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ABSTRACT

The extended H I rotation curves of galaxies are one of the most powerful tools for studying galaxy evolution and for testing different
dark matter and modified gravity models. However, their sample sizes have historically been limited to a few hundred galaxies, mostly
due to the survey speed of radio interferometers. Here, we present a first data release of H I kinematic models from the Apertif Wide-area
Extragalactic Survey (AWES). Starting from 1924 galaxies detected in H1, we constructed 568 reliable kinematic models, which
provide rotation curves, velocity dispersion profiles, surface density profiles, and H 1 disk geometries. This dataset constitutes the largest
homogeneous H 1 rotation curve sample to date. The HT disks of the modeled galaxies span three orders of magnitude in HT mass, have
outer rotation velocities between ~20 and ~300km s™!, and extend from 2 to more than 60 kpc. The number of data points of the rotation
curves ranges from 3 to 23, with a peak value at 4 and a broad tail to larger values. The rotation curves display a variety of inner shapes,
but in general, they tend to become flat at large radii. Based on the H I surface density profiles derived during the kinematic modeling,
we studied the H I mass—size relation with a large homogeneous sample of 213 galaxies. The relation is very tight, with an observed
scatter along the mass direction of ~0.101 dex and an inferred intrinsic scatter along the same direction of only 0.067 + 0.007 dex. The
best fitting slope is 1.96 + 0.03 when fitting for mass as a function of size, indicating that HT disks have a constant average surface

density.

Key words. astronomical databases: miscellaneous — galaxies: ISM — galaxies: kinematics and dynamics — galaxies: structure —

dark matter — radio lines: galaxies

1. Introduction

Observations of the 21 cm hyperfine structure line of neutral
atomic hydrogen (HT) are a crucial tool for studying many dif-
ferent aspects of the formation and evolution of galaxies. This
includes the processes of gas accretion and star formation that reg-
ulate their overall growth across cosmic times, their interactions
with other galaxies and the surrounding environment, and their
internal dynamics. In particular, H 1 typically forms a regularly
rotating disk that allows tracing the kinematics of a galaxy well
beyond its stellar component (e.g., Bosma 1978; Begeman 1987).
Therefore, it can be used to measure gravitational potentials and

* Corresponding author: konstantin.haubner@inaf.it

angular momentum out to large radii, where the discrepancy
between dynamical and luminous masses becomes significant.
The information provided by HTI data allows us to study
a range of different scaling relations, which provide insights
into the physics governing the dynamics and the evolution
of galaxies. These include the baryonic Tully-Fisher relation
(BTFR; McGaugh et al. 2000; Verheijen 2001; Lelli et al. 2016b;
Ponomareva et al. 2018) and the radial acceleration relation
(RAR; McGaugh et al. 2016; Lelli et al. 2017; Vérasteanu et al.
2025), which point to a significant coupling between the baryonic
masses of galaxies and their dynamics. With respect to the
structure of H1 disks, the key correlation is the H1 mass—size
relation, which is a tight correlation between the H T diameters,
Dy, and the total H1 masses, My, of galaxies, taking the form
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of a power law (e.g., Broeils & Rhee 1997; Swaters et al. 2002;
Wang et al. 2016; Rajohnson et al. 2022; Deg et al. 2024). Due
to the sensitivity limits of historical radio interferometers, Dy,
is typically defined as the diameter at an azimuthally averaged
surface density of 1 M pc~2. The small scatter of the HI mass—
size relation, along with its slope of almost exactly @ = 2 (when
writing My, « Dy%), indicates that galactic HI disks have an
almost constant average surface density. Recently, Wang et al.
(2025) used very deep H1 data to demonstrate that the relation
holds with an identical slope even when the diameter is defined
at 0.01 M, pc~2. They interpret this as evidence for self-similar
H1 surface density profiles in the outer regions of galaxies (for
a theoretical explanation see also Stevens et al. 2019).

The tightness of the HI mass—size relation makes it a pow-
erful diagnostic for galaxy evolution models (e.g., to identify
feedback prescriptions that are too strong; Bahé et al. 2016), and
for investigating the properties of HT selected galaxy samples
(e.g., Ponomareva et al. 2016). However, there is no unanimous
agreement on the exact slope as some studies find shallower val-
ues (1.8 — 1.9, e.g., Verheijen & Sancisi 2001; Noordermeer et al.
2005; Lelli et al. 2016a; Deg et al. 2024), suggesting that the
surface density of H I disks might vary with mass. In addition, the
intrinsic scatter of the relation has, to our knowledge, only been
measured once (Rajohnson et al. 2022). An accurate measurement
of the intrinsic scatter is crucial for interpreting the relation, as
it reflects the intrinsic variation of HT surface density profiles at
fixed H1 mass.

The study of the kinematics and distribution of H 1, including
the HT mass—size relation, requires spatially resolved observa-
tions with radio interferometers. Due to relatively small fields of
view (FoVs) and low array filling factors, most interferometric
H 1 surveys have been characterized by a low survey speed and
most resolved H 1 samples have only reached sizes of a few dozen
to a few hundred galaxies. As a result, the statistical power of H1
dynamical and morphological studies has been limited. For exam-
ple, this can be an issue when trying to measure the dependence
of galaxy kinematics on the surrounding environment (Chae et al.
2020; Kim et al. 2023) or the resolved galaxy velocity func-
tion (see, e.g., Klypin et al. 2015). These shortcomings can be
addressed with better statistics, which could also improve mea-
surements of the intrinsic scatter of scaling relations such as the
H 1 mass—size relation, BTFR, and RAR. The intrinsic scatter
measured for the latter two relations is <0.13 dex and is currently
consistent with zero (Lelli et al. 2016b, 2017; Ponomareva et al.
2018).

Luckily, the situation is improving due to pathfinders and
precursors to the SKA Project. Two prime examples are the South
African MeerKAT telescope and the Australian SKA Pathfinder
(ASKAP). MeerKAT has a larger FoV and higher sensitivity
than previous interferometers and allows for rapid HT surveys
of the sky (e.g., Maddox et al. 2021; Serra et al. 2023), while
ASKAP makes use of phased array feeds (PAFs). These allow
for a greatly increased instantaneous FoV thanks to the simulta-
neous formation of 36 compound beams. ASKAP is currently
conducting the Widefield ASKAP L-band Legacy All-sky Blind
Survey (WALLABY; Koribalski et al. 2020), which is planned to
observe half of the southern sky in HI. The pilot data releases 1
and 2 of WALLABY have been accompanied by the publication
of more than 200 kinematic models (Deg et al. 2022; Murugeshan
et al. 2024), with an expected final sample size of thousands of
kinematic models. Within the next decade, these numbers are
expected to be surpassed by another order of magnitude by the
SKA Project and the Deep Synoptic Array (DSA; Hallinan et al.
2019).
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In this paper, we focus on HI data taken with the SKA
pathfinder Aperture Tile in Focus (Apertif; Adams & van
Leeuwen 2019; van Cappellen et al. 2022). Similarly to ASKAP,
Apertif is a PAF system on 12 of the 14 Westerbork Synthesis
Radio Telescope (WSRT) dishes. The simultaneous formation
of 40 compound beams increases the array’s instantaneous FoV
from ~0.2 deg” to ~8 deg”. The resulting upgrade in survey speed
enabled two imaging surveys (Adams et al. 2022): the Apertif
Wide-area Extragalactic Survey (AWES) and the Apertif Medium-
deep Survey (AMDS). These were conducted between July 1,
2019 and February 28, 2022, with each individual 11.5h AWES
and AMDS observation taking spectral line, continuum, and polar-
ization data. AWES covers an area of ~2200 deg® with typically
one and in some cases two observation per field. AMDS covers
a smaller area of ~130 deg? with typically ten observations per
field (and slightly less in some cases). The vast amount of data
from AWES and AMDS allows for statistically powerful studies
of the resolved H I properties of galaxies and their resolved kine-
matics and dynamics. As a first step in this direction, we present
kinematic models, including H 1 rotation curves, that we derived
for 568 galaxies observed with AWES.

Section 2 of the paper describes the AWES data that we used,
some preliminary sample cuts, the assignment of distances, and
the calculation of H 1 masses and diameters. Furthermore, it gives
an overview of some basic properties of our galaxy sample. We
present the kinematic modeling pipeline in Sect. 3, including
the treatment of edge-on galaxies, corrections for pressure sup-
port, and the estimation of uncertainties. The success rate of our
pipeline in producing reliable kinematic models is discussed in
Sect. 4, where we also present the resulting kinematic models and
investigate the AWES H 1 mass—size relation. We summarize our
results in Sect. 5.

2. Data
2.1. Apertif Wide-area Extragalactic Survey

The spectral range of the AWES data (1292.5-1429.3 MHz) was
divided into four subsets (Cube0 to Cube3) during data processing
(Adebahr et al. 2022; Adams et al. 2022). Our kinematic models
are based on Cube2 with a topocentric spectral range from 1373.8
to 1418.4 MHz, corresponding to optical velocities from 424 to
10170km s~!. The channel width is 36.6 kHz, corresponding to
7.7kms~!'. Cube2 data were the initial target for source finding
with the Source Finding Application 2 (SOFIA 2; Serra et al.
2015; Westmeier et al. 2021). An overview of the source finding
is given in Sect. 2.3 of Siljeg et al. (2025), while the detailed
procedure will be described in a forthcoming publication (Hess et
al. in prep.). At the time of conducting this study, source finding
had been completed for an area that covers ~42% of the Apertif
footprint. In total, this provided us with 5954 data cubelets, which
were cut out by SOFIA around the HT detections.

The noise level around the galaxies in the SOFIA 2 cubes
is 1.2*2¢ mJybeam™' (median with 16th and 84th percentile),
corresponding to a 300 HI column density sensitivity of
1.7 - 10?° cm~2 over three channels (23.1 kms~!) and for a typical
angular resolution of 15” x 24”. In general, the spatial resolution
is 15”7 x 15"/ sind, where ¢ is the declination of the pointing.
However, for some observations, the restoring beams can vary
significantly between different compound beams across the FoV
(e.g., because of differences in baseline flagging). The AWES
cubelets were produced after mosaicking the 40 compound
beams in an Apertif field to achieve full survey depth before
source finding. Consequently, the effective restoring beam is
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a combination of the contributions of the different compound
beams. We calculate the effective restoring beam for each detec-
tion as a Gaussian whose parameters are the weighted averages of
the parameters of the individual restoring beams that contributed
to the cleaning in the final mosaic. The individual restoring
beam weights are determined by the primary beam correction for
each compound beam (Dénes et al. 2022) at the location of the
source (Hess et al., in prep.). Furthermore, the AWES cubelets
of well-resolved galaxies are characterized by an oversubtracted
continuum emission (described in detail in Hess et al., in prep.).
We corrected the affected cubelets as described in Appendix A.

2.2. Mask creation and crossmatching

We used the SOFIA data cubelets to create moment maps and
masks, which ’°’BAROLO needs to prevent low signal-to-noise
(S/N) voxels from biasing the kinematic modeling results. Six
of the SOFIA data cubelets contained bad channels, which we
flagged. These were probably the result of imperfect continuum
subtraction or radio frequency interference (Adams et al. 2022).
We smoothed all cubelets to a minimum spatial resolution of
30” x 30" with the 3>’ BAROLO task SMOOTH. We left the beam
major axis unchanged if it was already larger than 30 arcsec. The
smoothing is a necessary step because initial tests demonstrated
that the S/N of most full-resolution AWES cubelets is too low
for reliable kinematic modeling. This step improves the column
density sensitivity to 7.8 - 10" cm™2 compared to the value for
the full-resolution cubelets (1.7 - 10%° cm™2).

To derive masks for the kinematic modeling, we used the
SPBAROLO task SEARCH with the ITERNOISE option to allow
for an iterative estimation of the cubelet noise'. The SEARCH task
produces a mask by first selecting all voxels above a primary
S/N threshold and then extending the mask within each channel
down to a secondary S/N threshold. The individual channel-based
masks are merged if they are not separated by more than a cho-
sen number of channels. After testing different threshold values,
we chose a primary S/N threshold of 3.5, a secondary growth
threshold of 2.5, and a velocity separation of two channels for
merging the channel-based detections. Apart from producing the
masks necessary for the kinematic modeling, this step excluded
3203 SOFIA cubelets (~54% of our initial sample) in which
the detected sources above the S/N thresholds are too small too
attempt kinematic modeling. Specifically, they are either spatially
less extended than the beam area or spectrally less extended than
two channels.

We visually checked the output of the 3>’ BAROLO SEARCH
task. In 217 of the remaining 2751 AWES cubelets, the SEARCH
task mistakenly detected an individual object as two separate
sources. The most common examples are HT disks at moderate to
high inclination and with central depressions, such that the low
S/N in the inner regions leads to a separation of a galaxy into
its approaching and receding side (see also Siljeg et al. 2025).
In such cases, we manually repeated the SEARCH task, where we
first increased the channel separation for detection merging and,
if this did not recover a single source, lowered the primary and
secondary S/N thresholds. Similarly, 90 cubelets contain galaxies
at one of the edges of the spectral range of the observation, so the
H1 emission can be recovered for only a fraction of their spectral
extent. We excluded these detections from our sample.

1" We ran the code in single-thread mode, as the multi-thread mode can
introduce some randomness and therefore decrease the reproducibility
of the results.

At low to moderate resolutions, kinematic modeling is partic-
ularly sensitive to the choice of initial geometric parameters. To
determine reliable initial estimates for the centers of our galax-
ies, we crossmatched them with the Principal Galaxies Catalog
(PGC; Paturel et al. 2003). If this did not result in a counter-
part, we crossmatched them with the NASA/IPAC Extragalactic
Database? (NED), accepting counterparts that are classified as
galaxies or listed in the Arecibo Legacy Fast ALFA (ALFALFA)
Extragalactic H1 Source Catalog (Haynes et al. 2018). We used
a separation threshold of 1 arcmin based on the H 1 centers that
were determined by the " BAROLO SEARCH task.

We obtained optical images for all of our galaxies, using
the following priority scheme: (1) grz images from the Dark
Energy Spectroscopic Instrument (DESI) Legacy Imaging Sur-
vey’s data release 10 (Dey et al. 2019); (2) grz images from the
Sloan Digital Sky Survey’s (SDSS’s) data release 18 (Almeida
et al. 2023); (3) grz images from the Panoramic Survey Telescope
and Rapid Response System 1 (Pan-STARRS1) data release 2
(Chambers et al. 2016); and (4) single-band images from the Dig-
itized Sky Survey (DSS; Lasker et al. 1990; McLean et al. 2000).
We performed a preliminary visual classification of the sample
based on these images. In particular, we removed detections cor-
responding to small clouds or clumps around the main H1 disks
of the galaxies. Next, we corrected erroneous counterparts and
added additional manual counterparts where the automated cross-
matching had missed them. These fixes affected 247 3P BAROLO
detections. Moreover, 119 galaxies are present in more than one
cubelet, because the initial SOFIA source finding was performed
on individual AWES fields, which can overlap. In such cases, we
only kept the cubelet for which the respective galaxy is located
closest to the cubelet center. We also flagged interacting galax-
ies, which we identified based on the presence of one or more
interacting partners in the optical images or in the H1 moment
maps. We then added additional PGC or NED counterparts for
these partners. Some of the original SOFIA data cubelets can
therefore correspond to multiple objects in our galaxy sample.
In total, this left us with 1924 individual galaxies, 67 (~3%) of
which are flagged as interacting.

Of this sample, 1278 galaxies were assigned a PGC coun-
terpart, 52 an ALFALFA counterpart, and 513 some other NED
counterpart. The remaining 81 galaxies (~4%) ended up lacking
a named counterpart in PGC or ALFALFA or a counterpart clas-
sified as a galaxy in NED. All of these sources except for five
lie outside of the ALFALFA footprint. Upon visual inspection,
69 of these 81 galaxies have visible counterparts in the optical
images, even though they are often faint and surrounded by many
foreground stars. A further ten galaxies have extremely bright
foreground stars close to the H1 coordinates, which makes the
detection of potential counterparts impossible. The remaining
two galaxies without counterparts are both located close to the
Galactic plane and optical images for them are only available
from DSS and Pan-STARRS.

2.3. Distances, HI masses, and H I radii

We calculated distances from systemic velocities using the
Cosmicflows-4 (CF4) flow model (Courtois et al. 2023; Valade
et al. 2024), which reconstructs the linear 3D velocity field based
on ~38000 galaxy groups with redshift-independent distances
(Tully et al. 2023). The flow model is accessible as part of the
Extragalactic Distance Database® (Tully et al. 2009). Our final

2 https://ned.ipac.caltech.edu/
3 https://edd.ifa.hawaii.edu/
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Fig. 1. Selected properties of 568 AWES galaxies with reliable kinematic models. From left to right: galaxy distance, D, from the CF4 flow model,
total HI mass, My, from Eq. (1), number of rings, Niings, in the kinematic models (see Sect. 3), and H1 diameter, Dy, (see Sect. 2.3). The HI
diameter could be determined for 213 galaxies with sufficiently deep and well-resolved data.

distances are based on the more robust systemic velocities, Viys,
obtained from kinematic modeling (see Sect. 3), while the initial
distances for kinematic modeling are based on the central veloc-
ities, Veen, of the 20% flux levels of the spatially integrated H 1
spectra from the > BAROLO SEARCH task. The CF4 flow model
is consistent with a Hubble constant of Hy = 75kms~! Mpc™!
(Tully et al. 2023).

Distances are a dominant source of error in many physical
properties of galaxies (e.g., masses and sizes), so realistic uncer-
tainties should be propagated into these quantities. This issue
was empirically explored by Haubner et al. (2025), who com-
pared the distances from four flow models, including CF4, to
redshift-independent distances of 1956 galaxies (Tully et al. 2023).
The resulting uncertainties depend only on the flow distance
of a galaxy itself and on its angular separation from the Virgo
cluster. For our AWES sample, this uncertainty scheme returns
values between ~0.04 and ~0.17 dex, which we propagate into
H 1 masses and diameters.

Flow models can have multiple solutions where one observed
systemic velocity corresponds to several (three in the case of
CF4) possible distances. This degeneracy results from strong
peculiar motions in the vicinity of large mass concentrations
such as galaxy clusters. In our initial sample of 1924 galaxies,
28 galaxies are affected by this. For the results of our kinematic
modeling pipeline, the assumed distance is mostly negligible.
Similarly, distance errors only move galaxies along the HT mass—
size relation because of its slope of roughly two. Therefore, we
simply assumed the nearest of the CF4 distances for these analyses
when there are multiple values available. However, for future
investigations based on our rotation curves (i.e., detailed mass
modeling or BTFR studies), it will be crucial to determine which
flow solution allows for the best description of the data.

We calculate total H 1 masses via (Meyer et al. 2017, Eq. (48))

2
~ 49.7 b S ,
Mpc/ \JyHz

with the luminosity distance, D, and the total integrated flux, S,
of a galaxy. As the total fluxes derived within the > BAROLO
masks are systematically lower than fluxes from the ALFALFA
survey, we used circular apertures around the galaxies’ centers
to measure their H1 fluxes instead (see Appendix B for details).
These apertures have radii that are 30arcsec larger than the
extent of the 3>’ BAROLO models. We corrected the HT fluxes
within them for a remaining constant 15% discrepancy with
ALFALFA. We assumed a random flux error of 15% from the
flux scale calibration, primary beam correction, and mosaicking
uncertainties of Apertif (Kutkin et al. 2022). This value is
consistent with the statistical uncertainty that we estimated from
a comparison of Apertif and ALFALFA fluxes (see Appendix B).

MHI
Mo

(D
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Furthermore, we derived H1 diameters Dy for studying the
H 1 mass—size relation. These are defined as the diameters where
the azimuthally averaged and deprojected H1 surface density
profiles reach 1 Mg, pc~2. Kinematic modeling with *?BAROLO
provides the necessary surface density profiles, which are mea-
sured from the average gas surface densities within the model
rings. We multiplied these profiles by (1 + z)* to correct for
cosmological surface brightness dimming (Meyer et al. 2017,
Eq. (74)) and additionally corrected them for the 15% missing
flux compared to ALFALFA. The cosmological corrections can
reach the level of ~10%. We calculate Dy, from a linear fit to
the data points that bracket a deprojected surface density of
1 = 1 My pc=2. We corrected the resulting HI diameters for
beam smearing using the Gaussian approximation of Wang et al.
(2016), that is,

2
Dy, = D(ﬁbls - bmajbmin’ (2)
with D‘I’{bf as the uncorrected H1 diameter and by, and by, the
major and minor beam full width at half maximum in physical
units, respectively. We do not provide H1 diameters for galax-
ies with D‘ﬂbf < 2 \/bmajbmin, for which the correction is very

uncertain.

2.4. Sample properties

Figure 1 gives an overview of the properties of the 568 galaxies
for which we were able to derive reliable kinematic models and
which make up the body of our data release (see Sect. 4). The
panels show the flow distance distribution, H 1 mass distribution,
distribution of the number of rings, Nyings, in the kinematic mod-
els, and distribution of H 1 diameters of the galaxies. Distances
range from ~7 to ~143 Mpc, with most galaxies between 30
and 100 Mpc. The median distance is ~60 Mpc. HI masses span
three orders of magnitude from ~2.5 - 107 to ~4 - 10'° M, with
a median value of ~3.5 - 10° M. Based on the relation between
My, and stellar mass M, (Huang et al. 2012; Maddox et al. 2015),
this implies that our sample contains substantial contributions
from both massive galaxies (M, > 10° M) and dwarf galaxies
(M, < 10° My).

The number of rings in the kinematic models ranges from 3 to
23, with a strong peak (234 galaxies) at 4 rings. These resolutions
are mainly a result of the necessary smoothing of our data to
obtain high enough S/N for kinematic modeling. Finally, the H1
diameters range from ~3 to ~90 kpc. The median Dy, is ~30kpc.
The determination of the diameter was possible for 213 of the 568
galaxies with reliable kinematic models. Specifically, the observa-
tions are deep enough to reach a surface density of 1 Mg pc2 for
228 galaxies. Of these, 15 galaxies were excluded because they
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are so poorly resolved that the beam smearing correction is very
uncertain.

3. Kinematic modeling
3.1. Standard pipeline

The primary requirements for the kinematic modeling of a large
H1 dataset such as that of AWES are

(1) ahigh degree of automation at a low computational cost;
(2) homogeneity to keep systematics under control; and
(3) reliability also for poorly resolved galaxies with low S/N.

Starting from these considerations, we based our kinematic
pipeline on the 3D-based Analysis of Rotating Objects from
Line Observations* (P?BAROLO; Di Teodoro & Fraternali 2015)
code, namely, development version 1.7.8. Its 3DFIT task allows
for the construction of 3D tilted-ring models convolved with the
spatial and spectral resolution of the respective observation. Con-
sequently, it can account for instrumental effects, including beam
smearing (e.g., Bosma 1978; Begeman 1987), and recover the
underlying rotation velocities also for galaxies with only few res-
olution elements (Di Teodoro & Fraternali 2015; Deg et al. 2025).
Furthermore, the code is highly automatable and has routines for
estimating initial model parameters on its own.

In the tilted-ring modeling approach, each ring is character-
ized by eight geometric and kinematic parameters; namely, the
center (XPOS, YPOS), the systemic velocity, VSYS, the inclination,
INC, the position angle, PA, the disk thickness, Z0, the rotation
velocity, VROT, the velocity dispersion, VDISP, and the radial
velocity, VRAD. SPBAROLO sets the ring width to half a beam
width if a galaxy is resolved with less than 20 beams along the
semi-major axis and to exactly one beam width otherwise. All of
our galaxies belong to the former case. We fixed the vertical pro-
file of the model disks to Gaussian functions with a scale height,
Z0, of 100 pc. This assumption has a negligible effect as the intrin-
sic vertical structure of the disks is practically unconstrained at
our physical resolutions (>1 kpc). Additionally, we fixed all radial
velocities to zero. The spectral and spatial resolutions of our data
are insufficient to measure them as they are usually subdominant
compared to the rotation velocity and degenerate with warps in
the position angle (Lelli et al. 2012; Di Teodoro & Peek 2021).
The other six parameters were fit.

To avoid unphysical discontinuities in the geometric parame-
ters, we used SPBAROLO’s TWOSTAGE mode, where two subse-
quent kinematic fits are performed. In the first one, all parameters
are free in each ring, while in the second one, only VROT and
VDISP are free. During this second fit, (XPOS, YPOS) and VSYS
are set to their median values across all rings. To account for
possible disk warps, INC and PA are regularized by using their
median value, a polynomial function, or a Bézier curve. We set
the REGTYPE = AUTO flag, so the exact choice of regularization
is determined by 3°>BAROLO depending on the best-fit parameter
values of the first kinematic model.

SDBAROLO does not fit for the surface density profiles,
but it normalizes the surface density of the tilted-ring mod-
els to the observed gas distribution of a galaxy. This can be
done on a ring-by-ring basis using the azimuthally averaged H1
moment-zero map (NORM = AZIM) or on a pixel-by-pixel basis
using the observed H I moment-zero map (NORM = LOCAL). The
local normalization has the advantage that it can produce reli-
able kinematic models for galaxies that have regular kinematics,

4 https://editeodoro.github.io/Bbarolo/

Table 1. °>BAROLO parameters used in our kinematic pipeline.

Parameter Value Comment
Global

LTYPE 1 Gaussian vertical profile
TWOSTAGE True

REGTYPE AUTO Parameter regularization
NORM AZIM LOCAL Model Xy, normalization
DELTAINC 20deg Search range around INC?
DELTAPA 20deg Search range around PA°
CDENS 100 Cloud surface density
LINEAR 0.3 See Appendix C
VELDEF RELATIVISTIC

Specific

xp0s® Crossmatching See Sect. 2.2
YPOS® Crossmatching See Sect. 2.2
vsys? 0 See REDSHIFT
REDSHIFT Veen/C From SEARCH
INCO Automated

PA? Automated

VROT? Wao/2 From SEARCH
VDISP’ 8kms™!

Z0 100 pc/D (arcsec) See Sect. 2.3 for D

Notes. Parameters with the superscript O were allowed to vary during the
fits. For details on individual parameters, see Sect. 3.1. Parameters that
are not listed were kept at their standard values.

but irregular morphologies. Its main disadvantage is that it can
obscure wrong inclination estimates in the model because the flux
contours of the data are reproduced by construction. Therefore,
to combine the advantages of both methods, we performed the
first fit of the TWOSTAGE routine with the azimuthal normalization
and the second fit with the local normalization. This allows us to
identify models with wrong inclination estimates from the chan-
nel maps of the azimuthally averaged models, while retaining the
more robust local normalizations for our final kinematic models.

The success or failure of the tilted-ring modeling procedure
depends on the choice of initial parameters, in particular, initial
geometric parameters. In Table 1 we give an overview of our
choice of parameters, separated into global ones that are the same
for every galaxy and specific ones that vary from galaxy to galaxy.
We allowed INC and PA to vary in a range of +20 deg around their
initial estimates (see below). Furthermore, we set CDENS = 100,
that is, the number of model H1 clouds per spaxel in the plane of
the model galaxy in units 10%° cm=2 (prior to the surface density
normalization). We increased this value compared to its standard
setting (10) to allow for a better sampling of the relatively low-S/N
Apertif galaxies.

SPBAROLO assumes Gaussian spectral responses during
kinematic modeling to take the instrumental line broadening in
the data cubelets into account. This instrumental broadening is
set through the LINEAR parameter, which is the standard devia-
tion of the observation’s line spread function in units of channels.
However, the spectral response functions of the Apertif cubelets
are boxcars with a width of one channel (7.7 kms™"). The spec-
tral resolution is fortunately still good enough compared to the
intrinsic velocity dispersion of galactic HI to assume a Gaussian
line response. We show this explicitely in Appendix C, where we
also motivate our choice of LINEAR = 0.3.
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SDBAROLO allows for the automated estimation of initial
parameters for kinematic modeling (for details see Di Teodoro
& Fraternali 2015). We used this option for the inclination, INC,
and the position angle, PA. With respect to the coordinates of a
galaxy, we took the initial estimate of the kinematic center (XPOS
and YPOS) from the PGC or NED counterpart of each galaxy.
For galaxies without PGC or NED counterparts, we used the
estimates of the geometric H1 centers provided by the SEARCH
task. The initial estimate for VSYS was set to zero because we
perform kinematic modeling in the rest frames of the galaxies
by setting the redshift parameter REDSHIFT = V¢, /c, where Ve,
was taken from the global H 1 line profile produced by the SEARCH
task. The redshift remains fixed during kinematic modeling, while
adjustments to the systemic velocity are made through the VSYS
parameter. The deredshifting also has the effect that the precise
choice of the velocity convention (VELDEF) has a negligible effect.
Next, we set the initial rotation velocity VROT to W, /2, where
W, is the width of the global HT line profiles at 20% of the
peak flux as measured by the SEARCH task. For the initial veloc-
ity dispersion, VDISP, we used a constant value of 8 km s~! for
all galaxies, in line with high-resolution observations of nearby
galaxies (e.g., Tamburro et al. 2009).

3.2. Edge-on galaxies

The rotation curves of highly inclined galaxies are barely affected
by uncertainties in the inclination estimates. However, fitting
approaches that work on a ring-by-ring basis become unreliable
above inclinations of ~80 deg because the assumption that any
line of sight to the observer crosses the galaxy at only one galac-
tocentric radius is violated. The line profiles in the inner parts of
such edge-on galaxies are asymmetrically broadened because of
the alignment of H I emission at different galactocentric radii and
with different projected radial velocity components. Attempts to
model these line profiles by fitting each ring separately typically
result in underestimated rotation velocities and overestimated
velocity dispersions in the inner parts of such galaxies, though
the problem can be overcome in 1D by tracing the envelope of
the position-velocity diagram (PVD; Sancisi & Allen 1979) and
in 3D by using software that fits a tilted-ring model globally (e.g.,
KinMS or FAT; Davis et al. 2013; Kamphuis et al. 2015).

For this reason, we excluded galaxies with an optical incli-
nation larger than 80 deg from the standard kinematic modeling
pipeline and instead fit them with a dedicated edge-on pipeline.
We calculated galaxy inclinations via (Hubble 1926)

b 2 _ 2
cos?i= (/a)—qo’ 3)

l—q%

where we used the optical axis ratio b/a from the PGC catalog
and an intrinsic axis ratio of gy = 0.2 (Fouque et al. 1990). Edge-
on galaxies that were still fit with the standard pipeline because
of a wrong or missing PGC inclination were flagged during the
visual inspection of the models (see Sect. 3.5).

For the edge-on pipeline, we fixed the kinematic model’s
inclination INC to the value calculated from the PGC axis ratio’
to counteract °>BAROLO’s frequent underestimation of the incli-
nation of edge-on galaxies. Furthermore, we fixed the velocity
dispersion VDISP to a constant value of 8 kms~!. The velocity
dispersions of edge-on galaxies are poorly constrained as the
observed line broadening is dominated by projection effects. We

5 We used i = 89deg for b/a < g, as an inclination of 90 deg causes
the *®BAROLO kinematic fits to fail due to numerical effects.
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tested and confirmed that the choice of fixing VDISP has a neg-
ligible impact on the other parameters of the final kinematic
models.

The main difference to the standard pipeline is that the two fits
of the TWOSTAGE mode (with fixed INC and VDISP for edge-on
galaxies) are followed up with a third fit that uses the REVERSE =
True flag. In the reverse mode, SDBAROLO starts the kinematic
modeling procedure at the outermost ring and moves inward, as
opposed to the outward modeling direction of the regular fits. This
allows *PBAROLO to obtain a good model of the outermost tilted
ring, which is less affected by projections of other galactocentric
radii. Subsequently, the code can account for intervening gas from
larger galactocentric radii while moving further inward (see also
Kregel & van der Kruit 2004). However, the reverse mode is even
more sensitive to the choice of initial geometric parameters than
the standard fitting mode, which is why (XPOS, YPOS), VSYS, and
PA are determined through the initial TWOSTAGE fits. The only
free parameter in the reverse fits is VROT.

3.3. Correction for pressure support

We corrected the rotation velocities, Vo, of our kinematic models
for pressure support to estimate the circular velocities, Vi, of test
particles in the galactic gravitational potentials. This correction
is typically negligible for HT disks, but can become important
for dwarf galaxies with Vi, < 50km s (e.g., Meurer et al. 1996;
Lelli et al. 2014; Iorio et al. 2017). For this purpose, we used the
asymmetric drift correction ViDC, which allows us to write the
circular velocity as

chirc = Vr20t + ViDC‘ (4)

The asymmetric drift correction itself can be calculated as
(Binney & Tremaine 2008, Eq. (4.228))

Bln((r%,)
"~ 9mlR )

611’12]{]
ViDC = 0—%/ - OInR

®)

where we assume that the velocity dispersion oy is isotropic and
independent of the height above the galactic plane and that the
vertical gas density profile is constant with radius.

To allow for an easy analytical differentiation of oy(R) and
2 1(R), we regularized them with polynomial functions. The sur-
face density profile is robustly measured from azimuthal averages
of the moment-zero map, while the velocity dispersion profile
oy (R) is kinematically fit during the modeling. Therefore, we
do not use the same polynomial degrees for both profiles, but
allow for more complicated functions when regularizing Zy(R).
After testing a range of schemes, we decided to determine the
polynomial degree d for fitting Xy (R) through

Nrings
o).

where the arctangent function is evaluated in radians and int
indicates the removal of decimal places. This function has an
asymptotic value of 19, which sets the maximum polynomial
degree that is allowed for Zy;;(R). The actual value that is reached
by the AWES kinematic model with the most rings (22) is eleven.
At the low end, the polynomial degree is three for Ny = 4. For
Nrings = 3, we regularized Xy (R) with a linear fit. Models with
only two rings are rejected during visual inspection.

In some cases, the polynomial fits can still result in unphysi-
cally large values of Vapc, when a small variation in Xy, (R) at the

40
d = int [— arctan(
b
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Fig. 2. Mean value of V. /V;, against the maximum circular rotation
velocity V.« for each of the 568 galaxies with reliable kinematic models.
The dashed horizontal line marks a ratio of one.

outer edges of a kinematic model prompts an inflection point in
the regularization functions. To suppress this behavior, only while
fitting the polynomials, we added a single “phantom data point”
outside of the final data point (Ry, Z‘I}l}) of each Xy (R) profile.
This additional data point has the value (Rout + Riring, Z;’{“f), where
Riing is the width of one ring, and suppresses strong variations in
the surface density at the edges of the models.

For the velocity dispersion profile oy(R), we used a more con-
servative regularization scheme. These regularized values enter
the asymmetric drift correction not only through the derivative of
oy, but also through its absolute value:

Niings < 5: We used the median value of oy(R), which means
that the derivative of oy (R) in Eq. (6) vanishes. The value of
oy (R) still determines the overall normalization of the ADC.

Nrings > 5: We fit oy(R) with a polynomial of degree three.

The overall importance of the ADC for our kinematic models is
illustrated in Fig. 2. It shows the mean value of Vi ../ Vi for each
of the 568 galaxies with an acceptable kinematic model plotted
against the maximum circular velocity Viax. The correction tends
to become more important for lower Vy,,«, but the vast majority
of galaxies has Vi /Vior = 1. There are only 12 galaxies where
the correction makes a difference larger than 5%, all of which
have Vpa < 100kms~'. This implies that, as expected, the rota-
tion velocity is a reliable tracer of the underlying gravitational
potential for most HT disks.

An illustration of the derivation of the asymmetric drift cor-
rection for an individual galaxy can be seen in Fig. 3. This figure
shows the overview of a reliable kinematic model, as described in
Sect. 3.5. The solid blue lines in the surface density and velocity
dispersion panels show the polynomial fits to the profiles of these
parameters (degree five for Zy;(R) and degree three for oy (R)).
The actual values of Vapc are depicted with the solid blue line
in the rotation velocity plot, while the resulting circular veloc-
ity is given by the dashed blue line. Below roughly 30 arcsec,
the correction is negative and Vapc itself is formally imaginary
because of the positive slopes of the surface density and velocity
dispersion profiles.

3.4. Uncertainties

SDBAROLO allows for the estimation of parameter uncertainties
through Monte Carlo sampling of parameters around their best-fit
values. This procedure is computationally expensive and does
not account for covariances as parameters are varied individually.
More importantly, Monte Carlo estimates of the formal uncer-
tainty in Vo may not capture the real physical uncertainties due
to non-circular motions, asymmetries, or other failures of the

assumptions of tilted-ring modeling. Consequently, the advan-
tage of the method is limited, particularly with respect to the
necessity of performing such estimations for almost two thousand
kinematic models.

Therefore, for the rotation velocities, Vi, and the velocity
dispersions, oy, we estimate the uncertainty from the difference
between the approaching and the receding side of the disk (e.g.,
Swaters 1999; de Blok et al. 2008). We performed two additional
kinematic fits to each galaxy, where we set the SIDE parameter
to A and R for considering only the approaching and the receding
side, respectively. In these fits, all geometric parameters were
fixed to the final best-fit values from the two-sided fitting (or the
reverse fit for edge-on galaxies) and only V;, and oy were allowed
to vary. Assuming that the difference between the approaching
and the receding side estimates the 1o interval around Vi, the
uncertainty follows as

| Vapp - Vrec |

Vit = ) s

@)
with V,,, the rotation velocity of the approaching side and Vi
the rotation velocity of the receding side.

This method can capture deviations from a tilted-ring geom-
etry, although it provides only a first estimate of the true 1o
uncertainties. In particular, it might be an underestimate in
the marginally resolved regime, where the resulting uncertain-
ties are sometimes very small. Therefore, we assign 6V, =

AV/(2V21n2) as a lower limit, where AV is the channel width.
Furthermore, a fit to the approaching or receding side can some-
times fail, either completely or only in specific rings. For example,
this can happen for asymmetric gas distributions where one half
of a galaxy does not provide sufficient constraints for kinematic
modeling at a specific radius. In these cases, we assign a conser-
vative 25% uncertainty (6 Vot = Viot/4), to reflect the potentially
disturbed state of the gas distribution. We assign uncertainties on
oy in the same way as those on V. Neglecting the uncertainties
from the radial derivatives in Eq. (5), the final uncertainty on V.
is given by

\% 2 o 2
Veire = \|| =26Viot | +|——60y] . 8
e (Vcirc Ot) (Vcirc v ( )

Given that Vi varies with the galaxy inclination as sin”',
its final uncertainty also depends on the inclination uncertainty
oi. However, an error in inclination changes only the overall nor-
malization of the rotation curve of a flat disk. Therefore, di acts
as a systematic error, which should not be included in 6V, but
instead be appropriately considered depending on the specific
analysis that is being performed. Typical values of i are ~5 deg
(e.g., Lelli et al. 2016a; Deg et al. 2022), although smaller val-
ues may be appropriate for edge-on galaxies and larger values
(~10deg) for face-on galaxies. The reason for this is the diffi-
culty of measuring i for mildly inclined disks, as the axis ratio
is proportional to cos i, combined with the intrinsic deviation of
galactic disks from perfectly circular shapes (e.g., Kado-Fong
et al. 2020; Lelli 2024).

The inclination uncertainties affect the rotation velocity V;q in
a substantial way at lower inclinations and typically become dom-
inant below 40 deg. Therefore, such galaxies should be excluded
from analyses that depend on the actual amplitude of the rotation
curves, such as studying the BTFR and the RAR. However, the
rotation curve shapes do not suffer from the same problem and
can still be used, for example, to perform fits in which the inclina-
tion is treated as a nuisance parameter (e.g., Li et al. 2018, 2020).
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Fig. 3. Example of the *?BAROLO output for an A = 1 kinematic model, meaning that the model is acceptable and cannot be reasonably improved.
The different panels show the channel maps of the data, the azimuthally normalized model, and the localy normalized model (left), the moment
maps of the data and the azimuthally normalized model (bottom-right), the PVDs of both models for the major and the minor axis (center-right), and
the final parameters (fop-right). Blue lines in the panels of Vi, Xy, and oy relate to the asymmetric drift correction described in Sect. 3.3.
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Similar considerations also apply to the deprojected H1 surface
density, which is calculated from the measured one by multiplying
it by cosi. In this case, inclination uncertainties affect edge-on
galaxies most strongly and are negligible for face-on galaxies.

3.5. Visual inspection and acceptance flags

Kinematic modeling with *BAROLO can result in a formal suc-
cess, even if the best-fit kinematic model provides an inadequate
description of the data. This can happen when the code runs
into local optima of the model parameter space. To date, there is
no reliable method for flagging such inadequate kinematic mod-
els in an automated way. Therefore, we visually inspected each
AWES H 1 kinematic model and flagged it based on comparisons
between the observed and the modeled channel maps, moment
maps, and PVDs, which we also compared to the optical images
of the galaxy. We assigned four values of the acceptance flag, A:

A =1 : acceptable models that need not be improved further;
A =2 :models that are acceptable, but can still be improved;
A =3 : models that are not acceptable but can be modified to be;
A =4 : data that do not allow for a reliable kinematic model.

A = 1 models provide excellent descriptions of the data, where
the geometry of the galaxy and the shape and normalization of the
rotation curve are correctly modeled. Figure 3 shows an overview
of our assessment plots for such a model. A = 2 models also have
reliable rotation curve shapes, but can have larger errors (< 20%)
in the rotation curve’s overall amplitude, mostly from somewhat
underestimated inclination angles or other minor errors in the
modeled geometry. They are best used in conjunction with inde-
pendent inclination estimates. A = 1 and A = 2 models comprise
our data release. Examples of all four types of kinematic models
are provided in Appendix D.

We applied A = 3 to galaxies for which a reliable model can
in principle be derived, but where the automated pipeline failed
due to a wrong estimation of one or several parameters. Examples
are kinematic centers, position angles, and inclinations that are
wrong to such a degree that the shape of the rotation curve is
incorrect. This includes edge-on galaxies that were not modeled
with the edge-on pipeline. In contrast, A = 4 was assigned to
galaxies that are strongly asymmetric, interacting, or otherwise
disturbed to a degree that breaks the basic assumptions of tilted-
ring modeling. This also applies to galaxies with insufficient S/N
to allow for a reliable model assessment, and to galaxies with less
than three rings in their rotation curves. The assignment of this
flag is mostly related to properties of the data and of the galaxies,
and not to genuine failures of > BAROLO itself.

Finally, some A = 1 and A = 2 models had velocity esti-
mates at specific radii that are inconsistent with the data, while
most measurements at other radii are reliable. The typical exam-
ple is a generally good kinematic model with a sudden drop of
~100km s~! in the rotation velocity of the first or final ring. This
can occur due to inadequacies in the > BAROLO masks, such
as low S/N regions in the inner or outer H1 distributions that
result in underestimated measurements of V. In such cases,
we removed the individual affected velocity measurements and
provide the remaining reliable kinematic model. This procedure
does not affect the surface density profiles, which are measured
from the moment-zero maps of the data and are generally more
reliable. Nevertheless, the removal of velocity measurements in
the kinematic models can lead to the rejection of a galaxy from
our final sample if the number of rotation curve data points drops
below three (see Sect. 3.6).

A&A, 714, A250 (2026)

3.6. Poorly resolved galaxies

Untargeted surveys, such as AWES and WALLABY, provide
homogeneous and resolved H 1 data for unprecedented numbers
of galaxies, which allow for statistically powerful studies of galaxy
evolution. However, the derived rotation curves do typically have
lower resolutions than those of smaller, high-quality samples
based on targeted observations (e.g., de Blok et al. 2008; Lelli
et al. 2016a). Although our sample contains 97 rotation curves
with at least six rings, the majority of our kinematic models
have four rings. As an illustration, the minimum number of rota-
tion curve rings for fitting a two-parameter DM halo and the
three typical nuisance parameters (inclination, distance, and stel-
lar mass-to-light ratio) is six. A larger number is desirable for
constraining the exact shape of the rotation curve, measuring
its correlation with the baryonic mass distribution (e.g., Sancisi
2004; Swaters et al. 2012; McGaugh et al. 2016), and testing dif-
ferent DM halo profiles. In particular, this affects investigations
of the long-standing core-cusp problem (de Blok 2010), which
can be studied best with high-resolution kinematic data of the
centers of galaxies (e.g., de Blok et al. 2008; Katz et al. 2017).
Similarly, Deg et al. (2022) demonstrate that galaxies with less
than eight beams across their major axis (corresponding to eight
rings for our sampling) can have underestimated inner H 1 surface
density profiles, although their H 1 diameters are more robust to
resolution effects.

In general, the AWES rotation curves and surface density
profiles should therefore be used with care when performing, for
example, detailed mass modeling. Nevertheless, even four rings
in a rotation curve can still allow for inferring global dynamical
properties of galaxies (e.g., halo masses; Ponomareva et al. 2026).
A large untargeted sample, such as WALLABY or AWES, then
acts as an important complement to higher resolution rotation
curve samples because it allows for (1) more powerful statistical
studies (e.g., of environmental effects or the resolved galaxy
velocity function) and (2) a better understanding of selection
effects, as the galaxies were selected blindly based on H 1 flux.

The most poorly resolved rotation curves in our data release
have three rings, which can still allow for the determination of
the flat rotation velocity V¢ (e.g., Lelli et al. 2016b). Since Vi
is the measure of rotation velocity that minimizes the observed
scatter in the BTFR (Verheijen 2001; Lelli et al. 2019), it is a
physically significant characteristic of the kinematics of a galaxy.
Such kinematic models can therefore offer an advantage over the
use of integrated kinematic measures such as linewidths. This
will however require careful assessments of the trustworthiness
of a flat rotation curve with three rings.

Finally, the lowest number of rings in the kinematic models
provided by °PBAROLO is two. Overall, 361 of the 1924 models
fall into this category. We assigned A = 4 to these models in most
cases because they do not offer a significant advantage compared
to global kinematic measurements. The exception are 150 of
these galaxies with A = 3, for which a manual correction of the
geometric parameters might in principle increase the number of
rings to three or more due to a wrong estimation of the position
angle.

4. Results

4.1. Kinematic models

The distribution of acceptance flags of the kinematic models is
given in Table 2. Among the 1924 initial galaxies, 278 have A = 1,
290 have A = 2, 914 have A = 3, and 335 have A = 4. For the
remaining 107 galaxies, the construction of the kinematic models
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Fig. 4. Violin plots of the distributions in PGC inclination, the number of resolution elements, N, and the mean S/N within the SDBAROLO masks
for galaxies with different acceptance flags. The horizontal black lines indicate the full ranges of the galaxies in the respective subsamples and the
central vertical black lines are the median values.

Table 2. Sizes of the cube samples at different stages of the study,
including the numbers of kinematic models that were assigned the four

acceptance flags.

Sample/subset Number
Initial SOFIA cubelets 5954
Cubelets after S/N cut 1924
Kinematic modeling results
A=1 278 (14%)
A=2 290 (15%)
i too low 142 (49%)
A=3 914 (48%)
Only two rings 150 (16%)
Wrong pipeline 132 (14%)
i too low 115 (13%)
Wrong center 76 (8%)
i too high 29 (3%)
A=4 335 (17%)
Only two rings 208 (62%)
No output written 107 (5%)

Notes. For details on the acceptance flags, A, see Sect. 3.5. Percentages
of the overall acceptance flag numbers refer to the 1924 galaxies used for
modeling. Percentages of the subsamples of A = 2, 3, and 4 models refer
to the 290, 914, and 335 galaxies in these categories, respectively.

failed, so we could not assess them visually. These galaxies are
mostly in the extremely low S/N and extremely poorly resolved
regime, such that 3°>’BAROLO resolved them with only two or
three rings and failed to achieve convergence when fitting them.
Overall, this leaves us with 568 galaxies with acceptable kine-
matic models, or a success rate of ~30% after the S/N cut (see
Sect. 2.2). These galaxies form our data release.

Table 2 also lists the rejection reasons of A = 3 models. The
most common reason for the rejection of a kinematic model was
an underestimated inclination compared to the optical images and
the H1 channel maps. Of the 1772 models that were fit with the
standard kinematic pipeline, 132 were assigned A = 3 because
they should have been fit with the edge-on pipeline. These galax-
ies were not correctly identified as edge-on disks because of
missing PGC counterparts or incorrect PGC inclinations. Simi-
larly, 115 additional models were assigned A = 3 because of an
otherwise severely underestimated inclination. Together, these
amount to ~27% of all A = 3 models. On the other hand, only
29 models received A = 3 because of an inclination estimate that
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is too high. For the A = 2 models, almost half of them missed
the A = 1 designation because of a somewhat underestimated
inclination.

Figure 4 shows the distributions of PGC inclinations for
models with the four acceptance flags. The mean inclination is
~50deg for A = 1 models, ~60 deg for A = 2 models, and some-
what larger than that for A = 3 models. This trend reflects the fact
that for *?’BAROLO, underestimated inclinations mainly affect
highly inclined galaxies. In agreement with this, Ponomareva et al.
(2021) find that 3P BAROLO infers systematically lower inclina-
tions than ellipse fits to the 1 M pc™? contours of the moment
zero maps when the latter have inclinations above ~50 deg. Fur-
thermore, in agreement with SDBAROLO modeling of mock
H1 data (Deg et al. 2025), they find that 3°>BAROLO tends to
overestimate inclinations below ~40 deg. However, inclination
uncertainties are already very large for such face-on galaxies
because of deviations from perfectly circular disk shapes. In gen-
eral, such galaxies should not be used for analyses that depend on
knowledge of the overall rotation curve amplitude (as opposed to
just its shape).

Observationally, an important underlying issue is the resolu-
tion and the S/N of the detections. Their effect can be seen from
the large fraction of galaxies assigned A = 3 and 4 due to only two
rings in the rotation curve (16% and 62%, respectively). It is also
illustrated in the central and right panels of Fig. 4, which show the
distributions in the number of resolution elements, N, and the
average S/N within the 3 ’BAROLO masks for the four acceptance
flags. The resolution, N, is the spaxel area of the SDBAROLO
masks divided by the equivalent beam size at full sensitivity,
Qveam = ThmajPmin/ (4 In 2). Kinematic modeling becomes more
reliable for larger values of N.s. We assigned A = 1 or 2 to no
model with N < 3.5 and assigned A = 4 to all models with
Nies < 2.3. A similar trend is present for (S/N), though there is
no clear difference between A = 1 and 2 in this case.

4.2. Surface density profiles and rotation curves

We give an overview of the rotation curves and surface den-
sity profiles of all 568 accepted models in Fig. 5. They are
color-coded by the total HI mass and split into four panels,
depending on the number of rings in the kinematic models. Most
models, namely 234, have four rings, followed by 176 models with
three rings. At higher resolutions, 59 of the models have seven or
more rings with a maximum of 23 rings. Given that we adopted
a common angular resolution of 30 arcsec for kinematic model-
ing, the subsamples in the panels Fig. 5 correspond to galaxies
with different angular extents. These range from ~90 arcsec in the
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bottom panel to more than 10 arcmin in the top panel. The spec-
tral range of the AWES Cube2 data corresponds to distances from
about seven to ~ 140 Mpc, so poorly resolved rotation curves in the
bottom panel have extents of 2-30 kpc. The well-resolved rotation
curves in the top panel reach larger maximum extents (>60 kpc)
as all panels cover roughly the same distance range. Furthermore,
the extent of the H I kinematic models correlates with My, which
is in line with the H I mass—size relation (see Sect. 4.3).

The maximum HT surface densities reached by the profiles
lie in the range Zy; ~ 1-15 M pc2. Some profiles, especially at
higher resolutions, show central depressions. A possible explana-
tion is that these H1 disks are hosted by SO-Sa galaxies with large
bulges (e.g., Noordermeer et al. 2005). A few profiles are strong
outliers toward low Xy, compared to the overall sample. All of
these outliers have inclinations above 80 deg. For such high incli-
nations, *’BAROLO’s method of measuring surface densities
is unreliable because the surface density is measured within the
highly inclined rings of the kinematic model, which are infinitely
thin. Therefore, the rings cover only narrow central strips along
the edge-on galaxies, which have an intrinsic thickness and are
additionally broadened by the telescope’s beam.

Turning to the rotation curves, the median V;y in the three
outer rings ranges from ~20 to 300kms~'. There is also an
apparent correlation, albeit with significant scatter, between the
amplitude of the rotation curves and My. This can be understood
as a combined effect of the stellar-mass Tully-Fisher relation
(Tully & Fisher 1977) and the stellar mass-HT mass relation
(Huang et al. 2012; Maddox et al. 2015). Qualitatively, this agrees
with the significant scatter of the My -V, relation (e.g., 0.74 dex
from Deg et al. 2024). However, a part of the scatter is cer-
tainly caused by the inclusion of low-inclination galaxies with
substantial uncertainties on V;; and the inclusion of galaxies
with multiple distance solutions from the CF4 flow model (see
Sect. 2.3).

To give a more comprehensive overview of the rotation
curve shapes, Fig. 6 shows a proxy of the outer rotation curve
slope against the maximum circular velocity Vi.x. This proxy
1S (Vout — Vhait)/ Vhait, Where Vo is the circular velocity of the
outermost ring and Vi, is the circular velocity at half the radius
of the outermost ring. Specifically, we derive V¢ by linearly
interpolating between the two rotation curve points that bracket
this radius. We chose the central velocity instead of, for example,
the first or the penultimate ring, to minimize biases from the large
variety in physical resolutions of our rotation curves.

The left panel of Fig. 6 uses all 568 AWES rotation curves
(turquoise circles), where data points with larger errors in the
slope are more transparent. The bulk of the AWES rotation curves
has a slope close to zero, indicating that they are approximately
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flat in their outer halves. For low values of V .y, there is a trend
toward larger values of the outer slope (<0.25). Taking Vi as a
proxy for dynamical mass, this indicates that the rotation curves
of low-mass galaxies are rising in their outer parts.

The small black points show the same quantities for the
Surface Photometry and Accurate Rotation Curves (SPARC; Lelli
et al. 2016a) database, which collects high-quality H1 rotation
curves of 175 local galaxies. Our general trend is in good agree-
ment with the SPARC galaxies, although we have a larger amount
of seemingly declining rotation curves (slope between O and
—0.25) for Viax < 200kms~!. However, these rotation curves do
typically have large associated uncertainties and are probably
driven by low S/N in the outer parts of the H1 disks. Furthermore,
SPARC contains 14 galaxies with strongly rising rotation curves
(>0.5) and low Vj,.x. These seem to be less represented in our
sample, but the uncertainties of many of our galaxies at such
values of V¢ do allow for such slopes, hinting at the difficulty
of measuring accurate rotation curve slopes in the marginally
resolved regime.

The central and right panels of Fig. 6 show the subsamples of
our rotation curves with a maximum of four and more than four
rings, respectively. The overall distributions are largely similar,
which indicates that the general rotation curve slopes are not too
strongly biased by resolution effects. Still, the trend of larger
slopes for lower values of V},,, is more recognizable for rotation
curves that are better resolved. Less resolved rotation curves seem
to have a significantly larger scatter in their slopes.

4.3. Hl mass—size relation

The left panel of Fig. 7 shows the H1 mass—size relation obtained
from the AWES sample, where Dy, and My, were determined
as described in Sect. 2.3. It contains data from 213 galaxies with
reliable kinematic models (A = 1 and A = 2), for which the
sensitivity is deep enough to determine Dy, and the resolution
is good enough to correct for beam smearing. This is the largest
completely homogeneous sample used until now to study the
H I mass—size relation. The correlation obtained from the AWES
galaxies is very tight and spans three orders of magnitude in HT
mass.

We performed a power law fit in log-log space using a Markov
chain Monte Carlo technique. Specifically, we used the Regres-
sion and Optimisation with X and Y errors code (ROXY; Bartlett
& Desmond 2023) with the marginalized normal regression
method, 500 warmup steps, and 1000 samples. We infer the intrin-
sic scatter of the relation, where we consider the full covariance
matrix with the 15% flux uncertainty in My, and the distance
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Fig. 7. H1 mass—size relation of 213 galaxies from the AWES sample. The dashed black line is our best-fit relation. The gray inset in the left panel
shows the median 1o uncertainty of the data points due to flux and distance errors. Right panel: residuals around the best-fit relation plotted against

the kinematic galaxy inclination and the H 1 diameter in units of the mean beam size,
above 80 deg are shown as gray squares. They were not included in the fit.

uncertainties in Dy; and My;. This specific covariance, com-
bined with the slope of the relation close to two, is the main
reason for the observed tightness, as distance errors only move
galaxies along the relation (see the inset in Fig. 7, which shows
the median 10 uncertainty range). We exclude galaxies with incli-
nations above 80 deg from the fit because they have unreliable
surface density profiles and therefore underestimated Dy values.
They are responsible for the most prominent outliers (see the
top right panel of Fig. 7). This removes eight galaxies from the
sample. The best-fit power law is

log (My1/Mg) = (1.96 +0.03) log (Dy,/kpe) + (6.60 +0.05), (9)

where the median values with the 16th and 84th percentiles are
given in parentheses.

The relation has an observed vertical scatter of only 0.101 dex
and an inferred intrinsic vertical scatter of 0.067 + 0.007 dex.
This intrinsic scatter is consistent with the quadratic difference
between the observed scatter and the 15% flux uncertainty. Our
best-fit slope is consistent with two, which implies a constant aver-
age surface density of the H1 disks of galaxies across three orders
of magnitude in My ;. Our best-fit intercept gives a characteristic
average surface density of ~5 My pc’2 within Dy ;. However, this
value is contingent on the choice of a surface density of 1 Mg pc™2
for defining Dy,.

Figure 8 shows the posterior probabilities of the MCMC fit,
where the typical degeneracy between the slope and intercept
of a linear fit is clearly visible. The lower right panel of Fig. 7
shows the residuals around the best-fit relation plotted against
the H1 diameter D};¥ in units of the mean beam size /bpqiBmin-
A remaining bias from beam smearing would manifest itself as
a trend toward larger physical H1 diameters for smaller angular
diameters D;;f. No such trend is visible. We also performed the
fit without any beam smearing corrections, in which case we find
a slope of 1.99 +0.03, an intercept of 6.51 + 0.04, and an intrinsic
scatter of 0.072 + 0.007. The main effect of the beam smearing
correction is to increase the intercept of the relation, as it reduces
the H I diameters.

Most studies in the last decade write the H 1 mass—size rela-
tion as Dy, o« My, so we also perform our fit with that axis
convention. In this way, we find

log (D1 /kpe) = (0.501 0000 log (My 1 /Mo) — (328058, (10)

with an observed vertical scatter of 0.047 dex and an intrinsic
vertical scatter of 0.034 + 0.004 dex. These values agree with our

Drnajbmin- In all panels, the eight galaxies with inclinations
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Fig. 8. Posterior probability distributions of the parameters (slope, @,
intercept, B, and intrinsic scatter, oj,,) of the power law fit to the H1
mass—size relation. The vertical lines in the 1D histograms mark the
2.5, 50, and 97.5% quantiles (median and +2¢ for a 1D Gaussian) and
the contours in the 2D histograms mark the 11.8, 39.3, 67.5, and 86.4%
quantiles (0.5, 1, 1.5, and 20 for a 2D Gaussian).

fit for the My, < Dy, convention when we convert them back
into this shape.

Turning to previous studies, our best fit is in perfect agree-
ment with that of Rajohnson et al. (2022), who used the largest
homogeneous sample previous to our own (204 galaxies from
MIGHTEE-HI). They find a slope of 0.501 + 0.008 and an inter-
cept of —3.252*:072 Furthermore, our best fit is consistent with
that of Wang et al. (2016). These authors used the largest sam-
ple so far, namely 501 unique galaxies compiled from different
surveys, and found a slope and intercept of 0.506 + 0.003 and
—3.293 + 0.009, respectively. However, Deg et al. (2024) find a
larger slope of 0.533 +0.007 and a lower intercept of —3.55 +0.07
with 148 galaxies from WALLABY. This apparent discrepancy
is likely driven by the degeneracy between slope and intercept of
a linear fit (see Fig. 8). In fact, all previous studies that found a
slope larger than 0.52 also found an intercept smaller than —3.5
(Verheijen & Sancisi 2001; Swaters et al. 2002; Noordermeer et al.
2005; Martinsson et al. 2016; Lelli et al. 2016a).
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With an observed scatter of ~0.05dex in the Dy, direc-
tion, the tightness of our relation lies between that of Deg
et al. (2024, 0.04 dex) and those of Wang et al. (2016, 0.06 dex)
and Rajohnson et al. (2022, 0.057 dex). Our main new result
is an inference of the intrinsic vertical scatter of the H1 mass—
size relation of 0.067 + 0.007 dex in the My, direction and
0.034 + 0.004 dex in the Dy, direction. This intrinsic scatter was
also studied by Rajohnson et al. (2022), who find a larger value
of 0.054 = 0.003 dex in the Dy, direction, comparable to their
observed scatter of 0.057 dex. They interpret this as possible evi-
dence for an intrinsic ~10% variation of Dy at fixed My . The
most probable reason for the discrepancy between their result and
our own are differences in the observational uncertainty estima-
tion. Although Rajohnson et al. (2022) propagate inclination and
beam size uncertainties into the uncertainty of Dy, which we
do not do, the largest difference comes from the fact that they
estimate the flux uncertainty from the cube noise in line-free
regions. They cite typical HI mass uncertainties of ~5% above
My, ~ 10° M and of ~10% between ~10% and ~10° M. They
do not consider distance uncertainties on My, which do not
significantly enter the H 1 mass—size relation anyway.

Our H1 flux uncertainties of 15% across all H1 masses are
notably larger. They include errors from the Apertif flux cali-
bration, mosaicking, and primary beam correction (Kutkin et al.
2022) and are in line with the uncertainty estimated by comparing
to single-dish fluxes (see Appendix B). As a rough test of this
explanation of the discrepancy, we repeat our MCMC fit with a
fixed constant uncertainty on My, of 7% and without covariances
(as in the fit of Rajohnson et al. 2022). With this setup, we infer an
intrinsic scatter of 0.045 + 0.003 dex, close to the MIGHTEE-HI
result and consistent with our observational scatter. Neverthe-
less, full agreement cannot be achieved as our observed scatter is
~0.01 dex lower than theirs. It seems unlikely that this difference
stems from a genuine difference in the intrinsic scatter of the
samples. While Rajohnson et al. (2022) trace a larger range in
redshift (z < 0.084), they do not report significant differences in
scatter between different redshift bins. Instead, the observational
errors in our sample might be lower, possibly because of our
slightly better spatial resolutions (a median of four beams along
the major axis compared to a median of three beams).

Finally, the H 1 mass—size relation acts as a powerful diagnos-
tic for simulations of galaxy formation. Modern simulations are
able to reproduce the general shape of the relation quite well (e.g.,
Lutz et al. 2018; Diemer et al. 2019), unless their feedback pre-
scriptions are so strong that they disrupt the H1 disks (Bahé et al.
2016). In the future, an additional challenge for theoretical models
will be to reproduce the small intrinsic scatter of the relation. As
an example, an investigation with the AURIGA simulation shows
that the overall shape of the relation can be reproduced, but its
intrinsic scatter is ~0.12 dex (Marinacci et al. 2017), much larger
than inferred both by us and by Rajohnson et al. (2022).

5. Summary

We present the first release of rotation curves and surface density
profiles from the AWES survey conducted with the Apertif system
on the WSRT. These kinematic models are based on 1924 H1 data
cubelets (after an initial S/N cut of 3.5 to the cubelet voxels) and
were automatically derived with the 3°’BAROLO kinematic mod-
eling code. We assessed the reliability of all kinematic models
through visual inspection. The main results are as follows:
— Automated modeling with 3°?BAROLO resulted in reliable
kinematic models for 568 of the 1924 galaxies (~30%). These
models form the basis of our data release. Rejected models
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mostly suffer from incorrect estimations of the geometric

parameters of their disks; in particular, underestimated incli-

nations. They tend to have low average S/N values and low
resolution, driving the uncertainty of geometric parameter
estimates;

— The galaxies with reliable models span a large range in param-
eter space. They have extents between ~2 and more than
60 kpc, rotation velocities between ~20 and ~300km s~!, and
H 1 masses between 2.5 - 107 and 4 - 1010 Moy;

— Most kinematic models have four rings (234 galaxies) or three
rings (176 galaxies). There are 158 models with at least five
rings, with a tail up to 23 rings;

— Most rotation curves become flat at large radii; in particu-
lar, those of massive galaxies with large maximum circular
velocities. However, many rotation curves of low-mass galax-
ies keep rising in their outer parts, although they also show
more apparent scatter in their slopes. This scatter is at least
partially driven by the typically lower physical resolutions of
these galaxies.

Furthermore, we used the surface density profiles measured
by 3PBAROLO to study the H I mass—size relation of 213 AWES
galaxies for which the HI diameter, Dy, could be measured at
1 M, pc™2. This is the largest homogeneous sample ever used to
study this relation. Our findings are as follows:

— Writing the relation as My, o« Dy,*, we find a slope of
1.96 + 0.03 and an intercept of 6.60 = 0.05 of the relation
(16th, 50th, and 84th percentiles), in agreement with previous
measurements (Wang et al. 2016; Rajohnson et al. 2022).

— The relation is very tight with an observed scatter in the My,
direction of 0.101 dex. We infer an intrinsic scatter in the
same direction of 0.067 + 0.007 dex.

— Our intrinsic scatter is smaller than the value determined
by Rajohnson et al. (2022, 0.108 + 0.006 dex when con-
verted to the My, direction). The disagreement can largely
be explained by our larger HT flux uncertainty estimates (see
Appendix B), but a remaining discrepancy seems to be related
to our somewhat lower observed scatter. While the intrin-
sic scatter of scaling relations contains critical additional
information for testing theoretical models beyond their shape,
our result underlines that such inferences hinge critically on
accurate observational uncertainty estimates.

The rotation curves and surface density profiles provided
here constitute the largest homogeneous database of its type up
until now. Although the mean spatial resolution is lower than
for other state-of-the-art databases such as SPARC (Lelli et al.
2016a), the data are more homogeneous and the sample size will
allow for novel statistical, population-level investigations (e.g.,
into environmental dependencies or the resolved galaxy velocity
function). In the future, 400 galaxies drawn from the Apertif
sample will be complemented with integral field spectroscopy
data from the WEAVE-Apertif project (Falcon-Barroso et al.
2025), which will allow for the derivation of higher resolution
rotation curves in the inner parts of these galaxies. In terms of
H1 science, our visually inspected kinematic models provide a
testbed for developing automated kinematic modeling pipelines,
which will be crucial for exploiting the vast amounts of HT data
from future large-scale surveys with the SKA Project and the
DSA (Hallinan et al. 2019).

Data availability

The kinematic models and their overview plots are available at the
CDS viahttps://cdsarc.cds.unistra.fr/viz-bin/cat/
J/A+A/714/A250.
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Appendix A: Continuum oversubtraction

A subset of the AWES cubelets is affected by oversubtracted
continuum emission, which results in negative spectral base-
lines. The full spectrum of the cubelet of AHCJ030358.2+432358
(NGC 1171), one of the most strongly affected galaxies, can be
seen in the left panel of Fig. A.1. In general, this has a minor effect
on our kinematic modeling pipeline, but it can result in under-
estimated H 1 fluxes. More extended sources are more strongly
affected and the resulting bias can, for example, become notable
in the HT mass—size relation.

A more detailed discussion of this effect will follow in Hess
et al. (in prep.). Here, we corrected our cubelets by first fitting
a linear function (orange in Fig. A.1) to the line-free channels
(solid black) around our galaxies. Based on the chosen SOFIA
parameters, these channels are ten at either spectral end of the
cubelets. For a small number of galaxies that lie at one of the
spectral edges of their cubelets, we used the unaffected opposite
ten channels and replaced the linear function with a constant one
to account for the reduced constraining power of the data. We
then corrected the cubelets’ global spectra by adding the missing
flux estimated from the linear fit on a channel-by-channel basis.
The middle panel of Fig. A.1 shows the full cubelet spectrum for
NGC 1171 after this correction.

We do not apply this correction to all cubelets as the linear
fit can be uncertain in some cases. The right panel of Fig. A.1
shows the missing flux estimated from integrating the linear fits
along the cubelets’ spetral extent divided by the total summed flux
within the uncorrected cubelets. The missing flux has a positive
sign for negative baselines and vice versa. As the denominator is
the uncorrected flux, larger positive values correspond to missing
fluxes that approach the corrected fluxes of the respective galaxies.
The ratio is plotted against the outermost angular extent, Ry,
of the kinematic models from a previous run of our pipeline
on the uncorrected cubelets. The scatter decreases significantly
above Ry, ~ 60 arcsec (vertical dashed lines), which is also where
a systematic deviation to negative baselines becomes apparent.
Therefore, we corrected only the 291 cubelets to the right of this
line. We use a flag in our data release to indicate which cubelets
were corrected.

Appendix B: Flux accuracy

Figure B.1 shows the comparison of the Apertif fluxes, S aperit, Of
421 galaxies with fluxes S oL paLpa from the single-dish ALFALFA
survey (Haynes et al. 2018). We converted ALFALFA fluxes,
which are given in Jykms~! using the optical velocity conven-
tion, to Jy Hz (Meyer et al. 2017, Eq. 41). The top row shows
comparisons of the absolute values and the bottom row the ratio
between the Apertif and ALFALFA fluxes. The left panels give
the comparison of ALFALFA with the Apertif fluxes measured
inside the masks produced by the > BAROLO SEARCH task (see
Sect. 2.2). The fluxes within these masks are clearly biased toward
lower values compared to ALFALFA. More importantly, the bias
seems not to be constant, with progressively larger discrepancies
for smaller flux values. A likely explanation is that >’ BAROLO is
masking galactic regions with low S/N and that this preferentially
affects galaxies with overall lower fluxes and S/N. Indeed, our
SDBAROLO masks are not optimized for measuring H 1 fluxes,
but are meant to identify regions with high enough S/N for robust
kinematic modeling.

The central panels show a comparison of ALFALFA to Aper-
tif fluxes that were derived in circular apertures centered on the
galaxies. We chose the radii of these apertures to be 30 arcsec
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larger than the outermost ring radius of the *?BAROLO kine-
matic models. Larger radii only make a marginal difference to
the results. This procedure results in measurements that are in
better agreement with ALFALFA and do no longer show a clear
flux-dependent trend. However, there is still a constant offset
left. Specifically, the median value of the Apertif aperture fluxes
are ~15% lower than the ALFALFA values. This discrepancy is
probably a result of missing short baselines in WSRT, the flux cal-
ibration of Apertif, primary beam attenuation, or a combination
of these effects.

Finally, the right panels show the result of multiplying the
Apertif aperture fluxes by a constant factor of 1.19°. We use
these corrected fluxes in our analyses. After the correction, the
difference between the fluxes 10g S aperit — 10g S aALraLFA has a
median with 16th and 84th percentile ranges of 0.003f8:8; dex.
For estimating the random error 6S aperir on the Apertif fluxes, we
assume that it is comparable to the random error on the ALFALFA
fluxes. We can then use the ~0.08 dex scatter of the flux dif-
ference to arrive at S aperir =~ 0.08 dex/ V2 = 0.056 dex, which
corresponds to a ~13% uncertainty. This is compatible with the
expected Apertif flux uncertainty of 15% (Kutkin et al. 2022)
and we adopt this later value for consistency with other Apertif

studies (e.g., Siljeg et al. 2025).

Appendix C: Apertif spectral response

The observed line broadening in an H1 data cube is a combi-
nation of the intrinsic velocity dispersion of the HT gas, beam
smearing effects due to the point spread function, and the spectral
response or line spread function (LSF) of the radio interferometer.
SDBAROLO assumes that the LSF follows a Gaussian profile,
so the standard deviation of the instrumental broadening, oy,
can simply be added in quadrature with the intrinsic gas velocity
dispersion, oy. This is a computationally less expensive alter-
native to the otherwise necessary convolution of the intrinsic
line profiles with the LSF during the construction of the model
data cubes. The instrumental broadening is passed to " BAROLO
through the LINEAR parameter, which is the standard deviation
of the Gaussian instrumental response in channel units.

During data processing, the original Apertif spectral channels
of width 2.6 km s~! were rebinned, resulting in an effective boxcar-
shaped spectral response function of width 7.7 kms~!. In general,
the convolution of a Gaussian intrinsic line profile with such a
boxcar will result in a combination of two error functions that
approximate a Gaussian for oy > oy and a boxcar for oy <«
oinst- If the Gaussian approximation to this convolution is justified,
an approximate LINEAR parameter can be calculated as

2

LINEAR? = o2 =02 — 07,

inst approx

(C1

with 0pprox the standard deviation of the Gaussian function
that approximates the true convolved profile. In the future, this
convolution option will be added to the ’BAROLO 3DFIT
task, but here, it is important to test the limits of the Gaussian
approximation.

For this purpose, we assume Gaussian intrinsic HI veloc-
ity dispersions with standard deviations ranging from 2 to
15kms~!. We convolve these with boxcar functions with a width
of 7.7km ™!, corresponding to the Apertif spectral response func-
tion. The left panel of Fig. C.1 demonstrates this procedure for

6 The missing 15% are calculated relative to the ALFALFA fluxes,
which corresponds to a factor of 1.19 that must be multiplied with the
smaller Apertif fluxes.
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Fig. A.1. Illustration of our correction for continuum oversubtraction in the AWES cubelets. Left panel: Full uncorrected cubelet spectrum for
NGC 1171. The dashed gray line indicates a flux of zero. The solid black lines are the spetrum in the line-free channels used for fitting a linear
function (orange) to the continuum. Middle panel: Full spectrum of the corrected NGC 1171 cubelet (dashed gray line as before). Right panel: The
ratio of missing flux due to oversubtraction to total uncorrected cubelet flux plotted against the radius of the outermost kinematic model ring. The
x-axis has an additional jitter of 3 arcsec. We corrected for oversubtraction in galaxies to the right of the vertical dashed line (60 arcsec).
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Fig. B.1. Comparison of Apertif fluxes to ALFALFA fluxes. The top row shows the absolute Apertif fluxes and the bottom row the ratio of Apertif
to ALFALFA measurements. Long dashed lines indicate equality between the two surveys. Left panels: The Apertif fluxes measured within the
SDBAROLO masks show a flux-dependent underestimation compared to the single-dish values. Middle panels: Measuring Apertif fluxes within
circular apertures with a radius 30 arcsec larger than the extent of the *?BAROLO models removes the flux-dependent trend and significantly
decreases the discrepancy with ALFALFA. However, there remains a constant offset between the Apertif fluxes (dotted line) and the ALFALFA
ones. Right panels: Multiplying the Apertif fluxes with a constant factor to correct for the missed 15% flux restores agreement with the single-dish
measurements.

oy = 2kms™!, that is, where the Gaussian approximation is least
reliable. Nevertheless, a Gaussian fit (turquoise) provides a good
description of the true convolved profile (solid black). This is also
illustrated by the central panel, which plots the maximum dif-
ference between the fit Gaussian profiles and the true convolved
profiles against the intrinsic velocity dispersion. For the Apertif
spectral resolution, deviations reach a level of only ~3.5% com-
pared to the true profile’s peak value when oy = 2kms~!. For
larger intrinsic velocity dispersions, the deviations approach zero.

Consequently, the Gaussian approximation is justified for the
AWES data. The right panel of Fig. C.1 shows the recovered
LINEAR parameters versus the intrinsic velocity dispersion. The
parameter converges to a value of ~0.29 channels, but even for
oy = 2kms~!, it has only a slightly larger value of 0.32. Such
small differences have a minor effect on the kinematic modeling
results, so we assumed LINEAR = 0.3 channels throughout our
kinematic pipeline.
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Fig. C.1. Illustration of the Gaussian approximation for the boxcar Apertif spectral response function. Left panel: We convolved a Gaussian intrinsic
line profile (dashed line) with a boxcar spectral response function (dotted profile). The result of the convolution is given by the solid black line and
the Gaussian fit to this by the turquoise line. Central panel: Maximum difference between the true convolved profile and the Gaussian fit for different
assumed intrinsic velocity dispersions. The width of the boxcar was fixed to 7.7 kms~!, corresponding to the Apertif channel width. Right panel:
Recovered LINEAR parameters derived from the Gaussian approximation for different intrinsic velocity dispersions.

Appendix D: Kinematic model overview plots

Figure D .1 shows an additional example of the 3°>’BAROLO
overview plots for an A = 1 kinematic model, namely for the
galaxy AHCJ123406.1+353102 (NGC 4534). Figures D .2 and
D .3 show the overview plots of two A = 2 kinematic mod-
els. The first of the two, for the galaxy AHCJ115655.6+573050
(UGC 6926), has a somewhat too low inclination in the kinematic
model, by roughly 10deg. This can be seen from the moment
zero maps, where the black ellipse and the red line trace the same
surface density in the model and data, respectively, and from the
channel maps of the azimuthally normalized model. However, at
an inclination of ~70 deg, an inclination error of ~10 deg changes
Viot by less than 10%. In the case of the second A = 2 model
in Figure D .3 (AHCJ134944.34395903, NGC 5313), the kine-
matic center (black in the moment maps) was incorrectly moved
away from the optical value (gray) and the systemic velocity is
somewhat too large. This is also visible in the PVDs. The reason
for this is likely related to the flagged channel that is visible on
the approaching side in the major axis PVD and from the empty
panel in the channel maps. Nevertheless, the impact of this error
is small considering the flatness of the rotation curve, the large
uncertainty in the innermost ring, and the large rotation velocity.

On the other hand, the A = 3 models shown in
Figs. D .4 and D .5 are not acceptable as they are. For the first
one of these (AHCJ012311.4+333150, NGC 496) P BAROLO
incorrectly moved the kinematic center away from the optical
center, which leads to a wrong determination of the rotation curve
shape. Similarly, the second A = 3 model shown in Fig. D .5
(AHCJ135950.4+381121, NGC 5403) is not acceptable because
the standard pipeline was used despite the galaxy being edge-on.
This happened because the galaxy’s inclination is underestimated
in the PGC catalog (~77 deg), likely due to a strong bulge, which
is visible in our DESI Legacy images. The typical signs of this
error are the butterfly-like patterns that are visible in the chan-
nel maps of the azimuthally normalized model, but not in those
of the data, and the unusually large central velocity dispersion
(> 50kms™!).

Finally, Fig. D .6 shows the overview plots for a galaxy where
the data does not allow for the construction of a reliable model. In
this case, the galaxy (AHCJ024507.24+330206) is resolved with
less than two beams along the major axis.
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Fig. D .1. °PBAROLO output for an A = 1 kinematic model. Panels are as in Fig. 3. With 14 data points in the rotation curve, this is one of the more
extended models in our sample. The channel maps reveal a flagged channel at the receding edge of the galaxy, which however does not noticeably

affect the kinematic modeling.
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2 kinematic model. Panels are as in Fig. 3. As can be seen from the moment maps and the channel maps

Fig. D .2. *°’BAROLO output for an A

of the azimuthally normalized model, the inclination is underestimated by ~10 deg. However, for an almost edge-on galaxy this has only a minor

impact on the rotation curve.
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Fig. D .3. "’ BAROLO output for an A = 2 kinematic model. Panels are as in Fig. 3. *?’BAROLO incorrectly changed the kinematic center (black in
the moment maps) compared to the optical value (gray), but the impact on the shape of the rotation curve is minor. The reason for the wrong center
is likely related to an imperfect estimation of the systemic velocity because of the flagged channel at 2371 kms™'.
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Fig. D .4. ’BAROLO output for an A = 3 kinematic model. Panels are as in Fig. 3. *®?’ BAROLO converges to an incorrect kinematic center for the

galaxy, which renders the resulting kinematic model unreliable.

A250, page 22 of 24



Haubner, K., et al.: A&A, 714, A250 (2026)

(xd) 0K

(89p) ¢

0€e
GvLe
<

062

(s/wn) 4

™

(z2d/°W) ™MK

8 ‘T ‘0 = u pue INYIL/Al 8G4C00°0 = *™00g = "D assym M) X, 1€ S[aA9] INoJuo)
(99s04e) snipey (99s04e) snipey (09s218) 19530 (09s248) 39530 . (s/wy) 0
001 S. 0S GG 00T . 0S G 002 00— 00% % % 4 %
T T T T T T T T 3 ¢¢ L ﬂu T Jo0e—
X 0092 | : -
I : ~ 00%— =
i 12 009z | - ol ‘ 1 |
& - oor- &
[ 1 1 1 . 1 1 1 1 L L = [
N o 00z} - . B
. Fooscl I \wu - ) .
= 00T 2 (s/un) A (s/uny) SOTAY
& T ooec} I £ 05 0 05— 00T 0 005~
 e— |
~ 002 = ]
000¢ | . \ Y Y
- 008 =
2 St 1 .
5 008~ , ,
> 004z 3 / / ,
L L L L L L L = - --.100e— 4 L 4 L 4 L
. . . . . . . 0 0092 | - > (s/ Wi, wieaq/AT) 01| (s/w,wieaq/Al) Aususiuj
= 00T— Z¢0 00 G0~ z 1
g 00z [ L e——— T
L p s - 0 7] / / /
3 s 4oor & 5 = _ S S S
* g 3 ooscl - z /
Yy = & - 00T <.
i o o0z 3 0062 | 3 o0z el + + E
o .- o
I | M 000€ A - \ £ £
e F . dooe == ooe . . .
|leyinwizy s|enpisay |leyinwizy eleq
4 X4 #» »
I X 1 1 1 1 ' 1 ® 1 1 1 i 1 1 X i
® & « & @A v
o N 4 » »
- « “ - & Py o
‘Doo_ =~ 1. < T .,r,v - T = A. F crwm% s _uma( T BCK L. © = w. i n aon - ™
ot S N ° < ° A DI . - o - .- T e ) el
. N . ° = I > 9 - .
R R ﬁ SR 2 <1 ¥ 4° @ " S R N T
[ ‘yJ - ' umu T aV =} JC T o T & T~ .@@( 1 = T m nuu. , 9% nwuu O%Vor ] Q 1 Q ‘|on &A o ]
B - c s / ’ ° < = : o : © wﬂ = : c ’ Q @ - ‘ :
i} oy = - 0" N »_a =’ oo = N = @,ﬁ.,amu%suoﬂm@wm S s LO “1°c - _op 1 de 0_# : o ,wv PR ° .nn L ) K
s/u G6ve s/w THSe s/w 885T s/wy $£9T s/w 089¢ s/wy Jglt s/w €1/ s/wy 618C /W 9982 s/wy ¢16C s/wy 666¢ /W G00€
e (,0'0g x ,0°0¢) weeg (E0¥SDON) TZTT8E+HF 0S6SSIOHY
"

T JUSWoON C Iuswolp

0 Juswolp

leyanwizy |e207]

eleq

Fig. D .5. 3’ BAROLO output for an A = 3 kinematic model. Panels are as in Fig. 3. The galaxy should have been modeled with the edge-on pipeline,

as can be seen from the channel maps of the azimuthally normalized model and the unusually high velocity dispersion in the center.
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4 observation. Panels are as in Fig. 3. The galaxy is rejected for kinematic modeling because it is resolved
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with less than two beams along the major axis.

Fig. D .6. > BAROLO output for an A
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