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ABSTRACT

Context. CO gas is detected in a significant number (~20) of debris discs (exoKuiper belts), but understanding its origin and evolution
remains elusive. Crucial pieces of evidence are its mass and spectro-spatial distribution, which are coupled through optical depth and
have only been analysed at low to moderate resolution so far. The ALMA survey to Resolve exoKuiper belt Substructures (ARKS) is
the first ALMA large program to target debris discs at high spectro-spatial resolution.

Aims. We used '>CO and '*CO J=3-2 line data of 18 debris belts observed by ARKS, 5 of which were already known to be gas-bearing,
in order to analyse the spectro-spatial distribution of CO and constrain the gas mass in discs that were known to host gas previously,
and to search for gas in the remaining 13 discs without previous CO detections.

Methods. We developed a line-imaging pipeline for ARKS CO data with a high spectro-spatial resolution. Using this tool, we produced
line cubes for each of the ARKS targets, with a spatial resolution down to about 70 mas and a spectral resolution of 26 m s~!. We used
spectro-spatial shifting and stacking techniques to produce a gallery of maps with the highest possible signal-to-noise ratio (S/N) and
with radial and spectral profiles that reveal the distribution and kinematics of gas in five gas-bearing discs at unprecedented detail.
Results. For each of the five gas-bearing discs (HD 9672/49 Ceti, HD 32297, HD 121617, HD 131488, and HD 131835), we constrained
the inner radius of the '2CO (7min ~ 3—68 au), and we found that the radial brightness profile of CO peaked interior to the dust ring,
but that CO was also more radially extended than the dust. In a second-generation scenario, this would require significant shielding
of CO that would allow it to viscously spread to the observed widths. We present the first radially resolved '2CO/!*CO isotopologue
flux ratios in five gas-bearing debris discs and found them to be constant with radius for the majority (four out of five) of systems.
This indicates that >CO and '*CO are both optically thick or optically thin throughout the discs. We report CO line fluxes or upper
limits for all systems and optical depth dependant masses for the five systems with detected CO. Finally, we analysed the >CO J=3-2
line luminosities for a range of ARKS debris discs and for debris discs from the literature. We confirm that gas is mostly detected in
young systems. However, the high scatter seen in young/high fractional luminosity systems indicates no trend within the systems with

detected gas. This could be caused by different system properties and/or evolution pathways.

Key words. techniques: interferometric — submillimeter: planetary systems

1. Introduction

Planetesimal belts (debris discs) are belts of icy dust, comets,
asteroids, and planetesimals. They are analogous to the Kuiper
and asteroid belts in the Solar System (for reviews, see Wyatt
2008; Matthews et al. 2014; Hughes et al. 2018, and references
therein). These belts can be observed because the surface area
that is covered by small dust grains is so large. The dust, comets,
asteroids, and planetesimals collide constantly with one another,
grind each other down, and create more dust. Debris discs were
originally thought to be gas-free environments that solely consist
of solids, but molecular gas emission has recently been observed
in multiple discs (e.g. Késpal et al. 2013; Modr et al. 2013, 2017,
Dent et al. 2014; Lieman-Sifry et al. 2016; Matra et al. 2015,
2017a). We now know of over 20 debris discs (most commonly

* Corresponding author: macmanas@tcd.ie

found around intermediate-mass stars) that contain gas (Marino
et al. 2020), and we know this not only through molecular emis-
sion observed at millimetre (mm) wavelengths, but also atomic
C and O emission in the far-infrared (IR) (e.g. Cataldi et al. 2014;
Brandeker et al. 2016; Roberge et al. 2013), CO absorption in the
near-IR (Troutman et al. 2011), and CO and atomic absorption in
the ultraviolet (UV) (e.g. Roberge et al. 2000, 2014; Wilson et al.
2019; Wu et al. 2025; Brennan et al. 2024). CO is the most com-
monly observed species (and the only molecule) to be observed
in debris discs, however, which is largely due to the significant
increase in sensitivity provided by the Atacama Large Mil-
limetter/submillimeter Array (ALMA) (e.g. Matra et al. 2019a;
Klusmeyer et al. 2021; Smirnov-Pinchukov et al. 2022).

Two possible origins have been proposed for the debris disc
gas. The first proposition was that the gas is of primordial origin
and is left over from the protoplanetary disc phase. This would
be surprising because gas is expected to have dissipated by the
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time the debris disc formed. Gas dissipation is thought to be a
pre-condition for the escalation of collisional evolution of the
planetesimals that characterise a debris disc (Wyatt 2008). The
second proposition was that the gas is of secondary origin and
was released from the planetesimals via collisional evolution of
a shared origin with the dust.

In the primordial scenario, the gas could potentially remain
in discs around A-type stars due to inefficient photoevapora-
tion of protoplanetary discs, around intermediate-mass stars if
their discs were depleted in small grains (<0.01 wm) so that far
ultraviolet (FUV) photoelectric heating is ineffective, thus pro-
longing the disc lifetime through a delayed photoevoporation of
the disc (Nakatani et al. 2021, 2023), and in general, if the gas
densities are high enough that the photodissociation lifetime of
CO gas can be extended through shielding (Késpal et al. 2013).
Without any shielding, the lifetime of a CO molecule against
photodissociation by the interstellar radiation field would be
130 years (Heays et al. 2017) because there is not enough dust to
shield the CO from the stellar and the interstellar UV radiation
field (Kdéspdl et al. 2013).

The CO masses in CO-rich debris discs (e.g. HD 21997,
HD 121617, HD 131488, HD 131835; Koéspdl et al. 2013; Mo6r
et al. 2017; Hales et al. 2019) were inferred to be sufficiently
high that if H,, the dominant shielding agent for CO in a pri-
mordial scenario, were present in primordial amounts (with a
primordial CO/H, ratio), it could allow the CO to survive for
the entire disc lifetime. The origin of CO in these systems could
therefore plausibly be primordial. Késpal et al. (2013) found that
for these young debris discs (10-20 Myr) with masses of CO that
are too high to be explained by just the destruction of exocomets,
gas that persisted from the protoplanetary disc phase is a likely
explanation. In particular, the masses of CO in these discs are of
the order of Mco = 1073 My, (Cataldi et al. 2023).

As mentioned above, the same processes that create dust in
debris discs are also capable of releasing gas and are a viable
alternative explanation for the origin of gas in debris discs. Gas
can be released by sublimation of icy planetesimals (exocomets),
photodesorption from dust grains (Grigorieva et al. 2007), vapor-
isation of colliding dust particles (Czechowski & Mann 2007),
or collision of exocomets/icy planetesimals (Zuckerman & Song
2012; Koéspal et al. 2013; Bonsor et al. 2023). In this second-
generation gas scenario, which is based on the composition of
comets in the Solar System, the gas is dominated by CO, CO,
and H,O, with much smaller amounts of H, compared to a pri-
mordial scenario (e.g. Késpal et al. 2013). CO self-shielding and
shielding by C I, a photodissociation product of CO, are likely to
play a significant role in extending the lifetime of the gas in the
more CO-rich discs if they are secondary in origin (e.g. Matra
et al. 2017a; Kral et al. 2019; Marino et al. 2020).

Gas-removal processes operate continuously in debris discs.
CO can be depleted via photodissociation and freeze-out onto
dust grains, though the latter is inefficient at the temperatures
and small collective surface area of dust grains in debris discs
(Matra et al. 2015). For gas to be observable in debris discs, it
must therefore be continuously replenished and/or shielded from
photodissociation over lifetimes comparable to the system age
(Kospdl et al. 2013).

For low-mass CO (or CO-poor) discs (e.g. 8 Pic, Fomalhaut,
HD 181327, TWA 7, and n Corvi), the survival timescale of CO
is much shorter than the ages of their systems, even if the CO is
being shielded by unseen H, (Dent et al. 2014; Matra et al. 2018,
2017b; Marino et al. 2016a,b). Gas production by exocomets can
explain discs with low CO masses (Mco < 107 M) because
the required production rate of CO agrees reasonably well with
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the destruction rates of exocomets in these debris discs (Cataldi
et al. 2023).

If the gas is being replenished from solids (icy dust or larger
exocomets), as in the secondary origin scenario, the naive expec-
tation would be that the gas should be radially co-located with
the dust component, as was found by Dent et al. (2014) and Matra
et al. (2017a) for 8 Pic. However, we expect the gas to radially vis-
cously spread over time, and to create an accretion disc inwards
and a decretion disc outwards, where the viscous spreading rate
would depend on the viscosity of the gas (Kral et al. 2016). This
was not observed for 8 Pic, however, where the radial distribu-
tion of long-lived CI gas, a daughter product of CO and CO,
destruction, was inconsistent with the expectation of an accretion
disc (Cataldi et al. 2018). If CI production started only ~5000 yr
ago, however, not enough time has passed yet for the gas to vis-
cously spread in to the star to form the accretion disc. Kral et al.
(2019) similarly studied the radial distributions of CI and CO
in the lower-resolution observations of HD 131835 and reported
that they were consistent with one another, but inconsistent with
an accretion disc. A potential explanation for why an accretion
disc might not be visible is that the gas is accreted onto a planet
orbiting interior to the disc.

We investigate the distribution of '>CO and '3CO in debris
discs at an unprecedented spectro-spatial resolution by exploit-
ing the ALMA survey to Resolve exoKuiper belt Substructure
(ARKS, project number 2022.1.00338.L, PI: S. Marino), which
is the first ALMA large program to target debris discs. ARKS tar-
gets 18 nearby debris discs (and 6 archival sources). The ARKS
goals include understanding the diversity and ubiquity of radial
and vertical substructures in dust continuum emission and imag-
ing CO in gas-bearing discs at a level that allows us to carry out
the first radial, vertical, and gas kinematic study. High-resolution
CO observations will allow us to carry out detailed comparisons
between the dust and the gas and to constrain the origin and evo-
lution of CO gas in these discs (for sample characteristics and
stellar parameters we used, see Marino et al. 2026b).

We used ALMA to observe the '>2CO J=3-2 line (hence-
forth 12CO, unless specified otherwise) and 13CO J=3-2 line
(henceforth '3CO, unless specified otherwise) in order to charac-
terise the spectro-spatial structure of the five previously known
gas-bearing targets and conduct a search for '2CO in the other
13 discs that are as yet devoid of CO gas detections (henceforth
gas-free discs). We did not reanalyse the six archival targets,
including the CO detection around g Pic (Matra et al. 2019b),
that are included in the ARKS sample because the spectro-spatial
resolution is very different and the CO line that was targeted by
these archival observations was different as well. In Sect. 2 we
describe the observations and the imaging pipeline we developed
for ARKS. In Sect. 3 we present our results and and discuss their
implications in Sect. 4. We conclude with a summary in Sect. 5.

2. Observations

To image CO gas in the ARKS data, we developed a line-imaging
pipeline in Python using the Common Astronomy Software
Applications (CASA) package, version 6.4.1.12 (CASA-Team
2022). The detailed calibration and preparation of the interfer-
ometric visibilities for imaging are described in Marino et al.
(2026b), but we provide a brief summary here. The calibration of
the interferometric visibilities for all observations in time, base-
line, and frequency was carried out using the ALMA pipeline.
The frequencies were transformed into the barycentric reference
frame, and the data were time-averaged to reduce the data size
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without compromising imaging quality. A phase centre offset
(derived from basic fitting of a disc to the continuum visibilities
tracing dust emission) was then introduced to ensure no relative
astrometric offsets were present across different observing dates
for the same system, and to ensure the visibility weights were
correct in an absolute sense for each observing date, configu-
ration, and system. Finally, for each of the ARKS sources and
each array configuration, two CASA Measurement Sets contain-
ing the calibrated visibilities ready for imaging were produced
for the spectral windows containing the '>CO line (rest fre-
quency of 345.796 GHz) and the '*CO line (rest frequency of
330.599 GHz).

The '>CO and '*CO lines were observed for every system,
though the spectral resolution varied depending on whether the
system was previously known to be gas-bearing or not. For the
5 gas-bearing discs, the spectral resolution was set to 26 m s~!
(the finest spectral resolution possible with ALMA) for the '>CO
spectral window and to 886 m s~! for the *CO spectral win-
dow, which corresponds to two times the native channel width.
The gas-bearing discs’ '>CO spectral resolution was set such that
the maximum possible kinematic information could be extracted.
The *CO spectral window uses the maximum bandwidth to not
compromise continuum sensitivity. For the discs without previ-
ous gas detections, the spectral resolution was set to 846 m s~!
for >CO and 886 m s~! for '3CO to maximise bandwidth and
therefore sensitivity to dust continuum emission.

For each source and each line, we simultaneously imaged
the calibrated and preprocessed visibilities from all baseline
configurations using the CLEAN algorithm (Hogbom 1974), as
implemented through CASA’s tclean task. We developed an
imaging pipeline where tclean is called three times. For all
three tclean iterations implemented as part of our pipeline, the
start, width, and nchan parameters represent the barycentric
velocity of the first channel, the width of each channel, and the
number of channels in the cube outputted by the pipeline. These
were set depending on the system and in particular on whether
they were known to contain gas; the spectral information used
to derive these values was obtained directly from each observa-
tions’ Measurement Set header file. The parameter width was
set to be the same as the observations native channel width,
to maximise spectral resolution. In the '2CO observations, this
resulted in channel widths of 13 m s~!, which corresponds to a
resolution of 26 m s~!; in the 1>CO observations, the native chan-
nel spacing was 443 m s~!, which corresponds to a resolution of
886 m s~!'. The parameters start and nchan were calculated
based on the expected range of Keplerian orbital velocities of
the gas in each system. The range of velocities included in the
cube for gas-bearing systems was estimated using the maximum
expected Keplerian line-of-sight velocity,

Ulos,max = CUlos, kep(rmin), (1)

where

| M
Ulos, kep(rmin) =30kms™' . * sini 2)
min

is the Keplerian projected line of sight velocity at the inner edge
rmin (in au) of the disc (given by Eq. (A.3)), M, is the mass of the
star in Solar masses, M, estimated as described in Appendix A
of Marino et al. (2026b), and i is the inclination of the disc, mea-
sured from the best fit parameters derived by MCMC sampling
carried out by Marino et al. (2026b, see Table C.1). Eq. (1) corre-
sponds to the maximum line-of-sight velocity at which we expect

to detect the gas, given prior ARKS continuum observations of
Fmin- In Eq. (1), C is a constant factor adjusted for each sys-
tem following the first iteration of the pipeline to correct for the
inaccurate prior on ry,, and for any departure of gas speed from
purely Keplerian velocities (pressure gradients providing radial
support), if any, and ensure all emission was included in the
cube. Typically, we find values of C between 1.6 and 8.3, depend-
ing on the gas-bearing system, reflecting CO disc inner radii that
were generally lower than initially estimated based on the dust
distribution. For gas-free systems, vjosmax Was set to 50 km s7L.
Ulos.max Was then divided by the width of the channels to calcu-
late nchan for the tclean calls. start was calculated through
Ustart = Vi & ”‘“%, where V. is the stellar velocity in the barycen-
tric frame as obtained from the literature (Table C.1). The + sign
depends on whether the visibility file had channels in order of
ascending or descending velocity.

The parameter restfreq in each of the tclean calls is
set to 2CO and '3CO rest frequencies. For the gas-bearing
discs viewed at an inclination away from edge-on (i = 90°), we
employed Briggs weighting, with a robust parameter of 0.5. This
gives a good compromise between resolution and sensitivity for
these gas-bearing discs. For the close to edge-on gas-bearing
discs around HD 32297 and HD 131488, where the emission was
spread over a much larger number of channels (leading to lower
S/N per beam, per channel), and for the gas-free/non-detected
discs, we employed Briggs weighting with a robust parameter of
2, which is close to Natural weighting (Briggs 1995), to achieve
maximum sensitivity.

The first iteration of tclean was run without any deconvo-
lution, with a very small pixel size to create a dirty image and
obtain the size of the synthesized beam. We used this beam size
to optimise the pixel size in later tclean runs, which we chose
to be % of the beam size (averaged between the major and minor
axis). We then chose the image size to be equal to the full width
at half maximum (FWHM) of the primary beam of the ALMA
12 m antenna. We carried out no deconvolution in the first two
rounds of tclean. The second iteration of tclean is run to
create another dirty image, now with an appropriate pixel and
image size, which is needed to create a CLEAN mask around
the emission in each channel in the cube.

Given the large number of 13 m s~! channels covering the
velocity extent of the '>CO line (>1000), manual masking is
unfeasible and masks covering the gas emission in every chan-
nel have to be defined automatically. We use a Keplerian mask
to leverage the expected near-Keplerian rotation pattern to pro-
duce channel-based masks (Teague 2020; Czekala et al. 2021).
To create these, we use prior knowledge of each disc’s geome-
try, assuming gas is co-located with the dust. Creation of these
Keplerian masks is described in full in Appendix A.

In the third and final tclean iteration, the deconvolver
parameter was set to multiscale (Cornwell 2008). We set the
scales for the tclean deconvolution to be [0, 5, 10], correspond-
ing to a point source, a scale of the same size as the synthesised
beam, and twice the synthesised beam. The iterative CLEAN
process is repeated until the peak emission within all masks
in the residual images obtained after subtracting the latest iter-
ation’s CLEAN model was below a threshold of 4 times the
RMS noise level. We adopted this threshold of 4 times the RMS
noise level, in line with the CLEANing methodology of Czekala
et al. (2021), as it ensured no significant disc emission remained
within the mask in each channel while ensuring no artefacts of
the dirty beam was present in the final, CLEANed image, which
we confirmed by visual inspection. As is standard in the CLEAN
process, the final CLEAN model cube was convolved with the
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CLEAN beam and added to the final residual cube to obtain
final image cubes of '>CO and '*CO emission for every disc.
Along with these, we produced FITS files of the final cubes of
the primary beam, the mask used, and the residuals’.

For the five discs with previously detected gas (HD 9672,
HD 32297, HD 121617, HD 131488, HD 131835), the imaging
pipeline led to beam sizes ranging from 70 to 150 mas (corre-
sponding to physical scales projected on the sky of 8 to 16 au)
for 2CO and 70 to 160 mas (corresponding to physical scales
projected on the sky of 9 to 18 au) for '3CO. The RMS levels in
the '2CO cubes ranged between 3 to 5 mJy/beam and from 0.6 to
1.0 mJy/beam in the 13CO cubes (Table B.1).

For the 13 discs not previously known to host CO gas, we
only ran the first two tclean rounds without masking or decon-
volution. This led to beam sizes between 130 and 950 mas
(corresponding to physical scales projected on the sky of 9—
62 au) for '>CO and 140-1000 mas (corresponding to physical
scales projected on the sky of 10-65 au) for '*CO. The noise lev-
els were in the range of 0.4—1.6 mJy/beam in the '>CO cubes and
0.5-1.6 mJy/beam in the '*CO cubes (Table B.1).

While we do not include 8 Pic in the analysis in this paper
as the archival data covers a different CO line and has a different
spectro-spatial resolution to the ARKS targets, the archival data
included in the ARKS sample of this disc was imaged in the
same manner described here (with Briggs robust parameter set
to 0.5) in order to be included in other ARKS papers (see Marino
et al. 2026b; Milli et al. 2026).

3. Results
3.1. Image galleries

To best display the spectro-spatial structure of the ARKS gas-
bearing sources, we created three different moment maps of each
system; the line of sight peak velocity map (henceforth peak
velocity map), the spectrally integrated-intensity map (hence-
forth integrated-intensity map) and the peak intensity/brightness
temperature map. The peak velocity map displays the velocity
field of the disc, in other words, the projected line-of-sight veloc-
ity (in the barycentric frame) of the gas in any given pixel. To
calculate this, we fit a quadratic function to the peak and its two
neighbouring channels in each of the pixels’ spectra, and take
this velocity of peak emission to describe the bulk velocity of the
gas in each pixel. In the absence of a double-surface morphology
typical of a protoplanetary disc — such as that produced by CO
freeze-out in the disc midplane — the velocity structure along
each line of sight can typically be approximated by a single-
peaked emission profile. In this case, a simple quadratic fit to
the line profile at each pixel yields a reliable estimate of the bulk
gas velocity. Using this quadratic fitting method has been shown
to be better than using the intensity weighted average veloc-
ity method implemented by CASA for inferring line centroids
(Teague & Foreman-Mackey 2018).

The peak velocity maps for '>CO and '*CO are shown in the
second and fifth column in Fig. 1, respectively. To ensure a good
balance of reducing the noise from disc-free pixels while retain-
ing velocity field information where the disc is faint, we clipped
velocity values in pixels where the peak of the emission was
detected at a significance below 3.5 0. We take the maximum
of this quadratic to be the peak emission (in mJy beam™!) in the

I 'We make these available to the community at https://doi.org/
10.7910/DVN/PXGNNZ and the imaging pipelines can be found on
https://arkslp.org/
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spectrum of each given pixel. We converted the peak intensity
maps to peak-brightness temperature, Ty, units using Planck’s
law. This leads to the brightness temperature maps in Fig. 1 (third
and sixth columns), where a smoothing of 10 channels has been
applied to the '>CO maps as a compromise between S/N and
retaining as accurate a measure of peak Ty as possible, though
formally this leads to a slight underestimate of the brightness
temperature.

Finally, we applied spectro-spatial shifting to the cube; this
consists of shifting each pixel’s spectrum so that its emission
peak, originally located at the velocity shown in the peak veloc-
ity maps, was relocated to the stellar velocity. In particular,
we spectrally integrated over all channels in the shifted cube
where the disc was detected above 4 o, which significantly
reduced the number of channels containing disc signal to inte-
grate over to create the integrated-intensity map of the discs.
This consequently significantly increased the S/N of the final
integrated-intensity maps.

All three moment maps for each gas-bearing system are
shown in Fig. 1 for 2CO and '*CO, ordered by right ascen-
sion (RA) from top to bottom. We detect at high S/N and resolve
12CO and "*CO in each system over tens of resolution elements,
with a variety of radial and vertical structure features seen in the
integrated-intensity and the brightness temperature (peak inten-
sity) maps, and the expected Keplerian velocity fields seen in the
peak velocity maps.

3.2. Spectral and radial profiles

We created 1D spectra of '>CO and '*CO emission by spatially
integrating the cube intensity between an inner and outer radius
for each of the gas-bearing discs, using Gofish (Teague 2019).
We iteratively varied the radii until all detectable emission was
included. The resulting spectra, which are shown on the left col-
umn of Fig. 2, reveal the typical double peaked profile expected
for a disc in Keplerian rotation around the central star. These
spectra were shifted to the stellar velocity of each system — the
stellar velocity was measured from the spectro-spatially shifted
spectra, which will be discussed in Sect. 3.3.

We also extracted azimuthally averaged intensity profiles of
the '2CO and '>CO emission in each disc, seen on the right
hand side of Fig. 2. To create these profiles, we split the disc
emission into concentric elliptical annuli, le of the beam’s major
axis wide, each corresponding to a radial annulus in the orbital
plane, accounting for the discs’ inclination and position angle
(Table C.1). For each radial annulus, we spectro-spatially stacked
the emission by first shifting spectra in each of the annulus’
pixels by the negative of their expected Keplerian line of sight
velocity, and then averaging all the spectra from the annulus’
pixels. We then integrated over the spectra to extract the inten-
sity of the line at each radius, in mJy beam™' km s~!, which
we converted to mJy arcsec™> km s~! to allow direct compar-
ison between discs. This was implemented through Gofish’s
radial_profile function.

We find two of the gas-bearing discs, HD 32297 and
HD 131488, to be too close to edge-on for the above technique
to successfully produce radial profiles in the orbital plane; this
is because for edge-on discs it is not possible to uniquely map
an image pixel to an orbital radius (for a given inclination and
PA). Therefore, we here present non-deprojected (on-sky) radial
profiles (Fig. 2). These were created by averaging spectrally inte-
grated emission perpendicular to each disc’s midplane, within a
region +0.3, 0”2 perpendicular to the midplane of each disc,
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Fig. 1. 2CO (left) and '3CO (right) emission of the five gas-bearing disks in ARKS, HD 9672, HD 32297, HD 121617, HD 131488, and HD 131835
(from top to bottom). The first and fourth column in each row shows the spectrally integrated-intensity map of each disc for '?CO and '3CO,
respectively. The minimum line intensity of these integrated-intensity maps was set at 0 mJy km s~! beam™!. The second and fifth columns shows
the peak velocity map of each disc for '>CO and '*CO, respectively. Each is centred on the stellar velocity of the systems, and any pixel outside of
the velocity range shown in the colour bar is set to black. The peak-intensity (brightness temperature) map of each disc is shown in the third and
sixth column for '>CO and '3CO, respectively. The minimum brightness temperature shown in the colour bar is the mean of the emission far from
the discs. The ellipse in the lower left corners of the maps is the synthesized beam of the observations. The white scale bar in the bottom right

corners indicates 50 au.

respectively, and taking the mean for each vertical stack of pix-
els. As there are significant differences in the emission between
the two sides of HD 32297, which could indicate a potential
asymmetry requiring confirmation, we plot the radial profiles
from both sides of this edge-on disc for '2CO and '*CO in
Fig. 2. As there is no significant differences between both sides
of HD 131488’s disc, we plot the average radial profiles '>CO and

13CO in Fig. 2. To measure the uncertainty on these radial pro-
files, the vertical averaging method was applied to many equally
sized, £0”3, (/2 slices of the image, in noise-only regions of
the image to measure the noise in the background. This region-
drawing and averaging (bootstrapping) was repeated many times
in different parts of the image and the standard deviation of each
of the average measurements was measured. Once the standard
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Fig. 2. Left column: spatially integrated spectrum of the '2CO(3-2) (red) and '3CO(3-2) (blue) emission from HD 9672, HD 32297, HD 121617,
HD 131488, and HD 131835 in the barycentric velocity frame. The >CO spectra are additionally shown smoothed with a running mean (window
size = 20), chosen to remove noise variation while preserving spectral features. Right column: radial profiles for the same discs. Radial profiles
for HD 9672, HD 121617 and HD 131488 were created by azimuthally integrating the emission in each disc. The radial profiles for HD 32297 and
HD 131488 (marked by *) are surface brightness profiles as a function of projected separation from the star along the major axis (rather than as
a function of radius). For HD 32297, the radial distribution varies for each side of the discs so both sides are shown, in both '>CO and '*CO. For
HD 131488, there is no significant differences between both sides of the disc, so an average radial profile is shown. The black radial profiles show
the CLEAN dust profiles (Han et al. 2026). In each panel, the minimum value of R corresponds to the first resolution element of the observations.
The red, blue and black horizontal bars indicate the resolution of the observations.

deviation of each of the average vertical measurements con-
verged to a constant value for each vertical stack of pixels, it was
taken as the error on each radial position in the radial profile.
The resulting radial profiles of each disc are shown in the
right column of Fig. 2, and are compared to the continuum
radial profiles from the same ARKS ALMA data (Han et al.
2026). Radial profiles comparing the gas distribution with the
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millimetre-sized dust grains observed with ALMA and with
smaller, micron-sized dust grains observed in scattered light/NIR
with SPHERE are presented in Milli et al. (2026).

As can be seen in Fig. 2, in each system the '>CO gas appears
to extend in all the way to the star. Thus, we can present an upper
limit on the inner radius, ry;,, in each system, being half the
resolution element (beam size) of our observations. These upper
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Table 1. Upper limits on the inner radii of '>CO, integrated line flux, and corresponding gas masses of '>?CO(J=3-2).

- 12C0O (J=3-2) 13CO (J=3-2) 12C0O (J=3-2) 12C0O (J=3-2)
m[‘;u]co Integrated Line Flux  Integrated Line Flux  7ico << 1Mass Tico = 77 Mass

[Jy km s!] Uy km s7'] [107*Mg] [1072Mg]

HD 9672 3 89+09 3003 2.8+0.3 22+02
HD 32297 68 37+04 1.3+0.1 5.8+0.6 45+0.5
HD 121617 28 36+04 1.5+0.2 4.6+0.5 35+03
HD 131488 6 27+03 1.3+0.1 59+0.7 45+0.5
HD 131835 21 1.9+0.2 0.61 = 0.06 29+03 22+02

Notes. Upper limits on 7, correspond to the highest velocity and on-sky along-midplane distance from the star at which a 3 o detection is achieved
anywhere in each system. Integrated line fluxes were measured by spectro-spatially stacking the spectra of the ARKS gas-bearing targets. '>CO gas
masses derived assuming '2CO are optically thin (t1,co << 1) and assuming that the 2CO and '*CO is optically thick, and the 2CO/"*CO ratio is
77 (ISM-like). The optically thin gas mass was calculated using Eq. (2) in Matra et al. (2015) and by taking the peak-brightness temperatures from
the peak-brightness temperature maps. Optically thin masses were scaled by the ISM '2CO/'3CO ratio to calculate the optically thick mass.

limits are in the few au range, from 4.2 au around HD 9672 to
8.3 au around HD 131488. We note that for the edge-on systems
HD 32297 and HD 131488, this is based on the sky-projected
profile and should not strictly be interpreted as an orbital radius.

To more accurately estimate an inner radius for all systems,
we therefore present an alternative approach where we calcu-
late the orbital radius corresponding to the highest velocity and
on-sky along-midplane distance from the star at which a 3 o
detection is achieved anywhere in each system, accounting for
the stellar mass and system inclination (see Appendix C in Matra
et al. 2017a). This is applicable to systems with any inclination
and leads to a likely better estimate for the inner '>CO radii
of each system (though still formally an upper limit as fainter
emission may extend further in) and is reported in Table 1.

Figure 3 shows how the '2CO/"*CO (spectrally integrated
intensity) ratios change with radius for the gas-bearing sources.
We only calculated this ratio in regions where both '2CO and
13CO are at least marginally detected; in other words, out to the
radius at which point the '*CO radial profile is detected above the
2 o level. This threshold was chosen as it gave the best compro-
mise of showing the '>CO/!3CO ratio without displaying radii
with high uncertainties due to the '*CO becoming undetected.
Note that for the edge-on systems, the ratio radial profile is on-
sky (non-deprojected) and was calculated for both sides of each
disc. As we found no significant differences in the ratio radial
profile between the two, in Fig. 3 we present an average of the
two sides.

We find that the '>CO/'*CO intensity ratios at the radial '>CO
intensity peaks of each system are ~2.0-5.5, and are well con-
strained with typical uncertainties of +6-33% at the peak of the
12CO radial profiles. Additionally, we do not find a strong depen-
dence of the ratio with radius, within the fractional error, with
ratios changing only by a factor ~2-3 across broad radial ranges
of ~120-160 au. The implications of these findings are discussed
in Sect. 4.2.

3.3. Spectro-spatial shifting and stacking

Of the 18 discs in the ARKS sample, thirteen were not previously
known to host any gas. To investigate whether these discs have
any detectable CO gas, we ran the first two tclean rounds on
each disc to create the dirty image cubes (with the robust param-
eter set to two to ensure the highest possible S/N) without any

CLEAN deconvolution, as no signal was obviously present from
visual inspection of the cubes.

To further boost the S/N and extract signals that would be
too faint to see in each channel and in single resolution ele-
ments, we carried out spectro-spatial stacking (Yen et al. 2016;
Teague et al. 2016; Matra et al. 2017b) using the GoFish pack-
age (Teague 2019). To spectro-spatially stack the emission, we
assigned a sky-projected line-of-sight velocity to every pixel
under the assumption of Keplerian rotation and that the CO
emission is co-located with the dust emission. Given the known
disc inclination, position angle (PA), both derived from MCMC
sampling carried out by Marino et al. (2026b), and stellar mass,
estimated as described in Appendix A in Marino et al. (2026b),
the spectrum in each pixel was then shifted by the negative of
its assigned sky-projected (line of sight) Keplerian velocity to
the spectral (stellar) velocity (using literature values as listed in
Table B.1). The minimum and maximum orbital radii of pix-
els to be shifted and stacked were selected by 7iinjmax as in
Eq. (A.3). For the edge-on systems, as mentioned in Sect. 2, it
is not possible to assign a Keplerian velocity uniquely to each
pixel. Therefore, we conservatively set r,,,;, = 0 to ensure that the
radial selection includes all on-sky pixels that are likely to con-
tain emission. For the gas-free systems, the spectro-spatial shift
was repeated twice, once assuming an orbital inclination i (from
the known geometry of dust emission) and once with inclination
i + 180°, to account for the two possible rotation directions of
the disc.

Once all the spectra in the different pixels are aligned in
velocity, they can be summed to significantly boost the S/N, as
demonstrated for the gas-bearing disc HD 121617 in Fig. 4. This
shows the spectrum integrated spatially over pixels that corre-
spond to orbital (as opposed to on-sky) radii between r,,;, and
Fmax, as extracted directly from the image cube of HD 121617 in
blue. We show the same spectrum following the spectro-spatial
stacking (S.S. spectrum) process in red. Thus, if gas is present
in the previously undetected systems, the stacked profile will
present a single peak at the stellar velocity rather than a Kep-
lerian profile, with the same noise level, leading to a significant
peak S/N boost, as demonstrated in Fig. 4.

The spectro-spatially shifted and stacked spectra for each of
the 13 systems where no CO was previously detected are shown
in Fig. D.1 (two spectra plotted to represent each rotation direc-
tion). Despite application of the S/N-boosting spectro-spatial
stacking technique, we do not detect '>CO in any of the systems.
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Fig. 3. Radial profiles of '2CO/"*CO intensity ratios for HD 9672,
HD 32297, HD 121617, HD 131488, and HD 131835 (blue). The >CO
radial profile is overplotted in red to show the gas distribution in each
system. The '2CO/"*CO ratios for HD 32297 and HD 131488 (marked
by an asterisk) were created from the average of the non-deprojected on-
sky radial profiles. In each panel, the minimum value of R corresponds
to the first resolution element of the observations. The black bar indi-
cates the resolution of the observations.

For the gas-bearing disks, to measure the barycentric veloc-
ity of each system, we fitted a Gaussian to the spectro-spatially
stacked spectra such as shown for HD 121617 in Fig. 4. Although
Gaussians are not a perfect fit to the detailed shape of the single
peaks, they are sufficient to determine the velocity centroid of
the emission.
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Fig. 4. '2CO spatially integrated spectrum of HD 121617 (blue) and
its spectro-spatially stacked (S.S.) spectrum (red). The dotted red lines
indicate the velocities in which integration was carried out to calculate
the error on the line flux measurement. V, represents the stellar velocity
of HD 121617, determined by fitting a Gaussian profile to the spectro-
spatially shifted spectrum.

These velocities are presented in Table C.1 and are consistent
with the stellar velocities used in the mask making process. Note
that the uncertainties listed on these velocities are just statisti-
cally based from the Gaussian fit and do not include possible
systematic errors causes by imperfect shifting or asymmetric
disc velocity fields. As a check of the validity of the velocities
measured with this method, we compared to the stellar velocity
of HD 121617 to the stellar velocity measured by Brennan et al.
(2026) for the same star (V, = 7858*% m s™') through fitting a
Keplerian model to the peak velocity map. We found the two
measured velocities to be consistent within 3 o of each other.
Additionally, we checked the stellar velocity of HD 131488 mea-
sured through high-resolution near-IR CRIRES+ spectroscopy
(V. = 5.860*0%% km s~!, Smith et al. 2025), and found it to be

-0.012
also consistent with our measurement.

3.4. Flux and mass lower limit measurements

To measure the line flux of the >CO and '3CO lines in each
of the three non-edge-on gas-bearing discs, we used the spectro-
spatially shifted and integrated spectra described in Sect. 3.3. For
example, the red spectrum in Fig. 4 was used to measure the inte-
grated line flux of HD 121617. This way, we can take advantage
of the narrower line width (for the same spectral RMS before
and after spectro-spatial stacking) to obtain a lower uncertainty
on the velocity integrated line flux.

We integrated over the red, spectro-spatially stacked spec-
trum created and shown in Fig. 4. To include all the emission
while avoiding unnecessary noisy regions, we used the standard
deviation sigma from the Gaussian fit described in Sect. 3.3 to
guide the limits for the integration. We set the limits of integra-
tion to V, =5 0. We then visually confirmed that this covered the
entirety of the line emission from each disc.

We use bootstrapping to calculate the error on these line flux
measurements. To do so, we repeat the integration to calculate
the error on this line flux measurement a large number (>100)
of times over the exact same number of channels as the actual
measurement, but in noise-only regions of the spectro-spatially
stacked spectrum. We choose the standard deviation of these
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bootstrap integrations as the statistical uncertainty on our line
flux measurement. The number of iterations over which the inte-
gration was repeated was set by visually inspecting the standard
deviations of the integration and was accepted as the error once it
had converged to a constant value, making sure to use a sufficient
number of noisy regions to allow this standard deviation value to
converge. This statistical uncertainty was then added in quadra-
ture to the systematic flux density calibration error associated
with ALMA band 7 observations, which is 10% of the mea-
sured flux (Cortes et al. 2023); we find that the flux calibration
systematic dominates the uncertainty for all discs.

For the edge-on gas-bearing systems, this method of mea-
suring the line flux was ineffective, as due to their edge-on
inclination, emission above and below the midplane was missed
in the shifting and stacking process. Thus, to measure the inte-
grated line flux for the two edge-on systems, we simply spatially
integrated the intensity over the region where disc emission is
present. For HD 32297 and HD 131488 respectively, the regions
chosen were (78 x 500) au and (61 x 500) au boxes with the
long sides along the midplane and short sides perpendicular to
it, centered on their respective stellar positions. We obtained the
integrated flux uncertainty by multiplying the RMS in the spec-
trally integrated intensity maps (in units of Jy km s~ beam™") by
the square root of the number of independent resolution elements
(beams) in the respective boxes, and added this in quadrature to
the systematic absolute flux calibration error, where the latter
dominates the error budget. The integrated line fluxes of '2CO
and '3CO for gas-bearing discs are presented in Table 1.

We used Eq. (2) in Matra et al. (2015) to calculate the '>CO
optically thin (ti2cg << 1) gas mass in each disc using the inte-
grated line fluxes. The calculation requires knowledge of the
upper level (in our case, J=3) population of the CO molecule.
For simplicity, we calculate this assuming local thermodynamic
equilibrium (LTE) and a CO excitation temperature equal to the
peak-brightness temperature measured from the '2CO brightness
temperature maps. If the gas is optically thin, this will lead to
an underestimation of the excitation temperature (as T < Texc),
but that would mean that the masses presented in Table 1 remain
lower limits as higher Ty would lead to higher derived masses.
These values (Table 1) are of order ~1-6 x 107* M. The rela-
tionship between this optically thin mass and the one that would
be derived for any optical depth value is

Mcomick = 7 mff?z M2co thins 3)
—e co

with the caveat that this is in the simple assumption of a disc of
spatially uniform CO density and temperature. This allows us to
also report a mass in the assumption that the '2CO is optically
thick with an assumed optical depth of 77 (Table 1), motivated
our findings in Sects. 4.2—4.3, showing that the '>CO/!"3CO ratio
radial profiles are likely explained by both isotopologues being
optically thick everywhere they are detected in the majority of
systems. Then, if 1*CO is optically thick, its optical depth is at
least 1. If the ISM '2C/!'3C abundance ratio of 77 applies, that
implies that the '2CO optical depth must be at least 77 (Wilson
& Rood 1994). As such, our mass derived in the assumption of
a '2CO optical depth of 77 is to be considered a lower limit in
a scenario where both '2CO and '3CO are optically thick, which
we deem likely for most detected systems.

For the discs with non-detected gas, we calculated upper
limits of the 'CO integrated line flux by using the same
bootstrapping method as described above, applied to the spectro-
spatially shifted spectra in Fig. D.1. We spectrally integrated
over 7 km s~! wide noisy regions, located in random regions

of each spectrum, and measured the standard deviation of the
bootstrapped samples to derive the uncertainty o on the spec-
trally integrated flux of any line, if present. We chose 7 km s~!
because the gas-bearing spectro-spatially stacked spectra were
on average 7 km s~ wide across a range of disc radial profiles
and inclinations. We used this to set 3 o upper limits on the line
flux for all our undetected discs, presented in Table D.1. Given
that '>CO is not detected, we do not report upper limits for the
rarer '*CO isotopologue, as it would not be detected either.

4. Discussion
4.1. Radial CO distribution

With the high spatial resolution ARKS delivers, we were able to
extract resolved radial profiles for the gas-bearing discs. Remark-
ably, we find that in all systems the CO emission is significantly
broader and extends much closer to the star compared to the
dust emission. Of the five gas-bearing discs in ARKS, only
HD 121617 has a ring-like appearance, though even this disc has
gas interior to the dust ring, with emission rising again inwards
of a radial minimum at ~34 au (Fig. 2). Interestingly, in each of
the gas-bearing discs, the CO intensity distribution peaks inte-
rior to the millimetre-sized dust grains observed within ARKS.
This could be an optical depth effect if the gas in each disc is
optically thick, or an indication that the gas release is modulated
by the temperature of solids which is higher closer to the star
(Bonsor et al. 2023). In three discs, HD 9672, HD 32297, and
HD 131488, we see large differences (>40 au) in the peak loca-
tions between the CO and the dust (Fig. 2). In HD 121617 and
HD 131835, we see smaller, but still significant, offsets between
the gas and the millimetre-sized dust grains.

This raises the question of whether CO can be continuously
produced in a second-generation scenario, given it is not entirely
co-located with the dust (Koéspdl et al. 2013). However, gas
released from exocometary ice is expected to viscously spread
radially inwards and outwards of the belt (Kral et al. 2016). For
12CO to have time to spread (as opposed to the long-lived atomic
dissociation products), significant amounts of shielding would
need to be in place. This is because for CO gas to persist past
~130 years (the unshielded CO photodissociation timescale due
to interstellar FUV photons) a shielding agent such as H,, C, or
CO itself is required (Heays et al. 2017; Matra et al. 2015). The
fact that we observe the CO to be broad/spreading throughout
these systems means it must be shielded in the vertical direc-
tion from the Interstellar Radiation Field (ISRF) and in the radial
direction from stellar UV photons, as in regions sufficiently close
to the star, stellar photons dominate the UV field and photodis-
sociation processes. In order for the gas to persist and inwardly
propagate in this region, its shielding against the stellar UV
photons must also be efficient enough (especially for HD 9672
and HD 131488, where the CO gas is present very close to the
luminous star). This shielding could be done by CI and/or CO
self-shielding (Marino et al. 2020). Therefore, in a secondary-
generation scenario, the observed broad CO radial profiles of
these CO-bearing discs can only be explained if the CO and/or
CI column densities are sufficiently high to provide significant
shielding or the viscosity of the gas is sufficiently high to allow
the gas to spread within its photodissociation timescales. On the
other hand, the CO could be primordial in origin, with large
amounts of unseen H, shielding it. Whether the gas is primor-
dial or secondary in HD 121617 is further discussed in Brennan
et al. (2026), Marino et al. (2026a), and Weber et al. (2026).
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4.2. Resolved isotopologue ratios and optical depth

The '>CO/'3CO intensity ratio was radially resolved in each
of the gas-bearing discs and are found to be between ~2.0—
5.5 at the peak '>CO locations, which also corresponds to the
peak location for '*CO in all systems but HD 9672 (Figs. 2
and 3). These low peak or otherwise disc-averaged '2CO/!*CO
line ratios were previously interpreted to indicate optically thick
12CO as they are much lower than the expected values from the
ISM, 2C0O/"3CO = 77 (Wilson & Rood 1994). Interestingly, we
find most ratio profiles in Fig. 3 to be consistent with being radi-
ally flat across the entire radial region where '3CO is detected at
the 20 level (note that the shaded region shown in Fig. 3 is +10°).
This radial change of the isotopologue ratio can be interpreted in
terms of the optical depth of the five gas-bearing systems.

If we assume that optically thick '>CO is co-located with
optically thin '*CO, that the CO is in local thermodynamic equi-
librium (LTE), and that T = Ti2co = Ti3co, We could write the
specific intensity of the line describing the spectrum at a specific
radius as

Ly, = Su(T), €]
I, =S8,T)1 - e o), )

V3co
where the source function is equal the Planck function, S,(T) =
B,(T), as the gas is in LTE and T3¢ is the optical depth of the
13CO. This assumption is based on previous studies where the
12CO was calculated to be very optically thick in all discs but
where 13CO was assumed to be optically thin (e.g. HD 9672,
HD 121617; Moor et al. 2017, 2019). This relation still holds if
we do not assume LTE for the co-located '>CO and '3CO if they
are subject to the same excitation conditions. Accordingly, we
arrive at the following expression for the specific intensity ratio:

IVlZCO — l_T - l (6)
IV13C0 1 — e M3co Ti13CO

as Tico << 1 for optically thin '3CO. We know that the optical
depth is proportional to the column density of the gas, Ti3cg
Nisco, and therefore that the '3CO specific intensity is also pro-
portional to the column density, 1,,, o Nisco. Thus, if we see a

decrease radially in optically thin '3CO specific intensity from a
peak, this indicates a decrease in '*CO optical depth and column
density; in turn, from Eq. (6) above we should see an increase
in the '2CO/'3CO specific intensity ratio. Overall, for optically
thick '2CO and optically thin '3CO, a decrease in '3CO intensity
should be accompanied by an increase in the '>?CO/'3CO specific
intensity line ratio.

We highlight that in Fig. 2 we are showing the spectral inte-
gral of specific intensity (i.e. the intensity /) rather than the
specific intensity 7, discussed above, and that the line ratio pro-
files in Fig. 3 also show ratios of intensities rather than specific
intensities. However, a similar behaviour as described above
would be expected for intensity ratios as for specific intensity
ratios, as the integral of an optically thick line changes much
more slowly than an optically thin line. In conclusion, this indi-
cates that the flat intensity ratios with radius shown in Fig. 3 rule
out that the '>CO is optically thick and co-located with optically
thin 13CO.

Radially flat '>CO/!*CO ratios can thus be explained if
both isotopologues are optically thick everywhere they are sig-
nificantly detected, as inferred by Brennan et al. (2026) for
HD 121617. In this case, both '>CO and '*CO specific inten-
sities (and also integrated intensities) would trace the radial

A198, page 10 of 20

temperature distribution, which is likely to be monotonically
decreasing with radius (e.g. '>CO for HD 9672, and both iso-
topologues for HD 131488). It is important to note that if both
isotopologues were optically thick, the underlying abundance
ratios would be completely unconstrained. On the other hand,
it remains formally possible that for discs other than HD 121617
both isotopologue lines could be optically thin everywhere they
are detected. However, it is not clear what physical mechanism
could be responsible for such a large change in the abundance
ratio from the ISM abundance ratio, if both isotopologues are
optically thin.

Thus, to explain our largely radially constant (within +10)
12CO/"CO ratios, both isotopologues have to be either optically
thick, or optically thin, at every location where they are detected.
To break this degeneracy, radiative transfer modelling needs to
be carried out, as in Brennan et al. (2026) for HD 121617.

Interestingly, Zhang et al. (2021) found the '>CO/'*CO ratio
to be ~2—4 (see their Fig. 2, top two rows) in the gas-rich pro-
toplanetary discs observed in the ALMA MAPS large program,
which they interpreted to be due to the optical thickness of the
CO gas. Combining this with the results of Brennan et al. (2026),
it is likely that we are observing the same phenomenon with
our comparably low '>CO/!3CO ratios being caused by optically
thick gas in each of the gas-bearing discs included in this study.

4.3. Temperature and CO mass estimates

If 2CO and 3CO are optically thick, the peak intensity
and therefore brightness temperature is a direct probe of the
excitation temperature, which if in LTE, also corresponds to
the gas kinetic temperature. Interestingly, we measure peak-
brightness temperatures of ~25-50 K from the '>CO peak-
intensity/brightness temperature maps (Fig. 1). Each measured
peak-brightness temperature is lower than the corresponding
blackbody temperature at the discs’ peak radial location (which
range from 54 K < Tgg < 137 K), which is consistent with what
was found with lower resolution observations of gas-bearing
debris discs (e.g. Modr et al. 2019).

This difference in temperature could be caused by several
mechanisms: the first possibility is that LTE does not apply and
thus the kinetic temperature might be higher and closer to the
black body temperature. This could be caused by low gas densi-
ties (e.g. in the absence of Hy) in which case, these temperatures
could be lower limits to the gas kinetic temperature. The second
possibility is that LTE does apply but differing heating/cooling
processes (decoupling) of gas from dust is causing the difference.

With co-located optically thick '?CO and '*CO, we could
naively expect the measured peak-brightness temperatures of
both isotopologues would be equal (as we would expect Ti2co =
Tico = Texe = Tg). However, as can be seen when comparing
between the peak-brightness temperatures for '2’CO and 3CO
for the majority of the discs (Fig. 1), there is a factor of ~2 dif-
ference between the peak-brightness temperatures between '2CO
and *CO. This is likely due to the much lower spectral resolution
in the 13CO observations; the saturated line was convolved by the
lower resolution element, and thus the resulting observed peak
intensity/brightness temperature would be lower that the true
peak intensity/brightness temperature. An example that poten-
tially showcases this issue is HD 131488, in which the local line
profiles are wider and therefore better resolved, likely because
the gas extends closer to the star where broadening by Keplerian
shear is more significant (Brennan et al. 2026, Appendix A); the
13CO line was resolved and in this disc, we observe comparable
peak temperatures for both '2CO and '3CO.
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Fig. 5. Line flux of ?CO (J=3-2) scaled to 100 pc as a function of
the stellar age. The pink points show >CO (J=3-2) fluxes measured in
this work, the green points show archival '2CO (J=3-2) fluxes, and the
purple points show archival '2CO (J=2-1) fluxes that were scaled by the
average '>CO J=3-2/]=2-1 ratio of all discs for which both lines were
observed (1.67). The archival sources and the corresponding references
are listed in Table E.1. The circles represent resolved data points, and
the triangles represent upper limits on '2CO.

As many of the '>CO/'3CO intensity radial profiles can be
explained by both isotopologues being both optically thick or
both optically thin, in Sect. 3.4 (Table 1) we reported '>CO
masses for both scenarios. In the optically thick case however,
it is not formally possible to directly determine CO gas masses
from line fluxes, so we calculated an optically thick mass assum-
ing Tiecog = 77. This assumption is based on the fact that if
12CO is optically thick, then '3CO must be as well (ti3¢o >>
1), as demonstrated in Sect. 4.2. Assuming ISM abundance
ratios (2CO/'3CO = 77, Wilson & Rood 1994), Ti2cq = 77113¢0,
and therefore Ti2cq >> 77. Therefore, our reported Tico =
77 masses, while giving a more realistic idea of the '>CO optical
depth if both isotopologues are thick, should be interpreted as
lower limits, as Tiscg is potentially much higher than 1.

4.4.2CO (J=3-2) population study

To compare the ARKS sample to the broader population, we
combine ARKS line fluxes (including 13 upper limits) with any
archival discs observed with ALMA with a reported line flux
for the '2CO J=3-2 line. We also include archival '>CO J=2-1
ALMA observations by scaling the '2CO J=2—1 line flux by the
average of the 12C0O J=3-2/J=2-1 ratio (= 1.67) of all discs with
both lines observed.

We scaled all line flux measurements to 100 pc to compare
the intrinsic line luminosity of all discs. Figure 5 shows the
scaled line fluxes as a function of system age. We see that gas
detections are mostly found in systems younger than 50 Myr,
though Fomalhaut (440 + 40 Myr, Mamajek 2012) and n Corvi
(HD 109085, 1500* 1990 Myr, Pearce et al. (2022) and references
therein) are notable exceptions. Although the figure shows there
is a clear trend of detection rate with age, no trend is present
within detected systems, which could be due to a large scatter
caused by different system properties and/or evolution pathways.

In Fig. 6, we show the relationship between the scaled line
fluxes and the fractional luminosity of the discs. We observe a
positive trend in which discs with higher fractional luminosities
correspond to the gas-bearing debris discs implying that systems
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Fig. 6. Similar to Fig. 5, but for the line flux of '>CO scaled to 100 pc
as a function of the fractional luminosities (L ,/L.) of the systems.

in which the most dust is being released/created corresponds to
the systems with gas in the discs. This could indicate a secondary
origin for the gas in these systems as the CO gas could origi-
nate in the same collisional cascade that creates the dust (Matra
et al. 2019a). However, this could simply be a consequence of
the age trend, given that younger systems will typically also have
larger fractional luminosities due to collisional evolution (e.g.
Wyatt et al. 2007b). Nonetheless, the presence of upper lim-
its for the highest fractional luminosities (and youngest ages)
implies there is a large amount of scatter for dusty/young sys-
tems, which again could be caused by different system properties
and/or evolutionary pathways (Marino et al. 2020).

4.5. Individual discs

For a discussion on each individual disc, their unique CO
distributions and comparisons with previous, low resolution
observations, please see Appendix F.

5. Conclusions

We presented the ALMA '>2CO and '3CO observations of 18
debris discs in the ARKS sample. Our conclusions are listed
below:

— The distributions of '2CO and '*CO are observed to be
broader than the continuum in each of the five gas-bearing
discs in our sample. In each disc, the CO peaks interior to
the dust, although the offset between the dust and gas varies
with each system. The radial distribution for CO is much
broader, and we detected CO that extended in as far as the
inner resolution element of the observations in all systems.
We calculated velocity-based upper limits to the inner disc
radii of 3—68 au;

— We presented radially resolved '>CO/!3CO isotopologue flux
ratios for the five gas-bearing discs in our sample. This
allowed us to infer the optical depth of the CO. Based on
the '2CO/!3CO ratios that are consistent with being radi-
ally flat at the 30~ level presented for HD 32297, HD 121617,
HD 131488, and HD 131835, we rule out that '>CO is opti-
cally thick and co-located with optically thin '3CO. We
instead conclude that the isotopologues are either both opti-
cally thick or both optically thin in the discs. HD 9672 alone
shows different radial profiles for '>CO and '3CO, which
could imply optically thick '>CO with optically thin '3CO.
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This is further supported by the shape of its global spectral
line profile;

— We measured the integrated line flux of '>CO and '3CO in
each gas-bearing system. Based on this, we calculated the
optically thin and optically thick masses of '2CO. The opti-
cally thick masses should be considered a strict lower limit
because they were calculated by assuming ISM ratios of
12C0O/3CO and that Ti2¢ = 77, which is likely an underesti-
mate of Ti2co, and a higher T2 would increase the optically
thick mass we calculated;

— We conducted a deep search for '>CO in the 13 gas-free discs
in the ARKS sample and did not detect CO in any of them.
This allowed us to set strict upper limits on the integrated
line flux in these 13 systems;

— We combined ARKS-derived CO J=3-2 line luminosities
(or upper limits) with literature values to confirm that gas is
preferentially detected in younger systems and/or in systems
with a high fractional luminosity, but we highlight the large
scatter in the line luminosities within the cohort of systems
that are younger or have a higher fractional luminosity. This
could potentially be caused by a range of host star properties
and/or evolutionary pathways.
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Appendix A: Keplerian mask creation

We created the Keplerian masks used in the CLEANing process
through the keplerian_mask package (Teague 2020), with disc
and stellar parameters as in Table C.1. As the CO lines at any
given disc location, or pixel on the sky, are not infinitely thin in
the spectral direction, we need to account for their intrinsic line
widths, dV, in the mask-making process. We assume the intrinsic
line width is set by Doppler broadening, with

kgT
dV = 20, V21In2 where o, = |/ —=—, (A.1)
mco
where mco is the mass of a CO molecule in kg. For simplicity we
take the temperature T of the gas to be the same as blackbody-
like dust, leading to

LO.S
T =278.3K X
r

(A.2)

where L, is the luminosity of the star in solar luminosities (L)
and r is disc radius in au. The assumed inner and outer radii of
the CO discs for the mask are

Fmid £ 207, Ar
—— where o, =

d 24212

and d is the distance to the system in pc. ryiq is the radius to
the centre of the disc and Ar is the FWHM of the disc, both in
au. As an initial guess, we take ryq and Ar for the dust grains’
distribution in each system (Table 3, Marino et al. 2026b).

The mask was then convolved with a Gaussian kernel of
FWHM equal to nbeams times the synthesised beam by using
make_mask’s nbeams parameter. This ensures the mask covers
more area than just the area covered by the Keplerian orbit. This
parameter, effectively setting the area of the mask per channel,
was adjusted after visually inspecting the cube to ensure all of
the emission was included in the masks. Any inaccuracy in our
assumptions to create the mask (e.g. gas radius, width, tempera-
ture, etc) are mitigated by the conservative choice of the nbeams
parameter smoothing in the final convolution step, which varied
between 1.5 — 10, depending on the system. The nbeams param-
eter was particularly large for edge-on discs, for which it is not
possible to assign a unique sky-projected velocity to each pixel,
as each pixel probes a large range of orbital radii and azimuths.
Examples of the mask surrounding the emission are shown in
Fig. A.1, in which we show how the '>CO emission in HD 121617
was masked in a few example channels from the image cube.

(A3)

Fmin/max [”] =

Appendix B: Beam information
Appendix C: Disc parameters for ARKS

Appendix D: Spectra and upper limits for
non-detected discs

Appendix E: Archival 1>CO integrated line fluxes

Appendix F: Discussion on individual discs
Appendix F.1: HD 9672 (49 Ceti)

HD 9672 is the only system for which the peaks of the 2CO and
13CO are not co-located (Fig. 2). The 2CO is centrally peaked
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Fig. A.1: The Keplerian mask used during the imaging process
shown here on channels from the HD 121617 '>CO image cube.
The mask is created using stellar parameters (see Table C.1)
assumes the gas is moving in Keplerian rotation around the star.
The masks were created using the keplerian_mask package
(Teague 2020). The ellipse in the lower left corners is the syn-
thesized beam of the observation.

at ~33 au, the 13CO peaks much farther out in the system, at ~73
au, while the dust continuum peaks at 135.2 + 1.9 au (Marino
et al. 2026b). Both '2CO and (marginally) '*CO are detected all
the way to the central resolution element of the observations (the
velocity-based inner radius of the '>CO is ~3 au) and out as far
as ~200 au. The difference in peak locations between '>CO and
13CO could be an effect of the '>CO being optically thick, while
the '*CO is optically thin. Optically thick '>CO would trace the
temperature radial distribution (hotter closer to the star), while
the optically thin '3CO traces more closely the surface den-
sity of the gas. HD 9672’s '2CO/!*CO ratio displays (at least
marginally) what we would expect from optically thick '>CO co-
located with optically thin '3CO, with the ratio at its lowest at the
peak location of the '*CO and increasing away from the peak.

In its 1D spectral profiles (Fig. 2, left column), we see the
12CO shows a very steep, V-shaped profile interior to its two
spectral peaks, whereas '3CO shows a shallower, U-shaped pro-
file. This is further evidence towards '>CO being optically thick
with optically thinner '*CO (Horne & Marsh 1986), making
HD 9672 unique in the ARKS sample. 3D radiative transfer
modelling and an analysis of the local line profiles is needed to
determine the optical depth and more accurately determine the
gas mass in this system, similar to what is presented in Bren-
nan et al. (2026) and Jankovic et al. (2026) for HD 121617 and
HD 131835.

Hughes et al. (2017) had previously measured the integrated
flux of the '>CO (3-2) in HD 9672 to be 6.0 + 0.1 Jy km s~!
(though the 10% flux calibration uncertainty is not included
in this error bar), measured from the flux enclosed by the 30
contours on their integrated-intensity map. With the improved
spectral and spatial resolution, we have measured a higher value
of the integrated flux of '>CO in the disc to be 8.9 +0.9 Jy km s~
The increased value is likely due to the 3 o contour measurement
by Hughes et al. (2017) missing some extended, low-level emis-
sion of the outer disc. They calculated an expected outer radius
of the CO emission to be ~220 au. With the improved spectral
and spatial resolution offered by ARKS, we can reduce this outer
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Table B.1: Overview of the beam information for the ARKS '2CO and '3CO line observations. Omaj 18 the major axis and 6, the
minor axis of the synthesised beam. The beam size listed is the mean size of the beam.

12CO (13 m 57! channels) 13CO (443 m s~! channels)
Gas-Bearing Discs Ot '] X O[] Beam Size Beam PA RMS Ot ['] X Ouin[] Beam Size Beam PA RMS
may min [au] [°1 [mJy/beam] | “™¥ min [au] [°] [mJy/beam]
HD 9672 0.16 X 0.13 8.3 -87.5 52 0.18 x 0.15 9.3 89.6 1.0
HD 32297 0.09 x 0.08 11.3 -56.5 3.8 0.09 x 0.08 11.1 -49.3 0.9
HD 121617 0.12 x 0.11 13.5 -76.5 4.7 0.13x0.12 14.8 -72.6 0.8
HD 131488 0.08 x 0.07 11.0 -69.8 2.9 0.08 x 0.07 10.9 -74.3 0.6
HD 131835 0.13x0.12 16.5 86.8 3.9 0.14 x 0.13 18.3 -89.8 0.9
Gas-Free Discs T2CO (423 m s7T channels) B3CO (443 m s7T channels)
HD 10647 0.58 x 0.50 9.2 -65.8 0.9 0.61 x 0.52 9.7 66.1 1.0
HD 14055 0.37 x 0.24 10.4 2.0 0.6 0.39 x0.26 11.0 43 0.8
HD 15115 0.20 x 0.18 9.2 59.0 04 0.22 x 0.20 10.0 58.1 0.5
HD 15257 1.07 x 0.82 473 -39.6 1.5 1.15 x 0.86 50.0 -39.8 1.6
HD 61005 0.33x0.22 9.9 86.4 1.3 0.40 x 0.26 12.0 86.6 1.5
HD 76582 0.80 x 0.67 35.9 61.8 1.0 0.83 x0.70 375 62.1 1.1
HD 84870 0.81 x 0.57 62.2 1.1 0.9 0.85 x 0.60 65.3 1.8 0.9
HD 95086 0.49 x 0.30 38.1 17.2 1.2 0.51 x 0.41 39.8 17.5 1.6
HD 109573 0.14 x 0.12 9.5 83.6 1.3 0.16 x 0.15 11.3 88.9 1.4
HD 145560 0.16 x 0.13 17.2 74.4 0.6 0.17 x 0.15 19.0 72.3 0.7
HD 161868 0.80 x 0.54 20.0 -80.1 1.1 0.83 x 0.57 21.0 -78.0 1.2
HD 170773 0.45 x 0.39 15.6 -66.9 1.3 0.46 x 0.41 16.1 -67.7 1.5
TYC 93404371 0.73 x 0.98 31.6 -70.1 1.3 0.76 x 0.71 273 -73.1 1.7
Table C.1: Disc parameters of the ARKS disc sample employed in this work.
i PA [°] r [au] Arfau] M, [Ms] d[pe] L,[Lo]  V.[ms']  Ref.

HD 9672 78.7+02 107.9+02 1352+19 158 +3 2.00 572 15 11906 + 1 1
HD 32297 883+0.0 475+00 1159+0.3 37+1 1.57 130 7.0 21558’_"3‘ 1
HD 121617 441+06 58.7+0.7 76.3+0.4 18+1 1.90 118 14.9 785143 1
HD 131488 85.0+0.1 97.2+0.0 89.7+0.1 13+1 1.80 152 12 5860f% 1
HD 131835 742+02 592+0.2 77.1+£0.5 65+2 1.70 130 9.5 3621f§ 1
HD 10647 778+0.1 573+03 103.6 + 04 65+2 1.12 17.3 1.6 27600 + 100 2
HD 14055 80.7+0.2 162.2+03 169.4+29 162+9 2.19 35.7 29 5100 + 1700 2
HD 15115 86.7+0.0 98.5+0.0 80.7+0.3 14+1 1.43 48.8 3.7 6900 + 300 2
HD 15257 594+49 473+55 1842 +20.2 261 +41 1.75 49.0 14 —24800 + 2800 3
HD 61005 859+0.1 704+0.1 724 +£0.2 361 0.95 36.5 0.62 22300 + 100 2
HD 76582 72.6 0.7 1047+£0.7 203.6+49 176+9 1.61 48.9 9.9 —1700 + 200 2
HD 84870 471+26 -257+4.1 1993+7.8 232+15 1.66 38.8 7.9 500 + 200 2
HD 95086 31.6 £3.5 100 = 5.7 197.0 4.6 173+ 8 1.54 86.5 6.4 18000 = 200 2
HD 109573 76.6 + 0.1 26.5+0.0 75.9 +0.1 7+0 2.14 70.8 25 10900 + 600 2
HD 145560 476 +06 394+09 75.4+0.5 29 +2 1.35 121 33 2800 + 500 2
HD 161868 66115 57.6+1.6 121.2 £3.7 134 £ 8 2.11 29.7 24 —12300 + 500 2
HD 170773 329+19 113.0+£29 191929 66 +4 1.4 36.9 3.6 —17700 + 200 2
TYC 9340-437-1 18.0+8.0 149.2+202 957x25 9+5 0.75 36.7 0.19 7980 + 20 4

Notes. The inclination, PA, disc radius (r) and disc width (Ar) (2", 3™, 4" and 5" columns) are the best fit parameters derived from MCMC
sampling carried out by Marino et al. (2026b). The listed values correspond to the median and the 16" and 84" percentiles to estimate the
uncertainties. For sources with a double Gaussian (HD 107146, HD 92945 and HD 15115), r represents the average between the two Gaussian
centres and Ar is the sum of the FWHM of the two Gaussians. Stellar masses in the 61 column were estimated as described in Appendix A in
Marino et al. (2026b). The 7" column indicates the distance according to Gaia DR3 (Gaia Collaboration 2023). The stellar luminosity (8" column)
were taken from Matra et al. (2025). The 9" column indicates the stellar barycentric radial velocity. V, for gas-bearing systems were measured
by fitting a Gaussian to the discs spectro-spatailly stacked spectra, while V., for gas-free systems were taken from the literature; the corresponding

reference is listed in the 10" column.

Velocity references. 1. This work, 2. Gaia Collaboration (2023), 3. Gontcharov (2006), 4. Zuiiiga-Fernandez et al. (2021)

boundary: we find an outer radius of ~200 au (Fig. 2). We con-
firm the existence of the asymmetry between the south-east and
north-west limbs first reported in Hughes et al. (2017) in which
the CO emission was twisted relative to the disc major axis. We
observe that the >CO emission in the north west is brighter than
the emission in the south east of the disc; in addition, on the NW

side, the brightness peak is south of the disc major axis, which
is in the same direction as the twist previously reported for '2CO
(Hughes et al. 2017) and now observed in the ARKS continuum
observations (Lovell et al. 2026). This is clear for '>CO from its
integrated-intensity map, but not clearly seen for the fainter '*CO
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Fig. D.1: The spectro-spatially stacked spectra of the ARKS targets where no CO emission was detected. In each plot, we show both
the spectrum shifted with the disc’s inclination i and also with i + 180°, to eliminate the degeneracy between rotational direction
and inclination. The black solid line indicates the stellar velocity, in the barycentric frame, which is where we would expect to see

a peak if gas was detected in the system. The black dotted lines indicate the region of V, + 3.5 km s~

calculate the line flux.

(Fig. 1), therefore it remains unclear for CO whether this reflects
a surface density asymmetry or a temperature asymmetry.

Appendix F.2: HD 32297

HD 32297 is a close to edge-on (i = 88.33°), vertically thin disc
when observed in the continuum (Zawadzki et al. 2026), though
broader when observed through its '>CO and '3*CO emission and
in scattered light observations (Milli et al. 2026). From the on-
sky (non-deprojected) radial profile, CO radially extends as far
out as ~200 au, peaking around ~75 au and potentially all the
way to the inner regions of the planetary system (Fig. 2), though
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! which was integrated over to

the velocity-based upper limit on the inner radius of the '2CO is
~68 au. This outer radius is consistent with what was observed
with low resolution observations; Moér et al. (2019) also found
an outer radius of ~200 au. The mm dust, however, peaks at
105.2*07 au, in a much narrower belt (AR = 14 + 0.6 au, Han
et al. 2026).

We observe a asymmetry between the NE and SW sides of
the disc in the gas, with the peak emission being brighter and
more extended on the SW side of the disc, as seen in the moment
maps (Fig. 1), and as was seen for CI in Fig. 1 of Cataldi et al.
(2020). However, the radial profile shows that the NE side of
the disc is brighter in the outer (> 100 au) regions of the disc
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Table D.1: Upper limits on the integrated Line Flux of 2CO.

3 o upper limit on

Gas-free Discs  Integrated line flux of '>CO  Reference

[mJy km s

HD 10647 84 1
HD 14055 83 1
HD 15115 20 1
HD 15257 85 1
HD 61005 59 1
HD 76582 49 1
HD 84870 44 1
HD 95086 100 1
HD 109573 20 1
HD 145560 67 1
HD 161868 230 1
HD 170773 130 1
TYC 93404371 160 1
HD 92945 69 2
HD 107146 74 3
HD 197481 70 @ 4
HD 206893 404 5
HD 218396 b 6

Notes. Archival upper limits on the '2CO (J=3-2) line are included for
the ARKS archival targets.  denotes '2CO (J=2-1) is reported. ©) No
upper limit is available for HD 218396, as discussed in Appendix B of
Faramaz et al. (2021). References: 1. This work, 2. Marino et al. (2019),
3. Marino et al. (2018), 4. Daley et al. (2019), 5. Nederlander et al. (2021)
6. Faramaz et al. (2021)

(Fig. 2). This disc is observed to be asymmetric in other wave-
lengths; Lovell et al. (2026) determines the system to host an
offset asymmetry while Milli et al. (2026) shows the disc is more
extended in small grains in the NE (as is the case in the radial
profiles in Fig. 2). All combined, this suggests that the disc is
eccentric, with its orbital apocentre in the same direction as the
asymmetries presented here.

HD 32297’s '2CO/'3CO ratio does not change with radius
and is constant at ~2. While this ratio is between the non-
deprojected, on-sky radial profiles, it shows that both '>CO and
13°CO are likely both optically thick or both optically thin, as
discussed above.

Appendix F.3: HD 121617

The bulk of the '>CO emission in HD 121617 is confined to a
ring, peaking at ~ 73 au and ~48 au wide (FWHM from fitting a
Gaussian to the radial profile) in 2co (Figs. 1, 2). However, inte-
rior to this ring the emission does not go down to zero, instead
reaching a minimum at ~34 au and rising again interior to that
all the way to the central resolution element. The velocity-based
upper limit on the inner radius of the '2CO is ~28 au. Simi-
larly, outside the main ring, '>CO emission is detected out to
~160 au in a long, faint tail of emission. This is in contrast to
the mm-sized dust grains, which peak at a slightly larger radius,
r =75.3"0% au, than the '>CO intensity profile, but are much
more narrowly distributed (FWHM = 14.1 + 1.2 au for the mm
grains vs ~48 au for the '>CO, Han et al. 2026).

The '2CO/'3CO ratio is ~2 at the peak location of the '>’CO
and is largely consistent with being flat throughout the planetary
system where both >CO and '3CO are significantly detected.
Between 60 au and 90 au, the '>CO/!3CO ratio increases slightly
to ~3, which is likely caused by the '*CO becoming less optically

thick with radius. We observe two large peaks in the '2CO/'3*CO
ratio for this system, located at ~35 au and ~105 au, in Fig. 3
but we note that these correspond to locations where the '>CO
becomes only marginally detected and should not be interpreted
as a change in the optical depth of the isotopologues.

Brennan et al. (2026) carried out detailed radiative transfer
modelling of this disc and found that the '>CO and '3CO emis-
sion are best explained by a narrow disc of gas, that resembles the
thin dust disc, that is optically thick at all radii. They also anal-
yse the intrinsic line profiles of the '>CO and '3CO and find them
to be Gaussian, which was previously believed to indicate opti-
cally thin gas. However, they find their optically thick model can
reproduce broad Gaussian line profiles. Their '3CO RADMC-
3D best-fit model reproduces the observations with Tpeax = 38
K, and an optically thick '3CO mass of Mico = 2 X 1073 M.
This was then scaled by the ISM '2CO/!3CO ratio of 77 to yield
a total CO mass of Mco = 1.48 x 107! Mg. We note here that
the mass calculated in this work, presented in Table 1, assumed
an optically thin '3CO, with T3cg = 1, whereas Tico = 26 in
the best-fit model of Brennan et al. (2026), which explains the
discrepancy in the reported mass values. Their Tpea is com-
parable with the Tc.c measured for this system from the 2co
peak-intensity/brightness temperature map.

The continuum observations for this disc show a strong
asymmetry with a brighter arc of emission at the SW ansa of
the main ring (Lovell et al. 2026; Marino et al. 2026a). How-
ever, this asymmetry is not seen in the CO emission (Fig. 1).
By fitting a parametric radiative transfer model to the mm-sized
dust grains, Marino et al. (2026a) constrained the arc morphol-
ogy and found the arc to be radially narrow and only marginally
resolved with a FWHM between ~1 — 5 au. They examined the
gas kinematics of the ring and found that the azimuthal veloc-
ity of the gas decreases radially more steeply than Keplerian,
which could be explained by a strong pressure gradient. Marino
et al. (2026a) concluded that the velocity deviations are consis-
tent with a narrow ring of gas, and that this asymmetry could be
caused by a vortex in the gas (Weber et al. 2026) or by planet-disc
interactions, (Pearce et al, in prep.).

In addition, to investigate if the CO disc displays any shift
in position due to the disc being eccentric (as found in scattered
light emission, Perrot et al. 2023; Milli et al. 2026), Marino et al.
(2026a) examined the differences between the radial profiles of
the north east and south west sides of the disc and found there
is a significant signal when examining these differences, indicat-
ing there could be an eccentricity in the CO emission. However,
this finding is sensitive to the stellar location assumed and due
to an uncertainty of <10 mas on the stellar location (Marino
et al. 2026b), this eccentricity in the CO emission cannot be
confirmed.

The asymmetry only being detected in the continuum obser-
vations and not in the gas emissions could be due to a) the high
optical depth of CO emission, which could hide an overdensity;
or b) the gas distribution is approximately axisymmetric. The
latter is consistent with the study of Weber et al. (2026), who
investigate the structure around HD 121617 via hydrodynamical
simulations. Here, the narrow gas ring becomes unstable and
generates a subtle azimuthal asymmetry in the form of a vor-
tex. The size-dependent gas drag influences both the radial and
azimuthal confinement of the dust particles. However, Weber
et al. (2026) finds that the resultant dust structure is only
consistent with the ALMA continuum and VLT/SPHERE scat-
tered light image, if there is substantial unseen molecular hydro-
gen (i.e. if the total gas mass exceeds the measured CO mass
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Table E.1: Archival '2CO integrated line fluxes plotted in Figs. 5 and 6. >CO J=2-1 integrated line fluxes were multiplied by the
average '2CO J=3-2/J=2-1 ratio (1.67) before being plotted along side the '>CO J=3-2 integrated line fluxes.

Age Ref. | Fractional Luminosity Ref. | '2CO Line '>CO Integrated Flux Ref.
[Myr] [mJy km s™']

HD 21997 42%¢ 1 (5.8+0.1)x 107* 1 3-2 2513 + 260 1
HD 36546 6+4 2 4.7+0.1)x 1073 1 2-1 2670 + 40 2
HD 38206 42%¢ 1 (1.16 £ 0.04) x 10~ 1 2-1 <18 3
HD 39060 23+3 1 (25+0.1)x 1073 1 3-2 5807 + 606 4
HD 48370 36+8 4 (5.6+02)x 107 2 2-1 <338 1
HD 98363 15+3 6 9.20x 1074 3 2-1 <36 7
HD 106906 | 15+3 1 (1.2+0.03) x 1073 1 2-1 <43 8
HD 109085 | 1500*1900 7 (1.7+0.4)x 10 1 3-2 38+9 9
H 109832 15 8 7.6 % 107* 4 2-1 <33 7
HD 110058 15+3 1 (9%%) x 107 1 3-2 191 + 17 1
HD 111520 15+3 1 (2.30 £ 0.06) x 1073 1 2-1 <43 8
HD 113766 15+3 1 (2.2707) x 1072 1 2-1 < 45 8
HD 114082 15+3 1 (3.555_%-%7) x 1073 1 2-1 < 45 8
HD 115600 15+3 1 (1.957003) x 1073 1 2-1 <43 8
HD 117214 15+3 1 (2.66j8-8g) x 1073 1 2-1 <39 8
HD 121191 16 +2 1 (3.2ﬁ8~'g) x 1073 1 2-1 209 + 19 10
HD 129590 | 16+2 1 (5.5t§f§) x 1073 1 2-1 < 54 8
HD 138813 10+3 1 (7.7+02)x 107 1 2-1 1406 + 78 8
HD 141569 5 9 8 x 1073 5 3-2 15800 + 600 11
HD 142315 10+3 1 (6.6 +0.1)x 10 1 2-1 <54 8
HD 146181 16+2 1 (19+02)x 1073 1 2-1 <36 8
HD 146897 10+3 1 (8.079%) x 1073 1 2-1 60 + 15 8
HD 147137 10+3 1 (4.4t§fi) x 107 1 2-1 <43 8
HD 156623 | 16+7 10 3.778 x 1073 6 2-1 1183 + 37 8
HD 172555 | 23+3 11 7.2x107* 7 2-1 170 + 30 12
HD 181327 | 23 +3 1 (2.71 £ 0.05) x 1073 1 3-2 <199 1
NO Lup 1-3 13 (3.4+0.01)x 1073 8 3-2 290 + 70 14
TWA7 10+3 1 (2.10 £ 0.08) x 1073 1 3-2 91 +20 15
Fomalhaut | 440+40 14 (141 £0.02) x 107 1 2-1 68 + 16 16

Age References: 1. Matra et al. (2025), 2. Currie et al. (2017), 3. Torres et al. (2008), 4. Gratton et al. (2024) 5. Booth et al. (2021a), 6. Melis
et al. (2013), 7. Pearce et al. (2022) and references therein, 8. Pecaut & Mamajek (2016), 9. Flaherty et al. (2016), 10. Mellon et al. (2019), 11.
Schneiderman et al. (2021), 12. Kennedy et al. (2018). 13. Lovell et al. (2021a), 14. Mamajek (2012). Fractional Luminosity References: 1. Matra
et al. (2025), 2. Modr et al. (2016), 3. Chen et al. (2014), 4. Ballering et al. (2013), 5. Sylvester et al. (1996), 6. McDonald et al. (2012), 7. Wyatt
et al. (2007a), 8. Lovell et al. (2021b). Flux References: 1. Cataldi et al. (2023), 2. Rebollido et al. (2022), 3. Booth et al. (2021b), 4. Matra et al.
(2017a), 5. Booth et al. (2019), 6. Booth et al. (2021a) 7. Moor et al. (2017), 8. Lieman-Sifry et al. (2016), 9. Marino et al. (2016b), 10. Kral et al.
(2020), 11. Flaherty et al. (2016), 12. Schneiderman et al. (2021), 13. Kennedy et al. (2018), 14. Lovell et al. (2021a), 15. Matra et al. (2019b), 16.

Matra et al. (2017b)

by orders of magnitude). This assumption only makes sense in
the primordial gas scenario. For the secondary gas scenario, the
large dust and gas might be dynamically decoupled and hence
evolve independently after being released through collisions.

Appendix F.4: HD 131488

HD 131488 is the system in which the CO peaks closest to the
star, at ~15 au in the on-sky (non-deprojected) radial profile
(Fig. 2). The CO extends outwards to 160 au and potentially
extends inwards as far as the innermost resolution element (the
highest velocity and on-sky along-midplane distance from the
star at which a 3 o detection is achieved anywhere in the system
corresponds to ryin ~ 6 au).
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The '2CO radial profile (Fig. 2) is similar to what might
be expected in a primordial protoplanetary-like disc, and could
point to a primordial origin if both '>CO and '3CO are optically
thick (Sect. 4.2). In the radial profiles for HD 131488, we see
that the CO extends to small radii (ry;, < 6 au), suggesting that
gas might be accreting onto the star. However, Melis et al. (2013)
presented the optical spectrum of HD 131488 and reported no
evidence of accretion at a detectable level, as no noticeable emis-
sion lines tracing accretion nor any obvious filling of the Balmer
absorption lines were present in their spectra.

For CO to be of second-generation origin, on the other hand,
it needs to have had enough time to viscously spread inwards,
from the thin dust disc, which peaks much farther out in the plan-
etary system (rmm = 90.8470 % au, Han et al. 2026). To check
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whether this viscous spreading could have propagated/evolved
as far as the star, we calculate the viscous timescale, 7, (r), at the
location of the dust outer ring:

2 GM.
t(r) = A Ll

9 F.l
v, akgT (ED)

where v, = acyH is the viscosity parametrized by the «
parameter, « is the viscosity of the gas, c; is the sound speed and
H = Cﬁ is the local disc scale height (Shakura & Sunyaev 1973;
Kral et al. 2016). We calculate ¢, by setting the molecular weight
u =28 and T = 20 K, measured from the 2co peak inten-
sity/brightness temperature map at 90 au. We adopt the values
of @ that Kral et al. (2019) found can be used to explain the high
CO mass in this disc due to its high CO input rate, 1072 < @ < 1.
This yields viscous timescales for the '2CO between 0.28 Myr
and 28.23 Myr. This system is 16 Myr old (Matra et al. 2025), so
this simple calculation suggests that the gas may have had suf-
ficient time to spread in as far as the star. A caveat here is that
while this is the entirety of the gas, this applies to CO only as
long as its photodissociation timescale is longer than this viscous
timescale, which depends on its column density perpendicular
to the midplane (leading to self-shielding), and the presence
of CI shielding, whose derivations would require more detailed
modelling than presented here (Marino et al. 2020, 2022).

Thus, if the viscosity of the gas were sufficiently high for the
viscous timescale to be shorter than the system age, to not be
accreting onto the star (Melis et al. 2013), the gas disc must be
truncated and have an inner radius smaller than r,,;,, < 6 au. A
potential explanation for this truncation could be the presence of
a planet in the inner regions of the system. Marino et al. (2020)
reported that a planet orbiting interior to a debris disc could
stop the inward flow of gas released by the disc’s icy planetesi-
mals. To calculate its mass, we must consider the viscous limit
of the gaseous disc, which requires the gap be opened faster than
the viscous gas can refill it (Lin & Papaloizou 1993; Duffell &
MacFadyen 2013). We can also estimate the mass of a planet
sculpting a gap in a gaseous disc by measuring the width of the
gap and using the planet’s Hill sphere (Bergez-Casalou & Kral
2024). We set Eq. 6 in Duffell & MacFadyen (2013) equal to
Eq. 6 in Bergez-Casalou & Kral (2024) to calculate the required
mass of a planet to open a gap in a viscous gas and to find
where in the planetary system the planet is likely to be located.
For this, we measure the temperature at the highest velocity and
on-sky along-midplane distance from the star at which a 3 o
detection is achieved anywhere in the system, corresponding to
T'min ~ 6 au, by converting the 3 o pixel’s intensity to brightness
temperature using Planck’s law. We then extrapolate this temper-
ature throughout the inner regions of the system by assuming a
power law T'(r) o r~%3. We assume that the gas is dominated by
CO (u = 28), and that the viscosity of the gas is the minimum
viscosity that would have allowed the gas to viscously spread
throughout the system in the star’s lifetime, @ = 0.017. We find
that a 7Mj planet located at 5.8 au is capable of opening a gap
whose outer edge corresponds to the inner radius of the gas disc,
6 au. Thus, if such a planet exists in the system, we can infer
its orbital radius is < 5.8 au and its mass > 7Mg, though we
note that the viscous limit of the gaseous disc will scale linearly
with the viscosity of the gaseous disc, so these planet parameters
should be interpreted as a lower limit on the planet mass and an
upper limit on the planets location. This disc also has two dust
rings with a gap in-between them at ~69 au, which Han et al.

(2026) estimates a planet with a mass of 1.3 Mj,, and orbital dis-
tance of 69.4 au could have sculpted. Thus, there are indications
for multiple planets in this system.

As reported in Han et al. (2026), the dust disc in this sys-
tem peaks at 90.84%01% au. An entirely different possibility to
explain the strong difference in peak location between CO and
dust is that at least some of the gas is produced in situ in the
inner region of the system, where planets may be forming. Melis
et al. (2010) reported significant amounts of warm dust in the
system, located at a radius of 0.6 au under the assumption that
the dust grains temperature is given by their black body radia-
tion. Departures from this assumption, however, may shift the
radius further out, that is, closer to the observed CO peak loca-
tion. Therefore, CO gas may be connected to the presence of
warm dust and potentially giant impact(s) expected in the terres-
trial region for a system of this age, and as observed more clearly
for similarly aged A star HD 172555 (Schneiderman et al. 2021).
However, this might not be sufficient to explain why gas extends
as far out as > 160 au in this system, which likely requires an
additional source of gas at such large distances.

Appendix F.5: HD 131835

HD 131835 is a moderately inclined disc, at i = 74.2° = 0.2°
(Marino et al. 2026b), which is now resolved over several reso-
lution elements in the integrated-intensity and the peak-intensity
maps (Fig. 1). The '>CO peaks at ~63 au while the mm-sized
dust peaks at 68.6 + 0.4 au (Fig. 2, Han et al. 2026). We observe
the CO out in the planetary system as far as ~220 au and cal-
culate the velocity-based upper limit on the inner radius to be
~21 au. As in the other gas-bearing discs, the gas distribution is
much broader than that of the mm-sized dust, which again could
indicate a secondary origin for the CO which is now viscously
spreading throughout the planetary system. This is consistent
with spatially unresolved data analysed by Hales et al. (2019)
of this disc, from which they argued that the partial co-location
of the gas and dust supports a cometary origin for the gas.

The '?CO radial profile (Fig. 2) shows a marginal dip at
~30 au. This dip is not seen clearly in the images of the '>CO
(Fig. 1), so higher resolution observations are needed to confirm
its existence. In the '2CO/!3CO ratio radial profile, we find the
ratio is constant with radius until ~80 au, which as previously
discussed in Sect. 4.2, could indicate both isotopologues being
optically thin or both optically thick. However, exterior to ~80
au, we see a marginal increase in the ratio, which could indi-
cate the '3CO is becoming less optically thick at these large radii
and is co-located with optically thick '>CO, as discussed in Sect.
4.2, although within the 30~ uncertainties, the '>CO/'3CO ratio
remains consistent with being radially flat.

Moér et al. (2015) previously measured these using APEX
and found the integrated line flux of '2CO J=3-2 to be 2.74 +0.55
Jy km s~!, which is consistent with our ARKS measurement at
the 3 o level (Table 1).

There is a large offset of ~35 au between the peak emis-
sion from mm-sized dust grains and the peak of scattered light
from micron-sized dust grains in this system (Milli et al. 2026).
Extensive modelling has been carried out to try to explain
these differences, through two possible scenarios (Jankovic et al.
2026). In the first scenario, the disc contains two planetesimal
belts which produce two dusty rings with very different size dis-
tributions, such that they appear very differently in mm emission
and in scattered light. This scenario matches observations to a
large degree, albeit the dust in the two planetesimal belts needs
to have extremely different material strength, or alternatively the
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belts need to have some combination of different dynamical exci-
tation and different composition. It is not clear if these conditions
can be fulfilled realistically.

In the second scenario, the peak of mm dust emission is
tracing a planetesimal belt, and the outer ring is formed by
smaller dust grains that have drifted outwards due to gas drag.
Relatively simple dynamical models show that, while the loca-
tion of the outer ring and the relative brightness of the rings
in scattered light can be produced for reasonable assumptions,
the outer ring would be much fainter in thermal emission than
what is observed. This disagreement with observations could be
resolved with a more detailed model that includes dust growth,
or if there are planetesimals producing dust at large separations
as well (but which do not need to be any different that the ones
closer in, in this scenario). In any case, for this scenario to work,
the gas mass cannot be as low as the optically thin CO mass
found in this work, or else the gas drag would act too slowly on
even the smallest grains.
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