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ABSTRACT

Context. The outer regions of planetary systems host dusty debris discs analogous to the Kuiper belt (exoKuiper belts), which provide crucial
constraints on planet formation and evolution processes. ALMA dust observations have revealed a great diversity in terms of radii, widths, and
scale heights. At the same time, ALMA has also shown that some belts contain CO gas, whose origin and implications are still highly uncertain.
Most of this progress, however, has been limited by low angular resolution observations that hinder our ability to test existing models and theories.
Aims. High-resolution observations of these belts are crucial for understanding the detailed distribution of solids and for constraining the gas
distribution and kinematics.
Methods. We conducted the first ALMA large programme dedicated to debris discs: the ALMA survey to Resolve exoKuiper belt Substructures
(ARKS). We selected the 24 most promising belts to best address our main objectives: analysing the detailed radial and vertical structure, and
characterising the gas content. The data were reduced and corrected to account for several systematic effects, and then imaged. Using parametric
and non-parametric models, we constrained the radial and vertical distribution of dust, as well as the presence of asymmetries. For a subset of six
belts with CO gas, we constrained the gas distribution and kinematics. To interpret these observations, we used a wide range of dynamical models.
Results. The first results of ARKS are presented as a series of ten papers. We discovered that up to 33% of our sample exhibits substructures in the
form of multiple dusty rings that may have been inherited from their protoplanetary discs. For highly inclined belts, we found that non-Gaussian
vertical distributions are common and could be indicative of multiple dynamical populations. Half of the derived scale heights are small enough
to be consistent with self-stirring in low-mass belts (Mbelt ≤ MNeptune). We also found that 10 of the 24 belts present asymmetries in the form of
density enhancements, eccentricities, or warps. We find that the CO gas is radially broader than the dust, but this could be an effect of optical
depth. At least one system shows non-Keplerian kinematics due to strong pressure gradients, which may have triggered a vortex that trapped dust
in an arc. Finally, we find evidence that the micron-sized grains may be affected by gas drag in gas-rich systems, pushing the small grains to wider
orbits than the large grains.
Conclusions. ARKS has revealed a great diversity of radial and vertical structures in exoKuiper belts that may arise when they are formed in
protoplanetary discs or subsequently via interactions with planets and/or gas. We encourage the community to explore the reduced data and data
products that we have made public through a dedicated website.
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1. Introduction

Young and mature planetary systems contain tenuous dust belts
called debris discs, frequently revealed by their infrared excess
(Aumann et al. 1984). Due to the dust’s short lifetime against ra-
diation and collisional processes, it has long been known that the
dust is likely a product of collisions between kilometre-sized or
even larger planetesimals (Harper et al. 1984; Weissman 1984;
Backman & Paresce 1993). Debris discs are therefore the extra-
solar analogues of the Solar System’s asteroid and Kuiper belts.
With ages ranging from tens to thousands of millions of years,
debris discs provide a unique window into the final assembly
of planetary systems (Wyatt 2008; Hughes et al. 2018). More-
over, they allow us to connect the structure seen in protoplane-
tary discs with the currently known mature exoplanet population.

⋆ E-mail: s.marino-estay@exeter.ac.uk

At these ages, the gas densities are generally so low that the
dynamics are no longer governed by gas, but rather by gravita-
tional interactions (e.g. with planets) and radiation forces. There-
fore, debris discs probe a different epoch in the planet formation
process: giant planets have already formed, but may still be mi-
grating and scattering material (like Neptune’s migration into the
Kuiper belt, Fernandez & Ip 1984; Ida et al. 2000), and terrestrial
planets may be in the final stages of formation (e.g. undergoing
dust-producing giant impacts like the Earth’s Moon-forming im-
pact, Jackson et al. 2014; Genda et al. 2015).

Despite the apparent distinction between protoplanetary
discs and debris discs, defining which objects are or are not de-
bris discs is not always easy as the evolution from protoplane-
tary to debris disc is a chaotic process that progresses at differ-
ent rates throughout the system. Therefore, they share multiple
properties (Wyatt et al. 2015). They can both have gas (Kóspál
et al. 2013; Lieman-Sifry et al. 2016; Ansdell et al. 2016), and
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their ages overlap (Lovell et al. 2021c; Michel et al. 2021; Ma-
trà et al. 2025). For example, protoplanetary discs can be found
at ages as old as 30 Myr (Silverberg et al. 2020; Long et al.
2025), and debris discs can be found at ages as young as� 6 Myr
in the TW Hydrae association (Miret-Roig et al. 2025) and in
even younger associations, for example class III sources (Lovell
et al. 2021c). A working distinction lies in the amount of dust in
their discs as measured by the dust fractional luminosity (Hughes
et al. 2018). Debris discs typically exhibit fractional luminosi-
ties below 1%,1 which makes them generally optically thin at
all wavelengths. In contrast, protoplanetary discs have fractional
luminosities generally above 1%, making them optically thick at
short wavelengths. In practice, the transition between protoplan-
etary and debris discs is physical and gradual rather than categor-
ical as systems evolve from being gas-rich and optically thick to
dust populations increasingly dominated by second-generation
grains produced by planetesimal collisions.

Beyond quantifying the amount of dust in debris discs, re-
solving its distribution has been fundamental to understanding
these systems, starting with the �rst image of the archetype de-
bris disc� Pictoris (in scattered light, Smith & Terrile 1984).
Detailed models provided strong support for the dust-producing
planetesimals scenario (e.g. Lecavelier Des Etangs et al. 1996).
These models also suggested the potential importance of imag-
ing debris discs at (sub)millimetre wavelengths to trace the par-
ent planetesimals. The �rst submillimetre images of debris discs
with single-dish telescopes resolved belt-like morphologies at
Solar System scales in some very nearby systems (Fomalhaut
and� Eridani, Holland et al. 1998; Greaves et al. 1998). Early
millimetre interferometry provided su� cient resolution to �rmly
establish the connection between scattered light and the millime-
tre belt structures, as predicted by size-dependent dust dynamics
(e.g.� Pictoris, Wilner et al. 2011).

In the last 10 years, ALMA has revolutionised the study of
cold debris discs analogous to the Kuiper belt (exoKuiper belts).
Thanks to its unprecedented sensitivity and angular resolution
at millimetre wavelengths, ALMA is uniquely suited to reveal
the spatial distribution of millimetre-sized grains (Terrill et al.
2023). These large dust grains are mostly una� ected by radia-
tion forces, and thus are ideal tracers of their parent planetesi-
mals and the gravitational interactions in these systems (Krivov
2010). ALMA observations have revealed a wide range of struc-
tures, such as narrow belts (Marino et al. 2016; Kennedy et al.
2018), wide and smooth belts (Hughes et al. 2017; Faramaz et al.
2021), eccentric belts (MacGregor et al. 2017, 2022; Faramaz
et al. 2019), belts with gaps (Marino et al. 2018, 2019, 2020b;
MacGregor et al. 2019; Nederlander et al. 2021), belts with pos-
sible clumps (Dent et al. 2014; Lovell et al. 2021b; Booth et al.
2023), and a wide diversity of vertical distributions (Daley et al.
2019; Matrà et al. 2019b; Hales et al. 2022; Han et al. 2022;
Terrill et al. 2023; Marshall et al. 2023).

Similarly, ALMA high-resolution observations of dust in
protoplanetary discs, the predecessors of debris discs, have
demonstrated the ubiquity of substructures in the form of rings,
gaps, spirals, crescent-shaped features, and warps (see review by
Bae et al. 2023). Constraining whether this ubiquity of substruc-
tures is passed along to the second-generation dust in exoKuiper
belts is fundamental to understanding the evolution of circum-
stellar discs and planet formation processes.

1 There is a class of debris discs known as extreme debris discs that
exhibit fractional luminosities above this threshold and that can vary in
time (e.g. Moór et al. 2021)

In addition, ALMA's unprecedented sensitivity to gas has re-
vealed that several exoKuiper belts contain CO and CI gas that
is roughly co-located with the dust (e.g. Kóspál et al. 2013; Dent
et al. 2014; Lieman-Sifry et al. 2016; Moór et al. 2017; Higuchi
et al. 2017; Cataldi et al. 2018). Most systems with detected gas
are young (<50 Myr) A-type stars, but a few exceptional de-
tections have extended this sample to later types (Marino et al.
2016; Kral et al. 2020; Matrà et al. 2019a) and older systems
(Matrà et al. 2017b; Marino et al. 2017). The origin of this gas
is still unclear. For systems with low CO gas masses, the short
photodissociation lifetime of CO implies that CO is continuously
replenished via the destruction of volatile-rich solids (i.e. of sec-
ondary origin, Marino et al. 2016; Kral et al. 2016; Matrà et al.
2017b). Systems with high levels of CO gas are all young enough
(10–50 Myr) that the gas could plausibly be part of a protoplane-
tary disc that has not yet dispersed, with CO molecules shielded
by H2 (i.e. of primordial origin, Kóspál et al. 2013; Nakatani
et al. 2021). The high CO gas levels could also be achieved in the
secondary scenario since CO is subject to self- and CI-shielding
(Kral et al. 2019; Marino et al. 2020a); shielding also explains
the non-detection of molecules other than CO in debris discs
(Klusmeyer et al. 2021; Smirnov-Pinchukov et al. 2022). How-
ever, CI shielding is only e� cient if vertical mixing is weak,
which is currently unconstrained (Marino et al. 2022), and the
CI inferred abundance from observations seems insu� cient to
shield the CO signi�cantly (Cataldi et al. 2023; Brennan et al.
2024).

These recent advancements have triggered fundamental
questions in our understanding of exoKuiper belts, but most of
what we know about dust and gas substructures is based on a
handful of the brightest belts. Most belts observed by ALMA
have been resolved only enough to determine their widths (Ma-
trà et al. 2025). Therefore, it is unclear how common the ra-
dial and vertical structures of dust and gas are that have been
well resolved in these few systems. Due to the faintness of de-
bris discs, determining the prevalence of these structures over a
broader sample requires a signi�cant time investment that only
an ALMA large programme can achieve.

Here we present the �rst ALMA large programme dedicated
to debris discs, The ALMA survey to Resolve exoKuiper belt
Substructures (ARKS), to study their detailed dust and gas dis-
tribution. This paper is structured as follows. Section 2 describes
the motivation and goals of this programme. Section 3 presents
the observing strategy and Sect. 4 the sample selection. Section 5
describes the observations, data reduction, and imaging proce-
dure. Section 6 describes the data products that we have made
available to the community. Section 7 presents an overview of
the results of ARKS presented in nine additional companion pa-
pers. Finally, Sect. 8 summarises the main conclusions of this
programme.

2. ARKS motivation and goals

ARKS was motivated by three core components of exoKuiper
belts: the radial distribution of dust, the vertical distribution of
dust, and the overall distribution and kinematics of CO gas. Be-
low, we describe the most important �ndings in these areas that
motivated ARKS and our programme design.

The radial and vertical structure of exoKuiper belts had been
studied through several ALMA studies on individual systems
and a few studies of small samples, until the ALMA survey RE-
solved ALMA and SMA Observations of Nearby Stars (REA-
SONS, Matrà et al. 2025). REASONS compiled and expanded
the sample of resolved belts with ALMA and SMA to 74 and
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performed uniform parametric modelling to constrain their cen-
tral radius (R), full width at half maximum (� R), inclination (i),
position angle (PA), and belt �ux (Fbelt). This analysis resulted in
a series of important �ndings for the radial and vertical structure
of exoKuiper belts.

First, REASONS found that most millimetre bright belts
are broad discs rather than narrow rings, with fractional widths
(� R=R) much greater than both the Kuiper belt and rings in pro-
toplanetary discs. This result comes as a surprise, as narrow rings
in protoplanetary discs are ubiquitous (Huang et al. 2018; Long
et al. 2019; Cieza et al. 2021) and are thought to be the birthplace
of planetesimals at tens of au (Stammler et al. 2019). If plan-
etesimals in exoKuiper belts truly formed in these rings, their
larger width could be explained by: a) the migration of rings in
protoplanetary discs, leaving behind planetesimals and thus pro-
ducing wide exoKuiper belts (Miller et al. 2021); b) dynamical
perturbations by planets, massive planetesimals or �ybys widen
these belts (e.g. Booth et al. 2009; Lestrade et al. 2011); or c)
many broad exoKuiper belts may have unresolved substructures
in the form of narrow rings and gaps, as shown for a handful of
systems with high-resolution observations (Marino et al. 2018,
2019, 2020b; Nederlander et al. 2021).

Second, REASONS was also able to constrain the vertical
thickness or scale height (H, vertical standard deviation) for a
small subsample of highly inclined belts. The belt vertical as-
pect ratio (h = H=R) is a direct result of the dispersion of or-
bital inclinations (irms), and thus, constraints onh are translated
into constraints on the dynamical excitation of belts. REASONS
found irms� 1 � 20� , implying a diversity of stirring levels (see
also Terrill et al. 2023). However, these values could be biased
by the low resolution of most observations and model assump-
tions (e.g. Gaussian radial and vertical distributions). Moreover,
they could hide more complex vertical distributions, such as the
one found in� Pic that deviates signi�cantly from Gaussian and
suggests at least two dynamical populations (Matrà et al. 2019b).

ALMA observations of gas have also su� ered from similar
limitations, with generally low spatial and spectral (velocity) res-
olution. Spatial resolution is key to assessing how correlated the
dust and gas spatial distributions are. In the secondary origin sce-
nario, for instance, CO gas is expected to be co-located with dust
unless it is shielded and can viscously spread (Kral et al. 2016,
2019; Marino et al. 2020a). There are mixed results when com-
paring the gas and dust distribution. In some systems, the gas
distribution appears to be more extended inwards or outwards
(Kóspál et al. 2013; Moór et al. 2013). In others, the gas distri-
bution appears to be less extended than that of the dust (Hughes
et al. 2017; Higuchi et al. 2019; Hales et al. 2022), and in some
cases, they are consistent with each other (Marino et al. 2016;
Matrà et al. 2017a, 2019b). These results are, however, limited
by low spatial resolution, hindering a detailed and model-free
comparison between the gas and dust (despite the high surface
brightness of CO line emission, Moór et al. 2017). The low spec-
tral resolution has also hindered kinematic studies of the gas,
which can constrain its kinetic temperature, Keplerian devia-
tions due to planets (Perez et al. 2015), strong pressure gradients
(Teague et al. 2018), and out�ows (Lovell et al. 2021a). It is yet
to be seen whether such kinematic features are common among
gas-rich exoKuiper belts.

ARKS aims to expand our understanding of debris discs' ra-
dial and vertical dust structures, as well as gas distribution and
kinematics by performing an ALMA high-resolution survey of
24 belts (new observations of 18 targets and archival data of 6;
see Sect. 4 for details). In particular, ARKS has the following
goals:

– Dust radial structure: determine what types of dust substruc-
tures such as rings/gaps are present in wide belts, down to
the level of� R=R � 0:2 that corresponds to the median of the
ring width distribution for bright protoplanetary discs (Ma-
trà et al. 2025). If wide belts have narrow rings similar to
protoplanetary discs (Bae et al. 2023), this would suggest
that planetesimal belts inherit some of the dust structures.
Conversely, smooth and featureless belts may, for instance,
favour a ring migration or scattered-disc scenarios (Miller
et al. 2021; Geiler et al. 2019). Gaps could also indicate the
presence of planets embedded in these discs, clearing their
orbits from debris (Marino et al. 2018; Friebe et al. 2022), or
closer-in opening gaps through secular interactions (Pearce
& Wyatt 2015; Yelverton & Kennedy 2018; Se�lian et al.
2021, 2023). Finally, the sharpness of inner and outer edges
can inform us about the collisional evolution and dynam-
ics of these belts (Marino 2021; Ra�kov 2023; Imaz Blanco
et al. 2023; Pearce et al. 2024).

– Dust vertical structure: determine the scale heights and verti-
cal dust distributions of highly inclined belts, thus constrain-
ing their dynamical excitation level. The excitation level can
be used to place constraints on the mass and number of bod-
ies stirring the belts (Ida & Makino 1993; Quillen et al. 2007;
Daley et al. 2019; Matrà et al. 2019b). In addition, we can
also search for multiple dynamical populations as found in
� Pic (Matrà et al. 2019b). This can provide insights into
the birth conditions of planetesimals and their interactions
with planets, including scenarios involving Neptune-like mi-
gration through the belt (Malhotra 1995; Matrà et al. 2019b;
Se�lian et al. 2025).

– Gas distribution and kinematics: determine the spatial extent
and kinematics of the previously known CO gas in six belts
in our sample. By assessing the gas spatial extent relative to
dust, we can test whether viscous spreading has taken place
(if gas is secondary, Kral et al. 2016; Marino et al. 2020a)
and whether gas plays a role in shaping the dust distribu-
tion (Takeuchi & Artymowicz 2001; Krivov et al. 2009). The
velocity information can also constrain the dynamics of the
gas, kinetic temperature, the stellar mass, and the presence
of planets.

– Dust and gas asymmetries: determine if asymmetries are
common among the brightest exoKuiper belts at millime-
tre wavelengths. Asymmetries come in di� erent forms, for
example, belt eccentricities (Kalas et al. 2005; MacGregor
et al. 2017, 2022; Faramaz et al. 2019), density enhance-
ments (Dent et al. 2014; Lovell et al. 2021b; Booth et al.
2023), and warps (Matrà et al. 2019b; Hales et al. 2022).
These asymmetries encode information about the dynamical
history of these systems, and they are typically interpreted as
evidence of interactions with massive companions (e.g. Wy-
att et al. 1999; Pearce & Wyatt 2014; Se�lian et al. 2025).

3. Observing strategy

We de�ned the following observing strategy to study the radial
and vertical distribution of dust and the distribution and kinemat-
ics of CO gas.

To study the radial structure of wide belts and determine if
they are made of multiple radial components, we �rst focus on
belts with a fractional width larger than 0.3 and that are only
moderately inclined, here de�ned as having an inclination (i)
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lower than 75� , to ease the extraction of radial information.2

The spatial resolution was set with two considerations. First, the
beam should be at least as small as the gap width that a Neptune-
mass planet would carve in a massless disc if placed on an or-
bit at the belt central radiusR (� 20% ofR for a stellar mass of
� 1M� , Morrison & Malhotra 2015) to search for Neptune ana-
logues. Second, the beam should be small enough to resolve� R
into at least �ve resolution elements to study the sharpness of the
inner and outer edges. Finally, we requested a sensitivity such
that, after deprojecting and azimuthally averaging the emission,
we can measure its radial pro�le with an average signal-to-noise
ratio (S/Nr ) of � 10 per resolution element. This strategy meant
that each disc was observed with a tailored resolution (� ) and
sensitivity (or rms per beam) set by the following:3

rms= 0:37
Fbelt

S=Nr

� 3=2

� R
p

R
; (1)

� = 0:2 min(� R;R): (2)

To study the vertical structure, we focus on highly inclined
belts (here de�ned asi > 75� ) since those are easier to resolve
vertically. We aim to resolve the FWHM of the vertical distri-
bution with two resolution elements at the belt central radiusR,
assuming a vertical aspect ratio (h = H=r or vertical standard
deviation) of 0.05, and with a S/N of 20 onh (S/Nh). This would
allow us to measure an inclination dispersion (irms =

p
2h) as

low as 1� . The required sensitivity to achieve this was found by
simulating observations and forward-modelling them, arriving at
the empirical relation:

rms= 0:63
Fbelt

S=Nh

p
h� 3=2

p
R(R+ � R=2)

; (3)

� = 1:18hR; (4)

where we assumeh = 0:05 for our sample, a value found for
belts that have been marginally resolved vertically (Terrill et al.
2023; Matrà et al. 2025).

It should be noted that the constraints oni were in place only
when choosing the best targets for observation and constraining
the radial and vertical distribution of dust. Nevertheless, we still
extract the dust radial distribution of highly inclined belts (Han
et al. 2026) and the dust vertical distribution for some belts with
inclinations below 75� (Zawadzki et al. 2026).

We chose to use band 7 for ARKS observations to optimise
the required observation time. Band 7 o� ers the best S/N for a
�xed integration time given the typical spectral index/slope of
exoKuiper belts (� 2:5, Matrà et al. 2025). However, some sys-
tems had already good enough archival band 6 observations, in
which case we analysed those (see Sect. 4).

Finally, to study the gas, we targeted the12CO and13CO J=3-
2 lines in parallel to the continuum, and thus, with the same spa-
tial resolution and integration times. For systems with previously

2 Radial information can also be extracted from edge-on belts by per-
forming a deconvolution in the image or visibility space (Han et al.
2022; Terrill et al. 2023)
3 This equation was derived by assuming a face-on disc, de�ning the
belt average surface brightness within� R asI � = kFbelt=(2� R� R), the
beam area as
 b = �� 2=(4 ln(2)), the signal to noise S=Nr = I � 
 =rmsav,
and the rms after azimuthally averaging rmsav = rms

p
�=(2� R). The

factork was found numerically to be 0.8, assuming a Gaussian distribu-
tion. The factor 2� R=� in the rms after azimuthally averaging represents
the number of independent points being averaged at radiusR. We note
that for more inclined discs, this number will be lower, but this will be
roughly counterbalanced by the higher surface brightness.

Fig. 1: Distribution of fractional widths vs belt �uxes at
0.88 mm.Top: Histogram of all REASONS belts with resolved
widths (grey) and those analysed in ARKS (blue, including six
with archival observations).Middle: Distribution of fractional
widths vs expected belt �uxes for moderately inclined belts.Bot-
tom: Distribution of fractional widths vs expected belt �uxes for
highly inclined belts. The blue markers represent ARKS targets
(double markers: newly observed; single markers: archival data).
The square symbols represent systems with CO gas, and the
black crosses represent systems too large to be observed without
mosaicking. The dashed line represents the 10� Jy sensitivity
limit chosen for ARKS (Eq. 1 and 3), below which belts were
excluded unless already observed (orange shaded region). The
grey markers represent belts in REASONS that were excluded
for being too large, too wide, or too faint for high-resolution ob-
servations.

known abundant CO gas, we used the highest spectral resolution
available of 26 m/s for 12CO to extract as much kinematic in-
formation as possible. For13CO (and12CO for targets without
abundant gas), we set a lower spectral resolution of 0.9 km/s to
maximise the bandwidth and hence the continuum sensitivity.

4. Sample selection

Given the above observing strategy, we selected the most suit-
able targets from the REASONS sample as those that require
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Fig. 2: Distribution of stellar luminosities and ages for all sys-
tems in REASONS (grey) and in ARKS (blue). The symbols
follow the same convention as in Fig. 1. The top and right panels
show histograms of the stellar age and luminosities, respectively.

the shortest integration times. REASONS comprises nearly all
debris discs observed by ALMA with publicly available obser-
vations from di� erent programmes, which inherently resulted in
a biased sample of the brightest discs, observed in a heteroge-
neous way. Nevertheless, all these observations were modelled
uniformly by �tting a belt model with surface and vertical den-
sity distributions described as a Gaussian.

We started our sample selection by removing those belts in
REASONS whose outer edge is larger than 900, beyond which
the sensitivity drops below 50% due to the 12m antennas' pri-
mary beam in band 7. Smaller belts can be e� ciently observed
with a single pointing instead of mosaicking. In addition, we re-
moved HD 38858 and HD 36546. The �rst was only marginally
detected with ALMA, and a background source likely contam-
inated its derived parameters. The second was not well �t by a
Gaussian belt model, and thus its derived radius and width are
heavily biased by the unsuitable model choice.

To estimate the required sensitivity and thus the integration
time of the remaining sample, we used the radius, width, and
inclination information from REASONS and the measured and
predicted �uxes at 0.88 mm using the existing millimetre �uxes
measured between 0.86–1.36 mm and assuming a spectral index
of 2.5. Finally, we focus only on belts with constrained inclina-
tions whose widths have been marginally resolved with an error
smaller than 50%. These considerations left us with 53/74 belts
from which we selected our targets.

To obtain a su� ciently large sample, we set the minimum
requested rms to 10� Jy. This resulted in a complete sample of
24 belts: 14 moderately inclined belts (0–75� ) and ten highly
inclined belts (> 75� ), six of which have previously detected CO
gas. Six of the 24 systems had archival observations that already
met our observation requirements for our goals (Sect. 3),4 and

4 One of the systems with su� cient archival observations
(HD 206893) had a �ux below our threshold (Fig. 1 top panel),
but its observations met our resolution and S/Nr criterium.

thus we did not request new observations. The properties of this
sample are summarised in Table 1.

Figure 1 shows the distribution of fractional widths (top
panel) vs the expected belt �uxes at 0.88 mm for moderately in-
clined (middle panel) and highly inclined belts (bottom panel).
Blue markers show systems in ARKS, while grey markers rep-
resent systems in REASONS that were excluded from ARKS.

Our sample is biased towards the brightest belts (& 3 mJy).
However, as shown in Fig. 2, the selected sample (blue) is not
signi�cantly biased relative to REASONS in terms of stellar
luminosities and ages. That said, both samples favour early-
type stars withL? > 1 L� and display a bimodal age distri-
bution, with a notable gap between 50 and 100 Myr. The lu-
minosity bias arises because early-type stars are more likely to
host bright exoKuiper belts, which are easier to detect and re-
solve with ALMA. The gap in the age distribution, on the other
hand, re�ects the absence of moving groups within the 50–100
Myr range in the REASONS sample, resulting in an apparent bi-
modality (Matrà et al. 2025). Of the nearby moving groups, only
the recently discovered Volans-Carina falls within this age inter-
val (as it is� 90 Myr old, Gagné et al. 2018). Overall, the ARKS
sample does not show signi�cant biases relative to REASONS
in terms of fractional widths, stellar luminosities, or ages.

In terms of companions, 8 out of the 24 systems have con-
�rmed companions with a wide range of mass ratios and sep-
arations (see Appendix G for details). Four of these eight sys-
tems (HD 10647, HD 76582, HD 109573 and HD 197481) have
stellar companions at wide separations and at least 6 times fur-
ther than their belts. One of these eight systems has a brown
dwarf companion (HD 206893) interior to the belt. Six of the
eight systems (HD 10647, HD 39060, HD 95086, HD 197481,
HD 206893 and HD 218396) contain companions in the plan-
etary mass regime interior to their belts, at separations that are
not greater than 50% of the belts' inner edge. Milli et al. (2026)
presents a summary of the known substellar mass companions
in the sample, and their location relative to the belts. In addition,
Milli et al. (2026) presents mass upper limits based on SPHERE
direct imaging observations, that constrain the possible mass of
companions at the disc inner edge (and gaps if present), and
semi-major axes and mass constraints for companions causing
the PMa in four systems where these have not been con�rmed
yet via direct imaging.

5. Observations, data reduction, and imaging

In this section we summarise the observations of ARKS and
those archival observations that we included.

5.1. Observations

ARKS observations (2022.1.00338.L, PI: S. Marino, co-PIs: A.
M. Hughes & L. Matrà) were carried out during cycles 9 and 10
from October 2022 to July 2024. Table A.1 summarises the ob-
servations of the 18 ARKS and 6 archival targets. For two of the
ARKS targets (HD 9672 and HD 10647), we included archival
band 7 observations to improve their S/N. The last column of
Table A.1 indicates the project code of the archival observations
that were included.

ARKS observations used a wide range of antenna con�gura-
tions, from the 7m Atacama Compact Array (ACA, with base-
lines as short as 8m) for the largest belts, to con�guration C-8 of
the 12m array (with baselines as long as 8.5 km) for the small-
est belts. These provided a wide range of resolutions tailored to
each system, from 000:85 down to 000:04.
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Table 1: Main system parameters of the ARKS sample.

Expected from REASONS
Name Dist Spt L? M? Age Lcold=L? ap Fbelt i PA R � R=R

[pc] [L� ] [ M� ] [Myr] [ � 10� 4] [au] [mJy] [� ] [ � ] [au]
Moderately inclined belts (i < 75� )
HD 15257 49.0 F1V 14 1.75 1000+800

� 800 0.61 7.5 40 60 270 0.81
HD 76582 48.9 A7V 9.9 1.61 1200+900

� 900 2.0 8.0 72 104 219 0.96
HD 84870 88.8 A9V 7.9 1.66 300+200

� 200 4.3 4.8 50 10 260 1.00
HD 92945 21.5 K0V 0.37 0.85 200+100

� 100 6.6 PMa: 2–30 10.1 67 100 96 0.83
HD 95086 86.5 A9V 6.4 1.54 13:3+1

� 0:6 16 52(1) 8.1 29 93 206 0.87
HD 107146 27.5 G0V 1.00 1.04 150+100

� 50 9.8 PMa: 2.5–20 39.3 22 149 107 1.03
HD 121617g 118 A1V 14 1.90 16+2

� 2 51 4.8 37 60 78 0.77
HD 131835g 130 A8V 8.9 1.70 16+2

� 2 23 5.5 74 60 84 1.04
HD 145560 121 F5V 3.3 1.35 16+2

� 2 20 4.1 47 28 76 0.66
HD 161868 29.7 A1V 24 2.11 300+200

� 200 0.65 PMa: 3–25 6.3 68 57 124 0.89
HD 170773 36.9 F4V 3.6 1.40 200+100

� 100 4.9 15.8 33 114 194 0.35
HD 206893 40.8 F5V 2.8 1.33 160+20

� 20 2.7 3.5,9.7(2) 2.9 24 60 108 0.93
TYC 9340-437-1 36.7 K7V 0.19 0.75 23+3

� 3 10 11.0 40 130 130 0.77
HD 218396 (HR 8799) 40.9 A9V 5.5 1.50 33+7

� 10 2.5 15,27,41,72(3) 11.2 39 51 290 0.86
Highly inclined belts (i > 75� )
HD 9672 (49 Ceti)g 57.2 A2V 15 2.00 45+5

� 5 7.2 15.2 79 107 136 1.08
HD 10647 (q1 Eri) 17.3 F8V 1.6 1.12 1700+600

� 600 2.6 2.0(4) 12.8 77 57 100 0.70
HD 14055 35.7 A1V 29 2.19 300+200

� 200 0.89 8.5 81 163 180 0.89
HD 15115 48.8 F3V 3.7 1.43 45+5

� 5 4.7 5.8 88 98 93 0.23
HD 32297g 130 A8V 7.0 1.57 30+10

� 10 61 9.9 87 48 122 0.51
HD 39060 (� Pic)g 19.6 A4V 8.7 1.72 23+3

� 3 25 2.7,10(5) 56.2 87 30 105 0.88
HD 61005 36.5 G6V 0.62 0.95 45+5

� 5 25 16.4 86 70 73 0.52
HD 109573 (HR 4796) 70.8 B9.5V 25 2.14 10+3

� 3 42 PMa: 4–38 15.4 76 27 78 0.19
HD 131488g 152 A3V 12 1.80 16+2

� 2 26 8.1 84 96 92 0.50
HD 197481 (AU Mic) 9.71 M1V 0.098 0.61 23+3

� 3 3.9 0.070,0.12(6) 17.4 88 129 35 0.36

Notes.Column 2 indicates the distance according to Gaia DR3 (Gaia Collaboration et al. 2023). The approximate spectral types are shown in Column
3, estimated using the stellar e� ective temperatures of REASONS and the main sequence from Pecaut & Mamajek (2013). The stellar luminosity and
fractional luminosity of the cold dust component (Columns 4 and 7) were taken from spectral energy distribution �ts using the same methodology as in
REASONS (Matrà et al. 2025), but with updated disc �uxes based on ARKS (see Appendix D). The stellar age (Column 6) was taken from REASONS
(Matrà et al. 2025). The stellar masses in Column 5 were inferred as described in Appendix C. Column 8 shows the semi-major axes of known planets in
these systems. Systems with unknown planets but with a signi�cant (> 3� ) proper motion anomaly are labelled as PMa (Kervella et al. 2022), with the
values originating from Milli et al. (2026). The last �ve columns show the expected belt �ux at 0.88 mm, the belt inclination, position angle, central radius
and fractional width from REASONS. Systems with archival data only and not observed by ARKS are highlighted in grey, and systems with CO gas are
�agged g̀'.

References.(1): Chauvin et al. (2018); (2): Hinkley et al. (2023); (3): Zurlo et al. (2022); (4): Marmier et al. (2013); (5): Brandt et al. (2021); (6):
Mallorquín et al. (2024).

ARKS observations used two di� erent spectral setups de-
pending on the CO content of each system, which had been es-
tablished by previous observations. For gas-poor systems (i.e.
no detected CO gas), two of the four spectral windows were
dedicated to studying the dust continuum emission only, with
a bandwidth of 1.875 GHz and 120 channels each and centred
at 343.2 and 333.2 GHz. The other two were set to cover the
12CO and13CO J=3-2 lines to search for gas with a bandwidth
of 1.875 GHz, centred at 345.2 and 331.3 GHz, with 3840 chan-
nels and a channel spacing of 488 kHz, providing a spectral res-
olution of 0.84 and 0.85 km/s, respectively. The total continuum
bandwidth for these systems was 7.5 GHz.

For systems regarded to be gas-rich (HD 9672, HD 32297,
HD 121617, HD 131488, HD 131835), the spectral window cov-
ering the12CO J=3-2 emission at 345.789 GHz was set with the
highest spectral resolution of 31 kHz or 26 m/s (15 kHz or 13 m/s
channel spacing). This spectral window had a total bandwidth of
59 MHz or 51 km/s, with 3840 channels and was centred at the
line central frequency, taking into account the radial velocity of
each system. The total continuum bandwidth for these systems
was 5.7 GHz.

In addition to the new ARKS observations, we include
ALMA archival observations for 2 of the 18 systems observed
by ARKS. These systems had previous observations at a similar
resolution in band 7, although at a lower sensitivity. However,
these observations still enhance our S/N due to the increased
integration time. These systems are HD 9672 (49 Ceti, Cataldi
et al. 2023; Delamer 2023) and HD 10647 (q1 Eri, Lovell et al.
2021b). For the 6 additional archival targets, we preferentially
use their band 7 data with two exceptions. For HD 206893, its
band 6 data has a higher S/N at the desired resolution, and thus
we use this only (Marino et al. 2020b; Nederlander et al. 2021).
For HD 107146, we use both bands 6 and 7 since they are com-
plementary: the former has high S/N, low-resolution observa-
tions, while the latter includes higher-resolution data at a mod-
erate S/N (Marino et al. 2018; Marino 2021; Imaz Blanco et al.
2023). The spectral setup of these observations varied, with most
of them including12CO observations while maximising the con-
tinuum sensitivity. Finally, 5 of the 6 archival targets were ob-
served with a single pointing, the exception being HD 39060
(� Pic), which included a 2-point mosaic for its 12m antenna
short baseline observations.

Article number, page 6 of 25



S. Marino1 et al.: The ALMA survey to Resolve exoKuiper belt Substructures (ARKS)

5.2. Data reduction

The data were calibrated by the UK ARC Node using the ALMA
pipeline and corresponding CASA version (6.4.1.12 for those
observed during cycle 9 and 6.5.4.9 for cycle 10, CASA Team
et al. 2022). For archival data, the calibrated measurement set
(MS) �les were delivered by the ESO ARC. No additional steps
were done for the calibration of the data, except for some �ag-
ging of some archival data (see below).

We reduced the calibrated MS �les using CASA version
6.4.1.12 as follows. We �rst transformed the MS �les to the
barycentric reference frame using the taskmstransformand kept
only the target observations. We then time averaged the data us-
ing the tasksplit . The time binning (� t) was calculated for each
source and antenna con�guration such that the e� ect of time av-
eraging smearing is kept below 5% at a radius equal to twice the
size of the belts' outer edges (following Eq. 6.80 in Thompson
et al. 2017). We also constrained the maximum value of� t to
60 s, which was the case for most of our sources. For HD 61005
and� Pic long baseline observations,� t was set to 45 and 30 s,
respectively, to keep the e� ect of time averaging smearing below
5%.

Each target observation was centred at the predicted stellar
position using the available stellar astrometry in cycle 9. For
the targets observed as part of ARKS, this was done using Gaia
DR2 (Gaia Collaboration et al. 2018), except for HD 14055 and
HD 161868 for which we used the Hipparcos astrometric solu-
tion (van Leeuwen 2007). These two stars have the largest appar-
ent magnitudes, which makes their Gaia DR2 astrometric solu-
tion less accurate than Hipparcos. We �nd that the DR2 positions
match well with the DR3 positions, with di� erences smaller than
5 mas. The Hipparcos predicted positions of HD 14055 and
HD 161868, and the phase centres used in the archival observa-
tions, di� ered by larger values up to 81 mas. The �nal phase cen-
tre coordinates (after the data correction described in Sect. 5.3)
and the o� sets relative to Gaia DR3 are summarised in Table
D.1.

To study the dust continuum emission, we �agged channels
within 15 km/s of the12CO and13CO J=3-2 lines5 for systems
with known gas, and within 50 km/s for systems with no known
CO gas. Subsequently, we spectrally averaged the data by� � ,
which was calculated for each source and antenna con�guration
such that the e� ect of bandwidth smearing is kept below 5% at a
radius equal to twice the size of the belts' outer edges (following
Eq. 6.75 in Thompson et al. 2017). The spectral averaging is also
constrained to be at most the bandwidth of any spectral window
(� 2 or 0.06 GHz), which sets� � for most of our sources. The ex-
ceptions to this were the long baseline observations of HD 9672,
HD 15115, HD 32297, HD 61005, HD 109573 and HD 131488
with a frequency averaging of 1 GHz and HD 39060 long base-
line observations with a 0.5 GHz averaging.

To study the CO gas, we split the time-averaged MS �les into
two new �les containing the spectral windows dedicated to12CO
and13CO J=3-2 lines (or12CO J=2-1 for HD 39060's archival
data). We used the taskuvcontsubto �t and subtract the contin-
uum emission, excluding the same channels that were �agged to
study the continuum as described above.

An additional step was taken to reduce the data of
HD 107146, HD 10647 and HD 197481 (AU Mic) that involved
�agging. For HD 107146's band 7 12m short baseline observa-
tions, we �agged visibilities at baselines shorter than 20 k� to
reduce some low-frequency ripples in the image that were not
caused by the uv coverage but rather systematic noise in the
5 or the J=2-1 lines for archival sources with band 6 observations.

data. This solves most of the problem, but we note that some
large-scale artefacts remain in the data, especially in images con-
structed with more weight towards the band 7 short baselines
(Imaz Blanco et al. 2023). For HD 10647 long baseline obser-
vations in cycle 3 taken on 12 Jul 2016 at 11:34 (UTC), we
�agged the baselines corresponding to the antenna pair DA46
and DA54 since they produced strong ripples in the continuum
image (Lovell et al. 2021b). For HD 197481 (AU Mic), we
�agged scan 27 in the long baseline observations taken on 24
Jun 2015 (UTC) to remove a stellar �are from our data (Daley
et al. 2019; MacGregor et al. 2020). We also searched for stel-
lar variability on all the data, but found no signi�cant variability
for any target other than HD 197481 (see Appendix F). Finally,
we note that HD 218396 has background CO J=3-2 emission
at -12.5 km/s in the barycentric reference frame (Faramaz et al.
2019), which was �agged as part of our standard reduction.

ExoKuiper belts are not typically bright enough for suc-
cessful self-calibration. Nevertheless, as an experiment, we
tested whether self-calibration could improve our data's S/N.
We tried self-calibrating our brightest targets using the pack-
ageauto_selfcal6 but found no improvements in the image rms.
Therefore, we continue using the non-self-calibrated data.

5.3. Data correction

Before imaging and analysing the continuum and gas data, we
applied a �nal data correction step, which aims to correct any as-
trometric o� sets, �ux o� sets, and rescale the visibility weights
of each execution block to truly represent the noise or disper-
sion in the continuum and CO data. For sources with background
galaxies, this step also includes subtracting their emission from
the continuum data. To determine these corrections, we use the
continuum data as a reference.

We start this process by extracting the continuum visibili-
ties of each execution block7 and forward-�tting them simulta-
neously using a simple belt model (see below), leaving as free
parameters astrometric (phase centre) o� sets, �ux scale o� sets,
and weights scale o� sets for each execution block (in addition to
system parameters), and exploring the parameter space with an
MCMC (as in Marino 2021). This �tting and correction step is
e� ectively a low-order self-calibration using a simple model as
a reference.

The belt model was computed usingdisc2radmc(a Python
wrapper to use RADMC3D8, Marino et al. 2022). For most sys-
tems, we assumed a belt with a Gaussian surface density distri-
bution (with central radius and FWHM as free parameters) and a
Gaussian vertical distribution with a free and radius-independent
aspect ratio for su� ciently inclined systems (a similar strategy to
REASONS). The exceptions to this were HD 15115, HD 92945
and HD 107146, for which we �t a double Gaussian radial dis-
tribution with additional free parameters for the central radius,
FWHM, and relative scale of the second Gaussian; HD 206893,
for which we �t a Gaussian gap with additional free parameters
for its centre, width, and depth; and HD 121617, for which we in-
cluded a sinusoidal azimuthal variation (with additional parame-
ters for the phase and amplitude of the variation). Without these
additional components, the best �ts to these systems showed
strong residuals and, thus, could strongly bias our correction pro-

6 Available at https://github.com/jjtobin/auto_selfcal/
7 Each system can be observed with multiple antenna con�gurations
(scheduling blocks), and multiple executions per con�guration (execu-
tion blocks).
8 https://www.ita.uni-heidelberg.de/ dullemond/software/radmc-3d/
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cess. For systems where central emission was detected using un-
corrected clean images, we kept the stellar �ux as a free param-
eter. We also considered the belt's inclination and position angle
as free parameters. Finally, we left the dust mass as a free param-
eter to �t the belt �ux, assuming a dust opacity of 1.9 cm2 g� 1 at
0.89 mm or 1.3 cm2 g� 1 at 1.3 mm.9 Since we �t two bands for
HD 107146, we included an extra parameter to �t the belt �ux
in band 6 (1.3 mm) instead of �tting the spectral index or grain
size distribution.

In addition, we account for background submillimetre galax-
ies (SMGs) present near the belts of HD 76582, HD 84870,
HD 92945, HD 95086, HD 107146, HD 206893, TYC 9340-
437-1, and HD 218396, by including 2D elliptical Gaussians in
the model images. We left as free parameters their �ux, position
relative to the stars, (taking into account the SMG's relative mo-
tion to these stars due to the stellar proper motions, Gaia Collab-
oration et al. 2023), major and minor axes, and position angle.
Fitting these background sources had the advantage of provid-
ing an additional lever to determine any systematic astrometry
or �ux o � sets between observations. Appendix E explains why
these are likely SMGs and presents the best-�t values for these
sources.

The model images were multiplied by the antenna primary
beam (computed using CASA) and then Fourier transformed
with Galario to produce model visibilities to �t the ALMA data
(Tazzari et al. 2018). To account for any systematic phase centre
o� sets between observations, we left as free parameters a right
ascension and declination o� set for each execution block. This
is applied to the model by Galario in Fourier space.

For each model evaluation, Galario computes a� 2 for each
executionj that is de�ned as

� 2
j (x) =

N jX

k

jjVd;k; j f�ux ; j � Vm;k; j(x)Pk; j jj2
Wk; j

f 2
�ux ; j f

2
�; j

; (5)

whereVd;k; j andVm;k; j(x) are the measured and model complex
visibilities k of the executionj, f�ux ; j is the �ux correction fac-
tor, x represents the system's free parameters (including back-
ground sources),Pk; j represents the phase centre o� set with free
parameters� RA j and � Decj ,10 Wk; j is the associated weight
(1/uncertainty2), f�; j is a factor to rescale the weights (see be-
low), andN j is the number of visibilities for a particular execu-
tion. Each system was typically observed with two antenna con-
�gurations and multiple executions per con�guration. Because
each execution was observed and calibrated independently, they
may have di� erent systematic astrometric o� sets.

Similarly, each execution can have di� erent absolute �ux
calibration errors of the order of� 10% (Francis et al. 2020). To
account for this, we �t a �ux correction factorf�ux ; j to each exe-
cution j > 0 while �xing f�ux ;0 = 1 to anchor these factors. We
arbitrarily assignedj = 0 to one of the executions taken with the
longest baseline con�guration of each target.11 For HD 107146,
we had to setf�ux = 1 for one band 7 execution and one band 6
execution.

Finally, the factorsf�; j in Eq. (5) account for the fact that the
weights in the calibrated MS �les do not necessarily match the
9 Computed using Mie Theory for a power law grain size distribution
ranging from 1� m to 1 cm, with a slope of -3.5, and composed of
astrosilicates (70%), crystalline water ice (15%) and amorphous carbon
(15%) by mass (Draine 2003; Li & Greenberg 1998).
10 In Eq. (5),Pk; j = exp[� 2� i(uk; j � RA j + vk; j � Dec)], whereuk; j andvk; j
are theu � v coordinates of each visibility.
11 Although we make sure we do not use as a reference execution an
observation with a signi�cantly higher noise than the average.

true dispersion and uncertainty in the data. While the taskstatwt
in CASA can empirically determine the weights, here we choose
to conserve the relative weights between di� erent measured vis-
ibilities and only adjust their absolute level (e.g. Marino et al.
2018; Matrà et al. 2019b). We tested whether this o� set varies
with spectral window and found it did not, and thus, we chose
to use a single factor per execution. Fitting forf�; j is equivalent
to forcing the reduced� 2

j to be one, which is an adequate choice
for ALMA observations of exoKuiper belts where the S/N per
visibility is � 1 (i.e. each value is dominated by noise, Marino
2021). This means that the choice of the model has little in�u-
ence on the best-�t value off�; j .

We use the Python packageemcee(Foreman-Mackey et al.
2013) to �t all these parameters using the A� ne Invariant
MCMC Ensemble sampler (Goodman & Weare 2010) and re-
cover the posterior distribution de�ned as

logP = �
1
2

X

j

[� 2
j (x) + 2N j log(f�; j)] + prior; (6)

where the prior is uniform for all parameters except for the �ux
o� sets (f�ux ;j), for which we assume a Gaussian prior with a
standard deviation of 10%.12 Typically, each system requires be-
tween 50 and 100 free parameters, depending on the number of
executions, and the MCMC was run with 200–400 walkers and
for 2000–10,000 iterations, depending on how fast the chains
converged. After removing the burn-in phase that typically lasted
half the iteration length, we extracted the median and 16th and
84th percentiles for each parameter.

We used the medians of the �tted parameters to correct the
continuum and CO data.13 The medians of� RA j and � Decj
were used to align each execution with our reference execution
( j = 0). In this way, if there was a true o� set in the disc rel-
ative to the predicted stellar location, this would be conserved,
but only with the accuracy that the singlej = 0 execution pro-
vides. We also copy the coordinates of this reference execution
to all other executions using the CASA taskfixplanet. Typically,
these o� sets were found to be smaller than the beam size and
consistent with the expected systematic astrometric uncertainty
(see Sect. 5.4). Two systems, HD 14055 and HD 39060, showed
o� sets with a standard deviation between executions larger than
30% of the beam size (i.e. 3 times the expected absolute astro-
metric accuracy of 5–10% of the beam, ALMA Technical Hand-
book). For HD 14055, we attribute the large dispersion to the low
elevation (� 30� ) of its observations due to its declination, which
may have increased the phase noise, and to a low S/N per execu-
tion. For HD 39060 (� Pic), this is due to one of three executions
that has a much higher noise. The coordinates of the �nal phase
centre and the date of the reference execution of each system are
presented in Table D.1.

The medians off�ux ; j were used to correct for the relative �ux
o� sets. These were found to be typically centred at 1 and have
a dispersion of 8% between executions. Finally, the weights of
each execution were corrected by using the medians off�; j . We
�nd f�; j = 1:86 � 1:88 for the 12m array andf�; j = 1:65 � 1:70
for the 7m array ARKS observations. These factors mean that

12 The second term inside the brackets in Eq. (6) arises from the nor-
malisation of a Gaussian distribution where the standard deviation has
been scaled byf�; j , which are free parameters. Thus, they must be in-
cluded explicitly in the de�nition of logP.
13 The medians approximate very well the values with the highest like-
lihood with di� erences within one� in most cases, and combined they
produce a high-likelihood �t.
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the visibility uncertainties are typically underestimated by 70-
90%, which would impact any analysis performed using the un-
corrected visibility weights. For archival observations, there is a
wider range of values from 0.99 to 33.3, likely due to di� erences
in the calibration of weights in earlier ALMA cycles.

For systems with SMGs, we also produce corrected contin-
uum MS �les with those sources subtracted using their model
visibilities. For most sources, the SMG subtraction performed
well, leaving no signi�cant residuals. The two exceptions were
HD 95086 and HD 107146. The results of this step, including
the best-�t parameters of these sources, are presented in Ap-
pendix E. We note that the CO data did not require subtract-
ing the SMGs, as the continuum subtraction step subtracted their
emission.

HD 39060 (� Pic) observations used a mosaic strategy (Ma-
trà et al. 2019b) for the compact 12m observations: two pointings
set along the disc major axis and o� set by 500from the star. We
found that our o� set parameters for the pointing centred on the
SW side (single execution) were signi�cantly di� erent from the
nominal phase centre by 0.500(� 2 beams). This could be due to
our axisymmetric disc assumption as� Pic's disc presents slight
asymmetries (Dent et al. 2014; Matrà et al. 2019b). Therefore,
for the mosaic observations, we �xed� RA j and� Decj to zero.

The inferred central radius, FWHM, disc aspect ratio, and
stellar �ux for the ARKS sample can be found in Table B.1.
Overall, we �nd good agreement between the derived central
radius and FWHM of the dust radial distribution and the esti-
mated values from REASONS in Table 1. However, for some
systems, we �nd signi�cant di� erences in the FWHM that we
attribute to the radial pro�les being far from Gaussian distri-
butions (see detailed radial pro�les in the companion paper by
Han et al. 2026). This is the case for HD 131835, HD 109573,
HD 121617, HD 131488 and HD 32297, which display narrow
peaks surrounded by extended low-level emission. This trans-
lates into ARKS observations being best �t by narrower Gaus-
sians than the lower-resolution REASONS data that are more
(less) sensitive to the wide (narrow) component.

For those systems in which we �t a stellar �ux, we �nd values
consistent (within 3� ) with the �uxes expected from their SEDs.
These predicted �uxes are extrapolations of their �tted photome-
try assuming a Rayleigh-Jeans behaviour (presented in brackets
in the eighth column of Table B.1). Three stars, however, present
signi�cant di� erences: HD 9672, HD 10647, and HD 197481.
Though we do not detect the star in HD 9672 (49 Ceti), we con-
strain its �ux to be<19 � Jy, which is signi�cantly lower than
the 28� Jy expected from its photosphere (as has been found be-
fore for other A-type stars, White et al. 2018). For HD 10647
(q1 Eri), we �nd a stellar �ux of 131� 9 � Jy (� 16 � Jy when
considering the absolute �ux uncertainty) that is higher than the
predicted photospheric emission of 96� Jy, but still within 3� .
A higher �ux could arise from an unresolved inner belt (Lovell
et al. 2021b). For HD 197481 (AU Mic), we �nd a signi�cantly
higher �ux of 245� 14� Jy (� 29� Jy when considering the abso-
lute �ux uncertainty) than the expected photospheric emission of
50 � Jy. HD 197481 is known to have variable non-photospheric
emission at mm wavelengths, which may explain this higher �ux
(Daley et al. 2019; see also our Appendix F).

5.4. Continuum imaging

Image reconstruction was performed using the CLEAN algo-
rithm implemented in the tasktclean in CASA (CASA Team
et al. 2022). We used Briggs weighting using robust parame-

ters14 tailored to each source to �nd the right balance between
resolution and S/N for the di� erent data analyses. For exam-
ple, the analysis of the radial distribution of dust bene�ts from
higher resolution as one can azimuthally average the emission
(Han et al. 2026). Conversely, the analysis of asymmetries bene-
�ts more from a higher S/N than higher resolution (Lovell et al.
2026). Typically, we used robust values of 0.5, 1.0 and 2.0, ex-
cept for a few sources where the S/N was su� cient to reduce
the robust value to 0 (e.g. for HD 121617 or HD 32297). We
also applied a uvtaper for other sources to boost the S/N per
beam and better recover the emission in the reconstructed im-
ages (e.g. HD 95086). We used the standard gridder by default,
except for sources where we combined 12m and 7m array ob-
servations (10/24). For those, we used the mosaic gridder option
to account for the di� erent primary beams (this also includes
HD39060/� Pic observations that included a mosaic). Finally,
we also used the multiscale option, setting the scales to roughly
0, 1, 3 and 9 times the size of the robust=0.5 beam to recover
better larger-scale structures.

While cleaning, we manually masked the dirty image, only
including regions with positive emission and updated these
masks between cleaning cycles to include lower surface bright-
ness regions as imaging artefacts disappeared. We stopped clean-
ing once the residuals outside the mask appeared like Gaussian
noise to visual inspection without large-scale artefacts.

For the particular case of HD 107146, we combine its band 6
and 7 data into a single multi-band image using the `mtmfs' de-
convolver with two terms and a reference frequency of 300 GHz
(1.0 mm). Combining both bands was advantageous as it incor-
porated the high-resolution information from the band 7 obser-
vations and the high signal-to-noise short baseline observations
from the band 6 observations. The resulting image was signif-
icantly better in S/N than the band 7-only image while keep-
ing the beam size almost unchanged. We note, however, that the
multi-band images su� er slightly from large-scale artefacts due
to systematic noise in the band 7 data (see Sect. 5.2). For this
reason, when searching for asymmetries in this system, we use
the band 6 data only (Lovell et al. 2026).

Figure 3 presents the continuum images of the SMG-
subtracted and corrected data using di� erent robust values to
highlight the overall disc emission. The corresponding beam
is shown as a white ellipse. The white cross in the im-
age centre shows the expected stellar location according to
Gaia DR3 for the ARKS targets (Gaia Collaboration et al.
2023), while the grey cross shows the best-�t centre from our
Gaussian �t. These di� erences are small but signi�cant15 for
HD 15115, HD 32297, HD 39060 (� Pic), HD 76582, HD 95086,
HD 109573 (HR 4796), HD 161868, and HD 197481 (AU Mic).
These o� sets may be due to systematic errors (e.g. errors from
baseline uncertainties or phase referencing errors) or disc asym-
metries (e.g. disc eccentricities or crescents) that bias the Gaus-
sian �t away from the star. Systematic pointing errors are not
expected to be larger than 30% of the beam (3 times the ex-
pected absolute astrometric accuracy of 5-10% of the beam),
which would suggest that the o� sets in HD 15115, HD 32297,
HD 95086 and HD 109573 are due to asymmetric emission.
These o� sets and the presence of asymmetries are discussed in
detail in the companion paper by Lovell et al. (2026).
14 This parameter can take values from -2 to 2, with higher values re-
sulting in a lower resolution but higher S/N. A value of 0.5 is the stan-
dard used for observation planning and the quality assessment of the
data.
15 > 3� when looking at the 2D posterior distribution of� RA vs � Dec
for the multiple long baseline observations of each system.
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Fig. 3: ARKS continuum clean images of the 24 systems in the sample after correction and subtraction of any SMG. The beam size
is shown as a white ellipse in the bottom left corner. For sources imaged with a robust parameter greater than 0.5, an additional grey
ellipse represents the beam size using a robust value of 0.5. The white ticks at the edges are spaced by 100, while the scale bar at
the bottom right corner represents a projected distance of 50 au. The white cross represents the expected stellar position according
to Gaia DR3, while the grey cross represents the best-�t centre of the system assuming a circular belt. For better clarity, each panel
uses its own colour scale from 3� rms to the image peak.
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