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ABSTRACT

We present a novel method of combining kinematic models obtained at multiple spatial resolution levels in a self-consistent
manner. The MHONGOOSE survey has mapped atomic hydrogen emission in 30 nearby dwarf and spiral galaxies. Each
galaxy is imaged at multiple resolution levels with unprecedented dynamic range in spatial resolution (from ~10 to 90
arcsec) and H1I sensitivity, with the latter varying by almost a factor of 30 across all resolution scales. We use radial
weighting functions to combine kinematic models from all resolution levels. The weights are derived from the residuals
of model fits to a set of observations of synthetic model galaxies with known rotation curves and geometries. We obtain
combined (weighted and smoothed) inclination and position angle profiles for each galaxy. These suppress the sharp, often
unphysical radial fluctuations arising in single-resolution profiles. We then fit the rotation speed and velocity dispersion
profiles at each resolution level with the geometric profiles fixed to the combined profiles, finally combining these using
the same weighting and smoothing approach. The combined rotation curves utilize all of the available information and
have smaller typical systematic errors compared to those obtained using a single resolution level, particularly near the
centres and outer edges of models. This initial demonstration is promising; there is scope to further refine the process to
use such information-rich observations to their full potential.
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1 INTRODUCTION

Rotation curves allow us to infer the dynamical mass distribution
of galaxies and test the validity of cosmological models. Since
the early 20th century, the rotation speeds of galaxies have been
measured using the Doppler shift of optical emission lines, with
Ho emission serving as a primary tracer of ionized hydrogen in
star-forming regions. However, this method was hampered by
the limited radial extent of detectable Ho emission in galaxies.
The distribution of atomic hydrogen (H1) detectable in 21 cm
emission is often far more extended than that of its ionized coun-
terpart. Radio observations enable rotation curves to be extended
to larger radii, revealing that they remain flat well beyond the
optical disc. This provided some of the earliest compelling evi-
dence for the presence of dark matter (e.g. D. H. Rogstad & G. S.
Shostak 1972; M. S. Roberts & A. H. Rots 1973; A. Bosma 1978).
Whilst early radio observations used single-dish telescopes, radio
interferometers enable reaching much higher spatial resolutions
and remain one of the most powerful tools for probing galaxy
kinematics today.

More recently, interest has focused on the rotation curves
of dwarf galaxies, driven primarily by efforts to address long-
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standing issues such as the core-cusp problem and the origin of
the diversity in rotation curve shapes of dwarf galaxies (e.g. R. A.
Flores & J. R. Primack 1994; B. Moore 1994; W. J. G. de Blok 2010;
K. A. Oman et al. 2015; I. M. E. Santos-Santos et al. 2020, see also
L. V. Sales, A. Wetzel& A. Fattahi 2022, for a review), highlighting
the importance of rotation curves in a cosmological context. Since
many of these galaxies are small and contain little baryonic mass,
kiloparsec-scale resolution and high HI column density sensi-
tivity (< 10" cm~2) are required to obtain detailed kinematics
whilst maximizing radial extent. Interferometric surveys such as
HALOGAS! (G. Heald et al. 2011) and LITTLE THINGS? (D. A.
Hunter et al. 2012) provide either high resolution or high sensi-
tivity, but are suboptimal at providing both simultaneously.

The MHONGOOSE? survey breaks this trend. It uses the
MeerKAT radio telescope array in South Africa to acquire deep
H1 observations of 30 nearby late-type galaxies. MeerKAT is an
array of 64 13.5m dishes with a maximum baseline of 7.7 km,
with 70 per cent of the collecting area located very close to the
core of the array. This provides an unmatched combination of
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spatial resolution and column density sensitivity (see W. J. G.
de Blok et al. 2024, Fig. 1), offering the opportunity to study galax-
ies out to larger radii with finer detail than previously achievable.

MHONGOOSE provides six distinct resolution levels, con-
structed from different weighted combinations of baselines, with
the lowest resolutions providing an increase of up to a factor
of 100 in HI column density sensitivity relative to the highest
resolution (W. J. G. de Blok et al. 2024). The well-known trade-off
between angular resolution and sensitivity in principle allows for
an increase in the radial extent of kinematic models by utilizing
the lower resolution levels in the outermost regions of the galaxy
where H1emission is weakest. This was already possible in earlier
surveys - for instance, THINGS* on the Very Large Array deliv-
ered ‘robust’ and ‘natural’ weighted cubes with differing spatial
resolutions and sensitivities (F. Walter et al. 2008) — but MeerKAT
has stable noise properties over a superior dynamic range in spa-
tial resolution.

Many studies have combined rotation curves derived from
different physical tracers. A common approach combines Ho
and HT1 rotation curves (e.g. R. A. Swaters, B. F. Madore& M.
Trewhella 2000; W. J. G. de Blok, S. S. McGaugh & V. C. Rubin
2001; R. A. Swaters et al. 2003). He often offers superior angular
resolution and so is used to probe the central regions, while HI
extends the curve to significantly larger radii. Millimetre/sub-
millimetre observations of molecular emission has also been used
towards the centre, once again supplemented by H1 to extend the
radial coverage (e.g. Y. Sofue 1996, combining CO and H1 obser-
vations). Similarly, G. Y. C. Leung et al. (2021) provide an example
of combining stellar (optical) and H 1-derived rotation curves to
provide tighter constraints on dark matter models. Whilst the
examples above combine different physical tracers, an alternative
method involves combining data derived from the same physical
tracer, often with varying levels of spatial resolution and sensi-
tivity. This enables us to obtain rotation curves that benefit from
both high resolution in the central regions and high sensitivity
at larger galactocentric radii where emission is weakest. Most
relevant to our work, B. Namumba et al. (2025) conducted a kine-
matic study of two galaxies from the MHONGOOSE survey, and
combined models fitted to separate resolution levels to increase
the radial extent of their rotation curves by several kiloparsecs.
However, this was achieved by essentially ‘gluing’ the lower reso-
lution rotation curve on to the end of the higher resolution curve,
with little regard for the physical consistency of the combined
model. This leads to discontinuities in the combined model (e.g.
inclination and position angle profiles, see their fig. 6) at the
boundary between the two resolution levels.

This work aims to address these shortcomings by combin-
ing observations at the multiple resolution levels provided by
MHONGOOSE in a physically consistent manner, obtaining
physical parameters which are consistent across all resolution
levels and taking advantage of both the high resolution and high
sensitivity data where each is best used. This paper is structured
as follows. Section 2 outlines the data used and target selection.
Section 3 details the software configuration used to fit kinematic
models to each galaxy. Section 4 explains the relative weightings
of resolution levels used as a function of radius, while Section 5
describes the method by which we combine the available resolu-
tion levels using the above weighting functions and presents the
results of applying this methodology to both mock and real data.

4The H 1 Nearby Galaxies Survey.
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Finally, in Section 6 we discuss our main findings, and summarize
our key conclusions in Section 7.

2 DATA AND TARGET SELECTION

In this work, we focus on two galaxies from the MHONGOOSE
survey with HIPASS® (M. J. Meyer et al. 2004) identifications
J1106-14 and J0309-41. Key properties of these galaxies are sum-
marized in Table 1. These galaxies were chosen to be relatively
simple to model: they are approximately symmetric both spatially
and in velocity space. We also chose them to have different overall
inclinations and stellar masses to provide two distinct test cases
for our methodology.

For both of these galaxies we use five of the six available
MHONGOOSE resolution levels, the beam sizes, and HI column
density sensitivities for which are outlined in Table 2. We omit
the highest available resolution level since it does not reveal any
additional features in the HT intensity or velocity maps. Fig. 1
shows the HI contours derived from these five MHONGOOSE
resolution cubes at a signal-to-noise of 3 overlaid on to DE-
CaLS® grz band images. We estimate the signal-to-noise ratio,
S/N, as the ratio of the ‘signal’ - the sum of the flux density
over a window of width W, (taken from W. J. G. de Blok et al.
2024) centred on the channel with maximum flux density in
each pixel — and the ‘noise’ - the root mean square scatter across
pixels in a patch of the datacube well away from galactic emis-
sion and summed over the same spectral window as the signal.
The figure shows both the increased radial extent of H1 relative
to optical emission, and the relative increase in sensitivity at
lower resolution levels. We note that the increasing radial extent
may be mostly due to the increasing beam size; there may be
little additional H1 at large radii (see also B. Namumba et al.
2025).

3 KINEMATIC MODELLING: 3’BAROLO

Obtaining well-constrained radial profiles from datacubes for key
quantities, such as rotation curves, requires a detailed modelling
approach. In this section, we outline the broadly conventional
modelling procedure applied independently to each resolution
level. The resulting models will be combined in subsequent sec-
tions.

3.1 Tilted-ring modelling

To obtain kinematic models of our target galaxies, we fit a 3D
tilted-ring model to each datacube using the publicly available
3PBAROLO software’ (E. M. Di Teodoro & F. Fraternali 2015).
A 3D tilted-ring model is one in which the galactic H1 disc is
broken down into a number of concentric rings, each with their
own galactocentric radius (r), dynamical centre position (e, &),
systemic velocity (vsys), inclination (i), position angle (¢), velocity
dispersion (o), and rotation speed (). *PBAROLO also estimates
the H1surface density profile, £y;(r), by averaging the 21 cm line
emission within each ring. We use 3°PBAROLO over traditional 2D
velocity field fitting algorithms, such as DISKFIT (J. A. Sellwood &
K. Spekkens 2015) and ROTCUR (K. G. Begeman 1987), because

SH1 Parkes All-Sky Survey.
6Dark Energy Camera Legacy Survey.
7v1.7, git commit ID a47b6ca.
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Figure 1. MHONGOOSE H1 S/N = 3 contours at different resolution levels overlaid onto DECaLS grz band images of J1106-14 (left) and J0309-41
(right). The contours are colour-coded according to the respective column density colour bars. These contours, in order from smallest to largest, are
derived from the r05_t0 (light blue), r10_t0 (purple), r15_t0 (pink), r05_t60 (orange), and r10_t90 (yellow) resolution levels. The values within the colour
bars represent the beam major axis lengths for each resolution level. Concentric ellipses are included in the bottom left to represent the beam for each

resolution, and a physical scale bar is included in the bottom right.

Table 1. Properties of the galaxies investigated in this work. All values are extracted from W. J. G. de Blok et al. (2024) unless otherwise stated. (1)
HIPASS identification. (2) Alternative galaxy name. (3) Right ascension. (4) Declination. (5) Distance from Earth. (6) Galaxy inclination relative to
line of sight. (7) Base-10 logarithm of the total HI mass. (8) Base-10 logarithm of the total stellar mass. (9) Morphological types from HyperLeda (D.

Makarov et al. 2014).

HIPASS Name « (J2000) 8 (J2000) D i log(Mmr) log(M..) Morph.
(ms) ' (Mpc) ) Mo) Mo)

@ 2 (3) (C)) (5) (6) @) ®) 9

J1106-14 KKS2000-23 1106 12.0 —14 24 25.7 13.9 70 8.74 7.51 Ir

J0309-41 ES0O300-G014 0309 37.9 —41 01 49.7 10.9 59 8.89 8.90 SABm

Table 2. Properties of MHONGOOSE data used for J1106-14 and J0309-41, at five of the standard resolution levels provided by the survey. (1)
Resolution level label. (2) Spatial pixel size. (3) Average major-axis beam size. (4) Average minor-axis beam size. (5) Average position angle of the
major axis of the beam. (6) Average noise per velocity channel. (7) 1o, one-channel column density sensitivity. (8) 3o column density sensitivity

integrated over a 16 km s~ velocity channel.

Label Pixel size Draj bmin bpa Noise log Nflﬁ’ml log Nfﬁ’lékm !
(arcsec) (arcsec) (arcsec) ©) (mJy beam™!) (cm™2) (cm™2)

J1106-14

r10_t90 30.0 94.4 91.1 38.5 0.318 +0.011 16.76 17.77
105_t60 20.0 64.8 64.1 94.8 0.250 £ 0.009 16.97 17.98
r15_t0 7.0 33.8 24.6 144.0 0.154 4+ 0.004 17.44 18.44
1r10_t0 5.0 26.2 17.6 143.2 0.150 £ 0.004 17.69 18.69
r05_t0 3.0 14.4 9.4 140.2 0.171 4+ 0.005 18.29 19.29
J0309-41

r10_t90 30.0 92.3 89.6 49.4 0.318 +0.011 16.76 17.77
105_t60 20.0 64.4 62.9 85.9 0.250 £ 0.009 16.97 17.98
r15_t0 7.0 33.8 25.7 125.9 0.154 4+ 0.004 17.44 18.44
r10_t0 5.0 26.1 18.6 127.9 0.150 £ 0.004 17.69 18.69
r05_t0 3.0 14.6 9.9 131.7 0.171 4+ 0.005 18.29 19.29

whilst 2D fitting algorithms are computationally inexpensive and
produce reasonable results for high-resolution data, they are sus-
ceptible to the effects of beam smearing (G. I. G. J6zsa et al. 2007;
this is particularly relevant since we use data with a very low
spatial resolution) and struggle to produce consistent results for
galaxies with highly asymmetric profiles (E. M. Di Teodoro & F.
Fraternali 2015).

3.2 Model parameters

3PgAROLO identifies the best-fitting tilted-ring model by minimiz-
ing the residuals between the data and model via its 3DFIT task,
returning parameters that have been corrected for inclination.
It takes optional user-defined initial estimates for each model
parameter (parameters for which the user does not provide an
initial guess are estimated by the algorithm), as well as a set of
parameters allowed to vary in the fitting process. We allow at

MNRAS 548, 1-17 (2026)
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Table 3. Parameters used in our kinematical modelling. (1) HIPASS identification. (2) Right Ascension coordinate of dynamical centre position. (3)
Declination coordinate of dynamical centre position. (4) Systemic velocity. (5) and (6) represent the initial inclinations (as in Table 1) and position

angles passed into BAROLO.

Galaxy [N (JZOOO) Sc (JZOOO) Vsys iinit ¢init

(hms) ¢ (kms™) ®) ®)
@ @) 3 @ ) (6
J1106-14 1106 12.1 —142410.0 1034 70 225
J0309-41 0309 38.4 —410157.2 955.5 59 167

most the rotational velocity, dispersion, inclination, and position
angle of each ring in the model to vary; we fix the values of
the centre position and systemic velocity. Since stars are more
resilient against perturbation than gas, the peak of the stellar
light provides a better tracer of the dynamical centre of a galaxy
than the H1 gas (e.g. K. A. Oman et al. 2019). Hence, we use
DECaLS z-band (~ 0.9 um) images to determine the intensity-
weighted centre position of each galaxy via the distribution of
older, redder stars. We then adjust the systemic velocity such that
the dynamical centre position lies along the central zero isoveloc-
ity contour, as illustrated by the overlap of the black X’ marker
and the green contour in the best-fitting models for J1106-14 in
the top panel of Fig. 2. The vertical thickness of the rings is fixed
at 0 pc (razor-thin) unless explicitly stated otherwise. Whilst this
is a poor approximation to the true thickness of galactic discs,
SDBAROLO is unable to self-consistently incorporate emission
from the vertical components of adjacent rings - a well-
known limitation of tilted-ring modelling. Whilst 3’PBAROLO
can be configured to model only the approaching/receding
side in isolation, we fit to both sides simultaneously due to
the highly symmetric kinematic structure of the chosen galax-
ies, thus maximizing the amount of information incorporated
into the fitting process. The radial sampling is chosen to ob-
tain ~3 data points per beam, and the radial extent of our
models are increased until a signal-to-noise threshold of 3
is reached. Any rings that are flagged as unconverged fits
by 3PBAROLO or are obviously erroneous are subsequently re-
moved. The detailed configuration used for PBAROLO is given in
Appendix A.

3DBAROLO estimates the uncertainties on the rotation speed
and velocity dispersion via Monte Carlo sampling, by calculating
the variation in these parameters that give rise to an up to 5
per cent increase in residuals from a series of models constructed
by changing the parameters with random Gaussian-distributed
draws centred on the minimum in parameter space. Whilst this
method is non-standard and computationally expensive, it re-
turns uncertainties that are in agreement with other more stan-
dard methods (E. M. Di Teodoro & F. Fraternali 2015), so we
adopt them. It is worth noting that the uncertainties returned
by 3PBAROLO do not influence our results, but are included for
completeness.

3.3 Two-stage fitting

When fitting the inclination and position angle of each ring, to
aid convergence we provide initial guesses as estimated from
the H1 line-of-sight velocity map of each galaxy, allowing for
deviations from these values of up to 40° in inclination and
20° in position angle. The initial estimates for inclination are
derived from the HI major-minor axis ratio, whilst initial esti-
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mates of the position angle are derived from the orientation of
the major axis in the HI moment-0 map. The major and mi-
nor axes are estimated by eye, and we ensure that these ini-
tial guesses agree well with the inclination values reported by
W. J. G. de Blok et al. (2024) and the position angle values es-
timated by 3PBAROLO if no initial guess is provided. By default,
3PBAROLO implements a two-stage fitting algorithm when fitting
these geometric parameters. Parameter regularization occurs at
the end of the first stage, where the inclination and position
angle are ‘regularized’ (interpolated) by a cubic Bézier (or other
configurable) function. The dynamical parameters (v, and o)
are then fit again in the second stage using the regularized pa-
rameters from the first stage. Initial guesses are not provided
for the rotation speed and velocity dispersion, as these have lit-
tle impact on the final rotation curves and velocity dispersion
profiles.

Fig. 2 shows the observed and residual velocity maps for J1106-
14 at a low, medium, and high resolution level, alongside the
radial rotation speed, velocity dispersion, inclination, and posi-
tion angle profiles returned by the above two-stage fitting algo-
rithm. The velocity maps highlight the trade-off between reso-
lution levels: enhanced sensitivity and larger pixel size at lower
resolutions, which together yield increased radial extent, but re-
duced spatial detail — as demonstrated by the smoothness of the
green isovelocity contour in the lower resolution map relative to
those at higher resolutions. Additionally, the radial profiles in
the bottom four rows of Fig. 2 highlight a clear inconsistency
in the radial shape of the profiles obtained from different res-
olution levels; it is not simply a reduction in the frequency of
data points in the lower resolution models. For example, the in-
clination and position angle profiles corresponding to the r05_t0
model have sharp peaks/troughs at ~ 3kpc, whereas this fea-
ture is not present in the medium resolution level, and even
less so in the lowest resolution level where the profiles are al-
most flat. Furthermore, the rotation curves at the lower reso-
lution levels have a shallower increase in rotation speed than
those at higher resolution levels, which we attribute to beam
smearing.

This discussion demonstrates the motivation for combining
multiple resolution levels. One may question whether the dra-
matic and perhaps unphysical variations in the geometry of
the models at higher resolution levels is representative of the
galaxy’s true geometry, or whether the more smoothly vary-
ing profiles provided at lower resolution levels capture suffi-
cient detail to pick up on smaller-scale fluctuations. By com-
bining these models with appropriate weights, we aim to en-
sure that all available information is meaningfully incorpo-
rated, increasing confidence in the combined model, and im-
portantly maintaining physical consistency across all resolution
levels.
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Figure 2. Best-fitti ng tilted ring models returned by 3°BAROLO for J1106-14 at the r10_t90 (left column), r15_t0 (middle column), and r05_t0 (right
column) resolution levels. The rotational (first row) and residual (Vies = Viot — Viodel; Second row) velocity maps are shown, along with profiles of the
rotation speed (third row), velocity dispersion (fourth row), inclination (fifth row), and position angle (sixth row) as a function of radius. In the Vo maps,
the black cross and purple star indicate the dynamical centre positions as estimated by *?BAROLO and given by the stellar light, respectively. The solid
green line represents the zero isovelocity contour. All maps span the same angular region, and all profiles are displayed with the same radial limits. The
shaded regions in the rotation speed and dispersion panels represent the uncertainties on these parameters returned by >°BAROLO .

4 WEIGHTING FUNCTIONS

To combine kinematic models for multiple different resolution
levels, we define relative weights for them as a function of radius.
These weights are a local quantity — valid at a specific radius,
and for a specific resolution level. To justify the form of these
weighting functions, W;(r), we create a number of toy datacubes
with known kinematic and geometric profiles using 3° BAROLO’s

GALMOD task,® and test how well the rotation curves can be recov-
ered by the 3DFIT routine. We create 15 such datacubes, each with
different inclination, position angle, velocity dispersion, rotation
velocity, and scale height radial profiles. A more detailed descrip-

8Its NORM parameter is set to NONE.
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Figure 3. Calculation of radial weighting functions for J1106-14 across resolution levels: r05_t0 (light blue), r10_t0 (purple), r15_t0 (pink), r05_t60
(orange), and r10_t90 (yellow) from left to right. The top row shows the fractional deviation of the rotation curve obtained by *°BAROLO from the true
curve for a range of mock galaxy geometries and kinematic configurations, with the average fractional residuals shown in black. The bottom row shows
the resultant normalized weighting functions, derived from the inverse of the above residuals. These weighting functions represent the weighting per
data point, accounting for the radial sampling frequency of data at each resolution level.

tion of these profiles is given in Appendix B. We create a set of
such datacubes for each target galaxy, using the corresponding
observational datacubes as inputs (which set the beam size and
orientation, pixel size, etc.), and convert angular to physical scales
using the distances in Table 1. We then fit a tilted-ring model to
each model datacube, once fitting only the rotation speed, and
then again fitting both the rotation speed and velocity dispersion
simultaneously. We choose to fix the geometric parameters to
their true values in all cases as we find that 3PBAROLO struggles to
recover the true inclination and position angle profiles regardless
of the initial guesses provided, presumably due to the strong
degeneracies present when these parameters are left free to vary.

At each resolution level, we calculate the fractional difference
between the known rotation curve and that returned by the 3DFIT
routine, and then take the average of this over all 15 models with
varying parameters.

mean (Vrot,i(r) - anown,i(r)> = mean <AVrot,i(r)> (1)
anown,i(r) N erot,i(r) '

We then define the weighting function for a given resolution to be
the inverse of the average fractional residual profile, with a small
‘softening parameter’, €, included to prevent infinite values when
the residuals approach zero (the index i runs over the resolution
levels from lowest to highest — 0 to 4 in this case):

W)= B, @
mean (7‘,[:%) ) + €
W)
W= s 3)

where ﬁ%(r) is the non-normalized weighting function, W;(r) is
normalized over all resolution levels, and both Ar; and Ar, are
discussed below. The value of ¢ tunes the sensitivity of the weight-
ing functions at small velocity residuals. In this work, we arbi-
trarily adopt € = 1072; the effect of changing this value is briefly
explored in Appendix C. To account for the differing number
of data points at each resolution level, the weighting function
includes the ratio of the radial separation between data points at
that resolution level (Ar;) to the radial separation at the lowest
resolution level (Arp). This ensures that higher resolution levels
do not contribute more weight simply by virtue of being more
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finely sampled.’ Finally, the weighting functions are interpolated
on to a finer grid of radii, clipped to zero beyond the radial range
of data at each resolution level, and then normalized such that
they sum to unity at all radii.

Fig. 3 shows the velocity residuals and resulting weighting
functions across all five resolution levels. The velocity residuals
have a characteristic pattern at all resolutions, with the model ro-
tation curves usually significantly overestimating the true values
at small radii, before shooting down through the AV;o/Vit =0
line and converging towards the true value in their outermost
regions. The overestimation of the rotation curve at small radii
increases in radial extent at lower resolution levels, with the
zero crossing of the average residuals occurring at the radius
corresponding to approximately 1 beam width. In general, the
lower resolutions carry more weight in the outermost regions
of the galaxy as desired, with each W;(r) function exhibiting a
characteristic ‘bump’ between 2 and 5kpc where the residuals
cross through zero.

5 COMBINED GEOMETRIC AND KINEMATIC
MODELS

Having defined weighting functions for each galaxy, we now inte-
grate all five resolution levels into a unified model which captures
both geometric structure and kinematic behaviour across scales.
For each galaxy, we:

(i) Fit a tilted-ring model to each resolution datacube using the
3DFIT task, allowing v, 0, i, and ¢ to vary in each ring.

(ii) Extract the inclination and position angles from the first-
stage fitting (before regularization) of each resolution level and
combine into one data vector.

(iii) Perform a weighted Gaussian smoothing on the combined
inclination and position angle data sets using the above weighting

90ther weighting schemes could be considered here, such as the ratio
of the ring areas, or the number of pixels in each ring. We choose the
ratio of the ring spacings because it does not introduce an additional
radial dependence in the weights. This is in the spirit of the 3°BAROLO
geometric regularization approach where each ring is weighted equally,
independent of its size.

920z Aey g0 uo Jasn weyin( Jo Ausieaiun Aq G/ /88+8/9z2<be1S/Z/81S/8]1011e/SBIuW/ W02 dno"olWapeoe//:sdiy Wolj papeojumo(]



Multiresolution models of MHONGOOSE galaxies 7

WEIM T T ™ " I " 77 g Tt T T T T T
: ] 420
g . § =
3 OF g 10 £
- : . ] g
: 1 1
» . 1 o
20} ] 4-20
1 1 5
10F ] )}
s OF 5
<4 - ]
-10F = ]
:| 1 | I | L | 1 | L ] ] | i :I ! | 1 | L | 1 ] I | 1 | ,_—_5
0 2 4 8§ 10 12 0 2 4 6 8§ 10 12
r [kpc] r [kpc]

Figure 4. The application of our methodology to mock datacubes with known profiles. The coloured lines show the difference between the known
profiles and those obtained from running P BAROLO’s two-stage fitting routine (with Bézier interpolation for the inclination and position angle profiles)
on the 15 mock datacubes generated at each resolution level: r05_t0 (dotted line; light blue), r10_t0 (solid line; purple), r15_t0 (dashed line; pink), r05_t60
(dash-dot line; orange), and r10_t90 (dash-double-dot line; yellow). The heavy black lines show the difference between the known profiles and those
obtained via our combined smoothing method. The top left, bottom left, top right, and bottom right panels show the inclination, position angle, rotation
speed, and velocity dispersion profiles, respectively. The vertical dashes in the top left panel mark the radii at which the data for each resolution level

independently start and end.

functions (which are constructed from a set of mocks matched to
each galaxy’s distance and size) and an adaptive Gaussian kernel
width, s(r), which is set to the distance to the fifth nearest data
point. The kernel width is floored at 1kpc for the inclination,
position angle, and velocity dispersion profiles to prevent under-
smoothing in the central regions (i.e. if the distance to the fifth
nearest data point is less than 1kpc, s(r) is set to 1kpc). It is
instead floored to 0.25 kpc for the rotation curve due to it’s steep
incline. In all cases, the kernel width is capped at 3 kpc to prevent
the smoothed profiles being strongly influenced by data from a
large radial distance, particularly in the outermost regions where
the data are most sparse. In particular, this prevents the rising
portion of the rotation curve from exerting a strong influence on
the smoothed curve at the largest radii.

(iv) Re-fita tilted-ring model to the datacube at each resolution
with the geometric parameters (i and ¢) fixed to their smoothed
profiles as determined in the previous step.

(v) Extract the rotation curves and velocity dispersion profiles
from each resolution level and combine into a single data vector.

(vi) Reflect the rotation curve data in both the r- and V-axes
to prevent oversmoothing at small radii and to enforce that the
smoothed rotation curve passes through a rotation speed of zero
at the dynamical centre. Reflect the velocity dispersion profile
across r = 0 — no ‘vertical’ reflection since o > 0.

(vii) Perform a weighted Gaussian smoothing on the reflected
rotation curve and dispersion profile using the same weighting
functions and kernel widths as above. Take the profiles at r > 0
as the smoothed, combined rotation curve and velocity dispersion
profiles.

Steps (i)-(iv) ensure that there is a consistent geometry across
all resolution levels which, when combined with steps (v)—(vii),

produces rotation curves and velocity dispersion profiles which
utilize all of the available information. The choice to use the fifth
nearest neighbour to define adaptive kernel width is somewhat
arbitrary, but ensures that a sufficiently large number of data
points are incorporated into the smoothing at large radii while not
being so large that the profiles are oversmoothed in the central re-
gions. A similar logic applies to the minimum (1 kpc or 0.25 kpc)
and maximum (3 kpc) values of the kernel width. If the minimum
value is too small, the profiles will be undersmoothed in the cen-
tre, but too large and we will lose sensitivity to features on kilo-
parsec scales. If the maximum value is too small, the outermost
regions of the smoothed profile rely on very few data points; if it is
too large, data at the edge of the model (around r ~ 15 kpc) can be
overly influenced by intermediate rings (around r =~ 10kpc). We
further motivate these choices of values in Appendix C. Note that
the minimum/maximum kernel widths we use are tailored to the
two galaxies studied in this work, and are by no means general
- further work would be required to generalize this methodology
to all galaxies.

5.1 Mock datacubes

Fig. 4 shows the application of our smoothing process to the 15
mock datacubes generated previously. From the coloured lines,
one can see that the models obtained from a single resolution
level often struggle to accurately recover the known profiles.
There are significant fluctuations in the geometric profiles of
higher resolution models, whilst most resolutions fail to faithfully
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reproduce the kinematic profiles over their full radial extent. The
combined geometric profile residuals (black lines) still exhibit
a slight deviation from zero, which is to be expected since they
are inherently constructed from the single-resolution models.
However, these variations are significantly reduced, resulting in
geometric profiles which generally lie much closer to the zero-
residual line across all radii. This is similar to the combined
kinematics. The combined rotation curves do not suffer from the
severe overestimation in rotation speed seen at many resolution
levels in their centre. Instead, they exhibit a significant under-
estimation in some cases. Both of these effects owe largely to
our method of reflecting the rotation curves in both the radial
and rotation speed axes before smoothing, as this ensures that
the rotation curve passes through the origin at its centre as is
physically required. The combined velocity dispersion profiles
are quite accurate across their full extent, with deviations mostly
within 1 km s™!. Furthermore, the central inaccuracies present in
all individual resolution levels are completely eliminated. Over-
all, the combined profiles present a much more convincing model
across all four parameters than any individual resolution level.
This provides us with confidence that our combined smoothing
method is able to provide more accurate results than using any
single datacube in isolation across a range of galaxy geometries
and kinematics.

5.2 MHONGOOSE datacubes

We now apply our methodology to real HI observations. Fig. 5
shows the application of our smoothing process to J1106-14 and
J0309-41. As is evident in the second panel from the top of
Fig. 5 [s(r)], for both galaxies the kernel width for the i, ¢, and o
profiles remains floored at 1 kpc across much of the radial extent
of the combined model, but increases in the outermost regions
where the sampling density of the data is much lower. The kernel
width for the Vo smoothing is smaller, as expected, but does
not remain consistently floored at 0.25 kpc. The third and fourth
rows show the inclination and position angle profiles, respec-
tively, derived from the initial fitting stage, the Bézier smoothing
applied independently to each resolution level by *’BAROLO, and
the final combined profiles resulting from our smoothing pro-
cedure. The combined profiles capture the general trend of the
unsmoothed data points, with a far smoother radial variation
than any of the resolution levels analysed independently. The
(probably unphysical) jumps in the higher resolution profiles
are far less pronounced in the combined profiles, as evidenced
by the position angle profiles of J1106-14 in the inner 5kpc. A
significant ‘bump’ of over 10° is seen in the r05_t0 profile, and
whilst this feature can still be seen in the combined profile, it is
far less pronounced - an increase of only a few degrees from the
central value. Similar arguments can be made for features in the
other geometric panels in Fig. 5. This discussion demonstrates the
advantage of utilizing multiple resolution levels simultaneously:
the combined profiles are still able to capture small-scale features
that the lower resolutions independently cannot, but these fluctu-
ations are significantly damped, producing much smoother and,
in our view, physically reasonable geometries.

A similar smoothing technique is applied to the rotation curves
and velocity dispersion profiles, as presented in the last two rows
of Fig. 5. The rotation curves returned by fitting to each resolution
independently often struggle to converge to a rotation speed of
zero at the dynamical centre, with this issue clearly mitigated by
our strategy of including copies of the rotation curves reflected
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along both axes before smoothing. The combined profiles main-
tain the steady increases in rotation speed returned by the higher
resolution models at intermediate radii, and do not adopt the
likely incorrect shallower slope at intermediate radii (5 to 10 kpc)
at lower resolutions. However, the combined profiles still benefit
from the additional sensitivity provided by lower resolutions in
the outermost regions of the profiles, with an increase in radial
extent of several kiloparsecs provided by the lowest two resolu-
tion levels.

6 DISCUSSION

Fig. 6 shows the final kinematic profiles returned by both our
method of combining all resolution levels (in black, repeated
from Fig. 5), and from running *°BAROLO on a low, intermediate,
and high resolution level independently via its two-stage fitting
routine, as is common practice in kinematic studies of galax-
ies. The geometric profiles used in *PBAROLO’s two-stage fitting
routine for the latter are those shown by the dashed lines!® in
Fig. 5. The combined kinematic profiles span a wider radial range
than any single resolution level, allowing for an increase of ~ 50
percent in radial coverage compared to the highest resolution
level alone. The effects of beam smearing are most pronounced
in the lowest resolution rotation curve, with a characteristic un-
derestimation of the rotation curve slope and overestimation of
the velocity dispersion within a scale of 1-2 beam sizes from
the centre, as shown by the arrow markers in the v, panels of
Fig. 5, eventually converging towards the correct value at the
outermost radii. The combined rotation curves do not suffer from
this issue, with a roughly linear increase in rotation speed at
low radii (which well reflects the higher resolution data) and a
subsequent plateau at larger radii (which converges towards the
lowest resolution curve). This would, in principle, be possible to
achieve by simply adding the very end of the lowest resolution
curve on to that of the highest resolution, as in B. Namumba et al.
(2025), but this approach would lead to significant discontinuities
in the geometric profiles; as illustrated by the stark difference
between the blue and orange dashed lines in the i and ¢ panels of
Fig. 5 - such a model would not be self-consistent. Additionally,
the single-resolution rotation curves often fail to converge to zero
rotation speed at their centre, even at the highest resolution level.
Our method of reflecting the V;, profiles in both axes before
smoothing ensures that the smoothed profiles satisfy Vio(r =
0) = 0 in all cases, and assist in preventing the erroneously large
rotation speeds at the very centre of single resolution level models
mentioned previously. Whilst it is possible to apply this tech-
nique to a single resolution, smoothing the rotation curve of a
single resolution is conceptually more difficult to justify, whereas
combining curves from multiple resolutions using appropriate
weightings provides a clearer motivation for smoothing.

We have introduced a method for combining multiple reso-
lution levels and demonstrated its benefits for kinematic and
geometric profiles. However, it remains a demonstration rather
than a fully optimized and generalized solution. The choice of
weighting functions is the first point of discussion; while setting
the weighting functions to the inverse of the V;, residuals is well
motivated, it could be improved upon. A better solution could

10The V;or and o profiles are therefore not repeated from Fig. 5 - in that
figure the combined profiles for the geometric parameters were used.
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Figure 5. Demonstration of our multiresolution approach for J1106-14 (left) and J0309-41 (right). The top row shows the per data point weighting
functions used in the smoothing, with the second row displaying the width of the Gaussian kernel as a function of radius. The dashed black s(r) profile
shows the kernel widths used to smooth the inclination, position angle, and velocity dispersion profiles, while the grey solid profile represents those
used to smooth the combined rotation curve. The third and fourth rows present the inclination and position angle profiles obtained by independently
fitting each resolution level (data points correspond to Stage 1 fits from 3 BAROLO; lines show profiles after Stage 2), alongside the combined, smoothed
profiles shown by a heavy black line. The bottom two rows display the rotation curves and velocity dispersion profiles derived from each resolution level
independently (coloured lines), using the combined inclination and position angle profiles. The smoothed curves, calculated using the same weighting
functions, are shown in black, with shaded regions indicating the asymmetric uncertainty ranges. The double-sided arrows plotted in the v, panels
represent the beam major axis lengths for each resolution level. The colour coding, linestyles, and marker styles used are as follows: r05_t0 (dotted line;
circle markers; light blue), r10_t0 (solid line; triangle markers; purple), r15_t0 (dashed line; diamond markers; pink), r05_t60 (dash-dot line; ‘X’ markers;
orange), and r10_t90 (dash-double-dot line; star markers; yellow).
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Figure 6. A comparison of the rotation curves (top row) and velocity dispersion profiles (bottom row) for J1106-14 (left) and J0309-41 (right) obtained
via 3PBAROLO ’s two stage fitting algorithm using a single resolution level only (coloured lines), and via our combined smoothing method (heavy black
line). Only the lowest (dash-double-dot line; yellow), highest (dotted line; light blue), and intermediate (dashed line; pink) resolution levels are shown
to improve clarity. Uncertainties estimated by 3°BAROLO are shown by the shaded regions.

incorporate the i, ¢, and o residuals, potentially using the aver-
age of all four to inform the weighting functions used. However,
we are constrained by the current limitations of the °BAROLO
software, as it struggles to accurately recover the true geometric
(particularly inclination) and velocity dispersion profiles over the
full radial range of the models, even from datacubes that it has
generated itself. This often leads to large i, ¢, and o residuals.
We explored this but found that this made it difficult to incorpo-
rate them without dominating the contribution from the rotation
curve residuals, which we wished to emphasize. Future versions
of the 3PBAROLO software are expected to improve on these
limitations (E. di Teodoro, private communication), allowing for
more accurate models and therefore a more thorough calculation
of the weighting functions used. One may also note the jagged
nature of the weighting functions used in Fig. 3. While smooth-
ing the average residual profile before taking the inverse would
reduce these discontinuities, it would add an additional layer of
complexity to our method and is unlikely to make a discernible
difference to the resultant profiles.

Another consideration is the chosen value of the softening
parameter, € = 1072. Smaller values of ¢ make the weighting
functions far more sensitive to smaller velocity residuals (po-
tentially leading to the resolution with the smallest residuals at
a given radius being given far too much weight relative to its
counterparts), whereas larger values of ¢ reduce this sensitiv-
ity and lead to good and poor fits being treated more equally.
We explore the effects of changing € in more detail in Ap-
pendix C, but it is sufficient here to note that our chosen value
strikes a reasonable balance between the considerations dis-
cussed above. There are also a number of parameters in our
smoothing process which were chosen somewhat arbitrarily;
namely the width of the Gaussian kernel (determined by the
distance to the N = 5th nearest data point), and the minimum
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(Smin = 0.25 kpc for the rotation curve, or 1kpc for all other pa-
rameters) and maximum (Smax = 3 kpc) kernel widths. These val-
ues were briefly justified in Section 5, but there is a range of values
for each which yields similar results. This is also explored in
Appendix C.

Smoothing whilst preserving sufficient spatial resolution is an
important trade-off in this methodology. Excessive smoothing
erases small-scale structure, essentially eliminating the benefit
of observations with high spatial resolution. On the other hand,
insufficient smoothing results in profiles with sharp jumps and
discontinuities. One may ask what the use of having observations
with a spatial resolution of ~10 arcsec (~ 0.67 kpc at a distance
of 13.9Mpc) is if the kernel used for smoothing has a width
much greater than this. From inspecting the geometric profiles
in Fig. 5, our smoothed profiles do still preserve features from the
highest resolution models, although they are less exaggerated. As
previously noted, examples of this include the distinctive peak
seen at ~ 3 kpc in the combined position angle profile for J1106—
14 in Fig. 5 and the oscillations in the inclination profile of J0309-
41. Both of these features are present (and more pronounced) in
the higher resolution models, but their persistence in the com-
bined profile shows that we are not completely erasing structure
captured by the higher resolution data despite our smoothing
procedure. Equally, we do not identify unphysical variations in
our combined profiles, signifying that our chosen kernel width
is sufficiently large. Our smoothing process also does not intro-
duce additional freedom in the modelling process: it is loosely
equivalent to the choice of regularization function in the con-
ventional *’BAROLO workflow (Bézier by default, but constant,
linear, and low-order polynomial functions are also often appro-
priate choices). Overall, we conclude that our combined profiles
strike a reasonable balance between smoothing and preserving
small-scale spatial features.
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7 CONCLUSIONS

In this work, we introduced a novel method of combining multi-
ple H1 observations from the MHONGOOSE survey with differ-
ent spatial resolutions while ensuring physical consistency across
the combined model.

We derived a set of radial weighting functions by fitting tilted-
ring models to datacubes with known geometric and kinematic
profiles using the 3PBAROLO software at each resolution level.
The models fail to recover the true profiles at small radii, often
severely overestimating within the inner ~ beam, followed by a
zero crossing and a slow convergence toward zero residuals at
the outer edge of the model. We only used V;; residuals to cal-
culate our weighting functions due to the inherent limitations of
SDBAROLO in fitting other parameters accurately, but there is
scope in future work to incorporate i, ¢, and o residuals into this
process using further iterations of the 3°PBAROLO software.

Using these weighting functions, we combined observations
of two MHONGOOSE galaxies at five resolution levels using
adaptive Gaussian kernel smoothing. This method produces
smoother, more physically plausible geometric profiles than any
individual resolution level, with the sharp variations in i and ¢ re-
turned by the higher resolution models still present, but damped.
The combined rotation curves and velocity dispersion profiles
spanned a wider radial range than any individual resolution level,
taking advantage of the high-resolution data in the centre of the
galaxy and the increased sensitivity of the lower resolution data in
the outskirts. They suffer much less from both the erratic nature
of the higher resolution data and effects such as beam smear-
ing at lower resolutions. Our initial demonstration is promising,
however the various parameters in both our determination of
the weighting functions (i.e. the softening parameter, €) and our
smoothing method (i.e. the number of nearest data points used to
determine the kernel width, N, and the minimum and maximum
values of the kernel width, sy, and smax) could be optimized
further, perhaps informed by additional simulated datacubes that
capture more of the complex features that arise in real galaxies.
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APPENDIX A: 3PBAROLO CONFIGURATION

In Table Al,we outline the configuration of 3®PBAROLO used to fit
tilted-ring models to datacubes via the 3DFIT task. Only parame-
ters that affect the result of the modelling are shown (i.e. file path
definitions and diagnostic output parameters are omitted). All
key parameters are shown, and any additional parameters which
are not included are left at their default values, as given in the
3PBAROLO documentation.! This set of parameters was used to
fita tilted-ring model to each resolution level independently, from
which the unsmoothed inclination and position angle profiles
from the first stage fitting could be extracted. When the rotation
speed and velocity dispersion were then fit with the geometric
profiles fixed, ‘FREE’ was set to ‘VROT VDISP’, ‘TWOSTAGE’ was set
to ‘FALSE’, and files containing the smoothed inclination and po-
sition angle profiles were passed into the ‘INC’ and ‘PA’ keywords
- all other parameters remained unchanged. No initial guesses
were provided for the rotation speed or velocity dispersion as the

Hhttp://editeodoro.github.io/Bbarolo/documentation/
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Table Al. Typical 3DFIT parameter file for a single resolution level, omitting parameters that have no impact on the result of the calculation.

Keyword Value Units Description
3DFIT TRUE - Enable 3D fitting of datacube.
NRADII varies - Number of rings to fit.
RADSEP varies arcsec Radial separation of rings.
FREE VROT VDISP INC - Free fitting parameters.
PA
INC as in Table 3 deg Initial inclination guess.
PA as in Table 3 deg Initial position angle guess.
Z0 varies arcsec Disc scale height (we assume a scale height of 100 pc, which corresponds to different
angular scales at the differing distances of the two galaxies investigated).
VSYS as in Table 3 kms™! Systemic velocity.
VRAD 0 kms~! Radial velocity of rings.
XPOS as in Table 3 deg Dynamical centre position (RA coordinate).
YPOS as in Table 3 deg Dynamical centre position (Dec. coordinate).
DENS 1 atoms Global column density of gas (unused when a normalization is set).
cm~?
SIDE B - Kinematical side of the galaxy to fit to (B = both).
NORM AZIM - Use azimuthal normalization of rings.
ADRIFT FALSE - Whether to perform asymmetric drift correction.
VELDEF RADIO - Velocity definition to convert frequency/wavelength axis into velocity.
FLAGERRORS TRUE - Estimate uncertainties via a Monte Carlo approach.
TWOSTAGE TRUE - Enables second stage fitting after parameter regularization.
REGTYPE BEZIER - Type of regularization to use for second stage fitting (we choose regularization via a
Bezier function).
DELTAINC 40 deg Constrains inclination value to remain between [INC-DELTAINC, INC + DELTAINC].
DELTAPA 20 deg Same as above but for position angle.
MASK SEARCH - The source finding is run and the largest detection used to determine the mask.
BLANKCUT 2.5 - Signal-to-noise threshold for mask construction.
LTYPE 1 - Layer type along z is Gaussian.
FTYPE 2 - Minimization function is |model — observed]|.
WFUNC 2 - Azimuthal weighting function is cos? 6.
STARTRAD 1 - Avoid the fit of the first ring (see G. Iorio et al. 2017).

Table A2. Typical GALMOD parameter file used in this work, omitting parameters that have no impact on the result of the calculation.

Keyword Value Units Description
GALMOD TRUE - Enable 3D disc modelling.
NRADII varies - Number of rings to include.
RADSEP varies arcsec Radial separation of rings.
VROT as outlined in kms™! Rotation speed profile.

Appendix B
VDISP as outlined in kms™! Velocity dispersion profile.

Appendix B
INC as outlined in deg Inclination profile.

Appendix B
PA as outlined in deg Position angle profile.

Appendix B
Z0 varies arcsec Disc scale height (we assume a scale height of 100pc, which corresponds to different

angular scales at the differing distances of the two galaxies investigated).
VSYS as in Table 3 km s~} Systemic velocity.
VRAD 0 kms~! Radial velocity of rings.
XPOS as in Table 3 deg Dynamical centre position (RA coordinate).
YPOS as in Table 3 deg Dynamical centre position (Dec. coordinate).
DENS 1 atoms Global column density of gas.
cm~?

SIDE B - Kinematical side of the galaxy to fit to (B = both).
NORM NONE - Use no normalization.
VELDEF RADIO - Velocity definition to convert frequency/wavelength axis into velocity.
MASK SEARCH - The source finding is run and the largest detection used to determine the mask.
LTYPE 1 - Layer type along z is Gaussian.
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Multiresolution models of MHONGOOSE galaxies 13

code is able to estimate these accurately without the need for user-
defined initial values.

In Table A2, we detail the configuration of *°BAROLO used
to generate the mock datacubes used to calculate our weighting
functions via the GALMOD task. Once again, only parameters
which affect the result of the modelling are shown, with any
additional parameters left at their default values. Many optional
parameters are the same as those used in the 3DFIT task, but there
are some subtle differences.

APPENDIX B: MOCK DATACUBES

In this appendix, we outline the profiles used to construct each
of the 15 mock datacubes used in our work. Fig. B1 shows each

of the inclination, position angle, rotation speed, and velocity
dispersion profiles used. Table Bl outlines the combination of
profiles used for each mock datacube. The mock datacubes are
constructed without the addition of noise - in practice if noise
was added we would then proceed to mask down to a high S/N
sub-volume of the mock cubes. Prior experience with 3PBAROLO
(K. A. Oman et al. 2019; F. A. Roper et al. 2023) has shown that
this an inconsequential exercise, so we simply do not add any
noise.

MNRAS 548, 1-17 (2026)
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Figure B1. The different inclination (top left), position angle (bottom left), rotation speed (top right), and velocity dispersion (bottom right) profiles used
to construct our mock datacubes for J1106-14. Those for J0309-41 have the same structure, but different physical radii on the x-axis. For each parameter,
the different profiles are given differing linestyles, and are labelled from ‘A’ to ‘D’, as in the legend.

Table B1. Combination of profiles used to construct each of the 15 mock datacubes used in this work. All mock datacubes were constructed with a
scale height of 100 pc unless stated otherwise.

Datacube number i(r) profile ¢(r) profile Vrot(r) profile o (r) profile Other

1 A A A A -

2 B A A A -

3 C A A A -

4 A B A A -

5 A A A B -

6 D A A A -

7 A C A A -

8 D C A A -

9 A A A A Zero scale height
10 A A B A -

11 A A C A -

12 A A A C -

13 D C A A -

14 D C C A -

15 D C C C Zero scale height

APPENDIX C: ALTERNATIVE WEIGHTING
FUNCTION AND SMOOTHING PARAMETERS

In this appendix, we briefly discuss and investigate how chang-
ing parameters used in both our determination of the weighting
functions and our smoothing process affect the final results. The
default set of parameters used are N = 5, € = 1072, spin = 1kpc
(or 0.25kpc for Vo), and smax = 3 kpc.

MNRAS 548, 1-17 (2026)

Fig. C1 shows how both the weighting function, and the resul-
tant geometric and kinematic profiles vary with three different
values of € spanning multiple orders of magnitude. As expected,
smaller values of € increase the sensitivity of the weighting func-
tions to small residuals, thus accentuating sharp peaks. Smaller
values of € have the opposite effect. The inclination and position
angle profiles in each case vary by ~a few degrees, but the vari-
ation in the resultant kinematics lies well within the uncertainty

range returned by *PBAROLO .
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Figure C1. The weighting functions (top three panels) for three different values of the softening parameter, ¢, alongside the combined inclination (top
left), position angle (bottom left), rotation speed (top right), and velocity dispersion (bottom right) profiles (bottom four plots) obtained via our smoothing
process in each case. The profiles obtained using € = 10!, 1072, and 1073 are represented by the dotted, solid, and dashed lines, respectively.

The effects of changing the smoothing parameters (i.e. N, Smin,
and syax) are more intuitive. Decreasing the number of nearest
neighbours, N, used to determine the kernel width leads to under-
smoothed profiles with significant fluctuations on sub-kpc scales,
whereas increasing N far beyond 5 produces oversmoothed pro-
files which completely eliminate the features picked up by higher
resolution data, thus nullifying its use. Decreasing the minimum
kernel width, syin, has a similar effect to decreasing N at radii
where the density of data points is greatest. Conversely, increas-
ing smin parallels increasing N since more data points will lie
within one standard deviation (10) of the Gaussian kernel if o
is larger. Increasing the maximum kernel width, sy.x, beyond
3 kpc only affects the outermost data point, with it being more
strongly influenced by data at smaller radii. On the other hand,

decreasing smax below 3 kpc leads to an undersmoothing of data
in the outermost regions of the galaxy since data is sparsest at
large radii, resulting in sharp variations in the geometric and
kinematic profiles towards their outer edge. The combination of
N, Smin, and Smax We have chosen in this work provides a rea-
sonable balance between these issues. A fully general method to
fix the smoothing parameters in particular is left to future work
since it should likely depend on the physical and angular size of
the galaxy, the angular resolutions of the observations and the
strength of gradients (e.g. of the rotation curve and inclination
profile), and our exploration with two galaxies does not suffi-
ciently cover the parameter space needed to inform a generalized
method.

MNRAS 548, 1-17 (2026)
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APPENDIX D: TABULATED COMBINED
KINEMATIC AND GEOMETRIC PROFILES

The combined Vi, o, i, and ¢ profiles from our smoothing
method (and as plotted by the heavy black lines in Figs 5 and 6)
are tabulated in Table D1 for J1106-14 and Table D2 for J0309-41.

Table D1. Kinematic and geometric parameters derived from our com-
bined smoothing method for J1106-14. (1) Ring radius. (2) Rotational
velocity with asymmetric errors. (3) Velocity dispersion with asymmetric
errors. (4) Inclination. (5) Position angle.

Radius Viot o i ¢

(kpc) (kms™1) (kms™1) ©) )

€y @ ©) © ©)

0.51 6.8712 9.5M11 72.3 227.9
0.84 12.677 9.6171 72.3 228.1
0.91 13.3733 9.6171 72.3 228.1
1.18 151418 9.713 72.2 2283
1.21 154116 9.712 72.1 228.4
1.52 17.7+17 9.8712 71.8 228.8
1.85 21.37}8 9.8713 71.3 2293
2.02 214718 9.9733 70.9 229.6
2.12 226778 9.9%13 70.6 229.8
2.19 23.2718 9.9713 70.4 229.9
2.22 23.2718 9.9713 70.3 230.0
2.53 24.9719 9.9 69.3 230.5
2.73 25.719 9.9713 68.3 230.8
2.83 26.571 9.9713 67.9 230.9
2.86 26.8719 9.8714 67.7 2309
3.13 27.6"18 9.8714 66.2 230.9
3.20 27.9"18 9.7714% 65.9 230.9
3.34 28.5718 9.6713 65.1 230.7
3.54 29.7118 9.5713 64.0 230.2
3.64 30.6112 9.4714 63.5 229.8
3.71 31.0t1% 9.4714 63.2 229.6
3.87 32.6120 9.2714 62.4 228.8
3.94 33.1%32 9.2714 62.2 228.5
421 35.3130 9.0713 61.3 2273
4.45 37.0129 8.8%1% 60.7 2263
4.55 37.6119 8.8714 60.4 2259
4.89 38.8112 8.671% 59.8 2249
5.16 39.5118 8.5714 59.3 2243
5.19 397118 8.5714 59.3 224.2
5.22 40.0175 8.5714% 59.2 224.2
5.26 40.07}3 8.5714 59.2 224.1
5.56 422129 8.471> 58.6 223.6
5.76 43.7129 8.471> 58.3 2234
5.90 44.7122 8.411> 58.0 223.2
6.07 45721 8.311% 57.8 223.1
6.23 46.8122 8.311-¢ 57.5 222.9
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Table D1 - continued

Radius Viot o i ¢

(kpe) (kms™") (kms™") ®) )

¢Y) @ ©) ) (€)
+2.3 +1.6

6.37 471433 8.31¢ 57.3 222.8

6.57 47.8723 8.3117 57.1 222.7

6.67 47.9723 8.4117 56.9 222.6
+2.6 +1.8

6.87 47.9%36 8.4118 56.8 222.5
+2.6 +1.8

6.91 48.012¢ 8.411% 56.7 2224
+2.7 +1.8

6.97 47.9%2% 8.411% 56.7 2224

7.24 47.8731 8.5712 56.6 2223
+3.1 +1.9

7.31 48.0731 8.5%14 56.6 2223

7.58 48.6139 8.6729 56.5 2222
+3.1 +2.0

7.68 48.873) 8.755% 56.5 2221
+3.2 +2.3

8.15 49.3%32 8.9123 56.8 222.0
+3.2 +2.3

8.19 49.2732 8.9123 56.8 222.0
+3.4 +2.5

8.49 48.2734 9.023 57.1 222.0
+4.0 +3.0

9.40 47.3%30 8.6%3 58.9 222.5

9.64 47.2%32 8.713% 59.3 222.5
+4.4 +3.3

11.12 47.7%4% 76135 59.3 2229
+4.4 +3.2

11.49 47.7%4 7.4132 59.0 2229

13.58 48.9%49 6.213% 58.4 222.9

920z Aey g0 uo Jasn weyin( Jo Ausieaiun Aq G/ /88+8/9z2<be1S/Z/81S/8]1011e/SBIuW/ W02 dno"olWapeoe//:sdiy Wolj papeojumo(]



Multiresolution models of MHONGOOSE galaxies 17

Table D2. Kinematic and geometric parameters derived from our com- Table D2 - continued
bined smoothing method for J0309-41. (1) Ring radius. (2) Rotational
velocity with asymmetric errors. (3) Velocity dispersion with asymmetric Radius Vot o i )
errors. (4) Inclination. (5) Position angle. (kpc) (kms™1) (kms™1) ©) ©)
@ (@) 3 (C)) )
gjfcl;l ) (kr‘;r (;11) (kmas—l) (i) (Z)) 5.73 65.3123 8.8118 60.3 166.2
1) ) ®?) (4) (5) 5.95 66.8126 8.7118 59.9 165.9
0.40 11.5+22 10,4117 635 1727 6.02 673137 875138 59.7 1659
0.66 221122 106117 635 172.3 6.21 68623 86115 9.3 1658
0.71 23.4123 10.6+17 63.5 172.3 6.39 697135 85077 838 165.7
0.92 258124 10.7+17 63.4 172.0 642 699135 85517 838 165.7
0.95 26.0124 107417 634 1719 647 702158 841157 >8.6 165.7
1.19 28.4123 10.9+17 63.4 171.6 6.66 714133 84117 8.2 1658
145 322426 11.0+17 633 1712 6.74 R 8357 8.0 1658
1.59 32,8125 11.1+17 63.3 171.0 6.90 72755 83077 >7.6 165.8
1.66 341123 11.1+17 632 170.9 7:00 733533 83074 573 165.9
1.72 34,8125 111417 632 1709 727 743133 82574 56.7 166.0
174 350125 111717 63.1 1708 7.29 743133 82115 56.7 166.0
1.98 37.8124 11.2+17 62.9 170.6 737 744133 82115 56:5 166.1
2.14 39.9123 11.2+17 627 170.4 7.53 749533 82575 362 166.1
2.22 414723 11.2+17 62.6 170.3 7.56 750533 82574 362 166.2
2.25 41,9123 11.2717 62.5 1703 779 760133 81504 358 166.2
2.46 43.6122 112417 622 170.2 785 760133 81518 357 166.3
2.51 441722 11.2+17 62.1 170.2 7:93 762133 81516 556 166.3
2.62 44,6121 11.2+17 61.9 170.2 8.06 768533 81515 354 166.3
2.77 454121 11.1+17 61.6 170.1 8.32 772534 81575 351 166.3
2.85 457121 11.0+17 61.5 170.1 8.56 776133 81115 48 166.3
291 46.0121 110117 614  170.1 8.59 776158 81518 548 166.3
3.04 467121 10.9717 61.3 170.1 8.72 776135 81518 47 1663
3.09 47.2121 109117 612 170.1 8.80 776335 81515 546 166.3
3.30 49,0122 10.8+17 61.0 170.0 8.85 775535 81577 545 166.3
3.49 51.0122 10.6+17 60.9 170.0 9-01 773535 81577 44 166.3
3.57 51.7+22 106117 60.9 169.9 912 772150 81417 43 166.3
3.83 537121 10.317 60.9 169.6 9.20 77255 81517 42 166.4
4.04 547122 10.2+17 61.0 169.3 9.27 77155, 82517 4.2 1664
4.07 54,8122 101117 61.0 169.3 9-38 771553 82515 41 1664
410 54.9122 101117 61.0 169.2 9-64 770533 82175 338 166.5
412 55.0122 101117 61.1 169.2 975 770133 821138 337 166.5
4.36 56,4125 9.9717 612 1687 9.83 770538 83119 536 166.5
4.52 57.6123 9.8+18 612 168.4 9-88 77153 83115 33:5 166.6
4.62 584126 0.7+18 612 168.2 10.23 77.313% 8.47%1 53.1 166.8
476 59.4126 9.6+18 612 167.9 10.46 77.613% 8.47%s 52.7 167.0
489 605128 9.5+18 612 1676 10.65 77.813% 8.5+23 52.5 167.2
4.99 611125 94718 612 1674 11.04 783133 85133 522 167.7
515 62212 9.2+18 611 167.1 11.10 78.4139 8.672% 52.1 167.8
523 62612 9.2+18 61.0 166.9 12.21 79.1%5% 8.6727 51.9 169.0
539 63.4124 9.1+18 60.8 166.6 12.29 79.1%5% 8.6727 52.0 169.0
540 63.5+24 9.0+18 60.8 166.6 13.37 79.1743 8.6725 52.3 169.1
5.47 63.8124 9.0718 60.7 1665 13.92 787543 86134 526 168.8
5.68 64.9152 8.9} 8 60.4 166.2

This paper has been typeset from a TgX/KTgX file prepared by the author.
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