used in this work were taken during the
first observing cycle (Cycle 0) of the new MeerKAT (Meer
Karoo Array Telescope) radio interferometer (PI: D. Utomo).
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Table 1. Physical Properties of the MeerKAT galaxies NGC 1512, NGC 4535 and NGC 7496.

Galaxy ID Morphology 32000 012000 Distance (Mpc) Vs (km s Reg (kpc)  Rypar (kpc)
(Reference) (1) ) 2) 3) ) 5) (6)
NGC 1512 SB(r)ab 4h03m54 15 —43°20'55” 17.92 +0.88 8714 +5 4.8 6.5
NGC 4535 SAB(s)c 12h34m20.315  +8°11'56" 15.77 £ 0.37 1953.6 +5 6.3 2.9
NGC 7496 SBb 23h09m47.35  —43°25'40" 18.72 +£2.82 1639.2 +5 3.8 34

Notes. The columns from left to right contain the morphological type, central right ascension (RA) and declination (Dec), the distance, the
systemic velocity, the stellar effective radius, and the bar radius. The values are taken from: (1) (Makarov et al. 2014), (2) (Salo et al. 2015), (3)
distanced are curated by Anand et al. (2021) (with original references for NGC 1512: Scheuermann et al. (2022); for NGC 4535: Freedman et al.
(2001), and for NGC 7496: Shaya et al. (2017) and Kourkchi et al. (2020)), (4) (Lang et al. 2020), (5) (Leroy et al. 2021), (6) (Querejeta et al.

2021).

It is the most sensitive centimeter-wavelength interferometer in
the southern hemisphere. The special design of the MeerKAT
antennas, results in low system temperatures and an antenna
gain of ~2.8 K/Jy (Jonas 2016). These properties make it ide-
ally suited to detect low column density HI emission (see e.g.,
Koribalski et al. 2020; de Blok et al. 2016).

The galaxies (see Table 1) were each observed for 6
hours in a frequency range from 1.411 GHz to 1.414 GHz. The
observations were imaged to a resulting angular resolution of
15" and a spectral resolution of 5.5kms~! per channel (see
Eibensteiner et al. 2024, for more details). We used the strict
masking procedure described in Leroy et al. (2021) that was
initially used for the PHANGS-ALMA CO(2-1) observations.
This high-confidence masking includes only voxels with a high
signal-to-noise ratio and few or no noise-dominated sight lines.
This was achieved by creating a core mask that includes all vox-
els with a signal-to-noise (S/N) larger than 4 in two consecutive
velocity channels and a lower S/N outer mask that includes vox-
els with a S/N larger than 2 in two consecutive velocity channels.
The strict mask then consists of all contiguous regions in the
outer mask that contain pixels from the high-significance inner
mask.

2.3. PHANGS-ALMA CO observations

To trace the molecular component we used observations from
the PHANGS-ALMA survey (Leroy et al. 2021). The survey
mapped the CO J = 2 — 1 line emission in these galaxies at an
angular resolution of ~1”” which corresponds to linear scales of
~100 pc. The spectral resolution is 2.5kms™!. For CO we used
a different masking procedure than for the HT described above.
As CO emission is generally less smoothly distributed, and good
spatial coverage is needed for reliable results, we used another
product offered by the PHANGS-ALMA pipeline, the "moment1
wprior" map. These maps include all moment 1 values calculated
from the strict mask (procedure described above), but add line-
of-sights that are in agreement with a prior guess (the prior is
created from a strictly masked 15" resolution cube). This pro-
cess can result in increased spatial coverage of the moment-1
map at high resolution compared to the strictly masked moment-
1 maps, while still being reliable at rejecting severe outliers in
the velocity space (see Leroy et al. 2021, for more details).

3. Methods

RCs are commonly derived by fitting tilted ring models
to the velocity field of the line emission and extracting
the rotational velocity parameter from the best-fit model.

Several available software packages exist that support this
approach such as ROTCUR (Begemann 1987) or DISK-
FIT (Spekkens & Sellwood 2007). These two-dimensional
approaches provide reliable RCs for highly resolved data but
have the disadvantage of being dependent on assumptions made
during the extraction of the velocity fields.

The beam-smearing effect is another severe problem in deriv-
ing kinematics from the velocity field (Bosma 1981). The effect
is caused by the finite size of a telescope’s beam which causes
the line emission to be smeared in the adjacent regions. As a typ-
ical result, the rising part of the extracted rotation curve can be
underestimated.

A solution to take both mentioned effects into
account is to use a 3-dimensional tilted ring model-
ing algorithm such as TiRiFiC (Jozsaetal. 2007) or
3DBarolo  (Di Teodoro & Fraternali 2015). In this paper,
we computed rotation curves using *PBarolo which fits tilted
ring models to emission line data cubes in three dimensions.
It does not depend on the methodology of the velocity field
derivation and takes beam smearing into account by introducing
the instrumental effect to the model during the convolution.

3.1. Tilted ring model

3DBarolo shares the basic scheme adopted by any tilted-ring
model, modeling the geometry and dynamics of a galaxy by
subdividing the galactic disk radially into several circular rings.
Each ring is described by a set of parameters that (at first) do not
depend on parameters from other rings. The ring parameters are
connected to line-of-sight velocities via a harmonic expansion:

ey

with i being the inclination angle and 6 the azimuthal angle mea-
sured inside the galactic disk (Iorio et al. 2017). The ring radius
R is defined as the median distance of each ring to the center.
The orientation of the projection of the inclined galactic disk
is described by the position angle ¢. It is an azimuthal angle
between the north direction and the receding major axis of the
projection on the celestial sphere measured eastwards. The con-
nection between 6 and ¢ is given by the following relations:

Vies(R, 0) = Viys + Vige(R) cos @sini + V,q(R) sinfsin i

—(x = x0) sin¢ + (y — yo) cos¢

cosf = R 2)
Ging = —(x = xp) cos¢+Q—y0) sin ¢ 3)
R cosi

with xy and yy describing the coordinates of the center of the
rings. This description yields line-of-sight velocities based on
a set of parameters for an arbitrarily chosen coordinate in the
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Fig. 1. Top row: Moment 1 maps from PHANGS MeerKAT H I observations of NGC 1512, NGC 4535, and NGC 7496 built with the strict masking
procedure described in Section 3. The maps are overplotted with isovelocity-lines (grey) in intervals of 30 kms~'. Middle row: Integrated intensity
or Moment O maps from the MeerKAT H I observations built with the same masking procedure. The location of the companion galaxy NGC 1510
is indicated by the white circle. Botfom row: Integrated intensity or Moment 0 maps of the three galaxies built from CO observations taken from
PHANGS-ALMA. The extent of the CO maps is indicated in comparison to the H I maps.

disk. With the equation, it is possible to fit these parameters to involves seven fitting parameters (see Equation 1 and Equation

an observed velocity field. 2), namely Vi, X0, Y0, I, @, Viad, and Vi In the 3D version, three
additional parameters are needed to apply a model directly to
3.2. Initial parameters and assumptions with *°Barolo the emission line data cube, which are zy (the thickness of the

disk), Zg,s (gas surface density), and oo, (the velocity disper-
Finding the best initial parameters for the fitting procedure is sion in the gas disk). The used initial parameters were taken from
one of the most important steps when working with algorithms previous works on these galaxies and are listed with sources in
like 3PBarolo. The two-dimensional tilted ring model already Table 2.
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Table 2. Initial parameters for the fitting process.

Parameter NGC 1512 NGC 4535 NGC 7496
Viys [km s711(2) 871.4 1953.6 1639.2
RA [deg] (2) 60.97557 188.58459  347.44703
Dec [deg] (2) —43.34872 8.19797 —43.42785
Vit [kms™' (1) 210 200 175
Inc. [deg] (2) 42.5 44.7 35.9
PA [deg] (2) 261.9 179.7 193.7

T gas [km Sil] “4) 8 8 8

70 [kpc] (3) 0.68 0.68 0.68
Z0 [arcsec] (3) 7.5 8.9 7.5
Viad [kms™'] (4) 0 0 0

Notes. Systemic velocity Vi, the coordinates of the galactic center
given in right ascension and declination, the rotational velocity V,, the
inclination angle (Inc.), the position angle (PA), the dispersion velocity
O gas, the scale height (z0) and the radial velocity (V,q). The initial val-
ues are taken from (1) Lang et al. (2020); (2) Galaxy centers taken from
Leroy et al. (2021); (3) Randriamampandry et al. (2021); (4) Default
value of *Barolo.

Ten free parameters lead to degeneracy in the parameter
space, which can cause discontinuities within the results. We
dealt with this issue by dividing the modeling process into a
series of runs, reducing the number of parameters to fit each run.

— First run: The set of initial parameters (Table 2) was applied
in a first run where all parameters except V.4 were allowed
to vary. Radial velocities are non-dominant for most of the
regions in galactic disks and we were interested in pure cir-
cular motion, which is why we set radial velocities to zero.
By using a weighting of w(#) = |cos 6%, we made sure that
radial motions do not severely influence the fits (compare
Equation 1). The ring width was set to the resolution of the
observation (15” for HI1 ; ~1”” for CO).

— Second run: For the second fitting stage, the central position
and systemic velocity of the rings were fixed to the median
value of the results for all rings from the first run, which
is a common method for galactic modeling (e.g., lorio et al.
2017; Di Teodoro 2015). If the rings, especially at large
radii, become asymmetric, the fitting process is not reliable
anymore which will be seen in a jump in the size of the
error bars on all parameters. Rings that had large error bars
(>+30kms™") on the Vo values were neglected from here
on. A flagging of rings after the final fitting run is not advis-
able since the regularization of the fitting parameters used in
the third run might be influenced by badly fitted rings.

— Regularization: The results of the second run can contain
numerical scatter, caused by the aforementioned degener-
acy in the parameter space. All geometric parameters were
further regularized to a function or a constant value to sup-
press this. The scale height Z, was regularized by a con-
stant median value. The inclination i and the position angle
¢ were regularized to a functional form that represents the
fitting results of the second run. To differentiate between
real shifts in geometry and numerical scatter we investi-
gated the position velocity diagrams (Figure 2) and moment
maps (Figure 1) of the observations, which are a good indi-
cator for warped structures. Warps will affect the structure
of the major axis position velocity diagram, while radial
motions influence the minor axis position velocity diagram
(Di Teodoro & Peek 2021, for a detailed description of this
technique). All three major axis position velocity diagrams

showed variations in the velocities which can be an indicator

for warps. Therefore we regularized the inclination and posi-

tion angle by using Bezier functions and did not use more
restrictive functional forms.

— Final run: Once the geometry of the galaxy was fixed, we
fitted the kinematics. The only free parameters in this run
were the rotation velocity Vi, and the velocity dispersion
O gas- This tun yielded the final rotation curve. The last two
runs were repeated several times to get separate fits for the
approaching side, the receding side, and both sides at once.

The errors of the parameters for the final model were calculated
during the second (for i and ¢) and third run (for V;,) based on
3DBarolo’s default error calculation method.

For the CO rotation curves, we used the best-fit results of
our HI fits as starting parameters but adapted the fitting algo-
rithm slightly to account for the different properties of CO disks.
Two stages were used in this case. The galaxy’s systemic veloc-
ity and central position were fixed from the beginning to the val-
ues found by our HT models and a w(f) = |cos6|* weighting
was applied. The scale height Z, of the disk is expected to be
much thinner when observed in CO (compared to HI). There-
fore a thin disk approximation of 100 pc was assumed (similar
to Roper et al. (2023) and Meidt et al. (2023)) and held fixed
throughout the runs. After a first initial fitting stage where i, ¢,
Viot» and o g, were kept free to vary, the geometry (i and ¢) was
fixed to the median value of the best-fit values of all rings. The
second run only fits the kinematics Vo and Vg, for the final
model.

3.3. Radial velocities

For a more complete picture of the atomic gas dynamics, we
additionally modeled radial motions inside the galactic disks.
For that, the third term of Equation (1) was included and V;4 is
free to vary instead of being fixed to zero as before. As shown in
Eibensteiner et al. (2023), radial velocities are notoriously dif-
ficult to measure in galaxies, since only small changes in their
geometry can lead to drastic changes of V,q. The most reliable
radial velocities are acquired using the most robust geometric
predictions of the galaxies. Therefore, following an approach
similar to Di Teodoro & Peek (2021), we fitted the radial veloc-
ities in a singular run using PBarolo with all the other param-
eters fixed to the previously determined values from our fitting
routine. As mentioned before, radial motions dominantly leave
a mark near the minor kinematic axis of galaxies (Section 3.2),
which is why for this fitting run a sin ¢> weighting was applied.

The value of radial velocities derived by *PBarolo alone
does not inform whether the motion is directed inwards (inflow)
or outwards (outflow). The direction of the galaxy’s rotation is
needed to correctly interpret the nature of the radial motion. By
definition of 3PBarolo, a positive (negative) Vi,q is tracking out-
flow (inflow) if the galaxy rotates clockwise and inflow (outflow)
when it rotates counterclockwise. Assuming that spiral galaxies
spin with their arms trailing the rotation movement it is possi-
ble to determine the rotation velocities from optical images. We
present the results, such that positive values are tracking outflow
and negative values inflow. The errors on the radial velocities
were determined by 3PBarolo’s error calculation method.

3.4. Mass flow rates

Detecting radial motions in galaxies can potentially indicate
mass transport along the radial direction of galaxies, which is
needed to fuel ongoing star formation. To estimate how efficient
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Fig. 2. Top row: Line-of-sight velocities along the major axis position from the HI observations of NGC 1512 (left), NGC 4535 (middle), and
NGC 7496 (right). Bottom row: Line-of-sight velocities along the minor axis. The x-axis represents the offset of the galactic center and the y-axis
represents the observed velocities with (left) and without (right) subtracting the systemic velocity of the galaxy.

the transport is, we took the HT surface density profiles Zy(R)
into account. Average mass flow rates were calculated using
a simplified approach similar to Eibensteiner et al. (2023) or
Di Teodoro & Peek (2021). For that HT intensity profiles I(R)
were taken from the *PBarolo task ELLPROF, which gives the
average flux along an elliptical ring defined by the best-fit geo-
metrical parameters found in our kinematic modeling. For the
error of I(R), we adopted the standard deviation provided by the
task for each ring. The radial intensity profile was then converted
to a face-on H1 mass surface density Xy (R) by assuming that the
H1 emission is optically thin:
)_1

with Bp,j, min being the full width at half maximum of the beam
(here 15”) and the factor cos i(R) correcting for the inclination
of the disk.

Using this result, we calculated the average HI mass flow M for
a given radius R by:

ZHi(R) _
[Mo pc2]

Bmaj Biin
[arcsec?]

I(R) cos i(R) ( @

[Jy beam™' kms~!]

Min(R) = 27RE51(R) Viaa(R) 5)
with R being the radial distance of the ring to the center. The
error of My; was calculated using a Gaussian error propagation
of the errors on Z(R) and Viuq(R). Positive values of My can
be understood as mass outflow and negative values of My as
mass inflow (accretion). To calculate the total neutral gas mass
flow M, the HI mass flow My; was multiplied by the factor 1.33
which takes the primordial abundance of helium into account.

4. Results

In this section, we present the resulting best-fit parameters
derived from our modeling process. First, we describe the
achieved rotation curves from the MeerKAT HTI data and then
present the results achieved using the PHANGS-ALMA CO
data. Values without an error were fixed from the start and not
fitted by *PBarolo.

4.1. Hl rotation curves

Figure 3 shows the best-fit HI rotation velocities, as well as
the results achieved using one side (receding or approaching)
of the galactic disk. The HT rotation curves reach velocities
between ~90 and ~200kms~'. Successful fits are achieved
for 32 rings of 15” width for NGC 1512, 15 rings for
NGC 4535, and 10 rings for NGC 7496. The innermost rings
of the RCs exhibit velocities close to the maximum of the
curves. A steep rise of the velocities is therefore expected
in the central regions, which are not covered by the HI
observations.

The approaching and receding rotation curves are typically
close to each other (within ~20kms™!) for most radii in all
three galaxies. Differences in the approaching and receding fit-
ting results are caused by asymmetries in the disk. Especially
for NGC 1512, we see very pronounced differences between the
approaching and receding sides at radii larger than 300", which
are caused by the influence of the companion galaxy NGC 1510.

Our best-fit values of the central positions and systemic
velocities are provided in Table 3. We took the median for these
two parameters for all successfully fitted rings after the first stage
and used these values for the following stages. The galactic cen-
ters agree well (same pixel) with the previously determined val-
ues (our initial parameters). For the systemic velocity, the val-
ues are in very good agreement with the previously found values
for NGC 4535 and NGC 7496. The new value for NGC 1512
of 880.8 + 6.3kms™! is still within the errors of the previous
871.4 + 5kms!.

The inferred disk geometry (Figure 3 bottom row) for all
three galaxies warps at large galactocentric radii that entail sub-
tle changes in ¢ and i moving outward. For NGC 4535 and NGC
7496, a warp in inclination at large radii and evolving position
angles throughout the disks are modeled. These warps are also
indicated by the deviation from constant velocities at similar
radii in the major axis position velocity diagrams (Figure 2).
NGC 1512 exhibits the most complex geometry with a varying
behavior of the inclination at ~40° throughout its radial extent.
Such oscillations are also evident in the position velocity dia-
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Fig. 3. Top row: Final H I rotation curves (black circles) for NGC 1512 (left), NGC 4535 (middle), and NGC 7496 (right) overplotted with rotation
curves derived by only considering the approaching (blue) and the receding (red) side of the galaxy. The bar radius is indicated with a dashed
grey line and the distance of NGC 1510 is indicated with the green dashed line. Bottom row: The panels show the adopted geometry in our fitting
procedure for NGC 1512 (left), NGC 4535 (middle) and NGC 7496 (right) for the HI observations. The grey squares and circles represent the
inclination i and position angle ¢ results for each ring after the second fitting stage, respectively. The blue (inclination) and yellow (position angle)
lines represent the regularization function that was used to smooth out the geometry in the final stage of the fitting procedure.

Table 3. Comparison of best-fit parameters obtained from MeerKAT-H1 and ALMA-CO data.

NGC 1512 NGC 4535 NGC 7496

H1 CO HI CO H1 CO
Viys [kms™'] 880.8 +6.3 880.8 1951.7 7.7 1951.7 16392 £5.2 1639.2
RA [deg] 60.97557 60.97557 188.58459 188.58459 347.44703 347.44703
Dec [deg] —43.34872 —43.34872 8.19797 8.19797 —43.42785 —43.42785
20 [kpc] 1.06 + 0.08 0.1 0.79 £ 0.08 0.1 0.83 +0.1 0.1
i median [°] 43.47+5.4 43.3 £3.03 443 £2.93 43.7+4.5 3799 £3.59 44491272
¢ median [°] 265.8 £10.8 252.53+9.15 17991 +5.75 18277 +7.78 191.8+7.22 201.22+7.17
Vaisp. [kms™'] 4.28 +4.23 597 +2.33 6.53 £4.52 3.88 £2.02 7.32 +£3.98 523 +2.54
Viot.max [kms™']  177.3+16.4  204.8 £9.7 188.8 £6.2 181.93 £6.09 125+5.8 118.11 £ 6.09
Rinax [kpel 517.5 89.93 247.5 109.33 157.5 74.54
Ring Count 32 36 15 55 10 45

Notes. All values in this table are derived from this work. The ring count is given for rings with a thickness of 15” width for H1 and 1" for CO.

gram of the major axis and are likely caused by the presence of
the companion galaxy NGC 1510.

4.2. CO rotation curves

The circular velocities derived from the CO fitting procedure are
presented in Figure 4 in red. We overplotted the results with pre-
vious RCs derived by Lang et al. (2020), which represent the
latest kinematic analysis of these galaxies. Their method dif-
fers from ours as they assumed that the CO emitting disks are
infinitely thin and rotating with a single, global orientation and
thus derived Vi, i, PA, and Vo with 2D tilted ring fitting (with

¢, i and Vg held fixed). For a more direct comparison, we
adopted the same radial bins as Lang et al. (2020).

Our RCs based on CO recover the central rising part of
the curves well. For all three galaxies a strong rise within
the first 1 kpc is seen with a flatter behavior for larger radii.
The rotation curve of NGC 1512 has a large area without
data points, which correspond to regions with too few emis-
sions for reliable fitting. NGC 4535 shows a pronounced dip
around the bar radius, then rises again and flattens out at
around 6kpc. NGC 7496 shows overall lower circular veloci-
ties than the other two galaxies and rises slowly until the largest
radii.
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Fig. 4. PHANGS-ALMA CO rotation curve of the sample produced by 3D-Barolo (black circles). The previous fits by Lang et al. (2020) are
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converge and are therefore not represented. The two different methods lead to very similar results overall. The rotation curve of NGC 1512 has a
large area without data points, which corresponds to regions with too few emissions for reliable fitting.

The adopted best-fit parameters are listed in Table 3. Overall
the circular velocities derived by *Barolo agree well with the
values from the previous work by Lang et al. (2020) (compare
Figure 4). The best-fit parameters of this work (Table 3) are also
in good agreement with the previously derived values (our start-
ing parameters Table 2). For NGC 7496, our three-dimensional
CO fit produces a higher inclination and position angle. While
the errors of both values are overlapping, we still investigated
if the new methodology is causing the different results in the
geometry. Different values for the scale height for HI do not
have a big impact on our fitting results (1 pc and 500 pc stay
within the errors of the final fit; see Appendix A) and therefore
we trust that they do not have a decisive impact on our CO fits.
Additionally, we fitted the galaxy by fixing the geometry to the
starting parameters, but this produced unrealistic rotation curves
with large jumps in velocity (+20kms~! between many bins).
Because of the better agreement with the HI results we think
that the geometric values from Lang et al. (2020) are more trust-
worthy for the inner CO disk of NGC 7496.

5. Discussion

In this section, we discuss the reliability and implications of
previously presented results and evaluate how our assumptions
affect them.

5.1. Reliability of the models

The H1rotation curves (Figure 3) exhibit a slight rise at the inner
most radii, but overall HI seems to track mostly the flat regime
for all three galaxies. The velocities in this regime correspond
to very typical values compared to previous studies. Kinematic
HT studies on larger samples such as THINGS (de Blok et al.
2008) or more recent publications (Di Teodoro & Peek 2021)
establish a typical range of 100kms~! to 250kms™!. NGC
4535 and NGC 1512 therefore show normal velocity behaviour
with NGC 7496 being at the lower end of the typical range.
Di Teodoro & Peek (2021) derived a H1-based rotation curve for
NGC 4535 using *PBarolo, finding a lower inclination angle (36°
compared to our 44.3°) resulting in higher rotation velocities.
The velocities are especially deviating at very large radii because
of the assumed constant inclination in contrast to the slightly
warped structure of our model. Applying a Tully-Fisher rela-

tion similar to McGaugh & Schombert (2015) implies a veloc-
ity of about 182kms~! which is also in good agreement with
our rotation curve. The rotation curve for NGC 1512 published
by Koribalski & Lopez-Sanchez (2009) shows higher velocities
overall, as they assume a constantly increasing inclination in
contrast to our varying inclination angle. The better resolution
of the MeerKAT data used for our RC (15" compared to their
65") reveals a more detailed picture of the geometry, which can
explain the differences.

A direct comparison between the observation and the models
can help to understand how the assumptions affect our fits. For
that, we created residual maps by subtracting the modeled veloc-
ities from the observations (Figure 5 for HI and Figure 6 for
CO). For NGC 1512 we see overall residual velocities between
—20km ™! and 20km s~! in H1 throughout most of the disk, but
it has a large spike on the receding side of the disk at the loca-
tion of NGC 1510. For NGC 4535 and NGC 7496, the residual
velocities are also between —20km s~ and 20kms~! in HT for
most of the disk, which supports our modeling routine. For radii
<Rgar, large residual velocities of up to 60 km s~! are present and
are likely caused by non-circular motions associated with the bar
(Schmidt et al. 2016). These non-circular motions are not part
of our model. Both galaxies further show spiral patterns in the
residual maps of H1 that correspond to the position of their spi-
ral arms implying streaming motions along the spiral arms. The
model tries to account for real radial motions within the obser-
vation, leading to an overestimation of regions without radial
motions and vice versa.

5.2. Caveats

Several effects can influence the outcome of a tilted ring fit. The
tilted ring approach relies on assumptions and approximations
that might not always be fully appropriate for real galaxies. Mod-
els are always symmetric, while real HT disks are known to be
subject to asymmetries (Espada et al. 2005; Eibensteiner et al.
2023). The one-sided fitting results (Figure 3) in our sample all
show asymmetries, especially at large radii. Modeling the kine-
matics of interacting galaxies (like NGC 1512 and NGC1510) is
therefore challenging and not reliable due to the distortion intro-
duced by tidal torques.

While three-dimensional modeling does lessen the effects
of beam smearing (Rathborne et al. 2015), it also comes with
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not shown due to unphysical results as discussed in Section 3 as part of the second run.

its own drawbacks. As described by Roper et al. (2023), when
the model emission of a given ring is compared to the cor-
responding region on the sky, it is assumed that the emission
comes from a fixed radial interval within the disk. This would
almost be true if the rings were razor-thin vertically or two-
dimensional. For rings that have a volume, emission from above
and below the mid-plane is taken into account, which results in
overlapping emission from other radii that contaminate a given

interval. This effect is boosted in particular for moderately to
highly inclined galaxies. Therefore, an observation from one
given location might be used for setting the parameters of several
rings.

In reality, the outer gas disk of galaxies is often flared,
which means that its scale height increases with radius (Dib et al.
2021). In the model, the average disk thickness of a large galaxy
sample was used as an initial parameter and the gas disk was
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Fig. 6. Left column: First-moment map of the CO observations for NGC 1512 (top), NGC 4535 (middle), and NGC 7496 (bottom). The black
ring indicates the outermost radius that was used for the model. The pink line tracks the systemic velocity line. Middle column: First-moment map
of the HI model using the best-fit parameters found. Right column: Residual velocity field between the observation and the model. Models and
residuals larger than R, are not shown due to unphysical results as discussed in Section 3 as part of the second run.

fixed to have a constant scale height after a first fitting run. It is
therefore expected that the disks of the three galaxies are gen-
erally thinner in the central regions and can be thicker in the
outer regions (depending on how strongly the H1 is flared) than
the assumed fixed scale height parameter. We tested how this
affects the final parameters by varying the fixed scale height of

our models from unrealistically small (Zy = 1 pc) to unrealisti-
cally large (Zy = 2 kpc) constant values over several fitting runs.
The outcome of these fits is presented in Appendix A. Most of
the results are still within the error range of our final adopted
model. Assuming a constant average scale height does not seem
to be a dominant source of uncertainty.
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5.3. Combined fitting of H1 and CO data

We compare the circular velocities of the different tracers in
Figure 7. Combining the two, leads to a more complete view of
the disk dynamics, covering the inner regions by CO to the most
extended radii probed by HI. The HI and CO circular veloci-
ties are in agreement for most bins where measurements overlap.
For all three galaxies, we find an offset towards higher veloc-
ities in HT at a radius corresponding to the scale of the galac-
tic bar. Especially in NGC 1512, the velocities derived from the
two tracers seem to track different motions at the largest radii
recovered by CO. Overall, the CO rotation curves draw a more
granular and less smooth picture of the kinematics, which can be
partially attributed to the higher resolution in CO. Colombo et al.
(2014) and Frank et al. (2016) reported similar local differences
between the CO and H1 rotation velocities in M51. CO is asso-
ciated with tracing denser cold gas (compared to HI), while
emission from atomic gas is more broadly distributed through-
out the whole disk. Bars or spirals cause more streaming motions
in comparison to the inter-arm regions which will contribute to
the observed velocities. Additionally, CO emission arises from
a thinner disk compared to H1, which causes CO to trace the
gravitational potential differently than HT (e.g., Levy et al. 2018,
2019; Zschaechner et al. 2015).

The residuals of the CO velocity fields reveal that assum-
ing pure circular velocities is a very simplified way to model the
complex dynamics in the inner disk. These regions are heavily
influenced by non-circular motions. Large differences especially

in the systemic velocity line (pink) can be seen when comparing
observations and models of the first moments. The larger residu-
als of the CO models in comparison to H I imply that the parame-
ters determined from HT are less disturbed by non-axisymmetric
influences that are in general difficult to model correctly. The
inner CO disk does not necessarily share the same orientation
as the outer parts of the galaxy, but deriving first orientations
for the H1 disk and then using these HI-based orientations as
initial parameters for the CO observations worked well for our
observations (see Section 4 and Figure 7). This is why we rec-
ommend using H1 to correctly model the disk orientation param-
eters before deriving CO-based RCs.

5.4. Radial motions

In Figure 8 we show the radial motions that were extracted from
the tilted ring model (see Section 3.3). All galaxies show radial
in- and outflow velocities up to ~|20km s~1|. In all of the three
galaxies, we note that the bar affects the direction and magnitude
of the radial motions strongly. We also show the mass flow rates
M indicated as purple markers in Figure 8. The general direction
of the mass flow traces the direction of the radial velocities, but
the magnitude differs because of its additional dependence on
how much gas is actually in that radial bin (traced by Zyy).

The values for NGC 4535 and NGC 7496 vary between
inflow and outflow up to —2 and 2 Mg yr~!. Stronger mass flow
rates can be observed in NGC 1512 where values of M >
10Mg yr~! are reached. We see the strongest changes in NGC
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Table 4. Star formation rates taken from Leroy et al. (2019) compared
to the average radial velocities and mass flow rates derived in this paper.

SFR (Vead) (M)
M yr'] [kms™'] (Mo yr']
NGC 1512 075+0.75 447+81  2.02+185
NGC4535 2.04+16 -055+5.57 -0.13+1.79
NGC 7496 2.09+1.6 -027+539 —0.03+1.49

Notes. Negative (positive) values represent inflow (outflow).

1512 at around R ~ 300”, where the companion galaxy NGC
1510 is located. At smaller radii, NGC 1512 shows a domi-
nant outflow with velocities of less than 10km s~ while it sud-
denly changes to strong inflow at 300 to 400” with a magni-
tude of about 20kms~!. These shifts could be caused by the
gravitational influence both galaxies have on each other. It is
more likely that the fitting tries to account for the large residuals
caused by the presence of NGC 1510 and might therefore overes-
timate the radial velocities at this point. This uncertainty makes
the radial bins larger than R, s;» (Radial distance of NGC 1510
to the center of NGC 1512) unreliable and we further ignore
them in the ongoing analysis.

Existing studies of radial gas flow from HI observations
of local galaxies (e.g., Trachternach et al. 2008; Colombo et al.
2014; Schmidt et al. 2016; Eibensteiner et al. 2023) have mostly
derived radial velocities using 2D harmonic decomposition. In
this work, in contrast, we employ a 3D modeling approach to
gather information about the radial movement of gas.

Overall, the magnitude of Vg and M are in agreement
with typical values for comparable galaxies. Di Teodoro & Peek
(2021) recently published radial motions and mass flow rates for
NGC 4535 using *PBarolo. The magnitude of the mass flow is
very similar to the results in this work, but the orientation of the
flow differs. Deriving radial velocities based on tilted ring mod-
els is very sensitive to the assumed geometrical parameters (e.g.,
Eibensteiner et al. 2023). Relatively small differences in inclina-
tion can lead to a complete flip of the inferred flow directions.
Therefore, the differences in the results, even though the same
methods were used, are likely to be caused by the differently
assumed inclination angle (i = 43.7 + 4.5° with a slight rise at
large radii in this work compared to i = 36°).

We aim to know whether radial motions in neutral atomic
gas of our three galaxies can sustain current star formation rates
(SFRs). Table 4 compares the star formation rates taken from
Leroy et al. (2019) to our derived average radial velocities and
average mass flow rates. The tilted ring model is susceptible to
underlying non-axisymmetric dynamical features (bars or spi-
rals), which are very difficult to incorporate and mainly influence
the inner regions of galactic disks. To prevent a strong influence
of this effect we calculated an average in radial velocity and mass
flow rates only for radii larger than 1.2 Ry,,, where the influence
of the bars is almost negligible (Aguerri et al. 1998).

The averaged mass flow rates and their uncertainties for
NGC 4535 and NGC 7496 are largely consistent with no mass
flow at all. The average mass flow in NGC 1512 is directed radi-
ally outwards, which might again be a sign of the gravitational
influence of its companion NGC 1510. The limited sample size
and the presence of substantial uncertainties in our data preclude
us from making definitive conclusions. However, other stud-
ies, such as Di Teodoro & Peek (2021) and Radburn-Smith et al.
(2014), have also indicated that a significant portion of the

observed SFRs cannot be ascribed to radial accretion of neu-
tral atomic gas. Such results suggest that observed SFRs may
not solely stem from the radial accretion of neutral atomic gas.
Additional factors like high-velocity clouds, episodic accretion,
or gravitational interactions could contribute (Kerp et al. 2016;
Radburn-Smith et al. 2014). This study provides a methodologi-
cal framework for future investigations when a larger sample of
similar observations is available despite the need for a cautious
interpretation of our specific results.

6. Conclusions

In conclusion, our study delves into the dynamics of both the
neutral atomic and CO-traced molecular components within the
galactic disks of the three nearby spiral galaxies NGC 1512,
NGC 4535, and NGC 7496. Using MeerKAT H1and PHANGS-
ALMA CO observations at resolutions of 15" and ~1", respec-
tively, we employed the *PBarolo, tilted ring fitting code to
derive robust tilted ring models. Our key findings and insights
include:

1. We establish reliable HT tilted ring models and utilize them
to constrain the geometry of the CO observations, deriving
corresponding tilted ring models for molecular components.

2. Signatures of warps are identified in all three galactic disks
through position-velocity diagrams and kinematic fitting
results. NGC 4535 and NGC 7496 exhibited slight warps at
large H1 radii, while NGC 1512 displayed a more intricate
structure, likely influenced by the proximity of NGC 1510.

3. Comparison with the approach used in Lang et al. (2020)
affirmed the validity of our approach. Similar orientations
and dynamics in both analyses provided confidence in the
robustness of our assumptions.

4. We observe agreement between the two differently traced
rotation curves (HI and CO) for most overlapping radii,
demonstrating the effectiveness of combining these tracers
to derive RCs across the entire disk.

5. Our investigation into radial motions and mass flow rates
reveals minimal mass flow in all galaxies, with a small out-
flow in NGC 1512 potentially attributed to the presence of
NGC 1510. The methodology employed for deriving radial
motions and mass flow rates serves as a viable approach for
future studies when expanded datasets become available.

With the ongoing H1 coverage of the PHANGS-ALMA sam-
ple, it will be possible to apply the approach presented here to
the whole sample. With a larger number of galaxies, we will be
able to gain new insights and formulate reliable conclusions on
how the dynamics and the interplay of HI and molecular gas
determine the structure of spiral galaxies. It will be possible to
investigate the fueling of star formation via radial infall of neu-
tral atomic gas similar to the approach presented in this paper
and in Di Teodoro & Peek (2021). With the possibilities of fit-
ting the scale height, it would be interesting to investigate how
and if it is related to the rotation velocity, as indications for such
a relation were already found by O’Brien et al. (2010).
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Appendix A: Influence of the scale height
parameter

Since the true height of the disks is not known for our sample
we made assumptions regarding the scale height parameter. We
took a simple approach, by using a constant value for all radii.
The initial parameter is based on an average value for HI scale
heights by Randriamampandry et al. (2021), based on a large H1
survey. By using a constant value we cannot take any variations
of scale height into account, although large H1 disks are known
to flare at large radii (Dib et al. 2021; Randriamampandry et al.
2021).

To justify the simple approach, we were interested in how
much the scale height affects our final rotation curves. We con-
ducted eight additional fitting runs, which fixed the constant
scale height parameter to a variety of values. All other param-
eters were left unchanged from our original best-fit model. The
scale heights range from unrealistically small (1 pc) to unrealis-
tically large (2000 pc) values.

The results of this procedure are presented in Figure A.l.
Most of the RCs obtained in the additional runs are within the
errors of our best-fit model (black circles), which supports the
simple approach we have used. A trend to how the thickness of
the disk affects the rotation velocities cannot be identified.
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Fig. A.1. Fitting results achieved for varying constant values of scale height for 9 different values for NGC 1512 (left), NGC 4535 (middle), and
NGC 7496 (right). The scale height was chosen from unrealistically small (green) to unrealistically large (blue) values. The final rotation curve
adopted in this paper is plotted in black.



