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ABSTRACT

Context. ExoKuiper belts around young A-type stars often host CO gas, whose origin is still unclear. The ALMA survey to Resolve
exoKuiper belt Substructures (ARKS) includes six of these gas-bearing belts, to characterise their dust and gas distributions and
investigate the gas origin.

Aims. As part of ARKS, we observed the gas-rich system HD 121617 with a 0’12 (14 au) resolution and discovered an arc of enhanced
dust density. In this paper, we analyse in detail the dust and gas distributions and the gas kinematics of this system.

Methods. We extracted radial and azimuthal profiles of the dust (in the millimetre and near-infrared) and gas emission (?CO and
13CO) from reconstructed images. To constrain the morphology of the arc, we fitted an asymmetric model to the dust emission. To
characterise the gas kinematics, we fitted a Keplerian model to the velocity map and extracted the gas azimuthal velocity profile by
deprojecting the data.

Results. We find that the dust arc is narrow (1-5 au wide at a radius of 75 au), azimuthally extended with a full width at half maximum
of ~90°, and asymmetric; the emission is more azimuthally compact in the direction of the system’s rotation, and represents 13% of
the total dust mass (0.2 Mg). From analysis of the scattered light and CO images, we conclude that the arc is much less pronounced or
absent for small grains and gas. Finally, we find strong non-Keplerian azimuthal velocities at the inner and outer wings of the ring, as
was expected due to strong pressure gradients.

Conclusions. The dust arc resembles the asymmetries found in protoplanetary discs, often interpreted as the result of dust trapping in
vortices. If the gas disc mass is high enough (320 M, requiring a primordial gas origin), both the radial confinement of the ring and
the azimuthal arc may result from dust grains responding to gas drag. Alternatively, it could result from planet-disc interactions via
mean motion resonances. Further studies should test these hypotheses and may provide a dynamical gas mass estimate in this CO-rich

exoKuiper belt.

Key words. hydrodynamics — methods: data analysis — methods: observational — techniques: interferometric —

circumstellar matter — planetary systems

1. Introduction

ALMA observations of debris discs, in particular those analo-
gous to the Kuiper belt (exoKuiper belts), have the potential to
constrain the formation and architecture of planetary material at
tens of astronomical units (Miller et al. 2021; Najita et al. 2022;
Pearce et al. 2022). The recent REASONS survey (Matra et al.
2025) revealed a great diversity in the morphology of exoKuiper
belts using ALMA observations. However, the low resolution of
these observations hampered a systematic study of substructures
in these discs. The ALMA survey to Resolve exoKuiper belt Sub-
structures (ARKS, Marino et al. 2026) is the first ALMA Large
Program dedicated to studying substructures in the dust and gas
of 24 exoKuiper belts. One of the key findings of ARKS is the
presence of significant asymmetries in 10/24 belts (Lovell et al.
2026).

* Corresponding author: s.marino-estay@exeter.ac.uk

Among the belts in ARKS, six belong to the particular class
of gas-bearing debris discs that are frequently found around
young A-type stars (Kdspdl et al. 2013; Lieman-Sifry et al. 2016;
Modr et al. 2017; Cataldi et al. 2023). The origin of gas (CO,
atomic carbon, and other atomic species) is uncertain in these
discs. On the one hand, it could be residual protoplanetary disc
gas that has not yet dispersed and is dominated by molecular
hydrogen (Nakatani et al. 2021, 2023; Ooyama et al. 2025). On
the other hand, the CO gas could be released from the solids via
thermal desorption, photodesorption, or collisions, and be dom-
inated by volatiles such as CO, carbon, and oxygen (Zuckerman
& Song 2012; Dent et al. 2014; Marino et al. 2016; Kral et al.
2019; Marino et al. 2020, 2022; Bonsor et al. 2023).

Of the ten asymmetric belts in ARKS, HD 121617 stands out.
This system is composed of a 16 Myr old A1V type star at 118 pc
(Pecaut & Mamajek 2016; Houk 1978; Gaia Collaboration 2023)
that hosts the brightest gas disc in the sample (Mac Manamon
et al. 2026), and displays an asymmetry in the form of a dust
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Fig. 1. Dust and gas images of HD 121617. Left panel: scattered light VLT/SPHERE Q, image at 1.25 pum (J band) observed in polarised light
with IRDIS (Milli et al. 2026), smoothed with a Gaussian with a standard deviation of 1 pixel (12 mas). The central hatched region masks an area
dominated by strong artefacts. The small orange circle in the SW ansa marks the pericentre location as constrained by Milli et al. (2026). Middle
left panel: ALMA dust continuum image at 0.89 mm (Marino et al. 2026). Middle right panel: 2CO J=3-2 moment 0 image (Mac Manamon et al.
2026). Right panel: *CO J=3-2 moment 0 image (Mac Manamon et al. 2026). The white contours in the middle left image represent 75, 85, and
95% of the peak intensity. The 75% contour is also shown in the other images for reference. The ALMA continuum and CO images were obtained
with CLEAN using robust parameters of 1.0 and 0.5, respectively. The beam and PSF sizes are shown as ellipses in the bottom left of each panel.

The minor ticks in all panels are spaced by (2.

overdensity or arc (Lovell et al. 2026). Its debris disc was first
identified as an infrared excess detected from the mid-infrared
with IRAS, AKARI, and WISE to the far-infrared with Herschel
(Mannings & Barlow 1998; Fujiwara et al. 2013; Perrot et al.
2023). It was later resolved with ALMA at low resolution (Modr
et al. 2017) and more recently in scattered light as a narrow dusty
debris disc (Perrot et al. 2023). The disc has a fractional luminos-
ity of 5 x 1073 (Marino et al. 2026), which is among the highest
in the sample of known gas-rich debris discs (Modr et al. 2017,
2025).

The scattered light data, and their re-analysis as part of
ARKS, revealed a narrow belt of small dust grains and a poten-
tial small eccentricity of 0.03, with a pericentre towards the
southwest (SW) ansa where the dust arc peaks (Perrot et al.
2023; Milli et al. 2026). The new ALMA observations revealed
an azimuthally extended overdensity in millimetre dust (Lovell
et al. 2026) that resembles the overdensities seen in protoplan-
etary discs, typically attributed to dust trapped in vortices (e.g.
Casassus et al. 2013; van der Marel et al. 2013; Marino et al.
2015; Baruteau & Zhu 2016; Regdly et al. 2017). The CO gas
emission, on the other hand, does not show any strong asymme-
try (Mac Manamon et al. 2026). HD 121617’s low inclination and
high CO flux make it the ideal ARKS target to study dust and gas
asymmetries, as well as gas kinematics in exoKuiper belts.

Motivated by the dust overdensity, this paper closely exam-
ines the dust asymmetry and gas kinematics to assess the nature
of this feature. In Sect. 2, we examine the dust and gas dis-
tributions and fit a parametric model to the millimetre dust
distribution to constrain the morphology of the arc. In Sect. 3,
we analyse the '>CO J=3-2 (hereafter '>CO, unless otherwise
stated) gas kinematics and find strong deviations from Keplerian
rotation using the ARKS new high spectral (velocity) resolu-
tion. Sect. 4 discusses the origin of the arc, the presence of
non-Keplerian kinematics in exoKuiper belts, and the gas ori-
gin in this system. Finally, Sect. 5 summarises our findings and
conclusions.

2. Dust and gas distribution

To constrain the distribution of large millimetre-sized grains
and CO gas, in this section we use the new ALMA images
obtained as part of ARKS (2022.1.00338.L, PI: S. Marino, co-
PIs: A. M. Hughes & L. Matra). HD 121617 was observed
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in band 7 (0.89 mm) between October 2022 and May 2023
using two antenna configurations to sample small and large scale
structures, which yielded a resolution of 0”12 or 14 au and a
maximum recoverable scale of ~5” or 600 au. The observations
included four spectral windows targeting the dust continuum
emission that is dominated by millimetre-sized grains and the
12CO and '*CO gas J=3-2 emission. The '>CO and '*CO obser-
vations had a spectral resolution of 26 and 850 m/s, respectively.
This means that only the '>CO data is suitable for a detailed anal-
ysis of its kinematics. Imaging of the continuum and CO data
was performed using the Clean algorithm (for more details see
Marino et al. 2026; Mac Manamon et al. 2026).

To constrain the distribution of small grains, we used
VLT/SPHERE polarised data that traces the scattered light by
small micron-sized grains. We used a re-reduced Q, image at
1.25 pm (J band), obtained using IRDIS on 18 April 2018 and
achieving a resolution of 0704 or 5 au. The data were originally
presented in Perrot et al. (2023) and re-reduced by Milli et al.
(2026) as part of ARKS.

The SPHERE and ALMA images are shown in Figure 1.
The peak signal-to-noise (S/N) of the SPHERE image, ALMA
dust, '2CO, and '3CO images is 10, 24, 21, and 19, respectively.
The asymmetry is only strong in the dust emission at 0.89 mm,
which is highlighted with white contours in all images. Note that
the increased emission towards the NW in the scattered light
image at 1.25 um is due to the polarised scattering phase func-
tion, which favours forward scattering, i.e. scattering from the
near-side of the belt (Min et al. 2012).

2.1. Radial and azimuthal profiles

Here, we focus on characterising the distribution of the micron-
sized grains, millimetre-sized grains, and CO gas uniformly. For
this, we extracted radial and azimuthal intensity profiles from the
SPHERE scattered light image, ARKS dust continuum image,
and ARKS '2CO and '3CO J=3-2 moment 0 images.

The top left panel of Figure 2 shows the radial profiles
extracted directly from the CLEAN images using the same
approach as presented in Han et al. (2026)! and assuming the

' For the ALMA dust continuum and CO images we use two opposing
120° wide wedges aligned with the disc major axis, whereas for the
SPHERE image we use narrower wedges of 60° since the emission is
affected by the phase function.
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Fig. 2. Radial and azimuthal profiles extracted from the SPHERE and ALMA dust and gas images (produced with a robust parameter of 0.5). Top
left panel: de-projected and azimuthally averaged intensity radial profiles extracted from wedges towards the NE and SW ansae with a width of
120° for ALMA and 60° for SPHERE. The bars on the top right indicate the resolution of each profile. Bottom left: residual radial profiles after
subtracting the average intensity of the NE from the SW ansa. Top right: intensity azimuthal profiles obtained by averaging the emission between
65 and 90 au and over 40° rolling windows. Bottom right: residual azimuthal profiles after subtracting the mirrored profile relative to the NW
minor axis of the disc (PA of 330°). The shaded coloured region in all panels represents the 1o~ uncertainty taking into account the image noise
and number of independent points being averaged (i.e. points spaced by a beam). The vertical shaded grey region in the left panels shows the radial
region that was averaged when extracting the azimuthal profiles. The dust and gas intensities are normalised by their radial profile peaks.

images to be well centred on the stars. As is discussed in Milli
et al. (2026), the small dust distribution traced at 1.25 pm peaks
~7 au further out than the millimetre emission, which could be
due to the combined effect of radiation pressure and gas-drag
(as explored in Jankovic et al. 2026). The '>CO emission profile,
on the other hand, peaks at a radius of 73 au that is similar to
the peak radius of large dust grains (74 au). However, the CO
emission is more radially extended with a full width at half max-
imum (FWHM) of 48 au (Mac Manamon et al. 2026) compared
to the 12 au for the small and 22 au for the large dust compo-
nents (as measured from the radial profiles in Fig. 2). The '3CO
emission is less extended with a FWHM of 37 au compared to
the 12CO, although still more extended than both the millimetre-
and micron-sized dust profiles. The wider radial span of '>2CO
compared to '*CO and the dust can be simply explained by its
high optical depth as demonstrated in Brennan et al. (2026), with
the surface density profile having a width that is consistent with
that of the dust.

In addition, we investigate whether the emission profiles
along the NE and SW ansae display any shift due to the belt
being eccentric, as found in the scattered light emission (Perrot
et al. 2023; Milli et al. 2026). The bottom left panel of Fig-
ure 2 shows the difference between radial profiles extracted from
wedges towards the SW and NE ansae, hereafter called resid-
uals. The residuals from the scattered light (orange) display an
‘S’ profile, indicating that the SW emission is slightly closer to
the star relative to the NE emission. The fact that the positive and
negative have roughly the same amplitude implies that there is no
strong excess of emission on the SW side of the scattered light,

2 The stellar location is well known in the SPHERE observations and
corresponds to the image centre (Milli et al. 2026). For ALMA, the
star is not detected. However, from Gaia DR3’s astrometric solution and
ALMA astrometric precision, we know the star should be at the centre
with an uncertainty of <10 mas (Marino et al. 2026).

in contrast to the millimetre emission, but an offset in position.
Because the SW is slightly closer to the star than the NE due to
the 0.03 eccentricity, the SW side would be expected to be ~10%
brighter in scattered light, which may explain why the positive
residual has a larger amplitude than its negative counterpart in
the scattered light profile.

The 2CO and '*CO residuals also display a significant sig-
nal with an ‘S’ profile as the scattered light profile, indicating
a potential eccentricity in the CO emission. The '2CO emission
peaks at 80 au on the NE side versus 75 au on the SW side.
This difference is consistent with that expected from an eccen-
tricity of ~0.03. The residual is still significant if we assume a
different stellar location; for example, the centre derived from the
millimetre emission (Sect. 2.2) or the '>CO kinematics (Sect. 3).
However, we note that the stellar location uncertainty of <10 mas
(Marino et al. 2026) is of the same order as the expected belt
offset from a 0.03 eccentricity (20 mas) towards the NE direc-
tion. Additionally, an apparent offset in the minor axis direction
would be expected if the '>CO and '*CO emission is optically
thick and tracing a vertically elevated 7 ~ 2/3 layer (Brennan
et al. 2026), as is seen for protoplanetary discs. In that case, the
offset would differ between '>CO and '*CO due to the different
heights of this layer, but this difference is too small to be dis-
entangled with the current uncertainties. Therefore, we cannot
confirm this eccentricity in the CO emission.

The millimetre dust residual displays a peak that corresponds
to the arc location. Beyond the positive residual at 75 au, we
find a 30~ negative residual at 95 au. This suggests that the mil-
limetre dust distribution could also be eccentric, with the NE
side being more extended. However, the significance of this fea-
ture drops to 2.50" if we assume a stellar location at the centre
derived from the millimetre emission fit (Sect. 2.2). The SW pro-
file peaks at 74.2 au and NE at 75.2, which is a difference much
smaller than expected for the 0.03 eccentricity seen in scattered
light. However, the fact that the millimetre emission is highly
asymmetric makes it challenging to assess whether the disc is
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eccentric. Therefore, we can neither confirm nor rule out that the
millimetre emission is eccentric.

The top right panel of Figure 2 shows the azimuthal intensity
profiles with a PA of 0° aligned with north increasing anti-
clockwise on the plane of the sky. The profiles are extracted
by averaging the emission between 65 and 90 au (roughly the
FWHM of the millimetre emission) using a rolling azimuthal
window of 40° projected in the sky plane, which boosts the S/N
and smooths the recovered profile. The asymmetry in the mil-
limetre dust emission (solid red line) peaks at a position angle
(PA) of ~250°, but it spans a wide range of PA. The peak excess
is about ~40% of the average intensity beyond the arc. However,
we note that both the beam and azimuthal averaging could make
this excess appear lower than its true value. For example, our
modelling in Sect. 2.2 shows that the overdensity could have a
peak density that is twice the background density or even larger.
Finally, the excess seems to have a sharper edge towards larger
PAs (anti-clockwise from the peak) than to the opposite side.

The scattered light emission (solid orange line) has a strong
azimuthal dependence due to the polarised scattering phase
function that favours forward-scattering. To account for this
effect, we self-subtracted the emission mirroring the azimuthal
profile with respect to the semi-minor axis at the near side of the
ring (at a PA of 330° as derived from scattered light, Milli et al.
2026, and consistent with the ALMA continuum and CO gas
kinematics modelling in Sects. 2.2 and 3). The self-subtracted
profile (orange line in the bottom right panel of Figure 2) shows
a 20 excess centred at ~250°, and that is ~20% of the emission at
the corresponding PA. However, this feature only appears when
averaging the emission between 65 and 90 au. If we extend this
range to 110 au, this asymmetry disappears. This is because the
scattered light emission is slightly eccentric as described above,
with the SW side being closer in than the NE side (Milli et al.
2026). Overall, these findings suggest that the arc, if any, is less
prominent in the distribution of small grains.

The '2CO and 'CO emission displays an azimuthal mod-
ulation with four maxima 45° away from the major and minor
axes. This is common in moment 0 maps for optically thick
line emission, as the Keplerian shear along the line of sight and
within a beam makes the line wider and the integrated line flux
higher in those locations (Brennan et al. 2026). Apart from this
modulation, we do not find any significant feature (e.g. the resid-
ual azimuthal profile is consistent with zero). We also analyse
the azimuthal profile of the moment 8 maps (i.e. peak inten-
sity image) and find no significant excess at any PA. Therefore,
we conclude that there is no significant asymmetry in the '>2CO
and '*CO emission (apart from a small eccentricity). However,
since both the '>CO and '*CO emissions are optically thick,
we cannot rule out the presence of an asymmetry in the gas
density distribution similar to that seen in the millimetre-sized
dust.

2.2. Arc parametric fit to continuum emission

To constrain the morphology of the arc in the distribution of
millimetre-sized grains, we fitted a parametric model to the con-
tinuum visibilities following the same approach as in Marino
et al. (2026) using disc2radmc (a python wrapper to use
RADMC3D?, Marino et al. 2022) and an MCMC to sample
the parameter space. Simply put, we used a parametric model
to define the disc density distribution, produced a synthetic

3 https://www.ita.uni-heidelberg.de/~dullemond/
software/radmc-3d/
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image using radiative transfer calculations, Fourier transformed
the image and calculated the model likelihood using Galario
(Tazzari et al. 2018), and sampled the posterior distribution using
the Python package EMCEE (Foreman-Mackey et al. 2013) to fit
the free parameters using the Affine Invariant MCMC Ensemble
sampler (Goodman & Weare 2010).

We modelled the dust surface density as the sum of two
components: an axisymmetric component, X,(7), described as a
double power law as a function of the radial cylindrical coordi-
nate, r, which was found to provide a good fit to the azimuthally
averaged radial profile (Han et al. 2026); and an asymmetric
component X (r, ¢) described as a 2D Gaussian as a function of
and the azimuthal angle, ¢, measured anti-clockwise in the plane
of the disc from the SW ansa. This parametrisation offers ade-
quate flexibility to constrain the radial and azimuthal widths of
the arc. The surface density is thus defined as

S(r,6) = Sa(r) + 5e(r. 6. (1)
p\TEY e\ TGy
T
ro 1o
Y 2
So(n ) = AcZy exp [—“2;;) - (¢2a‘2°) ] 3)
_ ) Og1s lf¢ > (bc
7= {a¢2, if ¢ < . “@

where @, and @qy control how steep the inner and outer edges of
the belt are, y controls how smooth or sharp the surface density
radial peak is, and ry determines the peak radius of the axisym-
metric component. For the asymmetric component, A, controls
the peak density of the arc relative to the axisymmetric compo-
nent, r. and o, control the radial location and width of the arc,
whereas ¢. and o4 control its azimuthal location and width.

Furthermore, we split o into two parameters to allow the arc
to be azimuthally asymmetric as the azimuthal profile suggests.
We thus use oy for ¢ > ¢, and oy, for ¢ < ¢.. From the scat-
tered light image, we can infer that the NW side is the near side,
and from the CO line-of-sight velocities, the SW has a projected
velocity towards us. Therefore, the disc is rotating counterclock-
wise. This means that o4 determines the azimuthal width in
the leading side of the arc, while oy, does for the trailing side.
Finally, we also leave as free parameters the disc inclination and
position angle (longitude of ascending node), and RA and Dec
offsets.

As in Marino et al. (2026), we modelled the dust as a size
distribution from 1 pm to 1 cm, with a power law exponent of
—3.5. We assumed a dust composition made of 70% astrosili-
cates, 15% crystalline water ice, and 15% amorphous carbon by
mass (mixed using the Bruggeman’s formula, Draine 2003; Li &
Greenberg 1998). We assumed grains to be compact and spheri-
cal and used Mie theory to calculate their opacities. This results
in an opacity of 1.9 cm? g~ at 0.89 mm (the only wavelength
being fitted here). The minimum grain size may be smaller, as
inferred from the SED, or larger if equal to the blow-out size
(~3 um, Perrot et al. 2023). Nevertheless, it does not affect
the derived dust masses, which are dominated by the maximum
grain size given the assumed size distribution exponent. The
maximum size of solids in the belt is likely much larger than
1 cm (especially if planetesimals are present), meaning that the
derived dust mass only accounts for grains smaller than 1 cm,
which dominate the millimetre emission (Terrill et al. 2023).

The best-fit parameters for the arc and their posterior dis-
tribution are presented in Figure 3 (the posterior distribution of


https://github.com/SebaMarino/disc2radmc
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Fig. 3. MCMC posterior distribution of the arc parameters used to fit the dust continuum observations: the peak amplitude of the arc A.; the central
radius of the arc r.; the azimuthal location of the arc peak ¢.; the arc radial standard deviation o-,; and the azimuthal standard deviations for the
leading and trailing side of the arc 0, and o, respectively. The contour levels in the 2D marginalised distributions correspond to the 68, 95
and 99.7% confidence levels. The dashed vertical lines in the marginalised distributions display the 16th, 50th and 84th percentiles. The red lines
represent the best-fit value (Iowest y?). The posterior distribution of the other parameters is presented in Figure B.1.

the remaining parameters is presented in Figure B.1). For the
axisymmetric component, we find it is centred at ro = 70 £ 1 au,
with an inner slope a; > 10 (307) and outer slope @, = —6.5
0.3, consistent with the values derived in Han et al. (2026).
The peak of the surface density is likely sharp, but it is only
marginally constrained by y. Combined, these parameters set the
surface density peak of the axisymmetric component at 70 + 1 au.

The total dust mass is constrained to be 0.233 + 0.004 My,
but we note that the small uncertainties do not include the uncer-
tainties in the assumed dust opacity. The derived value agrees
well with the dust mass of 0.21 = 0.02 Mg derived by Perrot
et al. (2023) fitting the spectral energy distribution. However,
these dust masses are not directly comparable since there are
subtle differences between the size distribution parameters (e.g.
slope and maximum grain size) and composition between both
modelling efforts. Depending on the assumed dust opacity, the
derived dust mass could vary by a factor of a few (e.g. Kim et al.
2019). Despite these large systematic uncertainties, our results
and conclusions do not depend on the exact value of the dust
mass.

For the asymmetric component, we find that the arc peak, r.,
is centred at 75 + 1 au (i.e. slightly further out than the axisym-
metric component) at an azimuth, ¢, of 283?", which translates
to a PA of ~270°, given the disc inclination and longitude of
ascending node. The radial width of the arc, o, is marginally

resolved with a standard deviation of 1.Of(1):§ au (a FWHM of

2.4%3% au) and a 30" upper limit of 5.4 au. Azimuthally, we
find strong evidence that the arc’s trailing side is wider, with a
standard deviation of 59 + 14° (042) on the trailing side versus
13f$2° on the leading side (cy,1). Using the posterior distribu-
tion, we estimate the azimuthal FWHM (2.355(04,1 + 042)/2)
to be 8518, confirming the wide azimuthal extension of this
dust overdensity. Finally, the arc peak amplitude, A., is not well
constrained as its value is degenerate with the radial width,
which is not well constrained. However, from the posterior
distribution, we calculated and found that the overall millime-
tre dust mass contribution of the arc is 13 + 1% of the total dust
mass of 0.23 M.

Figure 4 shows the ALMA continuum image, the model
image, the beam-convolved model image, and the residuals.
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Observed

Residuals

Fig. 4. Comparison between observations and best-fit model. Top left:
ALMA dust continuum image. Top right: synthetic image of the best-fit
model. Bottom left: best-fit model image that has been beam-convolved.
Bottom right: dirty image of the residuals after subtracting the best-fit
model from the observed visibilities. The dashed black and yellow con-
tours represent positive and negative 30~ values, respectively. The white
(grey) contours represent an intensity that is 30 and 75% the intensity
peak of the observed (convolved model) image. The beam sizes are dis-
played in the bottom left corners. All images correspond to a CLEAN
robust parameter of 1.0. The small white ticks are spaced by 0.2”.

Overall, we find a good match between the observed morphol-
ogy and the model. The only significant discrepancy is found at
the SW side just exterior to the trailing side of the arc, where
the residual map shows a few 30~ negatives (dashed yellow con-
tours). The circular model is more extended than the data in this
area of the disc. This may be related to the eccentricity found in
scattered light with a pericentre towards the SW and the slight
negatives in the residuals near 100 au found in the SW-NE sub-
tracted radial profiles. These findings suggest that the millimetre
dust distribution may be eccentric, too. Alternatively, the arc
radial distribution may be more complex than our model; for
example, with the trailing side being closer to the star.

3. CO gas kinematics

In addition to constraining the CO gas distribution in Sect. 2.1,
here we investigate the kinematics of the CO gas traced by the
12CO ARKS observations with a resolution of 26 m/s (13 m/s
channels). We use the clean data cube corresponding to a robust
value of 0.5 (Mac Manamon et al. 2026).

3.1. 2D velocity map

We extracted a 2D line-of-sight velocity map from the clean cube
using the package BETTERMOMENTS and the Gaussian method
that fits a Gaussian line profile to each pixel (using a sigma clip-
ping of 5, Teague & Foreman-Mackey 2018; Teague 2019b). The
resulting velocity map is presented in the top panel of Figure 5,
displaying a typical rotational pattern.

We fitted a Keplerian model to this velocity map using the
EDDY package (Teague 2019a) to determine the orientation of
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Fig. 5. Top panel: line of sight 1>CO velocity map. Bottom panel: resid-
ual velocity map after subtracting a Keplerian model. The white-shaded
region in the top panel represents pixels that did not have an S/N high
enough to extract the line-of-sight velocity. The grey-shaded region in
the bottom panel represents the area that was not included in the fit to
avoid low-S/N areas. The white and grey contours display the location
of the dust arc. The beam size is displayed in the bottom left corner.

the system, systemic velocity, and stellar mass. The best-fit val-
ues are —3 mas for the RA offset, 20 mas for the Dec offset,
59.6° for the position angle, 43.8° for the inclination, 1.89 M,
for the stellar mass, and 7.86 km/s for the system line of sight
velocity in the Barycentric reference frame. The uncertainties
on these values extracted by EDDY are below 1%, but they are
likely underestimated as they do not take into account the spatial
correlation between pixels. The derived values for the inclina-
tion and position angle are consistent with those derived for the
dust emission (44.8 + 0.6° and 58.5 + 0.8°, respectively). The
kinematically derived stellar mass is consistent with the value
of 1.901 = 0.009 M, presented in Marino et al. (2026), which
was derived based on the available photometry, estimated age
(16 + 2 Myr, Pecaut & Mamajek 2016), and the PARSEC v1.2S
stellar evolution models (Bressan et al. 2012; Chen et al. 2014,
2015; Tang et al. 2014). We note that the derived values based
on the kinematics could be slightly biased by the potential gas
eccentricity of ~0.03 with a pericentre towards the SW, as found
in Sect. 2.1.

Figure 5 presents the line-of-sight velocity map and residuals
after subtracting the best-fit Keplerian model. The dust arc is
shown with white and grey contours. We do not find a significant
velocity residual feature at the arc location. However, we do find
on both ansae (where the projected azimuthal velocity is highest)
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that the velocities are slower near the outer edge and faster near
the inner edge than Keplerian. This effect cannot be explained
by an incorrect inclination or stellar mass in the model, since
that would not produce residuals with a velocity flip from the
inner to the outer regions, which is reversed in the two ansae.
Other strong residuals near the inner edge and minor axis (e.g.
the strong ~200 m/s residual in the NE side) are likely due to the
lower S/N near the inner edge and systematic errors due to the
finite resolution of the data. They are stronger in lower-resolution
cubes (with a robust parameter of 2) and also appear in simulated
data (see Appendix C).

We also explored models with an elevated emission surface
as commonly found in protoplanetary discs (e.g. Teague et al.
2018), but we found height values consistent with zero. We note,
however, that the emission height for a narrow ring is strongly
degenerate with RA and Dec offsets that we fit. Moreover, even
if the '2CO emission is optically thick and elevated, it might not
be elevated enough to clearly see in the moment 1 and chan-
nel maps, especially if the vertical distribution of the total gas
density is narrower than in protoplanetary discs due to a higher
mean molecular weight or photodissociation (e.g. Hughes et al.
2017; Marino et al. 2022; Brennan et al. 2026). Therefore, for the
following analysis, we assume that the emission arises from the
midplane.

3.2. De-projected azimuthal velocity

To constrain and deproject the gas velocities as a function of
radius, we used the EDDY package (Teague 2019a), again using
the cube as input. We divided the disc into a set of concen-
tric annuli spaced by 20% of the beam size (same as the pixel
size) and oriented at the same position angle and inclination as
the disc (as derived when fitting the line-of-sight velocities).
Within each annulus, EDDY finds the best azimuthal, radial,
and systemic velocity (used to extract the vertical velocity) that
reproduces how the centroid velocity changes as a function
of azimuth. We used the Gaussian method to derive the line
centroid and the ‘simple harmonic oscillator (SHO)’ method to
derive the 3D velocities at each radius. The SHO method mod-
els the line-of-sight velocity, v, as a function of azimuth within
each annuli, as the combined projection of an azimuthal (vs),
radial (v,), vertical (v;) and systemic velocity (vgys),

Vios (1, §) = vy(r) cos(¢) sin(i)
— v,(r) sin(r, ¢) cos(i) ®))

= v,(r) cos(i) + vgys.

Note that there is a degeneracy between the vertical and systemic
velocities. This means that the absolute values of vertical veloc-
ities are unconstrained (Teague et al. 2019). Nevertheless, we
can fix and approximate the systemic velocity to be the systemic
velocity extracted from the Keplerian fit.

In addition, we also restricted the fit to position angles within
20° from the major axis of the disc since emission and velocities
closer to the minor axis are more affected by the finite beam size
due to the disc inclination (44°). To account for the uncertainty
on the disc orientation, we ran EDDY ten times, randomising
the disc orientation according to the posterior distribution of the
Keplerian fit. For each orientation, EDDY performs ten retrievals
using a different random sample of pixels within each annulus,
which also helps to derive more realistic uncertainties.

We examined the azimuthal, radial, and vertical velocities,
but found that the radial and vertical components are consistent

with zero at all radii with upper limits below 1% of the Keple-
rian speed. This upper limit applies to global radial or vertical
velocities. Locally, radial or vertical velocities could be higher
and remain undetected due to the noise. Therefore, hereafter, we
focus on the azimuthal component of the velocity.

The left top panel in Figure 6 shows the measured azimuthal
velocities (blue) as a function of radius compared to the expected
Keplerian velocities (i.e. v o #~1/2 in grey) and those measured
from a simulated observation of a Keplerian model taking into
account the effect of the beam and noise (Appendix C). The
expected Keplerian profile assumes a mass of 1.91 M. If the
large millimetre-sized grains are radially trapped by the gas due
to gas-drag, the dust ring should peak where the gas azimuthal
velocity is equal to the Keplerian velocity (vk), which occurs for
M, =191 M. The simulated Keplerian model assumes a mass
of 1.89 M, to roughly match the extracted velocity at 75 au.
These values are well in agreement with the 1.90 + 0.01 M,
inferred using stellar evolution models (as presented in Marino
et al. 2026). The bottom left panel shows the residuals after sub-
tracting the expected Keplerian velocities from the observed and
simulated data. Overall, we find deviations of the order of 1%
with the azimuthal velocity decreasing with radius faster than
Keplerian. This finding is also present if we fit all azimuths,
although less strongly, and if we fit the moment 1 instead of the
cube. Note that the stellar mass is independently constrained only
from stellar models (1.90 +0.01 M, Marino et al. 2026). Hence,
it is uncertain where the extracted azimuthal velocity intersects
the Keplerian rotation curve.

The profile extracted from the simulated Keplerian model
decreases with radius more slowly than the Keplerian profile.
This is due to beam smearing, which contaminates the velocity
at the inner and outer edges with the velocities from the peak of
emission (Pezzotta et al. 2025). This means that the deviations
that we measure from the data are likely even stronger and closer
to 2% the Keplerian speed towards 65 and 85 au.

The right panels in Figure 6 show the line-of-sight velocity
residuals after subtracting the best Keplerian (top) and the more
flexible model that fits the 3D velocities as a function of radius
(bottom). We find that the latter makes the residuals significantly
smaller along the major axis of the disc. The other strong resid-
uals near the disc inner edge and minor axis are still present in
the data and are most likely a systematic error due to the limited
spatial resolution of the data. For example, the residuals of the
simulated Keplerian observations show the same residual pattern
near the minor axis (see Figure C.1).

These kinematic deviations are qualitatively what would be
expected near a gas ring with a strong pressure maximum at its
centre. The azimuthal velocity for a stable and low mass disc
(Mgys < M,) is expected to be

vp(r,2)°  GM,r
r - (,,2 + Z2)3/2

. lc’)P(r, z), ©)
p Or

where P is the gas pressure, which can be defined as

P = pc?, (7)
ksT

===, ®)
Hmyp

where p is the gas density, ¢ is the sound speed, T is the gas
temperature, y is the mean molecular weight of the gas, kg is
the Boltzmann constant, and m,, is the mass of hydrogen. From
Equation (6), we can see that a positive pressure gradient (e.g.
interior to the pressure maximum) results in a super-Keplerian
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Fig. 6. Azimuthal velocity profile fit. Top left: azimuthal velocity profile extracted from the observed image cube (blue line), from a simulated

image cube of a Keplerian model (red line), and the expected Keplerian profile (v, o r~

172 dashed grey line). Bottom left: azimuthal velocity profile

residual after subtracting the expected Keplerian profile. The blue- and red-shaded regions represent the 1o~ uncertainty. The shaded grey region
in the left panels represents the dust arc peak and extent. Top right: velocity map residuals after subtracting the best-fit Keplerian model. Bottom
left: velocity map residuals after subtracting a model using the measured non-Keplerian azimuthal velocity profile. The dashed grey lines represent

wedges used to fit the data near the disc’s major axis.

velocity, whereas a negative pressure gradient (e.g. exterior to
the pressure maximum) results in a sub-Keplerian velocity.

The azimuthal velocity profile residuals (bottom left panel in
Figure 6) also display an apparent dip at 60 and 100 au. These
could be due to a change in the slope of the density or tempera-
ture profile. However, the low S/N at these radii mean that these
features may be due to noise.

Finally, to test our interpretation of the residual pattern,
Appendix C presents simulated observations with and without
deviations from Keplerian rotation. Our simulations confirm that
the observed pattern is consistent with velocity deviations due to
the pressure gradient of a gas ring, and inconsistent with a purely
Keplerian rotation pattern.

3.3. Retrieving the radial density profile

In this section, we aim to retrieve the gas density profile using
the Keplerian deviations as a proxy for the pressure gradient. We
start by defining

)/3
where T is a reference temperature at radius rp, and S a power
law exponent for the temperature. We rearrange Equation (6)

with z = 0 and find
Lop _ pmy (% GM.) B
p Or kB(é)ﬁ r’

r_T() r2T0
where the quantities on the right-hand side can be estimated
from the data (vs, To, M,) or assumed to take standard val-
ues. We assume that 8 = —0.14, Ty = 38 K, and (=73 au as

T = TO(L ©)

1o

10)
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found in Brennan et al. (2026) by fitting the '3CO data cube.
Moreover, we assume that M, = 1.91 M, which makes the Kep-
lerian speed at the arc location (75 au) the same as the extracted
azimuthal velocity. This would be expected if the dust arc cor-
responds to dust trapped at the pressure maximum. Since we do
not know the gas composition, we assume two values for u: 14
for a disc dominated by C and O (secondary gas), and 2.3 for an
H,-dominated disc (primordial gas). Integrating the right-hand
side over r, we obtain In[p(r)] plus a constant that becomes a
normalisation factor.

Figure 7 shows the gas density profiles derived from the devi-
ations from Keplerian motion assuming y = 14 (orange) or 2.3
(blue). The dashed black line shows the frequency-integrated CO
surface brightness profile for comparison (derived in Sect. 2.1).
The dashed line shows the best fit midplane density profile of
13CO derived in Brennan et al. (2026). We find a remarkable
similarity between the kinematically derived profile assuming
u = 14 (orange) and that retrieved from the '3CO emission
(dotted black), with only a slight radial shift that disappears if
we assume a stellar mass of 1.92 M. This p is also remark-
ably consistent with the value obtained when fitting the '*CO
cube (12.67]7), though see Brennan et al. (2026) for model
assumptions and caveats likely affecting this measurement. The
12CO emission profile (dotted line) appears much wider than
the retrieved density profiles, as expected given its high optical
depth.

The kinematically derived profile assuming u = 2.3 (blue)
appears ~3 times wider than the '3CO density distribution. This
does not, however, rule out the gas having a low mean molecular
weight and being primordial. This is because the profile derived
from the kinematics traces the total gas distribution, which could
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Fig. 7. Retrieved gas density profile (solid coloured lines) using different
gas temperatures and mean molecular weights. The dashed black line
displays the midplane density profile of '*CO as derived in Brennan
etal. (2026). The dotted grey line displays the '>CO gas emission profile
(normalised). The vertical shaded grey region shows the location of the
arc and dust surface density peak.

differ from that of '>CO and '3CO due to CO photodissocia-
tion in a primordial or secondary origin scenario (Trapman et al.
2019; Marino et al. 2020).

Assuming a lower u results in a broader density profile
because of the sound speed. Decreasing u increases the sound
speed if we keep the temperature fixed. With a higher sound
speed, the density profile can be shallower and still reproduce
the same strong pressure gradients and velocity perturbations.
Increasing the gas temperature has a similar effect. Decreasing
M, from 1.91 to 1.89 M, shifts the pressure maximum from 75
to 83 au as vy and vk intersect at a larger radius. Increasing
shifts the density peak to smaller radii if the density profile is
shallow.

Considering how the beam, optical depth and CO photodis-
sociation affect the CO intensity distribution and azimuthal
velocity profiles in different ways, we do not attempt to find
a perfect fit between the kinematically derived density and the
emission profile. Moreover, an important caveat to note is that
the true azimuthal velocity profile is likely steeper than the
extracted one because the latter is affected by beam smearing (as
is discussed in Sect. 3.2). This means that the deviations from
Keplerian rotation could be underestimated. Nevertheless, our
simulated observations presented in Appendix C show that our
kinematic method can reliably recover the density profile that we
input to the model.

In conclusion, we find that the gas kinematics show signifi-
cant deviations from Keplerian rotation, which can be explained
by the pressure gradient of the observed ring of CO gas. Given
the degeneracies involved in fitting the density profile, we can-
not distinguish between a secondary gas scenario (dominated
by C, O or CO) and a primordial one (H,-dominated) using
the azimuthal velocity alone. However, if we assume that Bco
traces well the total gas density distribution, giving consistent
results to the y measurement in Brennan et al. (2026), the
CO-dominated scenario would be preferred.

4. Discussion
4.1. A vortex as the origin of the arc

We found that the dust overdensity in the millimetre is radi-
ally narrow and azimuthally elongated and asymmetric, with the

leading side being more azimuthally compact. The dust overden-
sity is absent or less prominent in the distribution of small grains.
All these properties are found in models of vortices in proto-
planetary discs (e.g. Baruteau et al. 2019). Gas drag via a vortex
can trap dust, creating strong overdensities. This effect is grain
size-dependent, which may be the reason why the distribution of
small grains does not display a strong overdensity. Grains with
frictional timescales comparable to the orbital timescales (i.e.
with a Stokes number close to 1) are more efficiently trapped,
whereas grains with much shorter frictional timescales tend to
follow the gas distribution (e.g. Baruteau et al. 2019). For gas
drag to significantly affect the millimetre-sized grains that dom-
inate the observed continuum emission, the gas surface density
must be high and comparable to that in protoplanetary discs. If
we require millimetre-sized grains to have a fractional timescale
of 10 times the orbital period or shorter, i.e. a Stokes num-
ber <10, this translates to a minimum gas surface density of
5% 1072 g ecm™ (2 x 1073 Mg au™?) or a minimum total gas
mass of 20 Mg (supported by simulations in Weber et al. 2026).

This high minimum gas mass of 20 Mg may be at odds with
the gas surface density if the gas is CO-dominated (estimated
to be ~0.2 Mg depending on the '2CO/!3CO abundance ratio,
Brennan et al. 2026). Nevertheless, it is still possible that H,
dominates the gas mass, with an ISM-like H,/CO abundance
ratio of 10%, resulting in a much larger total mass above the min-
imum required to affect the millimetre-sized dust, and making
the gas a protoplanetary disc leftover (i.e. of primordial ori-
gin). A vortex in HD 121617 may be a natural consequence of
the gas distribution, as vortices can be produced by the Rossby
wave instability, which is triggered by strong pressure gradients
(Lovelace et al. 1999; Li et al. 2001; Lyra et al. 2009; Meheut
et al. 2012; Flock et al. 2015). Weber et al. (2026) explores this
scenario using hydrodynamical simulations to constrain what
range of gas masses is necessary and to assess whether mod-
els can reproduce the amplitude as well as radial and azimuthal
extents of the dust arc.

A vortex is also expected to leave a trace in the gas distri-
bution and kinematics. The CO emission distribution does not
display any hint of an overdensity. However, there could still be
a hidden overdensity in the gas as both '2CO and '*CO emissions
are optically thick (Brennan et al. 2026). In addition, as a vortex
is a significant local deviation from Keplerian rotation, we may
expect to see a feature on the SW side of the disc. The expected
local velocity deviations by a vortex may be up to a few % of the
average azimuthal velocity (e.g. Pérez et al. 2018), which is at
the limit of our sensitivity (the noise in our velocity map residu-
als is of the order of ~3% the maximum line of sight velocities).
We do not find any significant feature near the dust arc in the
residuals after subtracting our non-Keplerian model in Sect. 3.2.

Therefore, the observed dust and gas distributions and kine-
matics are roughly consistent with the presence of a vortex,
assuming that there is enough gas to affect the millimetre-sized
dust dynamics (220 Mg). This would require the gas to be of
primordial origin.

4.2. Narrow gas rings

The radial distribution of CO gas in debris discs has been
challenging to study due to the lack of high spatial resolution
observations (e.g. Lieman-Sifry et al. 2016; Moor et al. 2017),
low S/N (e.g. Marino et al. 2016), and the edge-on orientation
of many of these discs, making it harder to extract radial infor-
mation (e.g. 8 Pic, Matra et al. 2017a). ARKS has allowed us to
constrain the CO spatial distribution for three non-edge-on gas
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discs with ages ranging from 16 to 45 Myr (HD 9672, HD 121617
and HD 131835), and HD 121617 appears to host the narrow-
est gas disc among these three (Mac Manamon et al. 2026).
Several of the known gas-rich debris discs may be as narrow,
but their edge-on orientation demands a more complex mod-
elling to extract the gas radial distribution (e.g. HD 32297, Mac
Manamon et al. 2026), or the current observations do not have
the resolution to determine this (e.g. HD 9985, Modr et al. 2025).
Higher-resolution observations and radiative transfer modelling
of those edge-on discs with sufficient observations are needed
to constrain how common narrow gas discs are among debris
discs.

Rings of gas (or discs with large cavities) are relatively com-
mon among the much brighter protoplanetary discs with ages
ranging from 4 to 20 Myr, and in particular transition discs
around early type stars where millimetre-sized grains become
radially trapped (e.g. van der Marel et al. 2021; Martinez-
Brunner et al. 2022; Weber et al. 2022). Moreover, several of
those discs display strong asymmetries that resemble the arc in
HD 121617 and are interpreted as dust trapping by vortices. If
gas in debris discs is primordial, the asymmetry in HD 121617
may be caused by the same processes as in the more massive
protoplanetary discs.

What processes make HD 121617’s gas disc narrow is uncer-
tain and may depend on its origin. If gas is primordial, the
ring-like distribution of CO gas may be a consequence of photo-
evaporation carving an increasingly large cavity (Nakatani et al.
2021, 2023; Ooyama et al. 2025), in which case, the different
cavity sizes between gas-rich debris discs may be due to different
evolutionary stages. Alternatively, the cavity could be produced
by multiple planets interior to the disc, which prevents the gas
disc from expanding (e.g. Bae et al. 2019; Toci et al. 2020). If
gas is secondary, the ring-like distribution may be a consequence
of a very long viscous timescale or the presence of planets (e.g.
Moér et al. 2019; Marino et al. 2020; Kral et al. 2020).

4.3. Vortices in other debris discs

A vortex has also been proposed to explain an overdensity of CO
gas and small dust grains in 8 Pic (Skaf et al. 2023). In that disc,
the large dust grains’ distribution is more symmetric than the
gas (Dent et al. 2014; Matra et al. 2017b, 2019) and small grains
(Telesco et al. 2005; Li et al. 2012; Han et al. 2023), which is the
opposite of what we found in HD 121617. If the overdensity in
both discs is due to vortices, this would suggest that the gas den-
sities in B Pic are much lower than in HD 121617 (as expected,
given their CO fluxes). A lower gas density would decouple the
large millimetre grains from the gas while efficiently trapping
the pm grains in a vortex. Similarly, the HD 181327 debris disc
shows an overdensity in the distribution of small grains (Stark
et al. 2014), contains sufficient CO gas to affect the dynamics
of micron-sized grains (although it is not detected at a suffi-
cient S/N to see any asymmetry), and its millimetre grains are
more symmetric (Marino et al. 2016). If this interpretation is cor-
rect, then vortices may be common in debris discs with gas and
explain dust asymmetries that are grain-size dependent. Deter-
mining the gas surface density or kinematics will be crucial to
proving or ruling out their presence.

4.4. A giant collision as the origin of the arc

A second possible scenario often invoked to explain overden-
sities in debris discs is giant collisions (e.g. Wyatt & Dent
2002; Michel et al. 2001; Kenyon & Bromley 2005; Grigorieva
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et al. 2007; Kral et al. 2013; Thebault & Kral 2018; Jackson
et al. 2014; Dent et al. 2014; Wyatt & Jackson 2016). Models
of (gas-free) giant collisions predict overdensities in the dust
distributions that can last for thousands of orbits. Initially, the
collision generates a dense cloud of dust that expands and orbits
at a roughly Keplerian speed; however, it quickly shears out
due to the differing orbital elements of the debris (partly due
to radiation pressure acting on small grains), forming a spiral
feature. Subsequently, the produced debris returns to the colli-
sion point, where new collisions occur, resulting in more debris
being generated. The initial clumpy phase is very short, only last-
ing a few orbits and thus is unlikely to explain the overdensity in
HD 121617.

After a few orbits, the collisional fragments form a smooth
but asymmetric disc with a strong overdensity at the collision
point that can last for thousands of orbits, or ~0.5 Myr for orbits
near 75 au (Wyatt & Jackson 2016). Due to radiation pressure,
grains slightly larger than the blow-out size (~3-30 um) that are
produced in the collision point form a disc that is much wider on
the opposite side (e.g. Jones et al. 2023). The even smaller grains
below the blow-out size that are produced in the collision point
are ejected by radiation pressure, forming a leading outward-
propagating spiral structure from the collision point (Jackson
et al. 2014). The net effect is that scattered light observations
tracing small grains should display an asymmetric collision point
and a disc that is wider on the opposite side. The distribution of
longer-lived millimetre-sized dust traced by ALMA is predicted
to be symmetric about the collision point (Jackson et al. 2014).

The key features to assess this scenario are therefore the
radial width of the arc, its azimuthal extent and asymmetry, and
its apparent absence in the distribution of micron-sized dust and
CO gas. The fact that the arc is extremely narrow and poten-
tially unresolved is consistent with the pinch point that occurs
at the collision point. The large azimuthal extent could also be
consistent with a giant collision scenario. However, the fact that
it is asymmetric, with the trailing side being more extended or
denser, is inconsistent with the collisional scenario. Moreover,
there is no significant overdensity in the distribution of micron-
sized dust. Even if the gas affects the dynamics and distribution
of the micron-sized dust, larger solids should continuously cre-
ate small dust at the collision point, generating an asymmetry.
Finally, the CO gas does not display any asymmetries, which
could be consistent with its continuous release at the collision
point. Since the CO gas could be long-lived, its distribution
should become axisymmetric as gas pressure would smooth any
strong overdensity at the collision point. Additionally, given that
the CO gas is very optically thick, an overdensity would be easily
hidden.

The interpretation above relies on gas not affecting the dust
dynamics. In Sect. 4.1 we estimated that 20 Mg, of gas would be
required to significantly affect the dynamics of millimetre-sized
grains. A similar calculation leads to a gas mass of 0.02 Mg in
gas to affect the dynamics of micron-sized grains. Since the CO
gas mass estimated from observations is 0.2 Mg (although there
could be more gas Brennan et al. 2026), the small grains are
likely affected by the gas, and thus we cannot use the distribution
of small grains alone to rule out this scenario. The CO gas mass
could be underestimated, or there could be a large reservoir of
H, gas, in which case even the millimetre-sized grains could be
affected by the gas.

The estimated CO gas mass is too large to be consistent with
the potential gas released from a giant collision between dwarf
or terrestrial planets (e.g. Schneiderman et al. 2021). A collision
between gas giant planets may be able to release the required



Marino, S., et al.: A&A, 705, A202 (2026)

gas, although those collisions are very unlikely as close encoun-
ters between gas giants at tens of au are more likely to result in
ejections than collisions (Wyatt et al. 2017). Gas could, however,
have a different origin from the arc and be dense enough to affect
the dust dynamics. Unfortunately, there are no models that pre-
dict the evolution of solids after a giant collision in the presence
of gas.

In summary, a giant collision scenario by itself is unlikely
to explain the multiple observables. However, we cannot rule
out the possibility of gas levels being high enough to affect the
dynamics of both small and large grains and make the existing
giant collision models inapplicable. If that is the case, gas-dust
interactions alone may be enough to explain the arc without the
need for a giant collision (as discussed in Sect. 4.1).

4.5. Planet-disc interactions as the origin of the arc

An alternative third scenario to explain the dust asymmetry is the
influence of an unseen planet, interacting with the disc through
mean-motion resonances (MMRs). Planetesimals and smaller
solids trapped in MMRs would form asymmetric structures at
specific locations, which could explain the clump in HD 121617.
This would require a large number of planetesimals trapped in
resonance, which can occur if the planet migrates; this migration
causes MMRs to sweep through the disc, trapping large num-
bers of planetesimals in resonance (Wyatt 2003, 2006; Reche
et al. 2008; Krivov et al. 2007; Booth et al. 2023). This would
be the case for a planet located interior to the disc that migrated
outwards. This migration could have been driven by planetes-
imal scattering, akin to Neptune’s historical migration into the
Kuiper Belt (Malhotra 1993), or by gas interactions in the pro-
toplanetary disc phase. The number of clumps and their shapes
depend on the specific MMRs, as well as the planet mass, eccen-
tricity, migration speed and migration distance. This scenario
was previously invoked to explain tentative clumps in € Eri’s
debris disc (Booth et al. 2023), as well as features in the 8 Pic
and ql Eri discs (Matra et al. 2019; Lovell et al. 2021b). The
model will be explored in detail for HD 121617 in Pearce et al.,
(in prep.).

Dust trapped in planetary MMRs would have a size-
dependent structure. Larger dust would be more strongly con-
strained in clumps, whilst smaller dust would have a more
axisymmetric distribution due to radiation pressure driving
grains out of resonance (Wyatt 2006). A similar outcome would
arise in the alternative explanation, where the clump is driven
by a gas vortex; in the gas scenario, small grains would have
a smoother distribution as they are coupled more strongly to
the gas (Birnstiel et al. 2013). However, the two scenarios could
be observationally distinguished by considering clump rotation.
If the clump were resonant, then it would rotate at the orbital
speed of the interior planet, which is faster than the Keplerian
speed of the disc. Conversely, a vortex clump would rotate at
roughly the disc’s Keplerian speed (Weber et al. 2026). Further-
more, a clump generated by a giant impact (Sect. 4.4) would not
rotate at all, because the clump would be caused by the inter-
section of orbits at the collision point (Jackson et al. 2014). So
future observations could distinguish between these scenarios by
determining the clump-rotation speed.

4.6. Non-Keplerian kinematics in debris discs

This paper presents the first well-resolved non-Keplerian gas
kinematics in a debris disc. While these have been frequently
found in protoplanetary discs (e.g. Pinte et al. 2023), previous

observations of debris discs lacked the sensitivity and resolu-
tion to systematically search for non-Keplerian kinematics (e.g.
Modr et al. 2017). The only previously known case is the debris
disc-bearing class III star, NO Lup, which presents strong evi-
dence of a radial outflow or wind, but remains only marginally
resolved by ALMA (Lovell et al. 2021b). HD 121617’s low incli-
nation and high CO flux make it the ideal ARKS target to study
gas kinematics in debris discs, opening the door to future kine-
matic studies of gas in debris discs over a larger sample of discs
with low to moderate inclinations.

In addition to the azimuthal velocity perturbations, gas in
debris discs could also present kinematic deviations from Keple-
rian rotation due to outflows or winds (Lovell et al. 2021a), kinks
due to planets (Perez et al. 2015; Bergez-Casalou & Kral 2024),
vertical flows due to winds (Nakatani et al. 2021), and vortices
(Perez et al. 2015). A future ALMA survey tailored to studying
the gas at high spatial and spectral resolutions is needed to assess
if these are common features in the gas kinematics of debris
discs. Finding any of these features could help us understand
the origin and evolution of the gas and the potential presence
of planets in these systems.

4.7. On the origin of HD 121617’s gas

What is the origin of gas in debris discs remains one of the most
pressing questions for this field. Depending on its origin, which
determines its composition and overall abundance, this gas may
affect planets in these systems (Kral et al. 2020; Marino et al.
2020). Typically, secondary models predict gas levels <10 Mg
that are dominated by CO, carbon, and oxygen, with this upper
limit depending on the belt mass, volatile abundances, and gas
viscosity (Marino et al. 2020). In a primordial scenario, the main
constraint is that the CO must be shielded enough by H, to
have a lifetime comparable to the age of the system. This can
be achieved by a column density greater than 10?> cm=2 (Visser
et al. 2009), which can be translated to a minimum mass of
10 Mg if it has a similar radial distribution as CO. This minimum
gas mass to shield CO is consistent with the gas mass necessary
to trap millimetre-sized grains (Weber et al. 2026).

In this and the two companion papers by Brennan et al.
(2026) and Weber et al. (2026), we have studied this CO gas-
rich system in detail, revealing multiple properties that can help
us to assess its origin. Below we summarise the most important:

— The '2CO line is optically thick and thus the total CO mass is
unconstrained. Although the '*CO line is optically thick too,
its mass can be constrained to 2 x 1073 Mg (in the assump-
tion of LTE and a radially Gaussian, vertically isothermal
model), which we can convert to a total CO mass of 0.2 Mg
by assuming an ISM-like '>CO/!3*CO abundance ratio of 77
(Brennan et al. 2026). This CO gas mass could be consistent
with both secondary and primordial scenarios, depending
on the abundance of shielding species such as CI and Hj,
respectively. Cataldi et al. (2018) constrained the CI mass
and column density in this disc, and found it to be insuf-
ficient to shield CO, which disfavours a secondary origin.
The H, abundance is unconstrained, but if we assume an
ISM-like CO/H, abundance ratio of 1074, the total H, gas
mass would be 200 Mg, which is sufficient to shield CO for
the age of the system.

— If the millimetre dust asymmetry is explained by dust trap-
ping, there must be 220 Mg of gas to effectively drag the
millimetre-sized dust (Weber et al. 2026). This would favour
the gas primordial origin as secondary models struggle to
reach those high levels (Marino et al. 2020).
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— The non-Keplerian kinematics and the density profile fit
to the '3CO emission point towards a high mean molec-
ular weight of ~13, favouring a secondary origin. This
assumes, however, that the '3CO traces well the total gas
density distribution, which may not be the case due to CO
photodissociation.

— The peak of the small micron-sized dust distribution is sig-
nificantly further out than the peak of the millimetre-sized
grains, which suggests that gas drag is shaping the distribu-
tion of small grains (Milli et al. 2026; Jankovic et al. 2026).
Both secondary and primordial gas levels could be consistent
with this effect (Weber et al. 2026).

These features alone and modelled independently cannot be used
to reach a definitive conclusion about the origin of the gas for
this and other gas-rich debris discs. Additional high spatial and
spectral resolution observations of CO and its isotopologues,
combined with detailed radiative transfer modelling, are required
to reconcile the CO line profiles, moment 0’s, line ratios and
kinematic deviations. This would give a definitive answer to the
optical depths, abundance of CO, kinetic and excitation tem-
peratures, and potentially the mean molecular weight (or sound
speed) of the disc. Secondary models of the gas could then be
used to reproduce the CO abundance, its radial distribution, and
the gas mean molecular weight. Their success or failure could
serve as a definitive answer as to the origin of the CO gas.

5. Conclusions

In this paper, we have analysed high spatial and spectral reso-
lution ALMA observations of HD 121617 from the large pro-
gramme ARKS, characterising an asymmetry in the distribution
of large millimetre-sized grains and the gas kinematics of this
gas-rich exoKuiper belt. In particular, we investigated how strong
this asymmetry is in the sub-millimetre continuum emission,
whether it is present in the distribution of small grains (traced
by scattered light) and gas (traced by CO line emission), and
whether the gas displays any non-Keplerian kinematics. Our
main results and conclusions are:

— At the observed resolution, the arc has a peak intensity at
0.89 mm that is 40% brighter than the baseline emission
around the belt. We do not find any evidence of an arc in the
scattered light and CO gas emission. However, we recovered
a previous result that the small dust distribution is slightly
eccentric (Perrot et al. 2023). We also find evidence that the
CO gas and millimetre dust distribution could be eccentric,
but this cannot be confirmed with the current astrometric
precision.

— We fitted a parametric radiative transfer model to the mil-
limetre dust distribution to constrain the arc morphology.
The model is composed of an axisymmetric component and
an asymmetric arc component. We inferred that the arc com-
ponent is radially narrow and only marginally resolved with
a FWHM between ~1 and 5 au. The azimuthal extent of the
arc has a FWHM of ~90°, with the leading side being more
compact than the trailing side. Overall, the arc component is
inferred to be 13% of the total dust mass of 0.2 M.

— When examining the gas kinematics of the ring, we found
that the azimuthal velocity decreases with radius more
steeply than Keplerian. This effect can be explained by the
density and pressure profile of a narrow ring of gas. Interior
to the density and pressure maximum, there is a strong posi-
tive pressure that results in super-Keplerian velocities. Exte-
rior to the density and pressure, there is a strong negative
pressure gradient that results in sub-Keplerian velocities. We
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used the extracted azimuthal velocity profile to retrieve the
gas density profile, assuming gas molecular weights corre-
sponding to a primordial or secondary origin. Overall, we
find that a high molecular weight of 14 (valid for a sec-
ondary origin scenario) reproduces best the retrieved '*CO
gas density profile. Assuming a mean molecular weight of
2.3 (expected if the gas is dominated by H,) produces a den-
sity profile that is much wider than that of '*CO. However,
our kinematically derived profile traces the bulk of the gas
whose distribution could be different to that of CO due to
CO photodissociation, skewing its distribution towards the
densest parts of the disc.

— We discussed how the arc asymmetry could originate from
a vortex in the gas or via planet-disc interactions. In the for-
mer case, the arc would have a similar origin to those found
in protoplanetary discs that are suspected of being due to
dust trapping in a vortex and would require the disc gas mass
to be 220 Mg, which would imply a primordial origin for the
gas and be enough to shield CO by H, (Weber et al. 2026). In
the second scenario, we hypothesise that a migrating planet
could have trapped solids in mean motion resonances, pro-
ducing an overdensity in the form of an arc (Pearce et al., in
prep.).

Finally, we note that the HD 121617 arc asymmetry was only
found with ARKS’ high-resolution and high-S/N observations.
Additional arc asymmetries have been found in other ARKS tar-
gets (Lovell et al. 2026) and could be present in many other
exoKuiper belts not included in ARKS.

Data availability

The ARKS data used in this paper and others can be
found in the ARKS dataverse. The continuum image used
in this work can be found within the ARKS I’s dataset
(doi.org/10.7910/DVN/VNGHPQ). The CO gas images used
in this work can be found within the ARKS IV’s dataset
(doi.org/10.7910/DVN/PXGNNZ). The SPHERE scattered
light image used in this work can be found within the ARKS V’s
dataset (doi.org/10.7910/DVN/RGRKTJ]). For more infor-
mation, visit arkslp.org.
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Appendix B: Posterior distribution of the dust arc
model

Figure B.1 shows the posterior distribution retrieved from the
MCMLC fit to the dust ALMA data, except those that define the
arc, which are shown in Figure 3.

Appendix C: 12CO radiative transfer models

To understand the systematics in the velocity profiles derived
in Sect. 3, we simulate '2CO J=3-2 ALMA observations using
Keplerian and non-Keplerian models to test the sensitivity of
our methods. We start by simulating synthetic image cubes using
DISC2RADMC (Marino et al. 2022). Our model consists of a disc
of gas around a 1.91 M, central star. The gas is distributed with
a Gaussian radial surface density distribution, centred at 74 au,
with a FWHM of 17 au (Brennan et al. 2026), and a vertical
aspect ratio & = 0.05.

The gas is assumed to be in local thermodynamic equilib-
rium, and we set the kinetic and excitation temperature at the
belt centre to be 38 K and decaying with radius with an expo-
nent 8 of -0.14 (as derived in Brennan et al. 2026). The mean
molecular weight (u) is assumed to be either 14 (representative
of a secondary origin scenario) or 2.3 (primordial scenario). A
lower u results in a higher sound speed and larger deviations
from Keplerian rotation. The model azimuthal velocities are set
to be Keplerian or non-Keplerian rotation due to pressure sup-
port (following Eq. 6). The radial and vertical velocities are set
to zero.

We simulate image cubes with a spectral resolution of 26 m/s
and spatial resolution of 10 mas. We use these synthetic cubes
to simulate ALMA observations using the task SIMOBSERVE
in CASA (CASA Team et al. 2022), using the same antenna
configuration as the observations and inputting the same noise
level per channel. The simulated ALMA observations are then
imaged using TCLEAN using a Briggs weighting, a robust param-
eter of 0.5, a Keplerian mask and the same pixel size as in
Mac Manamon et al. (2026). The resulting image cubes have
approximately the same beam size and root-mean-square level.
Finally, we follow the same procedure as with the real data, and
extract the line-of-sight velocities, residuals after a Keplerian
model subtraction, and azimuthal velocities from the simulated
observations.

The line-of-sight velocity residuals for three different mod-
els and the observations are presented in Figure C.1. The left
panel presents a Keplerian model, which does not display any
clear residual pattern along the disc major axis as in our obser-
vations. The central panels present two non-Keplerian models.
The middle left and right panels present non-Keplerian models
of a disc with a high u of 14 and one with a low value of 2.3,
respectively. Both simulated models display a similar pattern to
the observations, with the inner NE (SW) region being more
red-shifted (blue-shifted) than the Keplerian model, indicating
a super-Keplerian velocity. Similarly, the outer regions display
sub-Keplerian velocities. The residual velocities of the observa-
tions are similar to those in the high ¢ model, but much lower
than those in the low y model.

To better compare the simulated models and data, the top
panel of Figure C.2 shows the azimuthal velocities extracted
using the same method as for the data. The velocities extracted
from the simulated observation of a Keplerian model (red line)
decrease with radius more slowly than both the observations
(dark blue line) and a Keplerian profile (dashed grey line). The
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Fig. B.1: MCMC posterior distribution of the parameters used to fit the

dust continuum observations, except those that define the arc. The contour

levels in the 2D marginalised distributions correspond to the 68, 95, and 99.7% confidence levels. The dashed vertical lines in the marginalised
distributions display the 16th, 50th, and 84th percentiles. The red lines represent the best-fit value (lowest y?).

latter is likely due to beam smearing (Pezzotta et al. 2025).
The two profiles extracted from non-Keplerian simulated mod-
els (purple and light blue) have slopes that are steeper than
Keplerian, as in the observations. The best-fit M, for the Kep-
lerian, and non-Keplerian u = 14, and pu = 2.3 models was 1.93,
1.93 and 1.80 My, significantly different from the 1.91 M, used
as input. This demonstrates that the stellar mass derived from
Keplerian fits can be easily wrong by a few per cent.

The middle panel of Figure C.2 displays the azimuthal
velocity residuals of the simulated and real observations after
subtracting a Keplerian profile that intersects the corresponding

azimuthal velocities at 75 au. The two non-Keplerian simulated
observations (purple and light blue lines) produce residuals with
the same pattern as the observations (dark blue), demonstrating
how the effect of pressure support can lead to the non-Keplerian
signal that we found. The deviations from the model with a low
1, and thus a high sound speed, are much stronger than observed.
We note, however, that there are strong degeneracies between the
density distribution of the gas and its sound speed (determined
by its temperature and p); therefore, we do not attempt to find a
best fit here.
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different models as indicated in the legend in the top panel.

The Keplerian simulated observations produce a devia-
tion opposite to what is observed, with sub-Keplerian at the
inner edge and super-Keplerian at the outer edge due to beam
smearing. This demonstrates that a Keplerian model is strongly
disfavoured by our observations.

The bottom panels show the inferred gas density radial pro-
files extracted from the two models with non-Keplerian veloc-
ities. We use as input the known model gas temperature, mean
molecular weight, and a stellar mass such that the retrieved
velocities match the Keplerian velocity at 75 au. For both non-
Keplerian models, the derived profiles reproduce well the true
input profile despite the effects of beam smearing and optical
depth effects.

However, if we use as input the stellar mass of the radiative
transfer model of 1.91 M, the retrieved profiles do not recover
as well the input density. For y = 2.3, the peak density shifts to
70 au. For u = 14, the retrieved profile monotonically rises with
radius, creating a positive pressure gradient that is necessary to
match the observed azimuthal velocity that is higher than Kep-
lerian at all radii. The difference in behaviour between these two
models is likely due to the velocity deviations being stronger and
easier to extract for the 4 = 2.3 model.

The examples shown in this section demonstrate that the
non-Keplerian kinematics of HD 121617 can be reasonably
reproduced by radiative transfer models that incorporate the
effect of pressure support on the azimuthal velocity of the gas.
While we do not attempt to fit the data with these models due
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to strong degeneracies between model parameters, this could be
done, in principle, in the future by incorporating other observ-
ables such as the line profile (constraining the gas temperature)
and intensity distribution (constraining the spatial distribution).
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