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ABSTRACT

Context. Debris discs are populated by belts of planetesimals, whose structure carries dynamical imprints of planets and the formation
and evolutionary history of the planetary system. The relatively faint emission of debris discs has previously made it challenging to
obtain a large sample of high-resolution ALMA images to characterise their substructures.
Aims. The ALMA survey to Resolve exoKuiper belt Substructures (ARKS) was recently completed to cover the lack of high-resolution
observations and to investigate the prevalence of substructures such as radial gaps and rings in a sample of 24 debris discs. This study
characterises the radial structure of debris discs in the ARKS programme.
Methods. We modelled all discs with a range of non-parametric and parametric approaches, including those that deconvolve and
deproject the image or fit the visibilities directly, in order to identify and quantify the disc substructures.
Results. Across the sample we find that of the 24 discs, 5 host multiple rings, 7 are single rings that display halos or additional low-
amplitude rings, and 12 are single rings with at most tentative evidence of additional substructures. The fractional ring widths that we
measured are significantly narrower than previously derived values, and they follow a distribution similar to the fractional widths of
individual rings resolved in protoplanetary discs. However, there exists a population of rings in debris discs that are significantly wider
than those in protoplanetary discs. We also find that discs with steep inner edges consistent with planet sculpting tend to be found
at smaller (<100 au) radii, while more radially extended discs tend to have shallower edges more consistent with collisional evolu-
tion. An overwhelming majority of discs have radial profiles that are well-described by either a double power law or double-Gaussian
parametrisation.
Conclusions. While our findings suggest that it may be possible for some debris discs to inherit their structures directly from pro-
toplanetary discs, there exists a sizeable population of broad debris discs that cannot be explained in this way. Assuming that the
distribution of millimetre dust reflects the distribution of planetesimals, mechanisms that cause rings in protoplanetary discs to migrate
or debris discs to broaden soon after formation may be at play, possibly mediated by planetary migration or scattering.

Key words. methods: data analysis – planets and satellites: dynamical evolution and stability – planets and satellites: formation –
planets and satellites: general – protoplanetary disks – planet-disk interactions

1. Introduction

Planetesimal belts analogous to the Solar System’s Edgeworth-
Kuiper belt provided some of the earliest hints of the pres-
ence of extrasolar planetary systems, which manifest as an
infrared excess in the spectral energy distribution (SED) of main-
sequence stars (Aumann et al. 1984; Harper et al. 1984). Sub-
sequent decades of imaging campaigns have spatially resolved
these belts from optical (e.g. GPIES, Crotts et al. 2024) to far-
infrared (e.g. DEBRIS, Matthews et al. 2010; DUNES, Eiroa
et al. 2013; Montesinos et al. 2016; Moór et al. 2015; Marshall
et al. 2021) and (sub)millimetre (e.g. SONS, Holland et al.
2017; REASONS, Matrà et al. 2025) wavelengths, progressively

⋆ Corresponding author: yinuo@caltech.edu

achieving higher resolution that has revealed their morphology.
In a handful of systems observed with sufficiently high resolu-
tion and sensitivity, substructures such as radial gaps (Marino
et al. 2018, 2019, 2020; MacGregor et al. 2019; Nederlander et al.
2021), azimuthal asymmetries (Dent et al. 2014; MacGregor
et al. 2017), and various vertical profiles (Kennedy et al. 2018;
Matrà et al. 2019; Daley et al. 2019; Vizgan et al. 2022; Terrill
et al. 2023) have been identified. These substructures could be
caused by planets possibly residing in these discs, interacting
with the planetesimals and the dust, and/or they could be an out-
come of planetesimal formation processes, possibly linked with
substructures commonly observed in protoplanetary discs (Bae
et al. 2023).

The ALMA survey to Resolve exoKuiper belt Substructures
(ARKS) is the most recent campaign in this effort to obtain a

A196, page 1 of 38
Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

https://www.aanda.org
https://doi.org/10.1051/0004-6361/202556450
https://orcid.org/0000-0002-2106-0403
https://orcid.org/0009-0004-1433-8149
https://orcid.org/0000-0002-5352-2924
https://orcid.org/0000-0002-4803-6200
https://orcid.org/0000-0001-9319-1296
https://orcid.org/0009-0006-6823-9060
https://orcid.org/0009-0008-5679-1389
https://orcid.org/0000-0001-8568-6336
https://orcid.org/0000-0002-0364-937X
https://orcid.org/0009-0000-7049-8439
https://orcid.org/0000-0002-7050-0161
https://orcid.org/0000-0002-8949-5200
https://orcid.org/0000-0003-2251-0602
https://orcid.org/0000-0002-2700-9676
https://orcid.org/0000-0002-6246-2310
https://orcid.org/0000-0001-6684-6269
https://orcid.org/0000-0001-7157-6275
https://orcid.org/0009-0009-4573-2612
https://orcid.org/0000-0002-4248-5443
https://orcid.org/0000-0002-1018-6203
https://orcid.org/0000-0001-7891-8143
https://orcid.org/0000-0002-7066-8052
https://orcid.org/0000-0001-6208-1801
https://orcid.org/0000-0003-4705-3188
https://orcid.org/0000-0001-9325-2511
https://orcid.org/0009-0001-9360-2670
https://orcid.org/0000-0003-4475-3605
https://orcid.org/0000-0001-5653-5635
https://orcid.org/0000-0003-2953-755X
https://orcid.org/0000-0003-4623-1165
https://orcid.org/0000-0002-3354-6654
https://orcid.org/0000-0003-1526-7587
https://orcid.org/0000-0001-9064-5598
mailto:yinuo@caltech.edu
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Han, Y., et al.: A&A, 705, A196 (2026)

sample of high-resolution thermal emission images of debris
discs and investigate the prevalence of substructures (Marino
et al. 2026). This is the only ALMA large programme targeting
debris discs, with targets selected from the sample of all ALMA-
and SMA-resolved debris discs known as the REASONS sample
(Matrà et al. 2025).

The term debris discs loosely refers to the collection of
Kuiper belt, asteroid belt, and zodiacal dust analogues in a plan-
etary system (Wyatt 2008; Hughes et al. 2018). In the context of
this study, we use the term to refer specifically to analogues of
the Kuiper belt at 10s to 100s of au, which extend over a large
enough angular size for their detailed structure to be imaged.
While substructures have been identified in debris discs at other
observing wavelengths, ALMA observations are unique in imag-
ing the distribution of millimetre-sized dust, which is thought to
most closely trace the distribution of planetesimals, as smaller
dust grains observed at shorter wavelengths are more signif-
icantly subject to radiative forces (Wyatt 2008; Krivov 2010;
Hughes et al. 2018; Pawellek et al. 2019). This high-resolution
ALMA survey is, therefore, well-suited for studying the detailed
substructures of planetesimal belts, their dynamical interactions
with planets in the system, and any structural similarities and
differences with protoplanetary discs during the earlier phases
of planet formation. This paper focuses on the radial structure of
debris discs in the ARKS programme.

Perhaps the Solar System provides the most compelling
examples of how the radial disc structure reflects the architecture
and dynamical history of the planetary system. The Kuiper belt
is known to host an extended scattered disc component that has
been linked to the past migration of (Brown 2001; Morbidelli
et al. 2004). Furthermore, a wide radial gap lies between the
Kuiper belt and asteroid belt, within which the four giant plan-
ets of the Solar System reside. Even within the asteroid belt are a
series of Kirkwood gaps, which are cleared by orbital resonances
with Jupiter and Saturn (Wisdom 1983; Morbidelli & Henrard
1991).

Similar disc features have also been observed and modelled
in extrasolar systems. The location and sharpness of the belt’s
edges could constrain the presence and migration history of
planets, as an inner edge with a shallow slope is expected for
debris discs evolving under steady-state collisions alone (Wyatt
et al. 2007b; Löhne et al. 2008; Geiler & Krivov 2017; Imaz
Blanco et al. 2023), whereas as a steeper slope is expected if a
planet truncates the inner edge (Quillen 2006; Chiang et al. 2009;
Mustill & Wyatt 2012; Rodigas et al. 2014; Marino 2021; Imaz
Blanco et al. 2023; Pearce et al. 2024). Similarly, the outer edge
of debris discs could record dynamical events such as the scat-
tering of planetesimals possibly due to migrating planets (e.g.
HR 8799, Geiler et al. 2019, and q1 Eri, Lovell et al. 2021),
whereas any azimuthal asymmetries could yield further con-
straints on planet migration (Wyatt 2003; Booth et al. 2023). For
discs with sufficiently well-constrained radial profiles, it may be
possible to retrieve the semi-major axis and eccentricity distri-
butions of planetesimals within the belt (Rafikov 2023), which
closely reflect the dynamical state of the system and any potential
perturbing planets (Quillen 2006; Chiang et al. 2009; Faramaz
et al. 2014; Pearce & Wyatt 2014; Kennedy 2020), as well as the
disc’s total mass (Sefilian 2024). Furthermore, radial gaps have
been observed in debris discs (Marino et al. 2018, 2019, 2020)
and used to infer the presence of <1 Jupiter mass planets at tens
of au. These gaps could be carved by planets embedded within
the disc (Faber & Quillen 2007; Shannon et al. 2016; Morrison
& Kratter 2018; Friebe et al. 2022) or orbiting interior to its inner

edge (Pearce & Wyatt 2015; Yelverton et al. 2019; Sefilian et al.
2021, 2023).

In addition to the link between disc structure and planetary
architecture, we also consider the evolution of planetary systems
from the few million-year-old protoplanetary discs to the more
evolved debris disc phase (>10 Myr). The higher dust contin-
uum luminosity of protoplanetary discs has enabled a number
of ALMA programmes to map their detailed structure in dozens
of systems (Bae et al. 2023). These observations have found
that protoplanetary discs with multiple concentric rings appear
to be common (Andrews et al. 2018; Huang et al. 2018; Long
et al. 2018). Out of 479 young stellar objects surveyed in nearby
star-forming regions, 355 discs have been detected and 62 have
clearly identified ring-like structures, of which approximately
half display multiple rings (Bae et al. 2023). However, debris
discs known to unambiguously host multiple rings are compara-
tively few in number, and typical fractional widths (i.e. FWHM
of a debris disc ring divided by its radius, or ∆R/Rc) measured
from available ALMA observations appear to be larger than in
protoplanetary discs (Matrà et al. 2025). Prior to the ARKS
programme, there were no debris disc surveys with compara-
ble resolution and sample size to those targeting protoplanetary
discs, so it was unclear whether the difference is real or due
to limitations in the resolution and sensitivity of debris disc
observations. Such a comparison of disc fractional widths is
nonetheless important. If debris discs directly inherit the struc-
ture of protoplanetary rings, their radial distribution should be
consistent if we are detecting systems of the same population and
offset only in age (Najita et al. 2022; Orcajo et al. 2025). How-
ever, there could also exist mechanisms that broaden debris disc
rings, such as debris self-scattering (Ida & Makino 1993) or the
migration of planetesimal-forming dust traps in protoplanetary
discs, which could form wider planetesimal belts than would be
formed outside a non-migrating planet (Miller et al. 2021; Jiang
& Ormel 2023).

The ARKS programme attempts to shed light on these ques-
tions. In this ARKS paper, we describe our modelling approach
in Sect. 2, and show the deconvolved and deprojected radial
profiles of the dust continuum emission in Sect. 3. The impli-
cations of these findings on our general understanding of debris
disc structure are discussed in Sect. 4. Our findings are sum-
marised in Sect. 5. Some further technical details are provided
in Appendices A–H.

2. Extracting radial profiles

The primary quantity that we aim to determine in this section is
the radial profile of the dust continuum emission for all discs in
the ARKS programme. The reduced and corrected dataset and
the CLEAN images of all discs are described and displayed in
Marino et al. (2026), which include 18 discs with new obser-
vations and 6 with archival observations that meet the sensitivity
and resolution requirements of the programme. The targets were
selected to cover discs over a range of inclinations, and obser-
vations were designed to resolve gaps carved by Neptune-sized
planets for face-on discs and to resolve the vertical height for
edge-on discs (Marino et al. 2026).

Radial surface brightness profiles can be directly extracted
from clean images by deprojecting and azimuthally averaging
the emission (e.g. Marino et al. 2016). However, these beam-
convolved profiles are limited by the beam size and do not
perform well for highly inclined belts. Fortunately, there are
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parametric and non-parametric methods that can circumvent
these issues and robustly infer the deprojected and deconvolved
radial profiles. This radial profile recovery can be performed
either by modelling the visibilities measured by ALMA directly,
or by going to image space and modelling reconstructed images.
Both are non-trivial, as the source distribution is convolved with
the beam (with the dirty beam taking a non-Gaussian form), and
the radial distribution is partly degenerate with the vertical struc-
ture when the disc is not perfectly face-on. To obtain a radial
brightness profile, non-parametric and parametric methods each
have pros and cons. Non-parametric methods such as those in
Jennings et al. (2020) and Han et al. (2022) avoid the risk of
biasing a fitted profile towards specific shapes parametrised by
certain functions, allowing them to more easily fit the observed
visibilities accurately and identify features not obvious by eye
from a CLEAN image. However, their lack of enforcement of a
functional form (such as a Gaussian or power law radial pro-
file) can give rise to erroneous features (such as oscillations in
the fitted profile) in the absence of sufficient regularisation. To
mitigate this, the balance between resolution and noise in the fit-
ted profile can be tuned by varying hyperparameters specific to
each method. Parametric methods provide a more direct quan-
tification of specific features in the radial profile by allowing us
to comparing different functional forms to theoretical models of
debris disc evolution. Parametric models also typically allow for
easier marginalisation over physical parameters like the system
orientation and stellar flux.

In addition to deriving radial brightness profiles from
CLEAN images, we applied both non-parametric and paramet-
ric approaches to recover deconvolved and deprojected radial
profiles across the ARKS sample. We fit each source with:

(1) frank (Jennings et al. 2020; Terrill et al. 2023), a non-
parametric method which operates in visibility space;

(2) rave (Han et al. 2022, 2025), a non-parametric method
which operates in image space; and

(3) parametric models in visibility space, motivated by the
shape of the non-parametric brightness profiles as well as theo-
retical predictions of debris disc structure.
Each of these methods enables radial profile recovery under
the assumption of azimuthal symmetry, even if the disc is per-
fectly edge-on (due to the low optical depth of the discs in the
sample). Together, they provide an informal type of verifica-
tion to more reliably identify and quantify disc substructures.
The assumption of azimuthal symmetry here is appropriate
for the purpose of extracting the radial profile as any asym-
metries of discs in the sample are generally subtle. Details
on any asymmetries across the sample are analysed in an
accompanying paper (Lovell et al. 2026). We describe the
CLEAN profile extraction and the modelling approaches used
in this study in the following sections. The resulting profiles
are available for download from the Harvard Dataverse repos-
itory at dataverse.harvard.edu/dataverse/arkslp and
the ARKS website at arkslp.org.

2.1. Extracting CLEAN profiles

We extracted deprojected radial profiles directly from the pri-
mary beam corrected CLEAN images by azimuthally averaging
the emission (as in Marino et al. 2016). This was performed
by drawing a set of ellipses with the same orientation as the
discs and different semi-major axes (Marino et al. 2026). For
sufficiently inclined belts, we additionally masked sectors of the
disc near their minor axes where the deprojected beam is ≥30%
the original beam major axis, as including these regions would

artificially smooth the azimuthally averaged profile. The uncer-
tainty was estimated as the square root of the average variance
divided by the number of independent points being averaged.
The latter was estimated from the length of the arcs being aver-
aged divided by the beam major axis. We note that this method
does not work for edge-on discs where the minor axis is not well
resolved.

2.2. Non-parametric modelling: frank

The frank code recovers the deprojected and deconvolved radial
profile of discs from ALMA visibilities under the assumption of
axisymmetry by modelling the real component of the visibilities
in 1D with a Fourier-Bessel series regularised by a fast Gaussian
process (Jennings et al. 2020). Originally developed to model
protoplanetary disc observations (Jennings et al. 2022a,b), the
method has been adapted to model optically thin discs, such
as debris discs, while also constraining the vertical aspect ratio
(Terrill et al. 2023). Further adaptations of the method to fit the
surface brightness in logarithmic space reduce oscillatory arte-
facts and prevent negative surface brightnesses from arising in
the fitted profile1 (Miley et al. 2024), which improves the quality
of the fit over previous versions.

We adopted the updated frankmethod to fit all discs, which
can be run specifically for the ARKS sample via the pipeline,
arksia2 (Jennings et al. 2024). The position angle, inclination
and centering offset of the discs were assumed to be those fitted
in Marino et al. (2026) for consistency. Before the radial pro-
files were fitted, stellar flux values (or, to be precise, emission
of any unresolved central component) were subtracted from the
real component of the visibilities as a constant offset in ampli-
tude; these values were assumed to be those fitted in Marino et al.
(2026) if they were well-constrained, or equal to the stellar flux
fitted from the SED otherwise. We note that while the stellar
flux value for HD 32297 was fitted in Marino et al. (2026), it is
potentially overestimated. The fitted stellar flux for HD 32297 is
consistent with 0 at 2σ, so we reverted to the SED flux value
instead. For HD 109573, we found that the uncertainties of the
radial profile better converged near the star when assuming no
stellar emission detected, so we conservatively did not subtract
any stellar flux before fitting the radial profile.

To fit the radial profile of each source, two hyperparameters
were varied: α and wsmooth. α sets the minimum signal-to-noise
ratio (S/N) down to which frank attempts to fit the visibili-
ties. wsmooth determines the amount of smoothing applied to the
reconstructed power spectrum. We performed fits over a few
sets of α and wsmooth values for each system, choosing the best
values according to two criteria: the radial brightness profile
should capture structural detail in the disc without introduc-
ing obvious oscillatory artefacts (a sign of over-fitting), and
the reconstructed power spectrum should reasonably reproduce
that from the observations without over-fitting to baselines that
are undersampled and carry high uncertainty. Discriminating
between oscillatory artefacts and real, narrow structures is not
always trivial because the observed visibility distributions do not
constrain structure in the radial brightness profile below some
minimum spatial scale; across sources, we chose more conser-
vative values of α and wsmooth such that the observed visibilities
were accurately modelled by frank down to a S/N of ≈2. Two
additional hyperparameters, the number of points in radius in
a fit N and an outer radius Rout beyond which the brightness

1 https://github.com/discsim/frank
2 https://github.com/jeffjennings/arksia
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is treated as 0, were chosen for each source to ensure the full
radial extent of disc emission was modelled over a dense grid.
Table G.1 summarises the most appropriate hyperparameters
selected to model each disc.

We note a few caveats related to the frank fits. Firstly, frank
does not account for the effect of the primary beam, which could
bias the profiles of large discs (>5–10 arcsec) to lower surface
brightnesses in their outer regions. However, comparison with
other modelling methods used in this study shows that this effect
is insignificant. Secondly, uncertainties on the frank radial pro-
files are estimated using the diagonal entries of the covariance
matrix of the Gaussian process model evaluated using the best-fit
power spectrum (Jennings et al. 2020), which is likely an under-
estimate of the true uncertainties. Finally, the updated frank
code that significantly reduces artefacts by fitting the surface
brightness in logarithmic space is only optimised for a scale
height of 0 (h = 0). We find that for the range of scale heights
measured in this sample (Zawadzki et al. 2026), the scale height
assumption used when fitting the disc does not have a significant
effect on the fitted radial profile. Considering that the reduc-
tion of oscillatory artefacts and avoidance of negative surface
brightness values outweighs the potential inaccuracies of per-
forming the fits under the assumption that the disc is thin, we
proceeded with the updated version of frank assuming h = 0.
The frank method can nonetheless be applied to constrain the
vertical aspect ratio of discs, the details of which are described
in Zawadzki et al. (2026).

2.3. Non-parametric modelling: rave

rave recovers the radial profile of a disc by fitting models of con-
centric annuli to its image, solving for the brightness required of
each annulus to reproduce the image (Han et al. 2022). To mit-
igate the dependence of the fitted profile on the placement of
annuli boundaries, the fit is repeated 100 times, each time with
a different partitioning of annuli boundaries, which are chosen
in a Monte Carlo fashion. The degree of scatter between the
radial profiles fitted in each iteration was used to estimate the
uncertainties on the radial profile (Han et al. 2022).

Designed to be compatible with observations over a range
of wavelengths and imaging modes, rave works in image space
and takes the CLEAN image as input when fitting to the ARKS
sample. The values of the robust parameters used to generate the
CLEAN images that are used by rave are listed in Table G.1. Sim-
ilar to frank, stellar emission was subtracted from the CLEAN
images before the radial profiles were fitted. The stellar flux
values were assumed to be those fitted in Marino et al. (2026)
if they were well-constrained, or the SED-fitted stellar flux
otherwise.

Two versions of rave, optimised for edge-on (Han et al.
2022) and non-edge-on (Han et al. 2025) discs, respectively, are
available. The former fits directly to the flux profile obtained by
summing the image onto the major axis, which more effectively
recovers the radial profile when the central cavity of the disc is
not resolved, whereas the latter fits to the azimuthally averaged
profile of the image, which is more suitable otherwise. Follow-
ing the approach in Han et al. (2025), we applied the edge-on
version to the only three highly inclined discs in the sample
that do not have a resolved central cavity (HD 39060/β Pic,
HD 197481/AU Mic and HD 32297). For the other discs, the non-
edge-on optimisation was used. To confirm the validity of this
choice, we fitted the edge-on discs with the non-edge-on version,
and vice versa. Inspection of all discs fitted with both methods
confirms that this choice of method produced lower uncertainties

and oscillatory artefacts, and only the radials profiles fitted by
the more appropriate method is used for the rest of the analysis
in this paper.
rave requires disc images to be appropriately centred and

rotated with a measured (or assumed) inclination for the appro-
priate model annuli to be simulated. We assumed the same
position angle, centring offset and inclination as those fitted
in Marino et al. (2026). Given a radial range over which disc
emission is detected, the only hyperparameter of rave which
determines the fitted radial profile was then the number of annuli
used to fit the disc, N. We experimented with a range of N,
choosing the maximum value of N that does not generate sig-
nificant oscillatory artefacts in the fitted profile, beyond which
the uncertainties on the radial profile increase, and which gener-
ally results in the average annuli being wider than half the beam
size. The values of N used in the best-fit profiles are displayed in
Table G.1.

We note a few caveats relating to the rave fits. Firstly, unlike
frank, the rave fits account for the effect of the primary beam
by fitting to the primary beam-corrected CLEAN images. Sec-
ondly, the rave fit depends on the CLEAN image. Empirically,
the dependence of the fitted profile on the choice of the visibil-
ity weighting used to produce the CLEAN image is found to be
low for reasonable robust parameter values. This is confirmed by
experimenting with multiple CLEAN images with different robust
parameters, since rave bins the image into discrete annuli that
effectively smooths over resolution elements in the CLEAN image.
Finally, unlike the frank radial profiles which were fitted assum-
ing h = 0, the rave profiles presented here were fitted using the
best-fit scale height aspect ratio derived with rave. Details of
the scale height fitting procedure with rave are described in
Zawadzki et al. (2026), in which Table 3 lists the best-fit aspect
ratios. To briefly summarise, the likelihood of a given aspect
ratio is assessed by fitting the radial profile assuming that scale
height and computing the squared residuals, and the squared
residuals across a range of aspect ratio values were assessed to
find the best-fit aspect ratio.

2.4. Parametric models

2.4.1. Modelling code

We parametrically modelled radial structures in the continuum
emission of our targets with the debris disc modelling code
adapted by Fehr (2023). This approach complements our non-
parametric models by allowing us to directly compare results
to theoretical predictions and calculate the significance of sub-
structures. We provide a brief overview of the radial aspects
of the parametric modelling code in this section, which is
described more fully by the companion paper Zawadzki et al.
(2026).

The parametric modelling code creates a temperature profile
and mass opacity for each disc, assuming that the dust emission
is in blackbody equilibrium with the stellar emission. The code
then employs the affine-invariant Markov chain Monte Carlo
(MCMC) implementation in emcee (Foreman-Mackey et al.
2013) to fit vertical and radial surface density profiles, obtaining
values for the physical parameters. These parameters are used to
create a model image of the dust structure from the temperature
and surface density profiles. The resulting parametric disc model
is inclined and rotated based on free parameters and transformed
into a two-dimensional sky-plane projection that, like frank
and rave models, is axisymmetric. We use Galario (Tazzari
et al. 2018) to convert the model image into synthetic visibilities

A196, page 4 of 38



Han, Y., et al.: A&A, 705, A196 (2026)

Table 1. Definitions of functional forms for radial parametric modelling.

Function Surface density profile Parameters

Double power law Σ(r) =
[(

r
Rc

)−αinγ

+

(
r

Rc

)−αoutγ]−1/γ

Rc, αin, αout, γ = 2

Triple power law Σ(r) =
(

Rin

Rout

)−αmid
[(

r
Rin

)−αinγin

+

(
r

Rin

)−αmidγin
]−1/γin

Σ(r) = ×
[(

r
Rout

)−αmidγout

+

(
r

Rout

)−αoutγout
]−1/γout

Rin,Rout, αin, αmid, αout,
γin = 2, γout = 2

Power law + error function Σ(r) =
[
1 − erf

(
Rc − r
√

2σinRc

)] (
r

Rc

)−αout

Rc, σin, αout

Gaussian Σ(r) = exp
[
−

(r − R)2

2σ2

]
R, σ

Asymmetric Gaussian Σ(r) =


exp

− (r − Rc)2

2σ2
in

 if r < Rc

exp
[
−

(r − Rc)2

2σ2
out

]
if r ≥ Rc

Rc, σin, σout

Double Gaussian Σ(r) = C × exp
− (r − R1)2

2σ2
1


Σ(r) = + (1 −C) × exp

− (r − R2)2

2σ2
2


R1,R2, σ1, σ2,C

Triple Gaussian Σ(r) = C1 × exp
− (r − R1)2

2σ2
1


Σ(r) = +C2 × exp

− (r − R2)2

2σ2
2


Σ(r) = + (1 −C1 −C2) × exp

− (r − R3)2

2σ2
3



R1,R2,R3, σ1, σ2, σ3,C1,C2

Gaussian + double power law Σ(r) = C1 × exp
[
−

(r − R)2

2σ2

]

Σ(r) = + (1 −C1) ×
[(

r
Rc

)−αinγ

+

(
r

Rc

)−αoutγ]−1/γ

R, σ,C1,Rc, αin, αout, γ = 2

Notes. All surface density profiles are multiplied by 10Σc , the surface density normalisation. We fixed certain parameters at the values noted here
to minimise degeneracies; exceptions for specific targets are stated explicitly.

sampled at the same antenna separations and orientations as the
data. Then, we calculate a χ2 metric by comparing the synthetic
visibilities with observed visibilities at each MCMC step.

2.4.2. Radial profiles

We fit the radial surface density profile to a variety of func-
tional forms – consisting of combinations of Gaussians, power
laws, and error functions – implemented in the parametric mod-
elling code. These functional forms are defined in Table 1 and
visualised in Fig. 1.

We initially fit each disc with a double power law and with
two independent Gaussians (hereafter referred to as a “double
Gaussian”), as justified by theoretical models and further sup-
ported by the non-parametric results. Power laws allow us to
measure the steepness of the inner and outer edges – which

are important parameters in models of debris disc structure –
while minimising the number of free parameters (e.g. Marino
et al. 2019; MacGregor et al. 2019). Although Gaussians can-
not always reproduce the inner and outer slopes of debris discs,
these functions are simple and effective at measuring fractional
widths, and are commonly used in the literature (e.g. Marino
et al. 2016; White et al. 2017; Matrà et al. 2025).

The results of the non-parametric models motivated our
choice of additional functional forms. Asymmetric Gaussians
and power law + error functions were used to model discs with-
out obvious substructures, while possible gaps were modelled
through two approaches. We either modelled the rings with two
or three Gaussians, or we modelled any gap by subtracting a
Gaussian (G, with amplitude C) from the best-fitting functional
form (Σ0) as Σ(r) = Σ0(r) − C ×G(r). When we parametrised a
gap, we assumed a Gaussian distribution because it modelled the
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Fig. 1. Examples of the main radial functional forms from the parametric modelling code and their free parameters: double power law (a), triple
power law (b), power law + error function (c), asymmetric Gaussian (d), double Gaussian (e), and double power law with Gaussian gap (f). The
double Gaussian functional form is shown twice to demonstrate how it can model two rings or a ring with extended emission.

position, width, and depth of the gap with the fewest additional
parameters.

For every target, we fitted the flux of the host star (F⋆), sur-
face density normalisation of the disc (Σc), and the position of
the disc in the sky, including position angle (PA), offset from
the phase centre (∆α and ∆δ), and inclination (i), assuming
that the star was located at the centre of the axisymmetric disc.
Additional free parameters for the radial profile depend on the
functional form and are outlined in Table 1. As an overview of
the table, Gaussians were defined by radius (R), width (σ), and
amplitude (C); power laws were defined by central radius (Rc) or
transition radii (Rin and Rout), slope (α), and the sharpness of the
transition (γ); and error functions were defined by central radius
(Rc), width (σ), and slope (α).

2.4.3. Vertical profiles

We minimise degeneracies between radial and vertical struc-
ture by conducting separate steps of modelling, one in which
we vary only radial parameters and another in which we vary
both radial and vertical parameters. This paper is entirely focused
on the former round of modelling; the latter is described by
Zawadzki et al. (2026). We therefore assume that the vertical
profile is Gaussian for all targets in this paper. We defaulted
to fixing the vertical aspect ratio hHWHM – defined as the half
width at half max of the vertical profile and assumed to be
constant throughout the disc – at 0.015, adjusting the value
for certain discs based on results from Zawadzki et al. (2026).
When hHWHM = 0.015 did not fall between the 16th and 84th
percentiles of the posterior distributions of the models that
fit the vertical structure, we instead used approximate values
obtained from preliminary vertical modelling. These exceptions
were HD 9672 (hHWHM = 0.07), HD 10647 (hHWHM = 0.055),
HD 14055 (hHWHM = 0.0475), HD 15115 (hHWHM = 0.02),
HD 32297 (hHWHM = 0.012), HD 39060 (hHWHM = 0.0445),
HD 61005 (hHWHM = 0.02), and HD 131488 (hHWHM = 0.005).

2.4.4. Parametric model comparison

We compared different parametrisations for each disc with the
Akaike information criterion (AIC) and the Bayesian informa-
tion criterion (BIC), which are statistical measures designed to
compare the quality of fits for models with differing numbers
of parameters and penalise unnecessary complexity. The AIC
and the BIC are defined similarly, but the BIC takes the number
of data points (in this case, the sum of the real and imaginary
components in the visibility domain) into consideration and,
therefore, penalises additional parameters more heavily than the
AIC. BIC differences are considered to provide strong evidence
of a better fit when greater than 10 (Kass & Raftery 1995), while
AIC differences are converted to a Gaussian probability interval
to obtain confidence levels.

Although AIC and BIC values were the primary basis for
designating a functional form as the best fit for a given disc, we
took into consideration radial profile visualisations (Fig. 2) and
residuals (Fig. D.1) when the AIC and the BIC disagreed or when
the differences between functional forms were not significant.
This required considering parametric results on a case-by-case
basis, and we describe the process of designating the best func-
tional form for each disc in Sect. 3. While we designate only one
functional form as the best for each disc, other functional forms
often provided a good fit to the data as well. We report multiple
results for several discs, and we sometimes use other functional
forms to obtain radial parameters of interest. When a functional
form with the radial parameter of interest was not available, we
extracted it from the radial profile of the functional form des-
ignated as the best in Table E.1. We describe this methodology
here.

For each disc, we find the inner and outer slope with a dou-
ble power law or triple power law, sometimes with one or more
Gaussian gaps added, and we find the outer transition radius with
a triple power law where available or by measuring the radius at
5% of the peak in brightness from the radial profile of the best
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Fig. 2. Azimuthally averaged radial profiles derived from the CLEAN image (dotted black) and the deconvolved and deprojected surface brightness
profiles fitted with frank (solid green), rave (dashed orange), and parametric models (dash-dotted red). The robust parameters used for CLEAN
imaging are listed in Table G.1. The solid bars in the upper left corner of each panel indicate the FWHM resolved by frank if the radial profile were
infinitesimally narrow (i.e. the frank PSF). The dotted bars indicate the synthesised beam size. In general, oscillations in the CLEAN profile that
are likely due to noise (e.g. as seen in HD 15257 and HD 161868) are smoothed out in the frank, rave, and parametric models. The deconvolved
peaks recovered by the frank, rave, and parametric models are often sharper than seen in the (beam-convolved) CLEAN images; the most extreme
case is the best-fitting parametric model for HD 131488. We note that not all methods are applicable to every disc (e.g. azimuthal averaging was not
applied to edge-on discs to extract the CLEAN profile, and frank was not applied to HD 39060 due to mosaicking being used in the observations).
The offset between rave and frank for HD 107146 is due to the two methods fitting at different effective wavelengths.
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functional form. This reliance on power laws limited our ability
to measure slopes and outer radii for discs with more compli-
cated structures; for example, we could only measure the inner
slope of the innermost ring and the outer slope of the outermost
ring for multi-ring discs. For each ring, we find the central radius
with a double power law or with multiple Gaussians, and we find
∆R by multiplying σ by 2.355 for discs best fit by multiple Gaus-
sians or by measuring the FWHM of the best functional form
from its radial profile. In each case, the choice of a functional
form to measure the slope or the central radius was based on the
AIC and the BIC differences. The fitted radial profiles under the
different parametrisations attempted for each disc are shown in
Fig. E.1.

3. Results

3.1. Radial profiles

Figure 2 summarises our radial structure modelling results, dis-
playing the surface brightness profiles determined using CLEAN,
frank, rave, and the best parametric model for each disc. The
gallery provides an overview of the kinds of radial structures
suggested by the ARKS observations, based on which para-
metric models were developed and tested. We note that while
the frank, rave, and parametric profiles are deconvolved, the
CLEAN profiles are convolved with the beam. The model images
and residuals of the fitted frank, rave, and parametric models
are displayed in Figs. F.1, F.2, and D.1.

Fig. 3 displays a gallery of the non-parametric radial sur-
face density profiles, which were converted from the surface
brightness profiles in Fig. 2 assuming a blackbody equilibrium
temperature profile, stellar luminosities listed in Marino et al.
(2026) and the mass opacity described in Marino et al. (2026,
1.9 cm2 g−1 in Band 7, 1.3 cm2 g−1 in Band 6, and the mean
value between the two for the combined Band 6 and 7 data for
HD 39060, or β Pic). These profiles are based on frank fitting
(except for β Pic, for which the frank model does not appro-
priately account for multiple pointings and the rave model was
used instead), and are expected to represent the physical distribu-
tion of millimetre-sized dust in the disc under these temperature
profile and opacity assumptions, and likely also the underly-
ing planetesimal distributions from which the observed dust is
produced (Hughes et al. 2018).

The horizontal bars in the lower left corner of each panel in
Figs. 3 and 2 provide an indication of the resolution of the radial
profiles. Specifically, the solid bar indicates the FWHM of the
radial profile recovered by frank if an infinitesimally narrow
ring (i.e. a radial profile described by a Dirac delta function)
were to be observed by ALMA (under the same configuration
as the data), with the same total flux as the disc, same noise
level, and recovered by frank with the same hyperparameters
(as done in Sierra et al. 2024). The longer dotted bar indicates the
synthesised beam size when imaged with CLEAN under Briggs
weighting and a robust parameter of 0.5.

The radial profiles obtained from each of the three depro-
jection and deconvolution approaches (frank, rave and para-
metric modelling) are generally in close agreement, confirming
the robustness of the modelling for each system. The fit-
ted non-parametric profiles typically smooth out noise in the
CLEAN profile, and in many cases recover sharper peaks than
the beam-convolved image, particularly for the radially nar-
rower discs (e.g. HD 15115, HD 121617, HD 109573, HD 61005,
HD 107146, HD 131835, and HD 131488). For several systems
(e.g. HD 15257, HD 161868, and HD 84870), the frank and

rave profiles differ in their balance between the smoothing
of noise and the recovery of sharp features, which are partly
controlled by the independent choice of hyperparameter val-
ues for each method. The rave uncertainties empirically reflect
the range of values within which various possible radial pro-
file shapes could take, and are not conditioned upon a particular
radial profile shape. These uncertainties are generally larger than
those derived by frank, as has also been discussed in previ-
ous work that compares the two methods (Han et al. 2025). The
parametric models further explore the significance of each fea-
ture suggested by the non-parametric profiles, also yielding close
agreement with the frank and rave profiles and sometimes
finding even sharper features than non-parametric models (e.g.
HD 131488, HD 121617 and HD 206893), particularly when the
width of the parametric model is narrower than the resolution of
the data.

Perhaps one of the strongest conclusions that could be drawn
from the galleries of radial profiles is the diversity of radial struc-
tures exhibited by debris discs. None of the profiles appear to
be fully described by a single Gaussian, which is a common
assumption of previous works appropriate for lower-resolution
observations. Figure 4 summarises the best-fit functional forms
for the parametric models, demonstrating that double power laws
and double Gaussians are the best-fit form for the vast majority
of discs in the sample, and that only a minority (7/24) of discs
require alternative parametrisation (with 4/24 best fitted by an
asymmetric Gaussian and 3/24 requiring a gap to be explicitly
parametrised).

We attempted to broadly classify the range of radial profiles
within the sample. We first divided the sample into single-
ring discs and multi-ring discs. Within the single-ring discs, we
find that a sizeable subset shows evidence of additional low-
amplitude features. Given the subtleness of such features, the
frank, rave, and parametric fits do not always agree or cannot
always clearly distinguish between whether these are additional
faint rings or halos attached to the main ring. We therefore cat-
egorise these single-ring discs with low-amplitude features as a
distinct category from those without such features in the radial
profile.

To denote these features, we use an abbreviated notation
which appends symbols that represent substructures onto the
first-order single-ring (denoted R) vs. multi-ring (denoted M)
classification of a given disc. As a general rule, superscripts
denote the number of rings in a given disc (e.g. M2 is a disc
with 2 rings separated by a gap), but is omitted for discs with
only one ring (e.g. R). Subscripts denote any additional struc-
tures, including any halos denoted as h either interior (e.g. hR) or
exterior (e.g. Rh) to a disc, or bumps or “shoulders” on the outer
edge of a disc (e.g. Rs). Parentheses may be added to denote that
a feature is tentative (e.g. R(s)). To indicate the presence of gas in
any disc for convenience of understanding its basic features, we
use the g+ tag to indicate gas-rich discs and g− to indicate gas-
poor discs. No gas tags are added to discs without gas detections.
We note that this classification is purely phenomenological and
is not designed to reflect their underlying physical origins and
the fact that the boundaries between categories may be blurry
and different features may lie on a continuum of shapes.

To clarify terminology used in the remainder of this section
as we describe the characteristic inner and outer edges and cen-
tral radius for each classification, we define discs with α > 15 in
parametric models with power-law edges as a steep slope based
on the cut-off for planet sculpting (Pearce et al. 2024) and define
R > 100 au as a disc with a large radius. Emission of a feature is
considered low in amplitude if it is lower than 50% of the main
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Fig. 3. Deconvolved and deprojected surface density profiles fitted with frank, except for β Pic (HD 39060) which was fitted with rave. These
profiles are based on the surface brightness profiles presented in Fig. 2, but offers a cleaner and simpler alternative to that figure which includes a
more comprehensive summary of the different approaches used to model the radial structure in this study. The bars in each panel are the same as
those described in Fig. 2.

peak, and gas-rich is defined as an estimated gas mass above
10−4 M⊕, while gas-poor is defined by a gas detection lower than
this threshold.

The remainder of this section describes the modelling for
each individual system. We continue the discussion of the disc
properties of the sample in Sect. 3.2.

3.1.1. Group [Mn]: multi-ring discs

This group includes discs with multiple rings separated by radial
gaps. The non-parametric profiles suggest that eight discs in the
ARKS sample have multiple rings based on their surface den-
sity profile, of which five have at least one significant gap when
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Fig. 4. Distribution of best functional forms for all targets, as deter-
mined by weighing the AIC confidence intervals, BIC differences,
profile plots, and residuals (described in Sect. 2.4).

the parametric models are tested for statistical significance with
the AIC and the BIC. These eight discs are listed in this sec-
tion, with the remainder (parametrically not significant) discs
discussed later in the single-ring discs with low-amplitude emis-
sion category (Sect. 3.1.3). The multi-ring discs are typically
located at a small radius (mean R = 72 au), with steeper inner
(mean αin = 16) and outer (mean αout = −11) edges than found
among single-ring discs. The gap is often wide and deep in these
discs. The inner ring is often narrower than the outer ring, with a
mean ∆R/R = 0.21 for inner rings and a mean ∆R/R = 0.43 for
outer rings. We measure the locations and widths of the peaks
from Gaussian parametrisations, and we measure the locations
and widths of the gaps from double power law and triple power
law functional forms with Gaussian gaps added. The best-fit and
median values for the double-Gaussian parametrisation of these
discs are described in Table C.2.
(i) HD 107146 [M3]

The outer regions of the disc were observed in scattered light
by HST and modelled by Ertel et al. (2011). The disc was then
imaged by ALMA and modelled parametrically as a wide belt
with one gap in Marino et al. (2018); Marino (2021) and with
two gaps in Imaz Blanco et al. (2023) following the discovery
of a bump in the middle of a wide gap using frank and higher-
resolution data. Here, we confirm the double gap structure. The
intermediate belt is consistently recovered by both frank and
rave, which manifests in the beam-convolved CLEAN profile as
a low-amplitude bump and appears to be a real feature. The
offset between the frank and rave profiles for this system in
Fig. 2 is due to the fact that the rave profile was fitted to the
CLEAN image created by combining band 6 and 7 observations
(mean wavelength of 1.0 mm) which improves the S/N but low-
ers the brightness compared to using band 7 only (Marino et al.
2026), whereas the frank profile was fitted to the band 7 (mean
wavelength of 0.86 mm) visibilities only.

We parametrically modelled HD 107146 with five functional
forms – a double Gaussian, triple Gaussian, triple power law,
triple power law with one gap, and triple power law with two

gaps – to determine the significance of these previously observed
gaps at the higher resolution of the ARKS observations. We find
that the triple power law with two Gaussian gaps is significantly
preferred over all other functional forms by both the AIC and
the BIC, providing strong evidence that there are three rings in
HD 107146. We therefore designate the triple power law with two
Gaussian gaps as the best functional form for this disc (MCMC
results described in Table C.3), although we rely on the triple
Gaussian to describe the rings. This is the only disc in the ARKS
sample with more than one significant gap

As parametrised by the triple Gaussian, the three rings
are located at 46.2+0.3

−0.5 au, 66.3+0.6
−0.7 au, and 118.07+0.12

−0.11 au. The
inner and centre rings are approximately the same width (∆R =
13.2+0.9

−1.2 au and ∆R = 8.2+2.4
−1.9 au, respectively), while the outer

ring is much wider (∆R = 58.7+0.6
−0.4 au). The inner ring is the

brightest. As parametrised by the triple power law with two
Gaussian gaps, the two gaps are located at 56.1+0.5

−0.3 au and
78.1+0.6

−0.8 au. The inner gap (∆R = 6.83+1.41
−0.94 au) is narrower than

the outer gap (∆R = 39.1+2.4
−1.9 au), while the outer gap (C =

0.693+0.025
−0.016) has a slightly greater amplitude than the inner gap

(C = 0.57+0.7
−0.9). These results are consistent with the ARKS

non-parametric models as well as modelling conducted by Imaz
Blanco et al. (2023).

As high-resolution multiband data was available for this
disc, we additionally fit the emissivity index with the parametric
modelling code; results are described in Appendix A.
(ii) HD 92945 [M2]

The disc has been modelled as a wide belt with a gap
(Marino et al. 2018; Marino 2021), which is consistent with
our non-parametric modelling. On top of that, the CLEAN profile
suggests a possible dip in the relatively wide outer belt, which
is deconvolved into a slightly deeper gap by rave and is also
reflected in the frank profile, though to a lesser extent. Given the
slightly lower S/N of the observations compared to HD 107146,
as reflected in the larger uncertainties in the CLEAN profile, the
possibility that there exist three rather than two rings in the sys-
tem appears to be less certain than in HD 107146, so we label the
disc as M2 for now based on the present dataset.

We parametrically modelled HD 92945 with seven func-
tional forms – a double Gaussian, double Gaussian with one gap,
triple Gaussian, double power law, double power law with one
gap, double power law with two gaps, and triple power law with
one gap – to determine the significance of both possible gaps
suggested by the non-parametric models. Both the AIC and the
BIC indicate that the double power law is significantly worse
than the other functional forms, providing strong evidence that
there is at least one gap in the disc. The AIC and the BIC con-
sistently prefer the double Gaussian parametrisation, indicating
that the additional complexity of parametrising a second gap or
a third ring is not justified by a reduction in χ2. However, we
emphasise that higher S/N data are necessary to confirm the
presence or absence of a second gap around 100 au. We there-
fore designate the double Gaussian as the best functional form
for this disc, although we rely on the triple power law with one
gap to parametrise the gap itself.

As parametrised by the double Gaussian, the two rings are
located at 57.0± 0.8 au and 102.7± 1.5 au, overlapping with two
rings observed in infrared (Golimowski et al. 2011). The inner
ring (∆R = 13+3

−3 au) is wider than the outer ring (∆R = 59+5
−4 au).

As parametrised by the triple power law with one Gaussian gap,
the gap is centred at R = 74.4 ± 2.0 au, with a width of ∆R =
21+7
−9 au and fractional depth of C = 0.52+0.05

−0.06. These results are
consistent with previous modelling (Marino et al. 2019).
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(iii) HD 206893 [M2]
We find two belts at radial locations consistent with previous

non-parametric modelling with frank, rave, and parametric
modelling (Marino et al. 2020; Marino 2021; Nederlander et al.
2021). We parametrically modelled HD 206893 with six func-
tional forms – a double power law, double power law with one
gap, triple power law, triple power law with one gap, double
Gaussian, and triple Gaussian – to explore various parametrisa-
tions of the gap. We find that the double Gaussian is strongly pre-
ferred over all other functional forms by the BIC, and marginally
to moderately preferred by the AIC. We therefore designate
the double Gaussian as the best functional form for this disc,
although we rely on the double power law with a gap to describe
the gap itself.

As parametrised by the double Gaussian, the rings are
located at 42 ± 5 au and 127 ± 4 au. The inner ring (∆R =
14+21
−9 au) is much narrower than the outer ring (∆R = 85+9

−7 au),
while the outer ring is brighter than the inner ring. As
parametrised by the double power law with a Gaussian gap, the
gap is centred at R = 83+6

−7 au, with a width of ∆R = 24+26
−12 au and

fractional depth C = 0.50+0.30
−0.20.

(iv) HD 197481 (AU Mic) [M2 (M3)]
AU Mic has been extensively observed by ALMA (e.g.

MacGregor et al. 2013; Daley et al. 2019; Vizgan et al. 2022).
The main belt at 30 au is resolved into two separate peaks by
frank, and to a lesser extent by rave, which is more similar to a
plateau with relatively sharp edges on either side. Furthermore,
our frank and ravemodelling supports the presence of an inner
component at <10 au, which has been suggested in previous
parametric (MacGregor et al. 2013; Daley et al. 2019; Marino
2021) and non-parametric modelling (Han et al. 2022; Terrill
et al. 2023). The oscillation of this inner emission in the rave
profile is unlikely to be real, as reflected in the large uncertainty
region, and more likely reflects the presence of inner emission
that could be relatively sharp. Given the uncertainty of the inner
emission, we label this disc as M2 but include the M3 label in
brackets.

We parametrically modelled HD 197481 with five functional
forms – a double power law, triple power law, double Gaus-
sian, triple power law with one gap, and triple Gaussian – to
explore the potential inner component suggested by previous
observations and the potential gap at ∼32 au suggested by the
ARKS non-parametric models. We find that the addition of the
inner component does not reduce the value of χ2 enough to jus-
tify the increased number of parameters, as measured by both
the AIC and the BIC. The significance of the gap at ∼32 au
is ambiguous, with the BIC significantly preferring the triple
power law parametrisation and the AIC moderately preferring
the triple power law parametrisation with a Gaussian gap. We
therefore report results for both functional forms in Table C.3
and tentatively classify it as a disc with a gap, defaulting to
the triple power law with a Gaussian gap where it is neces-
sary to choose one functional form. We use the double Gaussian
parametrisation to describe the rings.

As parametrised by the double Gaussian, HD 197481 has two
rings located at 29.0+5.3

−0.7 au and 36.7+18.8
−0.6 au, with ∆R = 4.0+7.8

−1.4 au
for the inner ring and ∆R = 11.1+5.7

−1.4 au for the outer ring. As
parametrised by the triple power law with a Gaussian gap, there
is a gap centred at 34+3

−2 au with ∆R = 19+3
−3. This gap was not

detected by previous observations of HD 197481.
Because HD 197481 is a young, magnetically active red

dwarf with variable stellar flux with archival observations from
three dates (Cranmer et al. 2013; Daley et al. 2019), we fit the

stellar flux for each observation separately. Our best-fit paramet-
ric model – a triple power law with one gap – found that the
median stellar fluxes on these dates were 343+18

−19 µJy, 140+30
−20 µJy,

and 205 ± 18µJy, respectively (Table C.4). These fluxes are
closest to the values obtained with the disc + Ring model run
by Daley et al. (2019), although our median measurement for
March, 2014 falls slightly below the uncertainty range calculated
by Daley et al. (2019). The larger fluxes measured by previ-
ous studies may be attributable to bias from small flares (e.g.
Cranmer et al. 2013).
(v) HD 15115 [M2]

Both frank and rave profiles find two narrow rings sepa-
rated by a deep radial gap, which is found to be clear of emission
from parametric modelling. The ring radii found here (at 64 and
96 au) are slightly exterior to those fitted in prior parametric
modelling of observations at lower resolution (with ring outer
edges at 51 and 93 au, MacGregor et al. 2019) and are consistent
with those found in previous non-parametric fitting (Terrill et al.
2023; Han et al. 2025).

We parametrically modelled HD 15115 with three functional
forms – a double power law, double Gaussian, and double power
law with one gap – and find that the double power law with one
gap provided a significantly better fit according to both the AIC
and the BIC. This disc consists of two narrow rings, which we
characterise with the results of the double Gaussian functional
form.

As parametrised by the double Gaussian, the two rings
are located at 65.8+0.6

−0.3 au and 97.57+0.07
−0.05 au. The inner ring

(∆R = 6+2
−2 au) is slightly narrower than the outer ring (∆R =

11.1+0.4
−0.5 au), while the outer ring is much brighter than the inner

ring. As parametrised by a double power law with a Gaussian
gap, the gap is located at 93.9 ± 0.3 au, with a width of ∆R =
25.7+0.9

−0.9 au and fractional depth of C = 0.453+0.007
−0.008 (Table C.3).

These results are consistent with frank and rave profiles,
although the higher resolution of the ARKS observations indi-
cate that the gap is somewhat wider and further out from the star
than previously measured at lower resolution (MacGregor et al.
2019).

3.1.2. Group [R]: single-ring discs

This group includes single belts that have either no clear evi-
dence of additional rings or extended halo-like emission. A
subset of non-parametric profiles show a “shoulder”, or abrupt
steepening in slope, on the outer edge. We also find that a num-
ber of discs show tentative evidence of a sharp change in slope
on the outer edge, giving the appearance of a bump or “shoul-
der”. Although evidence for these features are tentative, similar
features have been identified in protoplanetary discs, for which
interactions with massive planets has been suggested to be a pos-
sible explanation (Bi & Lin 2024). We remain cautious, however,
since these features were generally not found to be statistically
significant when tested with parametric models. Parentheses are
therefore added to denote that evidence of a feature is marginal
(e.g. R(s)).

Twelve debris discs in the ARKS sample are characterised
by a single, relatively smooth belt and are well described by a
double power law, asymmetric Gaussian, or power law + error
function. The parametric results for these discs are described in
Table C.1. The non-parametric models suggest the presence of
possible substructures in several of these discs, including shoul-
ders and plateaus. Although we parametrically fitted a triple
power law functional form to 11 targets to describe these changes
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in slope, the additional parameters were not justified by the
improvement in fit according to either the AIC or the BIC. More
sensitive observations may be necessary to detect these subtle
features at high confidence.

The majority of these belts are broad, with a mean fractional
width of 0.90, and have shallow inner (mean αin = 3.9) and outer
(mean αout = −4.1) edges. The distributions for both slopes skew
toward smaller values, with a median inner power law index of
1.9 and a median outer power law index of −3.25. We find that
most of these belts without significant substructure are located
at large radii, measuring a mean central radius of 160 au and a
median central radius of 181 au.
(i) HD 15257 [R]

A central cavity is not resolved in the frank or rave pro-
files. The peak location in surface density at just under 200 au is
slightly interior to the broad belt at 270+60

−40 fitted based on SMA
observations in the REASONS survey (Matrà et al. 2025).

We parametrically modelled this disc with a double power
law and power law + error function. The AIC and the BIC
express no significant preference for either model over the other,
indicating that both functional forms fit the data well. The power
law + error function better recreates the peak, while the double
power law adheres more closely to the outer edge (Fig. E.1). We
therefore rely on both parametrisations to describe this low S/N
disc, although we default to the power law + error function when
it is necessary to choose just one functional form.

As parametrised by the power law + error function,
HD 15257 is a broad belt (∆R = 330+40

−70 au), with a large cen-
tral radius (Rc = 110 ± 30 au). As parametrised by the double
power law, the disc peaks in emission at a larger radius (Rc =
250+50

−40 au), which agrees more closely with frank and REA-
SONS (Matrà et al. 2025). The inner edge (αin = 0.8+0.4

−0.2) is
much shallower than the outer edge (αout = −3.1+1.3

−2.9), which is
characteristic of discs in this category.
(ii) HD 161868 (γ Oph) [R(s)]

A broad disc peaking at ∼130 au, the disc radius measured
here is significantly smaller than the ∼520 au radius based on
Spitzer 70 µm observations (Su et al. 2008), but consistent with
Herschel findings (Moór et al. 2015). The rave and CLEAN
profiles suggest a possible subtle shoulder at 150 au.

We parametrically modelled this disc with an asymmetric
Gaussian, power law + error function, and double power law to
capture the single belt, having previously found that the shoul-
der suggested by the non-parametric models was not significant
when fitted with a triple power law during an earlier iteration of
the parametric modelling code. The AIC and the BIC express no
significant preference for any of these models over the others,
indicating that all three fit the data well. As the radial profiles
are similar across the parametric models, we report results for
all three, although we default to the double power law when it is
necessary to choose just one functional form.

As parametrised by the double power law, HD 161868 is
a broad belt (∆R = 160+30

−10 au, wider than measured by REA-
SONS), with a large central radius (Rc = 154+8

−10 au) that is con-
sistent with results from Herschel (Moór et al. 2015). The asym-
metric Gaussian (Rc = 120+11

−9 au) and power law + error function
(Rc = 99+3

−4 au) measure a smaller central radius, although the
asymmetric Gaussian adheres more closely to the peak found
by the non-parametric models. The inner edge (αin = 0.99+0.14

−0.11)
is shallower than the outer edge (αout = −3.7−0.7

−0.8), which is
characteristic of other discs in this category.
(iii) HD 84870 [R]

A broad disc peaking at ∼200 au with the central cavity just
resolved, the peak radius is slightly interior to the 260±50 au
radius derived from REASONS (Matrà et al. 2025).

We parametrically modelled this disc with a double power
law and a power law + error function to capture the single belt,
having previously found that the shoulder suggested by ravewas
not significant when fitted with a triple power law during an ear-
lier iteration of the parametric modelling code. The AIC and the
BIC moderately prefer the double power law, indicating that this
model provides a better fit to the data with the same number
of parameters as the power law + error function. We therefore
designate the double power law as the best functional form for
this disc.

As parametrised by the double power law, HD 84870 is a
broad belt (∆R = 250+70

−30 au, in agreement with REASONS), with
a large central radius (Rc = 220 ± 30 au) that is consistent with
both the non-parametric results and REASONS. The inner (αin =
1.5± 0.3) and outer edges (αout = −2.0+0.5

−0.7) are smooth and fairly
symmetric.
(iv) TYC 9340-437-1 [R(s)]

The disc has previously been resolved and modelled as
a large belt centred at 96 au with Herschel (Tanner et al.
2020) and at 130±20 au by ALMA in the REASONS sur-
vey (Matrà et al. 2025). Here, we find the radial profile to
plateau between 50 and 100 au in surface brightness in both
the frank and rave profiles, with the surface density peaking
at 90 au and exhibiting a shoulder, or secondary bump, on the
outer edge.

We parametrically modelled this disc with four functional
forms: a double power law and an asymmetric Gaussian to cap-
ture the single belt, a triple power law to recreate the plateau
suggested by frank and rave, and a double Gaussian to reflect
any additional complexity. The AIC expresses moderate prefer-
ence for the triple power law, but the BIC expresses significant
preference for the asymmetric Gaussian and the double power
law, indicating that all three models fit the data well. The triple
power law recreates the plateau, while the asymmetric Gaussian
adheres more closely to inner edge and the double power law
adheres more closely to the peak. We therefore rely on all three
functional forms to describe the disc, although we default to the
asymmetric Gaussian when it is necessary to choose just one
functional form.

As parametrised by the asymmetric Gaussian, TYC 9340 is
broad (∆R = 98 ± 6 au), with a central radius (Rc = 99+6

−7 au) that
is somewhat smaller than measured by REASONS. The disc
has an inner edge that is likely steeper than average for discs
in this category (αin = 14+11

−8 ) and a characteristically shallow
outer edge (αout = −3.3+0.5

−0.7), as measured by the triple power
law parametrisation. The plateau has a slightly increasing slope
(αmid = 0.41 ± 0.14) and is located between Rin = 36+5

−4 au and
Rout = 128 ± 12 au.
(v) HD 9672 (49 Cet) [R, g+]

Both the frank and rave profiles suggest a very smooth
inner and outer edge, with the outer edge being significantly
shallower in absolute terms than the inner edge, though they
are similar in steepness when divided by the respective loca-
tion of the edges (defined as emission at 50% of the peak). Our
modelling is consistent with the ring radius in previous ALMA
observations (Hughes et al. 2017; Nhung et al. 2017). A radial
profile was not derived based on Herschel observations (Moór
et al. 2015), but the position angle and inclination derived from
the PACS 100µm image are consistent with those derived from
ARKS.
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We parametrically modelled HD 9672 with a double power
law and a double Gaussian. The AIC moderately prefers and the
BIC significantly prefers the double power law, indicating that
the additional parameters fit by the double Gaussian do not result
in a significantly better fit to the data. We therefore designate the
double power law as the best functional form for this disc.

As parametrised by the double power law, HD 9672 is broad
(∆R = 121 ± 3 au, narrower than measured by REASONS), with
a central radius (Rc = 96 ± 4 au) that is consistent with the peak
measured by Hughes et al. (2017). The disc has a potentially shal-
low, but uncertain, inner edge (αin > 1.79) and a shallow outer
edge (αout = −1.11+0.08

−0.09) that are typical for discs in this cate-
gory and consistent with the power law indices previously fitted
by Hughes et al. (2017).
(iv) HD 14055 (γ Tri) [R]

The observations resolve a central cavity that is not com-
pletely clear of emission. The peak location is consistent with
the belt radius of 180±10 au from REASONS (Matrà et al. 2025)
and the radius of >170 au from DEBRIS (Booth et al. 2013). The
rave profile suggests a possible plateau in surface brightness
between 120 and 210 au, but this is marginal and not detected
in frank. The CLEAN and rave profiles suggest the presence of
an outer ring, but this is not detected in frank or favoured by
parametric fits, so we label this disc as consisting of one rather
than two rings for now.

We parametrically modelled this disc with a double power
law and a double Gaussian. There is strong preference for the
double power law over the double Gaussian as measured by the
BIC but only marginal preference as measured with the AIC,
indicating that the double power law fits the data well with fewer
parameters. We note that the double Gaussian fits a single belt
without additional features in this case, providing a profile that
is very similar to the double power law. We therefore designate
the double power law as the best functional form for this disc.

HD 14055 is broad (∆R = 176+10
−9 au, in agreement with

REASONS), with a central radius of Rc = 181+9
−13 au that is con-

sistent with measurements by REASONS and DEBRIS (Booth
et al. 2013). The disc has shallow inner (αin = 1.20+9

−0.11) and
outer (αout = −3.1+0.7

−1.0) slopes, which are characteristic of discs
in this category. The parametric models were not able to con-
strain the significance of the plateau suggested by rave, while
the failure of the double Gaussian to fit for a central cavity sug-
gests that this non-parametric feature is not significant given the
S/N of the observations.
(vii) HD 76582 [Rs]

Previous modelling based on far-infrared imaging by
Herschel, submillimetre imaging by JCMT and the SED sug-
gested two resolved components at 80 and 270 au, respectively, in
addition to an unresolved inner component (Marshall et al. 2016).
Our modelling based on the ALMA images supports the finding
of resolved substructures, with the frank surface brightness pro-
file suggesting a shoulder, which translates to almost a plateau
in surface density between approximately 150 and 250 au. The
rave surface brightness profile suggests a bump on the outer
edge that is reminiscent of an additional ring peaking at approxi-
mately 250 au, in addition to the ring peaking at 150 au, although
the uncertainties are sufficiently large such that a broad plateau
rather than two rings is also possible.

We parametrically modelled this disc with a triple power
law to capture the shoulder suggested by frank and with an
asymmetric Gaussian, double power law, and power law + error
function to capture the single belt. The BIC significantly prefers
the asymmetric Gaussian, which the AIC moderately prefers

over the double power law and significantly prefers over the
power law + error function. Although the AIC only marginally
prefers the asymmetric Gaussian over the triple power law, we
cannot rule out this functional form and emphasise that higher-
resolution observations are necessary to constrain the radial
structure of this disc. We therefore report results for the triple
power law here, although we default to the asymmetric Gaussian
when it is necessary to choose just one functional form.

As parametrised by the asymmetric Gaussian, HD 76582
is broad (∆R = 192+8

−7 au), with a large central radius (Rc =

181+9
−8 au). The disc is symmetric, with characteristically shallow

inner (αin = 3.3+3.0
−0.7) and outer (αout = −3.4± 0.4) edges, as mea-

sured by the triple power law. We note that the triple power law
opted to fit a plateau rather than a shoulder, suggesting that the
shoulder is not significant at the S/N of the ARKS observations.
If present, the plateau is extremely shallow (αmid = 0.1 ± 0.2),
extending from Rin = 137+19

−29 au to Rout = 269+19
−16 au.

(viii) HD 95086 [R(s)]
HD 95086 hosts a broad disc with a well-resolved central

cavity. The belt radius is consistent with prior Herschel (Moór
et al. 2015) and ALMA (Su et al. 2017) observations. Both the
rave and frank profiles suggest a subtle shoulder on the outer
edge; however, this profile could be biased by a background
source which could be undersubtracted (Marino et al. 2026).

We parametrically modelled this disc with a double power
law to fit the single belt, a triple power law to recreate the subtle
shoulder, and a double Gaussian to capture additional complex-
ity. The AIC marginally prefers the triple power law, while the
BIC significantly prefers the double power law. We note that both
the double Gaussian and the triple power law do not reproduce
any substructures in this case but rather closely follow the pro-
file of the double power law, indicating that a simpler structure
is present at the S/N of the observations. We therefore designate
the double power law as the best functional form for this disc.

As parametrised by the double power law, HD 95086 is broad
(∆R = 180+11

−11 au) with a large central radius (Rc = 198+11
−7 au), in

agreement with REASONS (Matrà et al. 2025), Herschel (Moór
et al. 2015), and Su et al. (2017). The inner αin = 1.93+0.20

−0.18 and
outer αout = −2.5+0.2

−0.3 edges are shallow, as characteristic of discs
in this category. We note that we measure a much larger outer
power law index than previous lower-resolution observations (Su
et al. 2017).
(ix) HD 218396 (HR 8799) [R]

We find a broad disc with a large central cavity with the
frank and rave profiles, which was previously modelled with a
range of parametric profiles (Faramaz et al. 2021). Any potential
bumps on the outer edge suggested by the CLEAN profile appear
to be low in amplitude and do not exhibit a clear and sudden
change in slope at the sensitivity of these observations.

We parametrically modelled this disc with a double power
law, triple power law, asymmetric Gaussian, and double Gaus-
sian. We find that the BIC strongly prefers the asymmetric
Gaussian to the three other functional forms tested, while the
AIC moderately prefers the asymmetric Gaussian and the double
Gaussian to the other functional forms. We note that the double
Gaussian recreates a shoulder on the outer edge, but this feature
is not significant at the S/N of the observations. We therefore
designate the asymmetric Gaussian as the best functional form
for this disc, although we note that a more complex structure is
possible.

As parametrised by the asymmetric Gaussian, HD 218396
is broad (∆R = 150+10

−20 au), with a large central radius (Rc =

208+11
−10 au). These values are smaller than those measured by
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REASONS at lower resolution. The inner (αin = 9+4
−3) and outer

(αout = −4.77+0.30
−0.17) edges are steeper than average for discs in

this category, as measured by the triple power law.
(x) HD 39060 (β Pic) [R(s), g−]
β Pic has been extensively observed by ALMA (e.g. Dent

et al. 2014; Matrà et al. 2017; Hull et al. 2022), and its dust con-
tinuum radial profile has been modelled as a Gaussian peaking
at 105 au (Matrà et al. 2019), consistent with the rave profile’s
peak (the frank profile is not displayed as the method is not
optimised for mosaic observations at present), although the rave
profile suggests a slightly more triangular shape than Gaussian,
possibly with an additional bump on the outer edge.

We parametrically modelled this disc with a double power
law and double Gaussian functional forms. While the AIC
marginally prefers the double Gaussian, the BIC significantly
prefers the double power law. We therefore report results for both
functional forms, although we default to the double power law
when it is necessary to choose just one functional form.

As parametrised by the double power law, β Pic is broad
(∆R = 122+5

−5 au, slightly wider than previously measured by
REASONS), with a central radius (Rc = 130± 5 au) that is larger
than the peak found by rave and Matrà et al. (2019). The double
Gaussian captures the triangular shape indicated by rave, with
a narrow Gaussian (σ1 = 16+14

−6 au) centred at R1 = 115+4
−6 au and

a broad Gaussian (σ2 = 54+18
−3 au) centred at R2 = 106.4+1.9

−2.6 au.
The inner edge (αin = 1.09+0.10

−0.07) is shallower than the unusually
steep outer edge (αout = −4.8 ± 0.8), as measured by the double
power law.
(xi) HD 170773 [R]

We find a smooth single belt with a shallower inner edge
than outer edge. The peak location at 200 au is consistent with
Herschel (Moór et al. 2015) and previous ALMA (Sepulveda
et al. 2019) observations. We parametrically modelled this disc
with an asymmetric Gaussian and a double power law. The
AIC and the BIC prefer neither functional form significantly.
We therefore report results for both, although we default to the
asymmetric Gaussian when it is necessary to choose just one
functional form.

As parametrised by the asymmetric Gaussian, HD 170773
is narrow (∆R = 66+6

−5 au, in agreement with REASONS), with
a large central radius (Rc = 194+7

−4 au). The double power law
finds a similar central radius (Rc = 200+13

−7 au). HD 170773 has
an inner edge (αin = 5.6+1.0

−1.2) and outer edge (αout = −11+2
−5) that

are steeper than average for discs in this category, as measured
by the double power law. The asymmetric Gaussian is fairly
symmetric, with an inner width of σin = 29+6

−3 au and an outer
width of σout = 26+3

−4 au.
(xii) HD 145560 [R]

We find a smooth and symmetric single belt at a radius
consistent with the value derived from previous observations
(Matrà et al. 2025). Both the frank and rave profiles suggest
possible low-amplitude inner emission. We parametrically mod-
elled this disc with a double power law and a single Gaussian
to capture a single belt and a double Gaussian to capture the
possible low-amplitude emission. Both criteria agree that the sin-
gle Gaussian does not provide a good fit to the data, despite
having the fewest number of parameters. The AIC strongly
prefers the double Gaussian over the double power law, while
the BIC strongly prefers the double power law over the double
Gaussian. We therefore report results for both functional forms
and tentatively classify the disc as a single belt, although we
emphasise that higher-resolution observations are necessary to

determine whether the disc has a halo, as suggested by the AIC’s
preference for the double Gaussian functional form. We default
to the double power law when necessary to choose just one
functional form.

As parametrised by the double power law, HD 145560 is
narrow (∆R = 23.6+1.2

−1.0 au, consistent with measurements by
REASONS at a lower resolution). The belt is centred at ∼75 au
according to both the double power law and double Gaussian
parametrisations, which is consistent with the peak radius found
by REASONS (Matrà et al. 2025). The inner (αin = 6+0.6

−0.5)
and outer (αout = −7.1+0.4

−0.5) edges are steeper than average for
discs in this category. If present, the halo is centred at 88+13

−12 au
with a width of 180+30

−50 au, as measured by the double Gaussian
parametrisation.

3.1.3. Group [Rx]: single-ring discs with additional
low-amplitude emission (halo or possible ring)

This group includes single-ring discs with evidence of more
extended low-amplitude emission, which could be in the form of
a halo attached to the main ring or an additional low-amplitude
ring separated from the main ring by a radial gap. The distinction
between the two is often unclear given the low surface brightness
of these features relative to the sensitivity of the observations,
and the different modelling approaches may provide different
suggestions on whether a halo or ring is more likely. Unlike the
multi-ring discs which have shallow gaps, any additional rings
appear to be separated by deeper gaps that appear to be largely
clear of emission.

We define halos as a smooth, radially extended distribution
of millimetre emission, typically reaching a larger radius than
the main planetesimal ring. The parametric models indicate that
halos are present in six of the seven discs in this category and
find that the extended emission described by the non-parametric
models is not significant in the remaining disc (HD 32297).
These halos are best reproduced parametrically by the sum of
two overlapping Gaussians: a narrow Gaussian reproduces the
main ring, while a broad Gaussian describes the extended emis-
sion of the halo (see Fig. 1). The narrow component (mean
∆R/R = 0.18) often has an extremely steep inner edge (mean
αin = 56) and shallower outer edge (mean αout = −8.6), while the
broad component (mean ∆R/R = 0.75) has gradual slopes that
extend to larger radii. Many of the discs described in this sec-
tion have fractional widths that are much smaller than previously
measured, likely because the low surface brightness of the broad
halos skewed measurements at lower resolution. Although we
report the FWHM of both the main belt and the halo throughout
this section, as measured by the parametric models, we empha-
sise that the narrow/broad structure of these discs limits the
efficacy of FWHM as a quantification of width.

We ran a single Gaussian for a selection of discs in this
category with the lowest levels of extended emission to better
understand the significance of this feature. Despite the single
Gaussian parametrisation having the fewest number of param-
eters of any functional form in this paper, we find that the
double Gaussian is strongly preferred over it in all cases that we
tested. This indicates that the extended emission, while ambigu-
ous in nature, is a significant feature in these discs and should be
studied further.

We devote the rest of this section to discussing millimetre
halos, although we reiterate that there could be unresolved low-
amplitude rings in some of these systems. Theoretical models
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have not typically predicted the narrow rings surrounded by
extended millimetre emission that we find in this subset of the
ARKS sample, although halos have been detected with opti-
cal and scattered-light observations in a large fraction of debris
discs. Scattered-light halos are expected to consist primarily of
small dust grains that are excited to high eccentricities by radia-
tion pressure, which has only a negligible effect on the large dust
grains observed in thermal emission. The detection of halos at
longer wavelengths therefore suggests that a different dynamical
process is responsible for these mm halos (Thebault et al. 2023).

Halos were first observed in millimetre emission by Marino
et al. (2016) and MacGregor et al. (2018), which prompted
Thebault et al. (2023) to re-analyse observations of halos in scat-
tered light. They found that approximately 25% of scattered-light
radial profiles with halos could not be explained by their models,
which indicates that dynamical interactions may be responsible
for the substructure, and predicted that higher-resolution ALMA
observations would find more halos in thermal emission as well.

With the higher resolution of the ARKS sample, we now
have evidence of narrow rings surrounded by millimetre halos
in several targets, although more sensitive observations are nec-
essary to confirm the nature of these features. All discs with
low-level extended emission (7/7) described in this section are
detected in scattered light as well, whereas a minority of single-
ring discs (4/12) and multi-ring discs (2/5) are detected in
scattered light (Milli et al. 2026). These detection rates may
indicate that there are more small grains in systems with low-
level extended emission. Approximately half (4/7) of discs with
millimetre halos have scattered-light halos as well (HD 32297,
HD 61005, HD 121617, and HD 131835, Thebault et al. 2023).
Additionally, we find that this two-component radial structure
is reminiscent of the vertical structure of the Kuiper Belt, in
which two dynamical populations are present (Morbidelli et al.
2008). This may indicate that dynamical processes have shaped
the discs, although further research is necessary to understand
the mechanisms responsible for this substructure, which appears
in approximately one-third of the ARKS sample.
(i) HD 10647 (q1 Eri) [Rh]

The main features of our non-parametric profiles are broadly
consistent with modelling based on prior observations (Lovell
et al. 2021); however, we find that the outer edge slope abruptly
becomes shallower at approximately 110 au, resulting a halo-like
structure. This is notably different from the single-ring discs with
potential shoulders, which show a steepening in slope from a
plateau-like region to the outer edge. We note that the system
hosts a giant planet at 2 au (Butler et al. 2006).

We parametrically modelled HD 10647 with a double power
law, double Gaussian, and double power law with one gap. The
AIC moderately prefers the double Gaussian, while the BIC
moderately prefers the double power law. The double power law
with a gap is not preferred by either criterion. Although we
designate the double Gaussian as the best functional form and
classify HD 10647 as a belt with a halo-like substructure, we
emphasise that this previously unconstrained feature is ambigu-
ous and that the eccentricity of the disc likely impacts our
modelling efforts (Lovell et al. 2026). The main belt is centred at
89.2+0.7

−0.8 au with a width of ∆R = 28+2
−2 au, while the halo is cen-

tred at 164+6
−7 au with a width of ∆R = 108 ± 7 au. These results

are consistent with observations by Lovell et al. (2021).
(ii) HD 61005 [hRh]

The disc appears to show emission both interior and exterior
to the relatively narrow main belt, which is more similar to a
“halo” than an additional ring according to our non-parametric

models, although the rave profile and uncertainties suggest an
additional faint outer and inner ring are also possible. Evidence
of an outer halo (MacGregor et al. 2018; Han et al. 2025) or
ring (Terrill et al. 2023) has also been suggested based on prior
ALMA observations.

We parametrically modelled HD 61005 with a double power
law, double Gaussian, and triple Gaussian. Both the AIC and the
BIC find that the double power law is a significantly poorer fit.
We find that the BIC significantly prefers the double Gaussian,
while the AIC has no preference between the double Gaus-
sian and triple Gaussian. The triple Gaussian recreates the same
radial profile as the double Gaussian, which suggests that the
faint outer and inner ring suggested by rave are not signifi-
cant. We therefore designate the double Gaussian as the best
functional form for this disc, which indicates the presence of
a halo. Although MacGregor et al. (2018) previously observed
the presence of a halo in HD 61005 with ALMA using shorter-
baseline data, the higher resolution of the ARKS observations
allows us to further constrain the locations and widths of the
planetesimal belt and halo. Our parametric models find that the
belt is narrower (∆R = 17.4+1.2

−1.2 au) and centred at larger radius
(R = 69.4+0.5

−0.4 au) than MacGregor et al. (2018), while the halo
is centred at 95+2

−3 au with a width of ∆R = 75 ± 4 au, extending
across the planetesimal belt from ∼20 to ∼140 au. This suggests
that the halo detected by ARKS observations is different than the
halo measured by MacGregor et al. (2018), perhaps because of
the difference in baselines.
(iii) HD 131835 [R3, g+ (hRh, g+)]

Both the frank and rave fits suggest a narrow main ring
with a low-amplitude inner ring and extended outer emission.
The 83.7+0.9

−1.1 au radius fitted in REASONS (Matrà et al. 2025)
is further out from the main belt than found from the non-
parametric ARKS profiles, which peaks at 66 au, and is likely
due to the presence of the extended outer emission.

It is not clear whether the outer emission is a separate ring
or a halo attached to the main ring based on the non-parametric
models. The frank profile suggests a shallow radial gap that sep-
arates the extended outer emission from the main ring; however,
this gap is subtler in the rave profile and is contained within a
region of large uncertainties. The outer emission at 100 au has
been resolved to be the most prominent ring in scattered light
using SPHERE (Feldt et al. 2017), whereas the main ring in
ALMA at 65 au is significantly fainter in scattered light. The pos-
sible origin of this difference is discussed and modelled in detail
in Jankovic et al. (2026). We tentatively label the disc as R3,
but note a likely alternative of hRh, given that parametric models
(described below) favour describing the disc as a main belt with
an extended halo.

We parametrically modelled HD 131835 with a double
Gaussian, triple Gaussian, and double power law to explore three
possible structures: an inner ring, an outer ring, and a halo, with
the double power law acting as a benchmark for significance.
The AIC and the BIC significantly prefer the other models to the
double power law, indicating that the extended emission is sig-
nificant. We find that the BIC significantly prefers and the AIC
marginally prefers the double Gaussian over the triple Gaussian,
indicating that the inner ring is not significant. Additionally, the
double and triple Gaussian parametrisations both fit the inner
emission at ∼25 au as a part of the halo rather than a separate
component, resulting in very similar radial profiles. This pro-
vides further evidence that the inner and outer components are
not distinct from the main ring but rather part of a broad halo. We
therefore designate the double Gaussian as the best functional
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form for this disc. The main ring is centred at R = 68.6 ± 0.4 au
with a width of ∆R = 11.5+1.4

−1.4 au, while the halo is centred at
R = 105.8+2.0

−1.7 au with a width of ∆R = 102+3
−4 au. The main ring

is much narrower than measured by REASONS (∆R = 87± 4 au,
Matrà et al. 2025), likely due to the previously unresolved broad
component.
(iv) HD 121617 [Rh, g+]

Our non-parametric profiles fitted with both frank and
rave suggest a single narrow belt. Low-level emission possibly
extends out to at least twice the belt radius on the outer edge.
The belt radius is consistent with modelling based on previous
observations (Moór et al. 2017).

We parametrically modelled HD 121617 with a double Gaus-
sian, single Gaussian, power law + error function, double power
law, and asymmetric Gaussian. Although we find that the asym-
metric Gaussian and single Gaussian provide significantly poorer
fits to the data according to both the AIC and the BIC, the
statistical criteria differ on the significance of the other three
functional forms: the AIC strongly prefers the double Gaussian
(which models a halo), but the BIC strongly prefers the power
law + error function. The double power law is not ruled out
either. We report results for all three functional forms, although
we designate the double Gaussian as the best parametric model
for the disc based on a visual evaluation of the radial profiles
(Fig. E.1). This indicates that the low-level emission found by the
non-parametric profiles and by the double Gaussian functional
form is of ambiguous significance at the S/N of the data.

As parametrised by the double power law, this disc has
steep inner (αin > 20) and outer (αout = −6.9+0.2

−0.4) edges, sim-
ilar to those found in scattered light by Perrot et al. (2023).
We find comparable central radii with the double power law
(Rc = 68.5+0.7

−0.5 au), power law + error function (Rc = 67.8+0.6
−0.4 au),

and double Gaussian (R = 75.3+0.4
−0.3 au). As parametrised by the

double Gaussian, the main ring is centred at R = 75.3+0.4
−0.3 au

with a width of ∆R = 14.1+1.2
−1.2 au, while the halo is centred at

R = 103+8
−5 au with a width of ∆R = 100+20

−20 au. The main ring is
much narrower than measured by REASONS (Matrà et al. 2025),
likely due to the previously unresolved broad component.
(v) HD 32297 [R2

h, g+ (Rh, g+)]
The frank and rave profiles show a narrow ring with a faint

outer halo, consistent with suggestions based on prior ALMA
observations (MacGregor et al. 2018). The non-parametric mod-
els also suggest the presence of inner emission, likely as a
separate faint ring component interior to the main belt, although
it is not significantly detected in parametric models.

We parametrically modelled this disc with a double power
law as a default model, a double Gaussian to explore the pres-
ence of a halo, and a sum of a Gaussian and a double power
law to explore the presence of an inner component suggested
by non-parametric modelling. We find strong evidence that the
double Gaussian does not fit the data well, according to both the
AIC and the BIC. Although the AIC marginally prefers a Gaus-
sian with a double power law, the BIC significantly prefers the
simpler structure provided by a double power law. We therefore
designate the double power law as the best parametric model,
but we note that higher-resolution observations may be necessary
to further constrain the radial substructures present in this disc,
including the outer halo and inner emission suggested by the
non-parametric models. As parametrised by the double power
law, HD 32297 is centred at Rc = 105.2+0.7

−0.5 au with a width
of ∆R = 14.1+0.6

−0.6 au, significantly narrower than measured by
REASONS (Matrà et al. 2025). The discrepancy in width is
more characteristic of discs with halos, and the low-amplitude

emission found by the non-parametric models – although not
significantly detected by the parametric models – may have
skewed measurements at lower resolution toward a broader
width. The inner (αin > 27) and outer edges (αout = −6.3± 0.12)
are among the steepest found in the ARKS sample.
(vi) HD 131488 [R2, g+ (hRh, g+)]

Previous continuum maps observed at lower resolution were
modelled by a ring at 84±3 au (Moór et al. 2017), consistent with
the radius of the very narrow ring resolved here. Both rave and
frank resolve a small bump at approximately 50 au, interior to
the inner edge of the main belt. A slight outer bump in the frank
profile is not reproduced in the rave fit.

We parametrically modelled HD 131488 with a double power
law to recreate a simple belt, a double Gaussian to recreate a
halo, and a triple Gaussian to recreate a halo as well as the
inner bump resolved by rave and frank. Both the AIC and
the BIC strongly prefer the double Gaussian parametrisation
to the double power law and to the triple Gaussian, indicating
that the halo is significant. We therefore designate the double
Gaussian as the best functional form for this disc. The profile
produced by the double Gaussian (Fig. E.1) suggests that the
inner bump resolved by the non-parametric models and the outer
bump found by frank is part of a broad halo. The main ring is
centred at Rc = 90.84+0.18

−0.08 au with a width of ∆R = 2.3+0.7
−0.4 au,

while the halo is centred at R = 96.1+0.6
−0.7 au with a width of

∆R = 45 ± 4 au. Although the location of the main ring is con-
sistent with previous modelling in both thermal emission and
scattered light (Moór et al. 2017; Pawellek et al. 2024; Matrà
et al. 2025), the ring is much narrower with the ARKS mod-
elling, likely due to the previously unresolved broad component.
However, we note that the width of the main ring measured by
ARKS is smaller than the angular resolution of the data (with a
beam size of 6 au, Marino et al. 2026). We therefore consider the
width to be marginally resolved, as it appears to be smaller than
the resolution of the data.
(vii) HD 109573 (HR 4796) [Rh]

We find a narrow belt consistent with previous modelling
based on lower-resolution observations (Kennedy et al. 2018),
with possible very low-level emission on the outer edge. We
parametrically modelled HD 109573 with a double Gaussian,
single Gaussian, and double power law. Both the AIC and the
BIC strongly prefer the double Gaussian parametrisation over the
double power law and the single Gaussian, indicating the pres-
ence of a halo. The main ring is centred at R = 77.61+0.04

−0.16 au
with a width of ∆R = 6.8+0.4

−0.4 au, while the halo is centred at
R = 84+2.1

−1.8 au with a width of ∆R = 52 ± 9 au. The main ring is
much narrower than measured by REASONS (Matrà et al. 2025),
likely due to the previously unresolved broad component.

3.2. Quantifying disc features

The results of Sect. 3.1 show that there is a great diversity of
radial profiles observed across the sample. One way to system-
atically characterise the radial properties of the sample is to
quantify features of interest, including the width of each ring
and its inner and outer edges, in a way that is analogous to what
has been performed for protoplanetary discs (Huang et al. 2018).
We performed these measurements with both the non-parametric
profiles, as represented by the frank surface density profiles,
and the best fitting parametric model selected with the AIC and
BIC. We describe the approach used for the non-parametric mod-
els here; for the use of parameters from the parametric models;
see Sect. 2.4.
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Table 2. Gap location and widths, and inferred single planet masses.

Target Gap rgap (au) ∆rgap (au) Mpl (MJ) Consistent with direct imaging

HD 15115 1 79.3+4.0
−4.3 22.2+0.7

−0.6 0.37+0.09
−0.07 Y

HD 32297 1 79.9+6.4
−8.5 35.4+1.3

−1.2 2.0+0.9
−0.6 Y

HD 92945 1 72.6+4.7
−4.1 19.6+2.3

−1.7 0.20+0.10
−0.07 Y

HD 107146 1 57.3+2.8
−1.8 12.3+0.6

−0.6 0.11+0.03
−0.02 Y

2 79.2+3.1
−2.6 18.9+2.7

−1.4 0.15+0.07
−0.05 Y

HD 131488 1 69.4+3.6
−6.2 26.1+1.0

−0.8 1.3+0.4
−0.3 Y

HD 131835 1 42.2+6.8
−9.1 25.2+3.3

−3.9 6.3+8.6
−3.5 Y

2 84.8+4.9
−4.2 18.9+2.3

−1.8 0.20+0.10
−0.07 N

HD 197481 1 17.0+3.6
−6.0 14.1+2.1

−1.4 7.1+16.7
−4.5 N

2 32.5+1.8
−1.8 4.1+1.3

−1.2 0.010+0.015
−0.007 Y

HD 206893 1 73.5+10.8
−12.0 40.4+4.6

−4.3 3.7+3.6
−1.8 Y

Notes. Gap location and widths are measured from the frank surface density profiles. The planet masses correspond to a single planet required to
clear the measured widths (see Eq. (1)). These values are not tested for consistency with the gap depth. The rightmost column lists whether such a
planet is consistent with current constraints from the available direct imaging observations based on the detection probability maps in Milli et al.
(2026), i.e. ‘Y’ means not expected to be detected by available observations at 50%.

For discs with a single ring, we measured the peak radius
and the radii where the inner and outer edges reach 25, 50, and
75% of the peak, respectively. For discs with multiple rings, it
may not be appropriate to assume that the base of the belt is at a
surface density of 0, given that neighbouring belts could super-
impose. For each ring within a multi-belt disc, we measured
its peak radius and treated the inner and outer edges separately
when measuring the radius of 25, 50, and 75% surface density
for either edge. For either edge of the ring, if the edge immedi-
ately borders a radial gap, the baseline surface density value was
assumed to be the local minimum value of the gap; otherwise,
the edge of the ring is assumed to be the edge of the entire disc
and the baseline surface density value was assumed to be 0. The
radii of 25, 50 and 75% surface density were measured as per-
centages of the difference between the peak surface density of
the gap and the baseline.

We used the 50% radii at the inner and outer edges to calcu-
late the FWHM of the disc, and the difference between the 25
and 75% radii of either edge to define the width of the edge (the
inverse of it being the slope of the edge). The ring location was
defined using the centroid radius of the disc if the disc only has a
single ring, or the peak radius of the ring if the ring is in a multi-
belt system. The inner and outer edge locations were defined
using the 50% radii of the edge. These measurements also enable
the characterisation of the radial gaps found between neighbour-
ing rings. We used the local minimum within the gap to define
its location, and the 50% radius of the outer/inner edge of the
inner/outer neighbouring rings of each gap to define the width of
the gap. The measurements of these disc features are summarised
in Tables I.1 and 2, which will be studied at the population level
in the following section. Fig. I.1 provides a visualisation of the
slope and width measurements on the radial profile.

3.3. The prevalence of substructures and distribution of
fractional widths

The radial profiles described in Sect. 3.1 demonstrate that sub-
structures are prevalent in the sample. We find that 5/24 discs
show strong evidence of multi-ring structures and 7/24 are sin-
gle rings with evidence of additional low-amplitude rings or
extended halos. The two categories together account for 50% of

the sample, meaning that the radial structure of half the sam-
ple cannot be simply described by a single ring. Even for the
single-ring discs, potential features such as shoulders and inner
and outer edge asymmetries suggest that the incidence rate of
substructures could be even higher.

These findings provide an updated understanding of debris
disc structures, both in terms of the basic properties such as the
fractional width of rings in debris discs and the prevalence of
substructures. The REASONS sample contains the most com-
plete set of debris discs resolved by ALMA (though biased
towards bright discs), which have been modelled by assuming
that they follow Gaussian radial profiles, which is appropriate
given its more limited sensitivity and resolution (Matrà et al.
2025).

Fig. 5 shows the distribution of the fractional width of debris
discs based on the REASONS and ARKS samples. Discs in the
REASONS sample with relative uncertainties on the fractional
width that are larger than 50% (i.e. HD 15257 and TYC 9340-
437-1) have been excluded. HD 36546 was also excluded as the
disc was centrally peaked and a Gaussian fit did not adequately
measure its fractional width (Matrà et al. 2025). The subset of
REASONS values for discs that are also covered by ARKS is
distributed similarly to the full REASONS sample. The updated
distribution based on the ARKS dataset, however, is shifted
significantly towards the narrower end while also retaining the
wide end, almost exhibiting a bimodal distribution overall. The
different between the REASONS and ARKS fractional widths
is largely because previously unresolved (sub)structure such as
multiple rings could result in REASONS measuring wider rings,
and the presence of low surface brightness, extended emission
could cause the same effect when observing at lower resolution.
We discuss the implications of these findings in more detail in
Sect. 4.

4. Discussion

In this section we discuss several implications of our findings
in the context of both debris disc formation from protoplane-
tary discs and the dynamical interaction between planets and
the debris disc in mature planetary systems. Section 4.1 com-
pares the rings seen in debris discs with those in protoplanetary
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Fig. 5. Comparison between the distribution of fractional widths found
from the REASONS (Matrà et al. 2025) and ARKS datasets. The ver-
tical axis shows the probability density function (PDF). Discs found to
have multiple rings in ARKS are separated into their constituent rings.
Two distributions are shown for REASONS, which correspond to the
distribution of all REASONS discs, and the REASONS values for discs
that overlap with those in ARKS respectively. REASONS discs with
fractional uncertainties greater than 0.5 have been excluded from the
REASONS distributions.

discs. Section 4.2 explores any potential correlations between
structural features among debris discs. Sections 4.3 and 4.4
place constraints on potential perturbing planets based on any
radial gaps and the slope of the inner edge of debris discs in
the sample. Section 4.5 constrains the eccentricity dispersion
of planetesimals based on the outer edge slope. We note that
we expect follow-up studies to perform more detailed dynami-
cal modelling to interpret the disc structures more wholistically
than is considered here.

4.1. Comparison with protoplanetary discs

Prior to the analysis based on the ARKS sample, the distribu-
tion of the fractional widths of rings in debris disc appeared
to peak at approximately 0.8 to 1.0, with a median of 0.71 and
70% of the discs with fractional widths of above 0.5 (Fig. 5,
Matrà et al. 2025). This is significantly larger than the frac-
tional widths of rings in protoplanetary discs, which exhibit a
median fractional width of 0.29, with 24% of rings characterised
by a fractional width larger than 0.5 based on the sample of
resolved protoplanetary discs compiled by Bae et al. (2023). It
has been unclear whether this trend is due to the low resolu-
tion of these debris disc observations or reflects an evolutionary
process occurring between the protoplanetary and debris stages.

The higher-resolution observations in the ARKS dataset have
significantly shifted this distribution towards smaller fractional
widths (Fig. 5). A comparison of the fractional widths between
the protoplanetary and debris ring populations is shown in Fig. 6.
Based on our non-parametric (frank) modelling, we find a
median fractional width of 0.40 for debris disc rings, with 37%
being wide (13/35 rings across the 24 discs with ∆R/Rc > 0.5).
The parametric modelling offers a slightly more conservative
classification of whether a disc hosts multiple belts via rig-
orous model comparison with statistical criteria such as the
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Fig. 6. Comparison between rings in debris discs from ARKS and the
sample of resolved protoplanetary discs compiled by Bae et al. (2023).
Discs with multiple rings are separated into their constituent rings. The
top panel shows the distribution of fractional widths, where both the
distributions derived from frank and parametric modelling are shown
for debris discs. The bottom panel shows the distribution of the number
of rings in a disc, where the ring counts in debris discs are based on the
frank profiles, as labelled in Fig. I.1.

AIC and BIC, finding a median fractional width of 0.33, with
40% of the rings (12/30 rings) being wide. The distribution
of fractional widths derived from the non-parametric and para-
metric approaches are in broad agreement, as shown in Fig. 6.
These results suggest that, compared to the REASONS distri-
bution, which is abundant in fractionally wide discs, the updated
distribution based on ARKS is significantly shifted towards frac-
tionally narrower discs, and is more similar to the distribution of
protoplanetary discs than previously thought, particularly within
the range of fractional widths between 0 and 0.8.

The large overlap between debris disc and protoplanetary
disc fractional width suggests that in some cases, the debris
rings may inherit the general distribution seen in the protoplan-
etary phase. The prevalent concentric rings in protoplanetary
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discs (Andrews et al. 2018) have been interpreted as either gaps
carved by newly formed planets (Dong et al. 2015), or local
pressure bumps formed through instabilities (e.g. Flock et al.
2015) but could nonetheless be conducive to planetesimal for-
mation (Stammler et al. 2019; Miller et al. 2021) by trapping
dust and undergoing streaming instabilities (Youdin & Goodman
2005). These rings could therefore be the predecessors of the
planetesimals producing mm dust that we observe in debris
discs, resulting in debris discs that inherit protoplanetary disc
structures (Marino et al. 2018, 2019).

However, given the presence of a population of debris disc
rings which are significantly fractionally wider than their pro-
toplanetary counterparts, this is unlikely to explain all discs.
Planets likely play a significant role in setting the location and
width of the planetesimal belts that form from protoplanetary
rings (Wyatt et al. 2015). Simulations have suggested that dust
traps could produce planetesimals while moving, which could
occur due to planet migration, leaving a trail of planetesimals in
their path that span a wide range of radii and form a planetesimal
belt with a large fractional width (Miller et al. 2021). Even in the
absence of planet migration in protoplanetary discs, other simu-
lations have found that planets could eventually scatter the ring
and leave a fractionally wider planetesimal belt, whereas inward
migration of the newly formed planet away from the ring could
sustain the ring for longer and potentially leave a fractionally nar-
rower planetesimal belt (Jiang & Ormel 2023). The exact effect
of planet migration therefore appears to be nuanced as suggested
by both the differing setups in these theoretical studies and the
large range of debris ring widths observed in reality, and one that
would require further theoretical work to more clearly explain.

We discuss a few caveats related to the comparison above.
Firstly, the debris disc and protoplanetary disc samples are
not studied with uniform resolution. However, typical resolu-
tions in protoplanetary disc surveys (e.g. 5 au for high-resolution
observations such as DSHARP, Andrews et al. 2018) can be
comparable to ARKS resolutions (which lie between 4 au and
36 au). The fractional widths derived for debris discs in this
study are deconvolved, whereas the protoplanetary disc values
are generally not (Huang et al. 2018; Bae et al. 2023). Jennings
et al. (2022a) found that the ring widths recovered by frank
in the DSHARP sample are on average 26% narrower than
by CLEAN. This could mean that the protoplanetary disc frac-
tional widths used here are biased to be slightly larger than they
are. However, this should not fundamentally shift the conclu-
sions of the comparison discussed here, since the fractional ring
width distribution of protoplanetary discs is relatively wide, and
reducing their values by approximately one quarter would still
result in a distribution comparable to that of the fractionally
narrow population of debris discs.

Secondly, while there exists the possibility that the discs
in our sample could still consist of more unresolved rings, our
frank resolution tests (benchmarking the fractional width recov-
ered when observing an infinitesimally thin ring, as described in
Sect. 3.1) suggest that if the broad discs were to consist of 2–3
very narrow rings instead, our observations should have resolved
these radial substructures (although if they were to consist of a
large number of rings, e.g. ≳10 rings, these very narrow rings
would not have been individually resolved). The presence of the
fractionally broad population of debris disc rings is thus likely to
be real.

Thirdly, the protoplanetary disc sample of Bae et al. (2023)
contains a higher fraction of lower-mass stars (with a median
stellar mass of 0.9 M⊙) than the ARKS sample (with a median
stellar mass of 1.6 M⊙), which could bias the protoplanetary

discs in this comparison to be at smaller radii. However, we
find that when comparing only the A stars (for which the ARKS
sample is most abundant in) to control for the effect of stellar
mass (including only protoplanetary disc host stars with masses
equivalent to those of main-sequence A stars), the findings based
on the comparison of fractional width distribution still hold,
although in a less robust way given the more limited sample size.

Relatedly, this comparison loosely assumes that the proto-
planetary and debris discs observed are from the same popu-
lation and offset only in time, i.e. the protoplanetary discs in
the Bae et al. (2023) sample will evolve into debris discs analo-
gous to those in the ARKS sample. In practice, the evolutionary
pathway could be diverse. For example, a number of possible
formation and evolutionary pathways of debris discs could exist
(Michel et al. 2021; Najita et al. 2022), and the observed debris
discs could represent only the population of systems emerging
from bright and extended protoplanetary discs. A broader range
of evolutionary pathways could, therefore, also exist, but may not
be captured by the sample studied here.

Finally, it is important to note that this comparison relies on
defining the width of a belt based on its FWHM. Low-amplitude
extended emission, which we have found to be common in the
sample as discussed in Sect. 3.1, is not accounted for by the
FWHM metric. If we are to more wholistically connect proto-
planetary rings to debris rings, the formation of the broad faint
distributions in debris discs will also need to be accounted for.

4.2. Ring width correlations

In addition to the comparison between debris discs and proto-
planetary discs, the relatively large span in age of the ARKS
sample allows us to investigate the evolution of debris discs sub-
sequent to their formation from protoplanetary discs. Fig. 7a
displays the fractional widths of all discs in the ARKS sample
measured from the frank profiles as a function of the centroid
radius. A positive correlation is seen among the single-ring sys-
tems (at 3.3σ, which is important to isolate from the multi-ring
systems given that some of the low-amplitude rings from non-
parametric modelling are of lower significance than the main
belts), and at lower significance when all rings in multi-ring
systems suggested by non-parametric (frank) fits are also con-
sidered (at 1.9σ), where the significance was estimated using the
ratio between the least-squares slope and its standard error when
fitting a linear model in logarithmic space. This suggests that
wider discs are not only wider in absolute terms, but they are
also fractionally wider, i.e. with the larger radius adjusted for.

Age appears to be a basis for this correlation. Figs. 7b and c
display the radius and fractional widths as a function of age, and
both tentatively increase with age (at 2.4σ and 2.0σ respectively,
where the significance is effectively unchanged even if the only
M star, AU Mic, is removed in panel b). The increase in age of the
fractional width in panel c also holds when the rings from multi-
ring systems are also included (at 2.6σ). In Fig. 7b, the black
dashed line indicates the evolution of the radius of peak optical
depth expected in self-stirred discs (Kennedy & Wyatt 2010). A
positive correlation between fractional width and age has pre-
viously been observed among relatively well-resolved ALMA
images (Han et al. 2025), though not among the full REASONS
sample (Matrà et al. 2025). Analysing the REASONS fractional
width measurements based on only its subsample that constitute
the ARKS sample (excluding the 2 discs with relative uncertain-
ties above 50%), there is no correlation between the fractional
width and age for the ARKS single rings (at 0.1σ) and only
a weak correlation for all rings (modelled as single Gaussians,
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Fig. 7. Radial properties across the ARKS sample. Linear models were fitted in linear or log space (as appropriate for the way the data in each
panel are plotted) and displayed as dotted lines. The significance is evaluated as the ratio of the slope to its uncertainties, as displayed in the upper
right corner of each panel. In panels a and c, the linear model shown is that fitted to single-ring discs only, whereas in panels b and d, the line is
fitted to all points. In panel b, the dash-dotted line has a slope of 6/23, as predicted for self-stirred discs (Kennedy & Wyatt 2010). In panel d, the
dashed line indicates where the fractional inner and outer edge widths are equal. The width of an edge is defined as the number of au for the radial
profile to rise (fall) from 25 (75%) to 75% (25%) of the peak, and the radius of an edge is defined as where the radial profiles crosses 50% of the
peak.

at 1.5σ). The lower significance among the REASONS sam-
ple could either reflect the fact that the REASONS modelling
included a sizeable fraction of marginally resolved discs, or that
the tentative correlation found in ARKS is affected by a biased
sample.

Also seen across this sample (but not plotted) is a weak
negative correlation between fractional width and dust mass,
which could be explained by the decreasing dust mass with
age due to collisional depletion (Dominik & Decin 2003; Wyatt
et al. 2007a; Löhne et al. 2008; Holland et al. 2017). The anti-
correlation may also be consistent with theoretical expectations
based on planet-induced secular stirring of self-gravitating discs

(Sefilian 2024). Tentative positive correlations are also seen
between the fractional inner and outer widths and the fractional
width of the belt (and therefore with age), resulting in an appar-
ent coordinated evolution of the radial profile. However, as noted
in earlier discussion, the majority of radial profiles appear to be
asymmetric. Although the fractional inner and outer edge widths
appear to be correlated with each other across the sample, we
find that the fractional inner edge width appears to be more typ-
ically broader than the fractional outer edge width, as shown in
Fig. 7d. We note that these fractional edge widths correspond to
their absolute width divided by the edge location, rather than the
centroid location of the whole belt, thereby accounting for the
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difference in location of the inner and outer edges. This finding
could arise from a higher dynamical excitation close to the inner
than outer edges which would make inner edges appear smoother
than the outer edges (Marino 2021).

The overall picture in this sample therefore appears to be
that the disc radially broadens while its centroid moves fur-
ther out over timescales of the order of ∼100 Myr. Collisional
evolution could cause the peak emission to propagate to larger
radii over time as the inner regions of the disc are collision-
ally depleted over faster timescales (Kenyon & Bromley 2008;
Kennedy & Wyatt 2010; Imaz Blanco et al. 2023). Similarly,
collisional evolution could also cause the smaller discs to col-
lisionally deplete below the detection threshold faster, resulting
in the average radius of a population of narrow belt debris discs
to increase with age (Wyatt et al. 2007b). However, it is not clear
that this could also explain any potential increase in fractional
widths observed. It is possible that the fractional width increase
could relate to the scattering between planetesimals or by plan-
ets. The fractionally shallower inner edge relative to outer edge
could reflect a larger eccentricity dispersion closer to the inner
system, or that the effect of collisional evolution, which tends to
make the surface density converge to a power law index of 2
(Marino et al. 2017; Imaz Blanco et al. 2023). However, it is
important to note that the more extended halos, which could cor-
respond to higher-eccentricity components on the outer edge,
may not be fully captured by the edge width measurements,
which are not affected by low-level emission under 25% of the
peak surface density of the belt.

Of the 5 gas-rich debris discs (HD 121617, HD 131835,
HD 131488, HD 32297, and HD 9672), 4 are classified as nar-
row discs. Conversely, among the 5 fractionally narrowest
single-ring discs (R and Rx), 4 are gas-rich. These gas-bearing
discs are young (<50 Myr). On top of the potential fractional
width and age correlation, this tentative correlation between
narrowness and the presence of gas could potentially also relate
to the concentration of dust due to gas drag (Olofsson et al.
2022). Gas has also been detected in β Pic’s relatively broad disc,
although the gas mass is relatively low. The gas-rich debris discs
are discussed in more detail in an accompanying paper (Mac
Manamon et al. 2026).

4.3. Planet constraints from gaps

The radial profiles derived in this study enable detailed dynam-
ical modelling in each individual system to infer their planetary
architecture. We expect dedicated work in future studies to
model potential interactions between the disc and unseen plan-
ets in more detail; however, it is possible to make some simple
predictions based on several basic assumptions.

In part motivated by the recent example of a potential planet
in a debris disc gap (Lagrange et al. 2025; Crotts et al. 2025),
if we were to assume that all gaps identified in the sample are
created by a single planet which formed in situ on a circular
orbit, and that the mechanism of gap clearing is scattering driven
by the chaotic evolution due to the overlap of first-order mean-
motion resonances, then it is possible to use the width of each
gap to estimate the mass of the corresponding planet clearing
the gap. The total width of the chaotic zone (i.e. summed over the
chaotic regions both interior and exterior to the planet’s orbit) is
described by

∆a ≈ 3apl

(
Mpl

M∗

)2/7

, (1)
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Fig. 8. Planet population inferred from the ARKS sample (red points)
assuming all gaps suggested by non-parametric (frank) profiles are
cleared by a single planet due to overlap of first-order mean motion res-
onances, overplotted on the sample of confirmed exoplanets observed
with common detection methods as of March 2025 (retrieved from exo-
planet.eu).

where apl is the semi-major axis of the planet, Mpl is the mass
of the planet and M∗ is the mass of the star (Wisdom 1980;
Morrison & Malhotra 2015). Assuming this relation, we mapped
the disc widths listed in Table 2 to the planet masses required to
produce the gaps under these assumptions, which are overplot-
ted on the population of known exoplanets3 in Fig. 8. The orbit
of these hypothetical planets lie between 20 and 80 au and their
masses range widely from a few Earth masses to a few Jupiter
masses. They are typically near the edge of or below current
direct imaging limits.

It is important to emphasise a few caveats on the nuances
that this basic analysis ignores. Firstly, these mass estimates are
not tested for compatibility of the depth of the gap and are based
solely on its width. It is possible that some of the masses esti-
mated from the gap width are high enough to clear a deeper gap
than that observed over the age of the system, thus making it
unlikely for such a planet to exist in the gap. For these shal-
lower gaps, a chain of lower-mass planets may be more likely
than a single higher-mass planet (Shannon et al. 2016); however,
planetesimal-driven migration of planets could also complicate
such a picture (Morrison & Kratter 2018; Friebe et al. 2022).

Secondly, it is also important to recognise that the multi-ring
structures that we find in the ARKS sample could also be inher-
ited from the protoplanetary disc phase in which the dynamical
evolution is shaped by gas, rather than purely by planet clearing
as has been assumed here (see discussion in Marino et al. 2019).
Mean motion resonances beyond the chaotic zone (Tabeshian
& Wiegert 2016), secular interactions (Pearce & Wyatt 2015;
Zheng et al. 2017; Yelverton & Kennedy 2018; Sefilian et al.
2021, 2023) and low-mass planets migrating through the disc
(Morrison & Kratter 2018; Friebe et al. 2022) could also play a
major role in clearing material both close to the planet and at
more distant locations, thereby further complicating the picture.
It is, therefore, important for future work to systematically model
the radial profile, rather than only the gap location and its width

3 Retrieved from exoplanet.eu.
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Fig. 9. Sharpness of inner and outer slopes as a function of distance from the host star. The slopes are measured with a double power law or triple
power law (αin and αout), while the central radii are measured with a double power law (Rc) or multiple Gaussians (R). For discs with multiple rings,
only the innermost ring is plotted on the left and only the outermost ring is plotted on the right; for discs with halos, only the main planetesimal
belts are plotted. This is due to the limitations of power-law parametrisations. The colours indicate the age of the system (Table A.2 in Matrà et al.
2025), while the marker shapes indicate the resolution of the ARKS observations (Table 2 in Marino et al. 2026). Discs with median power-law
indices greater than 15 – the cut-off for pure planet sculpting of the inner edge – are indicated by arrows for both plots. We note that the x-error
bars on the steepest discs are too small to be seen.

as performed in this study, to reach a more comprehensive con-
clusion on potential planetary configurations consistent with the
disc structures observed.

Finally, available direct imaging observations already pro-
vide constraints on the range of possible planets within these
systems. Based on the detection probability maps computed in
Milli et al. (2026), one hypothetical planet in Table 2 (in the inner
gap of HD 197481, or AU Mic) should have been detected by
SPHERE with 95% probability, although considering the uncer-
tainties on the planet mass and orbit, the detection probability
could be at 50% or lower. Another possible planet (in the inner
gap of HD 131835) should have been detected by SPHERE with
a probability between 50 and 95%, and the detection probability
could be lower than 50% considering uncertainties on the con-
straints on such a planet. The detection probabilities of all other
such gap-inferred planets in Fig. 8 are lower than 50%.

4.4. Trends in the steepness of the inner edge

The sharpness of the inner edges of debris discs can indicate
sculpting by planets (e.g. Quillen 2006; Chiang et al. 2009;
Pearce et al. 2024). We compare the slopes of the ARKS tar-
gets based on the results of power law parametrisations, with
gaps added as necessary. Although double power laws and triple
power laws did not provide the best fit to the data for several
discs, we find that the models can still place constraints on the
slopes. Because the implementation of the double power law
described in Table 1 is smooth across radii, we additionally
tested whether introducing a sharp cut-off on the inner and outer
edges would affect the power law indices. We found that this did
not impact the values obtained for the indices. We therefore take
αin and αout values from double power law fits in most cases,
except for HD 92945, HD 107146, HD 197481, TYC 9340-437-1,
and HD 218396, where a triple power law provided a better fit to
the data according to the AIC and the BIC.

We find a bimodal distribution of inner slopes: discs that are
closer to their host stars (Rc < 100 au) have sharper inner edges
(αin > 15), while discs that are further out have shallower inner
edges (Fig. 9). We propose four explanations for these results,

although we emphasise that self-stirring and secular interactions
may also play an important role in shaping inner edges.

First, planets may be more likely to have orbits closer to
their host stars, so the sharp inner edges observed in discs at
smaller radii might simply reflect the underlying distribution of
planet semi-major axes. Direct imaging has shown that planets at
large distances from their host stars are rare (Vigan et al. 2021;
Currie et al. 2023), so discs at large radii may not experience
planet truncation to the same extent as discs at small radii, or the
timescale for sculpting inner edges at large radii may simply be
too large: For example, a Jupiter-mass planet located just inte-
rior to a disc will truncate an inner edge at 50 au in 3.9 Myr and
an inner edge at 200 au in 31 Myr (from Eq. (3) in Pearce et al.
2024).

Second, secular resonances can allow planets to sculpt the
inner edges of discs at large radii (Zheng et al. 2017; Sefilian et al.
2021, 2023; Pearce et al. 2024), but these discs may experience
excitation that flattens the inner edge or may not have visibly
sharp inner edges due to delays related to the distance from the
host star.

Third, collisional evolution may be responsible for the shal-
low inner edges we observe in debris discs at large radii. Models
by Marino et al. (2017) and Imaz Blanco et al. (2023) have shown
that the inner regions of debris discs lose material faster, result-
ing in a power law index of αin ≈ 2. As seen in Fig. 9, most
discs centred at large radii in the ARKS sample have inner slopes
consistent with those expected from collisional evolution.

Fourth, these discs with large radii and shallow slopes are the
only systems in the ARKS sample with directly imaged planets.
It is possible that the presence of a massive planet shaped the
radial structure of these discs, creating shallow slopes.

The higher resolution of the ARKS observations finds
much steeper inner edges than previous studies of debris discs.
Although Pearce et al. (2024) found that many debris discs
observed at lower resolutions have inner edges that are too flat to
be explained by planet sculpting alone, we calculate that seven
discs in the ARKS sample have inner edges that are steep enough
to constrain planet masses. The maximum flatness of σi ≤ 0.05
derived by Pearce et al. (2024) for pure planet sculpting cor-
responds to a power-law index of αin ≥ 15, due to the inverse
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Table 3. Planet sculpting constraints for the seven discs with the steepest
inner edges in the ARKS sample.

Disc αin Mpl apl
frank Parametric (MJ) (au)

HD 10647 5.4 >18 <2.5 <48
HD 32297 22 >27 <1.0 < 74
HD 107146 14 >13.91 <5.0 <32
HD 109573 28 34+5

−3 0.68+0.30
−0.18 <50

HD 121617 14 >20 <3.1 < 49
HD 131488 22 28+5

−4 1.2+0.6
−0.5 <63

HD 197481 14 >14 <3.2 <19

Notes. Non-parametric slopes are derived from the inner edge defini-
tions in Table I.1.

relationship between the parameters:

σi =

√
2
π

1
αin
. (2)

We additionally calculate a power-law slope from the steepest
part of the inner edge described by frank profiles for each tar-
get to compare the results of the parametric and non-parametric
models. While parametric models suggest steeper slopes than
those derived from frank, the seven discs described in Table 3
generally meet the criterion of αin ≥ 15 with both methods.

We note that the seven discs that are likely candidates for
planet sculpting include five of the seven discs with extended,
low-amplitude emission and two of the five discs with mul-
tiple statistically significant rings described in Sect. 3.1. This
result suggests that the presence of gaps or extended emission
in debris discs may indicate the influence of planets, assuming
that sharp inner edges are caused by planet sculpting. Addi-
tionally, we find that the seven candidates for planet sculpting
have some of the smallest widths in the ARKS sample. Because
these discs are centred at small radii, this suggests that there
may be a correlation between planet sculpting and disc width.
Perhaps truncation by planets cleared the inner regions of discs
centred at small radii, removing enough dust to decrease the
widths of these objects. However, we emphasise that this expla-
nation is extremely tentative and that the correlation observed
here requires theoretical exploration beyond the scope of this
paper.

We estimate upper limits on the masses and semi-major axes
of the predicted planets sculpting these seven discs with Eq. (17)
in Pearce et al. (2024) and with the publicly available planet-
truncation model from Pearce et al. (2022)4, respectively. These
constraints rely on the assumption that a planet is located just
interior to the inner edge of the disc and has cleared debris out
to the inner edge. We report these calculations in Table 3, and
we compare our results with constraints from other studies in
Appendix B. We find that planets around these discs need to be
<5 MJ and at <74 au to sculpt the inner edge.

4.5. The outer edge and eccentricity

The steepness of the outer edges of debris discs can provide
insights into the levels of stirring, which can reveal the dynami-
cal history of planetary system (Marino 2021). We find a variety
4 https://github.com/TimDPearce/SculptingPlanet/tree/
main

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Fractional widths ( R/R)

0.0

0.2

0.4

0.6

0.8

M
ea

n 
pa

rt
ic

le
 e

cc
en

tr
ic

ite
s

erms = 0.6 R
R

Extended emission
Belt
Gap

Fig. 10. Eccentricities and fractional widths of the discs with erms <
∆R/R. The maximum eccentricity (Marino 2021) is represented by the
black dashed line, and the error bars correspond to 1σ. For discs with
gaps, we only plot ∆R/R for the outer ring as this is the only outer edge
modelled by power-law parametrisations. For discs with low-amplitude
emission, the eccentricities are derived from the outer slope of the plan-
etesimal belt, not the faint emission.

of outer power-law indices among the discs in the ARKS sam-
ple, ranging from −1 to −22, which we use to estimate the mean
particle eccentricities (erms) near the outer edges. The limita-
tions of the power law parametrisations mean that eccentricity
can be calculated only for the outermost ring of multi-ring discs
and only for the main planetesimal belt of discs with halos. We
use the approximation derived by Marino (2021) for a model
of a stirred disc that assumes a Rayleigh distribution of particle
eccentricities and inclinations (see also Rafikov 2023),

erms = 0.77
lout

Rout
, (3)

where Rout is either the parameter fit by the triple power law or
the radius of the disc at 0.5% of the peak surface density and
where lout = Rout/ αout. Because this relation breaks down as erms
approaches ∆R/R, we only report erms for discs with ∆R/R < erms
in Table 4. A higher erms corresponds to a shallower outer edge,
with particles distributed across a wider range of radii.

Our calculated particle eccentricities for HD 107146,
HD 206893, HD 218396, and HD 197481 are systematically
smaller than those calculated by Marino (2021) by a factor ∼2.
These differences are likely due to the different parametric model
chosen here (edges modelled as a power law instead of hyper-
bolic tangents or error functions) and how the values of Rout and
αout are approximated to an equivalent lout.

We find that discs with multiple statistically significant rings
or extended emission are often narrower and have steeper outer
edges that correspond to low particle eccentricities, as shown
in Fig. 9. This may indicate that the possible halos observed in
the ARKS sample are not due to scattering, which can produce
eccentricities greater than 1 (Gladman et al. 2001). However,
we note that the observed eccentricities for these discs with
extended emission or multiple significant rings are extremely
close to the maximum constraint placed by their FWHM (rep-
resented by the dashed line in Fig. 10) and that we do not have
outer slopes for the extended emission itself. We additionally
find that discs with ∆R/R > 0.65 shown in Fig. 10 are the same
as the discs with αin ≤ 4 shown in Fig. 9, with the exception
of TYC 9340-437-1 and HD 218396. This suggests two distinct
populations of discs: narrow belts with significant radial sub-
structures – either gaps or halos – located at small radii with
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Table 4. Outer slopes, mean particle eccentricities, and fractional widths for the ARKS sample.

Disc αout erms ∆R/R
Median Upper limit

HD 9672 −1.11+0.08
−0.09 0.69+0.05

−0.06 0.86 1.27+0.06
−0.06

HD 10647 −1.24+0.04
−0.08 0.34+0.02

−0.02

HD 14055 −3.1+0.7
−1.0 0.24+0.06

−0.08 0.56 0.99+0.08
−0.09

HD 15115 −16.3+0.6
−0.8 0.047+0.002

−0.002 0.052 0.114+0.004
−0.005

0.086+0.036
−0.029

HD 15257 −3.1+1.3
−2.9 0.25+0.10

−0.23 1.2 1.3+0.3
−0.4

HD 32297 −6.30+0.12
−0.12 0.134+0.006

−0.006

HD 39060 −4.8+0.8
−0.8 0.16+0.03

−0.03 0.24 0.94+0.05
−0.06

HD 61005 −4.26+0.08
−0.09 0.181+0.003

−0.004 0.19 0.269+0.017
−0.015

HD 76582 −2.7+0.3
−0.4 0.29+0.03

−0.04 0.40 0.86+0.05
−0.07

HD 84870 −2.0+0.5
−0.7 0.39+0.10

−0.13 1.1 1.1+0.4
−0.2

HD 92945 −11+3
−3 0.07+0.02

−0.02 0.14 0.23+0.05
−0.05

0.58+0.05
−0.04

HD 95086 −2.5+0.2
−0.3 0.31+0.02

−0.04 0.41 0.89+0.07
−0.06

HD 107146 −11.4+0.6
−0.5 0.068+0.003

−0.003 3.0
0.29+0.02

−0.03
0.497+0.005

−0.003
0.12+0.04

−0.03

HD 109573 −21.7+1.2
−1.5 0.035+0.002

−0.002 0.041 0.081+0.002
−0.003

HD 121617 −6.9+0.2
−0.4 0.112+0.003

−0.006 0.12 0.117+0.017
−0.018

HD 131488 −16.6+0.8
−0.7 0.072+0.003

−0.003

HD 131835 −2.96+0.05
−0.05 0.182+0.016

−0.015

HD 145560 −7.1+0.4
−0.5 0.108+0.006

−0.008 0.13 0.315+0.017
−0.015

HD 161868 −3.7+0.7
−0.8 0.21+0.04

−0.04 0.38 1.02+0.19
−0.10

HD 170773 −11+2
−5 0.07+0.01

−0.03 0.12 0.33+0.04
−0.03

HD 197481 −9.5+1.5
−2.0 0.08+0.01

−0.02 0.13 0.14+0.27
−0.05

0.30+0.21
−0.04

HD 206893 −5.0+1.2
−1.7 0.15+0.04

−0.05 0.30 0.3+0.5
−0.2

0.67+0.08
−0.06

TYC 9340-437-1 −3.3+0.5
−0.7 0.23+0.04

−0.05 0.35 1.00+0.09
−0.09

HD 218396 −4.77+0.30
−0.17 0.161+0.010

−0.006 0.20 0.72+0.08
−0.10

Notes. Multiple fractional widths (∆R/R) are reported for discs with multiple rings, but the mean particle eccentricity (erms) and the outer power-
law index (αout) are reported only for the outermost ring. Median eccentricities are calculated from the 50th percentile of αout with 1σ uncertainties,
and upper limits on eccentricities are calculated from the 99.7th percentile of αout. Eccentricities are not reported for discs with erms > ∆R/R as the
relation between outer slope and eccentricity no longer holds in this case.

steep inner edges and low mean particle eccentricities, and wide
belts without significant substructures located at large radii with
shallow inner edges and high mean particle eccentricities. The
correlation between wide belts and smooth outer edges may sug-
gest an evolutionary explanation. If debris discs widen over time,
then their outer edges will become smoother. However, further
research is necessary to confirm the existence of this bimodal
population, determine the origins of these substructures, and
understand the underlying dynamical processes.

5. Conclusions

We summarise the main findings of this study in the following
points.

– We modelled the 24 debris discs in the ARKS sample
and obtained deprojected and deconvolved radial profiles
with the visibility-space non-parametric method, frank, the
image-space non-parametric method, rave, and a range of
parametric models. The results from the different modelling
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approaches generally yielded close agreement, confirming
the robustness of the modelling of the main radial features.

– Among the sample of 24 discs, we found that 8 discs exhibit
multiple rings from non-parametric models, 5 of which were
found to be statistically significant when tested with para-
metric modelling. Additionally, 7 discs show low-amplitude
extended emission on the inner or outer edge, which could
correspond to either a halo or additional low-amplitude rings
(which are often difficult to distinguish between). Substruc-
tures that deviate from a single symmetric ring are therefore
abundant in this sample.

– The majority of discs appear to be well-fitted by either a
double power law or a double-Gaussian radial profile, the
latter of which can account for either two rings separated by
a gap or a single ring with a radial profile that deviates from
a Gaussian. Both the radius and the fractional width of the
debris discs show a tentative positive correlation with age.

– The distribution of fractional widths of individual rings
in the sample is significantly more skewed towards the
narrower end than was previously understood to be the case
in debris discs. The distribution that we find appears to be
similar to known protoplanetary discs for fractional widths
below 0.8, but we also find a small population of broad belts
that have no counterpart among the existing population of
protoplanetary discs. These widths are based on the FWHM
of rings and do not account for the low-amplitude extended
emission found in 7 of the 24 debris discs in the ARKS
sample.

– Assuming that the gaps found in the debris discs are carved
by planets via scattering (driven by the chaotic overlap of
mean-motion resonances near the planet), we inferred a
population of planets at tens of au with masses that mostly
lie between a few Neptune masses and a few Jupiter masses.
We used the inner edge to provide additional constraints
based on planet sculpting models and the outer edge to
constrain the eccentricities within the disc. Future work may
wish to model the dynamical scenario in each disc more
holistically by taking into account the full radial profile and
age of each system.
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Appendix A: Emissivity index of HD 107146

HD 107146 was observed in Band 6 in April 2017 and in Band
7 in October through December 2016 and in May 2021 (Marino
et al. 2018; Imaz Blanco et al. 2023). Because these data are
comparable in resolution and sensitivity, we can include both
in our parametric models to improve our interpretation of the
structure of the disc. The availability of multi-frequency data for
HD 107146 additionally provides an opportunity to measure the
emissivity index, β. Because the spectral index and emissivity
index depend on the density of the material and the distribution
of dust grain sizes (Löhne 2020), we can relate these indices to
the tensile strength of the dust and better constrain the masses
of the bodies producing dust in debris discs (Pan & Schlichting
2012).

While the emissivity index is incorporated into the paramet-
ric modelling code, it is a fixed variable used to calculate the dust
mass opacity κ (Zawadzki et al. 2026). We modified the paramet-
ric modelling code to accept β as an additional free parameter
for HD 107146. Although spectral index has been measured with
ALMA for several discs (e.g. Ricci et al. 2015; MacGregor et al.
2016; Vizgan et al. 2022), the emissivity index has not often been
fit directly. Fitting β allows us to then calculate the grain-size
distribution parameter q (Draine 2006), defined as

q =
β

βs
+ 3, (A.1)

where βs is the dust opacity spectral index of small particles,
assumed to be 1.8 (MacGregor et al. 2016). We obtain a best-fit
and median value of β = 0.3±0.2 for the emissivity index, which
corresponds to a grain-size distribution slope of q = 3.17± 0.11.

We compare this result to previous studies of spectral indices
and emissivity indices in other debris discs here. MacGregor
et al. (2016) measured the spectral indices of 15 debris discs and
calculated the grain-size distribution slope for each. They found
a weighted mean of ⟨q⟩ = 3.36 ± 0.02, with slopes in the sample
ranging from 2.84–3.64. Our measured grain-size distribution
slope for HD 107146 is somewhat smaller than this weighted
mean but within the range observed by MacGregor et al. (2016).
We note that HD 107146 has a grain-size distribution slope that
is among the smallest measured in debris discs: HD 141569 has
a slope of 2.84 ± 0.05 (MacGregor et al. 2016) and HD 197481
has a slope of q = 3.03 ± 0.02 (Vizgan et al. 2022).

Our measurement of the grain-size distribution slope for
HD 107146 places this disc within the gravity regime of 3 <
q < 3.21 described by (Pan & Schlichting 2012), in which small
bodies have greater velocities than large bodies and catastrophic
collisions significantly damp the velocities of all bodies in the
disc. The relatively small β value we measure for HD 107146
could also result if material strength does not dominate colliding
bodies or from inhomogeneities in densities and fragmentation
energies (MacGregor et al. 2016). However, additional research
is necessary to understand the implications for the collisional
cascade in HD 107146.

Appendix B: Planet constraints from the inner edge

We compare the planet masses and semi-major axes calculated
from the properties of the inner edges in Sect. 4.4 to previous
detections or constraints. All masses are below the detection lim-
its at both the 99.7% and 50% confidence levels calculated by
the companion paper Milli et al. (2026), unless these limits are
unavailable due to observation sensitivities.

HD 10647 has an inner radius of 79 au and an inner power
law index of > 18, corresponding to an upper limit of 2.5 MJ
on a planet sculpting its inner edge and an upper limit of 48 au
on the semi-major axis of its orbit. The 1 MJup planet previously
observed in this system (Butler et al. 2006) has an orbit of ∼ 2 au
that is too small to affect the inner edge of the disc. (Pearce et al.
2024).

HD 32297 has an inner radius of 102 au and an inner power
law index of > 27, corresponding to an upper limit of 1 MJ on
a planet sculpting its inner edge and an upper limit of 74 au on
the semi-major axis of its orbit. Although no planets have been
previously observed in this system, the planet mass derived here
is consistent with both the detection limit of 1 MJ based on pre-
vious scattered light observations of the discs (Bhowmik et al.
2019) and the minimum planet mass of 0.04+0.03

−0.10 MJ for secular
stirring (Pearce et al. 2022). The latter estimate assumes a mass-
less disc; adopting a maximum disc mass of 100M⊕ increases
the minimum required planet mass to 0.63 MJ (Sefilian 2024).

HD 107146 has an inner radius of 44 au and an inner power
law index of > 13.91, corresponding to an upper limit of 5 MJ on
a planet sculpting its inner edge and an upper limit of 32 au on
the semi-major axis of its orbit. No planets have been previously
observed in this system.

HD 109573 has an inner radius of 69 au and a median inner
power law index of 34+5

−3, corresponding to an upper limit of
0.68+0.30

−0.18 MJ on a planet sculpting its inner edge and an upper
limit of 50 au on the semi-major axis of its orbit. Although no
planets have been previously observed in this system, the planet
mass derived here further constrains the maximum planet mass
of 0.4+8.4

−0.4 MJ calculated by Milli et al. (2017) based on truncation
of the inner slope observed in scattered light.

HD 121617 has an inner radius of 65 au and an inner power
law index of > 20, corresponding to an upper limit of 3.1 MJ on a
planet sculpting its inner edge and an upper limit of 49 au on the
semi-major axis of its orbit. Although no planet has been pre-
viously observed in this system, the planet mass derived here
is consistent with the minimum planet mass of 0.3 ± 0.2 MJ
necessary for secular stirring (Pearce et al. 2022). The latter esti-
mate assumes a massless disc; adopting a maximum disc mass
of 100M⊕ increases the minimum required planet mass to 1 MJ
(Sefilian 2024).

HD 131488 has an inner radius of 79 au and a median inner
power law index of 28+5

−4, corresponding to an upper limit of
1.2+0.6
−0.5 MJ on a planet sculpting its inner edge and an upper limit

of 63 au on the semi-major axis of its orbit. No planet has been
previously observed in this system.

HD 197481 has an inner radius of 25 au and an inner power
law index of > 14, corresponding to an upper limit of 3.2 MJ on a
planet sculpting its inner edge and an upper limit of 19 au on the
semi-major axis of its orbit. Although two Neptune-sized planets
have been detected in this system (Plavchan et al. 2020; Gilbert
et al. 2022), these objects have orbits that are too small to affect
the inner edge of the disc according to the model of Pearce et al.
(2024).

Appendix C: Best-fit parameters from parametric
modelling

This appendix lists the fitted model parameters from paramet-
ric modelling. Details of the fitting methods are described in
Sect. 2.4.
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Table C.3: MCMC results from the best parametric models for HD 15115, HD 107146, and HD 197481.

HD 15115 HD 107146 HD 197481
2 pow. + 1 gap 3 pow. + 2 gaps 3 pow. + 1 gap 3 pow.

Parameter Best fit Median Best fit Median Best fit Median Best fit Median
Rc (au) 98.11 98.09+0.16

−0.19
Rin (au) 44.4 43.8+0.8

−0.9 25.4 25.1+0.8
−1.0 26.7 26.9+0.5

−0.7
Rout (au) 137.8 137.5+1.0

−1.0 38.7 38.1+1.2
−1.4 38.3 39.0+1.1

−1.3
αin 7.9 7.9+0.3

−0.2 6.7 6.6+0.4
−0.3 25 28+14

−11 28 25+4
−5

αmid 0 0.02+0.04
−0.05 0.9 0.8+0.3

−0.4 0.8 0.5+0.4
−0.3

αout −16.2 −16.3+0.6
−0.8 −11.3 −11.4+0.6

−0.5 −9.3 −9.5+1.5
−2.0 −11.1 −11.4+1.4

−2.1
R1 (au) 94 93.9+0.3

−0.3 55.9 56.10.5
−0.3 36 34+3

−2
σ1 (au) 11 10.9+0.4

−0.4 2.7 2.9+0.6
−0.4 7.5 8+1.2

−1.1
C1 0.448 0.452+0.007

−0.008 0.64 0.57+0.7
−0.9 0.8 0.6+0.3

−0.3
R2 (au) 77.9 78.1+0.6

−0.8
σ2 (au) 16.2 16.6+1.0

−0.8
C2 0.692 0.693+0.025

−0.016
Σc −3.04 −3.02+0.02

−0.02 −4.17 −4.18+0.04
−0.04 −3.82 −3.89+0.11

−0.10 −4.05 −3.99+0.06
−0.08

PA (◦) 98.478 98.464+0.019
−0.033 163.2 163.29+0.19

−0.16 128.72 128.73+0.03
−0.02 128.72 128.74+0.05

−0.03
∆α (mas) 36 36+3

−2 12 11+7
−6 −19 −20+6

−7 −17 −22+7
−7

∆δ (mas) −14.0 −14.0+0.09
−0.09 −20 −29+5

−5 −9 −9+5
−6 −10 −8+5

−6
i (◦) 86.753 86.735+0.017

−0.041 14.5 14.4+1.1
−0.3 88.4 88.42+0.03

−0.06 88.41 88.40+0.04
−0.08

F∗ (µJy) 21 25+6
−6 23.1 23.6+1.7

−1.3 See Table C.4

Notes. The surface density normalisation Σc is parametrised as an exponent, with 10Σc in units of g cm−2. For HD 197481, the significance of the
gap centred at 36 au is ambiguous, so we report results for two parametrisations here.

Table C.4: Stellar fluxes for HD 197481.

Date ARKS Fitting Disc + Ring Fiducial
Best Fit Median Best Fit Median Best Fit Median

March 26, 2014 327 343+18
−19 370 390+20

20 400 390+20
−20

August 18, 2014 130 140+30
−20 140 150+20

−30 170 160+20
−30

June 24, 2015 196 205+18
−18 210 220+20

−20 240 240+20
−20

Notes. ARKS fitting results are from the best parametric model for HD 197481, a triple power law with one gap. Disc + ring and fiducial model
results are from Daley et al. (2019). All fluxes are in units of µJy.

Appendix D: Model and residual maps from
parametric modelling

This appendix displays the model images and residual maps
from parametric modelling. Details of the fitting methods are
described in Sect. 2.4.
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Fig. D.1: Data (left), model (middle), and residual (right) images for the best-fit parametric model for each disc. We compare the images in the
visibility domain, and we apply a Briggs weighting with a robust parameter of 0.5 by default. Scale bars are 100 au for all discs, except HD 197481,
which has a scale bar of 50 au.

Appendix E: AIC and BIC parametric model
comparison

This Appendix lists the results of model comparison among the
parametric models fitted to each system in Table E.1 and displays
the fitted parametric radial profiles in Fig. E.1. Details of the
fitting methods are described in Sect. 2.4.
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Table E.1: AIC and BIC comparison of parametric models.

Disc Functional Forms AIC Confidence (σ) ∆BIC

HD 9672 Double power law — —
Double Gaussian 2.9 > 10

HD 10647 Double Gaussian — 8.2
Double power law 3.6 —
Double power law + 1 gap 2.7 > 10

HD 14055 Double power law — —
Double Gaussian 0.77 > 10

HD 15115 Double power law + 1 gap — —
Double Gaussian 4.9 > 10
Double power law > 5 > 10

HD 15257 Power law + error function — —
Double power law 0.97 0.16

HD 32297
Double power law 1.4 —
Double Gaussian 4.7 > 10
Gaussian + double power law — > 10

HD 39060 Double power law 1.8 —
Double Gaussian — > 10

HD 61005
Double Gaussian — —
Double power law > 5 > 10
Triple Gaussian 0.17 > 10

HD 76582

Asymmetric Gaussian — —
Double power law 2.8 > 10
Power law + error function 4.1 > 10
Triple power law 1.1 > 10

HD 84870 Double power law — —
Power law + error function 1.7 4.7

HD 92945

Double Gaussian — —
Double Gaussian + 1 gap 1.9 > 10
Triple Gaussian 1.8 > 10
Double power law > 5 > 10
Double power law + 1 gap 4.2 > 10
Double power law + 2 gaps 2.3 > 10
Triple power law + 1 gap 2.4 > 10

HD 95086
Double power law 1.9 —
Double Gaussian 2.2 > 10
Triple power law — > 10

HD 107146

Triple power law + 2 gaps — —
Triple power law + 1 gap > 5 > 10
Triple power law > 5 > 10
Double Gaussian > 5 > 10
Triple Gaussian > 5 > 10

HD 109573 Double Gaussian — —
Single Gaussian > 5 > 10
Asymmetric Gaussian > 5 > 10
Double power law 5.0 4.7

HD 121617 Double Gaussian — 7.3
Single Gaussian > 5 > 10
Power law + error function 3.9 —
Double power law 4.0 0.15
Asymmetric Gaussian > 5 > 10

HD 131488 Double Gaussian — —
Triple Gaussian > 5 > 10
Double power law > 5 > 10

HD 131835 Double Gaussian — —
Triple Gaussian 1.4 > 10
Double power law > 5 > 10

HD 145560
Double power law 3.9 —
Double Gaussian — 7.1
Single Gaussian > 5 > 10
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Table E.1: Continued.

Disc Functional Forms AIC Confidence (σ) ∆BIC

HD 161868
Double power law — —
Power law + error function 0.72 1.5
Asymmetric Gaussian 1.1 2.5

HD 170773 Asymmetric Gaussian — —
Double power law 0.33 0.61

HD 197481
Triple power law + 1 gap — > 10
Triple power law 3.4 —
Double power law 6.6 > 10
Double Gaussian 4.2 6.2
Triple Gaussian 2.8 > 10

HD 206893

Double Gaussian — > 10
Triple Gaussian 1.3 > 10
Double power law 2.5 —
Double power law + 1 gap 1.1 > 10
Triple power law 3.3 > 10
Triple power law + 1 gap 1.3 > 10

TYC 9340-437-1

Asymmetric Gaussian 2.2 —
Double power law 2.3 0.85
Triple power law — > 10
Double Gaussian 3.3 > 10

HD 218396

Asymmetric Gaussian 0.18 —
Double Gaussian — > 10
Double power law 3.0 > 10
Triple power law 1.2 > 10

Notes. We calculated AIC and BIC differences for each disc relative to the functional form with the lowest criterion value, indicated by a dash (—).
The best-fit functional form is determined on a case-by-case basis for each disc, as described throughout the results section, and is indicated by
bold text. We convert AIC differences to a confidence interval, while BIC differences > 10 are considered to be a strong indicator of significance.
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Fig. E.1: Deprojected radial profiles fitted under various parametric models attempted for each disc.

Appendix F: Model and residuals maps from frank
and rave models

This appendix displays the model images and residual maps for
the radial profile methods used in this study. These methods are
described in Sect. 2.
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HD9672 HD10647 HD14055

HD15115 HD15257 HD32297

HD39060 HD61005 HD76582

HD84870 HD92945 HD95086

HD107146 HD109573 HD121617

HD131488 HD131835 HD145560

HD161868 HD170773 HD197481

HD206893 TYC9340-437-1 HD218396

Fig. F.1: CLEAN image, frank model (convolved), and frank imaged residuals. The scale bars indicate 50 au and the ellipses at the bottom left of
each panel indicate the beam size.
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HD206893 TYC9340-437-1 HD218396

Fig. F.2: CLEAN image, rave model (convolved), and rave residuals with the major axis aligned horizontally. The scale bars indicate 50 au.
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Fig. F.3: frank visibility amplitudes of the observations (solid blue line) and frank models (dotted orange line).
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Fig. F.4: 1D quantities that rave fits to. This includes the vertically summed flux (K(y)) of the CLEAN image (blue dashed line) and rave model
(solid orange line) for the edge-on discs (HD 39060, HD 197481, and HD 32297), and the azimuthally averaged profiles (K(ϕ)) of the CLEAN image
(blue dashed line) and (convolved) rave model image (solid orange line), with the (deconvolved) rave profile overplotted (dotted orange line), for
all other discs.

Appendix G: frank and rave hyperparameters

This Appendix lists the hyperparameters used in the non-
parametric fitting in Table G.1. Details of the fitting methods are
described in Sects. 2.2 and 2.3.
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Table G.1: frank and rave hyperparameters used to fit the deconvolved and deprojected radial profiles.

frank rave CLEAN
Target α wsmooth N rout [′′] N rmax [′′] ymax [′′] rave robust Display profile robust
HD 9672 1.05 0.001 300 10 10 6.1 1.5 1.0 0.5
HD 10647 1.05 0.001 200 20 15 12.3 5.5 0.5 0.5
HD 14055 1.05 0.1 300 12 10 14.3 2.9 2.0 2.0
HD 15115 1.01 0.1 300 5 20 3.1 0.5 0.5 0.5
HD 15257 1.05 0.1 300 12 7 10.2 5.1 2.0 0.5
HD 32297 1.05 0.001 300 3 17 1.5 0.2 0.5 0.5
HD 39060 1.3 0.1 300 12 7 11.5 2.3 2.0 1.0
HD 61005 1.05 0.1 200 6 15 3.8 0.8 0.5 0.0
HD 76582 1.01 0.0001 300 15 10 9.2 3.7 2.0 0.5
HD 84870 1.01 0.1 300 12 10 6.1 3.7 2.0 0.5
HD 92945 1.01 0.1 200 10 15 7.2 3.6 1.0 1.0
HD 95086 1.01 0.1 200 8 10 5.1 4.1 2.0 0.5
HD 107146 1.03 0.01 300 10 20 6.1 6.1 -0.5 -0.5
HD 109573 1.01 0.1 300 2 20 1.5 0.4 0.5 0.0
HD 121617 1.01 0.1 200 3 18 1.3 0.8 0.5 0.5
HD 131488 1.1 0.1 200 2 15 0.9 0.2 1.0 0.0
HD 131835 1.03 0.0001 200 3 15 1.5 0.5 0.5 0.0
HD 145560 1.01 0.1 200 3 15 1.3 0.8 2.0 0.5
HD 161868 1.05 0.1 300 12 10 8.2 4.1 2.0 0.5
HD 170773 1.02 0.1 300 9 20 8.2 6.5 2.0 0.5
HD 197481 1.01 0.1 300 10 9 5.1 0.5 0.0 0.0
HD 206893 1.01 0.001 300 8 10 5.4 4.3 2.0 1.0
TYC 9340-437-1 1.01 0.0001 300 12 10 6.1 6.1 2.0 0.5
HD 218396 1.01 0.1 100 15 10 10.2 10.2 2.0 0.5

Appendix H: Mean-motion resonances

Undetected planets could exist in mean-motion resonances and
shape the structure of the debris discs that we observe. Three
discs in the ARKS sample exhibit more than one radial gap as
suggested by the frank profiles (see Table 2). We find that the
radial location of the two gaps in HD 131835 and HD 197481
(AU Mic) could coincide with a 2:1 resonance, whereas the two
gaps in HD 107146 could coincide with the 3:2 resonance. While
these commensurabilities between orbital periods at key loca-
tions in the discs could exist, it must be remembered that by
chance, a fraction of radial features based on an arbitrary sam-
ple of radial profiles are expected to fall close to a resonance.
A discussion on the probability and implications of these res-
onances is beyond the scope of this work, and we simply list
these potential resonances as topics of investigation to encourage
future work on this subject.

Appendix I: Disc features measured from
non-parametric profiles

This appendix lists the radial features measured from the frank
surface density profiles in Table I.1, with a visualisation of these
measurements shown in Fig. I.1. Details of these measurements
are described in Sect. 3.2.

A196, page 37 of 38



Han, Y., et al.: A&A, 705, A196 (2026)

0 100 200 300
0

20

40

HD9672

0 100 200
0

10

20
HD10647

0 200 400
0.0

2.5

5.0

7.5 HD14055

0 50 100
0

100

200

300 HD15115

0 200 400
0

2

4

6 HD15257

0 50 100 150
0

500

1000

1500 HD32297

0 100 200
0

20

40

60 HD39060

0 50 100
0

200

400 HD61005

0 200 400
0

5

10

15 HD76582

0 200 400
0

5

10

15 HD84870

0 50 100 150
0

20

40

HD92945

0 200 400
0

25

50

75 HD95086

0 50 100 150
0

50

100

150
HD107146

0 50 100
0

1000

2000 HD109573

0 50 100
0

250

500

750 HD121617

0 50 100
0

1000

2000

3000
HD131488

0 50 100 150
0

500

1000
HD131835

0 50 100 150
0

200

400

600
HD145560

0 100 200
0.0

2.5

5.0

7.5 HD161868

0 100 200 300
0

20

40

60 HD170773

0 20 40
0

50

100

HD197481

0 100 200
0

10

20 HD206893

0 100 200
0

50

100 TYC9340-437-1

0 200 400
0

5

10
HD218396

Radius (au)

Fa
ce

-o
n 

su
rf

ac
e 

de
ns

ity
 (

g/
cm

2 )

Fig. I.1: frank surface density profiles labelled with measured disc features. Orange dots at peaks and troughs indicate the individual rings and
gaps in multi-ring systems. The line segments labelled on each profile indicate the edges, fractional widths, and the uncertainties in the peak radius
detected from the radial profiles (see Sect. 3.2 for details).

Table I.1: Ring and edge locations and widths in units of au measured from the frank surface density profiles.

Target Ring rpeak rcentroid ∆r rinner ∆rinner router ∆router
HD 9672 1 102.3+7.4

−8.1 134.4 146.2+1.7
−1.8 58.2+0.7

−0.8 33.5+1.2
−1.1 204.4+2.7

−2.8 111.2+3.4
−3.3

HD 10647 1 86.0+2.9
−4.4 99.5 45.8+1.4

−1.2 67.7+0.5
−0.5 13.9+0.7

−0.7 113.6+2.2
−1.9 61.8+1.5

−1.5
HD 14055 1 169.3+12.1

−13.1 158.1 161.8+2.2
−2.2 77.7+2.6

−2.6 82.4+2.4
−2.4 239.5+1.8

−1.8 51.1+1.9
−1.9

HD 15115 1 64.7+2.5
−2.3 10.4+1.0

−1.1 59.5+1.0
−0.9 2.2+1.3

−1.1 69.8+1.0
−1.1 4.2+1.4

−1.2
2 96.3+1.1

−1.0 9.0+0.2
−0.2 92.0+0.2

−0.2 0.5+0.3
−0.3 101.0+0.3

−0.3 4.2+0.3
−0.3

HD 15257 1 179.4+41.1
−38.4 177.5 250.9+7.7

−9.1 45.1+7.8
−6.4 78.1+7.0

−6.7 296.0+9.0
−10.4 83.8+10.5

−10.1
HD 32297 1 60.5+3.4

−4.3 11.6+2.0
−2.3 54.5+2.2

−1.8 4.3+2.2
−2.1 66.1+2.1

−2.3 5.1+2.6
−2.5

2 108.4+2.7
−1.4 17.4+0.4

−0.4 101.5+0.3
−0.3 0.7+0.4

−0.4 118.9+0.5
−0.5 13.5+6.4

−1.1
HD 39060 1 100.5+18.7

−20.3 102.4 62.3+16.3
−13.8 66.1+12.0

−16.7 44.1+12.8
−19.9 128.4+15.9

−15.7 78.5+17.2
−26.6

HD 61005 1 69.5+1.6
−2.1 71.1 21.2+0.3

−0.3 58.9+0.3
−0.3 9.1+0.4

−0.4 80.1+0.3
−0.3 10.8+0.5

−0.5
HD 76582 1 170.1+37.1

−20.0 206.1 191.3+4.1
−4.0 107.4+3.4

−3.5 48.7+4.6
−4.4 298.7+4.7

−4.7 78.0+9.1
−7.5

HD 84870 1 204.6+35.0
−36.6 219.0 259.1+10.8

−10.3 81.8+8.7
−8.9 92.9+8.7

−9.1 340.9+12.6
−11.9 131.3+18.4

−15.8
HD 92945 1 56.5+3.3

−2.3 14.9+0.9
−1.0 48.5+0.8

−0.7 1.8+1.0
−0.9 63.4+1.1

−1.2 5.1+1.5
−1.2

2 105.8+5.7
−6.4 44.3+2.8

−3.2 83.0+3.4
−2.2 13.1+4.0

−6.5 127.3+3.5
−3.1 27.5+2.8

−2.8
HD 95086 1 178.3+35.1

−22.8 205.5 189.6+4.8
−4.7 108.4+3.5

−3.5 48.5+4.2
−4.0 298.0+6.1

−5.9 94.4+9.7
−8.6

HD 107146 1 46.4+1.4
−1.7 11.0+0.4

−0.4 39.9+0.4
−0.4 1.0+0.6

−0.5 50.9+0.5
−0.5 3.7+0.6

−0.5
2 68.3+2.0

−2.4 9.9+0.8
−0.8 63.2+0.8

−0.8 1.7+1.0
−0.8 73.1+0.8

−0.8 3.7+1.1
−0.9

3 112.1+6.9
−3.8 53.3+1.5

−2.8 92.0+4.6
−1.9 2.6+1.3

−1.3 145.3+1.0
−1.1 18.9+1.4

−1.3
HD 109573 1 75.7+0.7

−0.8 75.6 6.0+0.2
−0.2 72.7+0.2

−0.2 2.5+0.2
−0.2 78.8+0.2

−0.2 3.2+0.3
−0.3

HD 121617 1 73.6+2.3
−1.0 75.4 13.1+0.5

−0.5 68.2+0.4
−0.4 4.8+0.5

−0.5 81.3+0.6
−0.6 7.9+0.8

−0.8
HD 131488 1 52.7+3.5

−2.8 10.6+20.3
−1.8 47.7+1.7

−39.1 4.4+2.1
−2.2 58.3+1.5

−1.8 4.3+2.1
−1.8

2 89.1+0.8
−0.7 9.9+0.2

−0.2 84.4+0.2
−0.2 0.4+0.2

−0.2 94.3+0.2
−0.2 4.4+0.2

−0.2
HD 131835 1 28.6+7.4

−6.2 14.1+4.6
−4.6 20.7+3.0

−1.8 4.8+3.5
−2.4 34.8+7.4

−6.2 5.4+4.1
−2.7

2 65.4+2.4
−1.0 12.1+0.4

−0.5 60.0+0.4
−0.4 1.1+0.5

−0.6 72.0+0.5
−0.5 5.0+0.6

−0.5
3 98.4+6.5

−6.5 59.0+3.6
−16.1 90.9+4.1

−3.0 4.3+4.6
−2.2 149.9+4.1

−28.0 52.0+7.0
−7.9

HD 145560 1 75.6+2.8
−3.2 75.1 26.1+0.6

−0.7 62.7+0.6
−0.6 10.5+0.7

−0.8 88.8+0.7
−0.7 11.7+0.8

−0.8
HD 161868 1 119.6+15.3

−13.8 114.0 144.6+2.5
−2.6 39.4+2.9

−2.7 58.3+2.2
−2.2 184.1+2.3

−2.4 46.2+2.6
−2.5

HD 170773 1 194.3+6.9
−7.9 188.7 70.8+1.6

−1.6 156.0+1.6
−1.6 33.5+2.1

−2.0 226.8+1.5
−1.6 24.8+1.6

−1.7
HD 197481 1 7.7+4.1

−6.8 9.1+2.5
−4.5 2.5+5.2

−2.5 3.7+2.0
−1.8 11.6+2.5

−3.9 2.9+3.1
−1.5

2 29.0+1.4
−1.4 4.9+0.8

−0.9 25.7+0.3
−0.3 0.7+0.4

−0.4 30.6+1.2
−1.4 1.2+1.2

−0.6
3 36.4+1.4

−1.5 5.4+0.7
−0.8 34.7+1.2

−1.1 1.3+1.3
−0.7 40.1+0.4

−0.4 3.1+0.5
−0.4

HD 206893 1 46.4+8.5
−8.4 26.1+4.1

−4.7 31.8+3.3
−2.4 5.9+4.5

−2.9 57.8+5.8
−6.1 9.0+9.1

−4.5
2 115.8+8.8

−8.5 46.7+5.6
−4.6 98.2+3.2

−2.9 6.5+3.8
−3.2 145.0+8.3

−6.0 54.5+5.1
−5.9

TYC 9340-437-1 1 91.9+10.1
−10.5 100.1 114.5+2.7

−2.9 42.8+2.4
−2.2 30.4+3.5

−3.3 157.3+3.1
−3.4 48.3+7.0

−8.2
HD 218396 1 205.4+28.0

−21.0 224.1 190.8+6.0
−6.0 133.1+4.5

−4.4 50.3+5.2
−5.1 323.9+7.6

−7.6 93.5+9.4
−8.8
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