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ABSTRACT

Context. Debris disks – collisionally sustained belts of dust and sometimes gas around main sequence stars – are remnants of planet
formation processes and are found in systems ≳10 Myr old. Millimeter-wavelength observations are particularly important, as the grains
probed by these observations are not strongly affected by radiation pressure and stellar winds, allowing them to probe the dynamics
of large bodies producing dust. The ALMA survey to Resolve exoKuiper belt Substructures (ARKS) is analyzing high-resolution
observations of 24 debris disks to enable the characterization of debris disk substructures across a large sample for the first time.
Aims. For the most highly inclined disks, it is possible to recover the vertical structure of the disk. We aim to model and analyze the
most highly inclined systems in the ARKS sample in order to uniformly extract the vertical dust distributions for a sample of well-
resolved debris disks.
Methods. We employed both parametric and nonparametric methods to constrain the vertical dust distributions for the most highly
inclined ARKS targets.
Results. We find a broad range of aspect ratios, revealing a wide diversity in vertical structure, with a range of best-fit parametric
values of 0.0026 ≤ hHWHM ≤ 0.193 and a median best-fit value of hHWHM = 0.021. The results obtained by nonparametric modeling
are generally consistent with the parametric modeling results. We find that five of the 13 disks are consistent with having total disk
masses less than that of Neptune (17 M⊕), assuming stirring by internal processes (self-stirring and collisional and frictional damping).
Furthermore, most systems show a significant preference for a Lorentzian vertical profile rather than a Gaussian.

Key words. circumstellar matter – submillimeter: general – submillimeter: planetary systems

1. Introduction
Debris disks offer a window into the final stages of planet forma-
tion, revealing details about the dynamical evolution of systems
on timescales from tens of millions to billions of years (for
reviews, see: Wyatt 2008; Matthews et al. 2014; Hughes et al.
2018). In particular, the vertical distribution of dust in debris
disks contains information about the orbital distribution of plan-
etesimals and collision rates within the disk (e.g., Thébault &
Augereau 2007; Quillen et al. 2007; Moore et al. 2023). A mea-
surement of the disk scale height at (sub)millimeter wavelengths
is effectively a measurement of the inclination dispersion of the
dust grains, which in turn enables constraints to be placed on the
system dynamics (e.g., Quillen et al. 2007). At (sub)millimeter
wavelengths, dust grains are largely unaffected by radiation pres-
sure and allow direct probing of the mass distribution and level
of dynamical excitation of large planetesimals in the system.

With high angular resolution (sub)millimeter obser-
vations from the Submillimeter Array (SMA) and the
Atacama Large Millimeter/submillimeter Array (ALMA),
⋆ Corresponding author: bzawadzki@wesleyan.edu

dozens of debris disks have now been resolved, including
some with marginally resolved or partially constrained vertical
structures (e.g., Kennedy et al. 2018; Daley et al. 2019; Matrà
et al. 2019; Vizgan et al. 2022; Hales et al. 2022; Marshall et al.
2023; Terrill et al. 2023; Matrà et al. 2025). Matrà et al. (2019)
resolved the vertical structure in the disk around β Pictoris and
found that a two-component vertical structure including both a
dynamically cold and hot population was required to match the
data – a structure that is reminiscent of the dual populations of
planetesimals in the classical Kuiper belt caused by Neptune’s
migration early in the history of the Solar System (e.g., Brown
2001; Morbidelli et al. 2008; Petit et al. 2011). Daley et al.
(2019) resolved the vertical structure of the edge-on debris
disk around AU Mic using 1.3 mm data and used grain-size
dependent velocity dispersions in the collisional cascade models
of Pan & Schlichting (2012) to infer a total mass of stirring
bodies in the debris belt no greater than 1.8 M⊕. Incorporating
additional observations, Vizgan et al. (2022) examined the rela-
tionship between grain size and scale height by obtaining scale
height values using both 1.3 mm and 450 µm data. Kennedy
et al. (2018) modeled the HR 4796A (HD 109573) debris disk
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and determined that their modeling consistently returned a
marginally resolved value for the scale height; however, this
value was somewhat inconsistent with the indications from
scattered light of a dynamically cold population of planetesimals
(e.g., Kenyon et al. 1999). These observations revealed the
promise of using vertical structure to interpret the dynamics of
debris disk systems, although larger samples are needed to draw
more robust conclusions.

While (sub)millimeter observations closely trace the masses
and dynamical histories of debris disks, scattered light obser-
vations probe smaller grains that are sensitive to both radiation
forces and collisions. At these wavelengths, debris disks are
expected to have a minimum vertical aspect ratio full width
at half maximum (FWHM) of hmin = 0.04 ± 0.02, which is
driven by radiation pressure and collisions inflating inclina-
tions and eccentricities of the small grains (Thébault 2009).
The vertical structures of debris disks have already been char-
acterized for several disks in scattered light, with most scale
height measurements at or above the theoretically predicted min-
imum (e.g., Milli et al. 2014; Millar-Blanchaer et al. 2015, 2016;
Engler et al. 2019; Boccaletti et al. 2019; Olofsson et al. 2020,
2022b).

However, a larger sample of scale height measurements at
(sub)millimeter wavelengths is needed to complement this sam-
ple of scattered light scale heights and illuminate connections
between grain size and system dynamics. For example, small
grains may be stirred to higher inclinations by a giant planet
in the disk, inflating the observed scale height (Quillen 2006;
Pan & Schlichting 2012). Furthermore, comparing the vertical
structures from millimeter and scattered light observations may
enable constraints on the gas mass of debris disks as well as on
the origins of the gas (Olofsson et al. 2022b). However, if grains
are fully coupled to the gas or turbulent diffusion is significant,
inclination damping could be reduced, preventing micron-sized
grains from fully settling into the midplane and resulting in a
more vertically extended grain distribution (Marino et al. 2022).
More observational measurements of vertical disk structures
at multiple wavelengths will reveal how these processes sculpt
debris disks.

The ALMA survey to Resolve exoKuiper belt Substruc-
tures (ARKS) sample contains ALMA observations of 24 debris
disks at a high enough resolution and sensitivity to carry out
the detailed characterization of radial and vertical dust struc-
tures (Marino et al. 2026). In order to resolve the vertical
distribution of dust, observations of highly inclined (i.e., close
to edge-on) debris disks at high angular resolution are nec-
essary. The most highly inclined debris disks in the ARKS
sample provide the opportunity to begin building a larger
sample of vertically well-resolved debris disks at millimeter
wavelengths.

In this paper, we analyze these highly inclined ARKS debris
disks in order to place new constraints on their vertical dust
distributions. The observations and sample of debris disks are
described in Sect. 2. Our modeling framework is detailed in
Sect. 3, and our analyses are presented in Sect. 4. In Sect. 5
we relate our parametric modeling results to theoretical mod-
els of debris disk dynamics to infer the masses of stirring
bodies and the dynamical history of the system, compare the
parametric and nonparametric modeling results, and investigate
the relationship between vertical structure at millimeter and
scattered light wavelengths. Our main conclusions are summa-
rized in Sect. 6. Some technical details are provided in the
appendices.

2. Observations

ARKS (2022.1.00338.L, PI: S. Marino) aimed to resolve the
FWHM of the vertical distribution of the most highly inclined
(i > 75◦) disks in the sample. The new Band 7 observations were
configured to resolve the vertical FWHM of the disks with at
least two resolution elements, assuming a vertical aspect ratio1

of hσ = 0.05. The observing strategy for ARKS targets with
i < 75◦was not optimized for vertical structure recovery, and
observations of these targets often lack the resolution or S/N to
firmly constrain vertical dust distributions (assuming the same
vertical aspect ratio of hσ = 0.05). However, parametric and/or
nonparametric methods can recover vertical structure constraints
for some disks at i < 75◦. In addition to the methods described
in this work, for example, azimuthal brightness variations in
moderately inclined, optically thin dust rings can be exploited
to estimate the disk scale height, provided that the belt is rela-
tively vertically thick and radially narrow (Doi & Kataoka 2021;
Villenave et al. 2025). In this paper, we include all disks with
vertical structure constraints, though the focus is on the most
highly inclined disks, which are amenable to detailed vertical
characterization via parametric modeling.

The ARKS sample also includes six archival observations
of well-resolved debris disks. The archival observations for
HD 39060 (β Pic), HD 107146, HD 197481 (AU Mic), and
HD 206893 were taken in Band 6. The vertical aspect ratio of a
disk is known to vary with observing wavelength; this variation
has been measured in AU Mic between 1.3 mm and 450 µm, with
the scale height decreasing by a factor of ∼1.3 with a factor of
about three decrease in wavelength (Vizgan et al. 2022). The dif-
ference between scale height measurements at Band 7 (0.89 mm)
and Band 6 (1.3 mm) is likely more subtle given that the wave-
length differs by less than a factor of two, but there are no Band
7 observations of these targets at sufficient resolution to confirm
this. The full target selection and observing strategy is justified in
Marino et al. (2026), as well as further details about the observa-
tions and data calibration. In this study, we use the corrected data
produced and presented in Marino et al. (2026), which account
for weights and phase center and flux offsets between execution
blocks.

3. Modeling

3.1. Definitions of scale height

In general, a vertical scale height characterizes the thickness
of the disk by quantifying the size of the region around the
disk midplane from which the majority of disk emission origi-
nates. This can be defined in a number of ways, and can depend
on the exact vertical distribution of disk material. Here, we
parameterize the disk scale height, H, as

H(r) = hr (1)

such that the vertical aspect ratio, h, is constant at all radii, r.
It is common to express a disk scale height as the standard

deviation of a Gaussian distribution, Hσ. In this work, we con-
sider multiple vertical distributions, including Lorentzian and
multi-component vertical dust distributions which do not have
a clearly defined standard deviation. Therefore, we report scale
heights in terms of the half width at half maximum (HWHM) of

1 Several common formulations of the aspect ratio, including hσ, are
defined in Sect. 3.1.
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the vertical profile, HHWHM. We use the HWHM rather than the
full width at half maximum (FWHM) to be more directly compa-
rable with legacy Hσ values. The different scale height formats
are related by

HHWHM =
1
2

HFWHM =
√

2 ln 2 Hσ (2)

hHWHM =
1
2

hFWHM =
√

2 ln 2 hσ.

We use the above notation to express which scale height or
aspect ratio definition is used. For a more direct comparison
across different methodologies and archival studies, we prefer-
entially use HHWHM and hHWHM, converting to this format when
possible. A complete list of aspect ratio values in their original
and converted formats is available in Table C.1.

3.2. Parametric modeling

We use a parametric debris disk modeling code adapted from
the publicly available code described in Flaherty et al. (2015)2,
which was developed from earlier disk modeling works (Dartois
et al. 2003; Rosenfeld et al. 2012, 2013). The modeling frame-
work, optimized for modeling the continuum (dust) emission of
axisymmetric debris disks3, is described in detail in Fehr (2023)
and summarized below.

As debris disks are optically thin, their temperatures and den-
sities are fully degenerate. Since we are modeling observations at
a single wavelength, the geometric results are insensitive to the
temperature structure and we assume a blackbody equilibrium
temperature structure, allowing us to fit for the density structure.
We computed the dust temperature by setting the flux received
by the disk from its host star at some distance d from the star
(d =

√
r2 + z2, where r and z are the radial and vertical distances

in cylindrical coordinates, respectively) equal to the flux emitted
by the dust grains at that distance. The bolometric flux emitted
at the surface of a dust grain is

Fdust(r) =
L∗

16πd2 , (3)

where L∗ is the bolometric luminosity of the host star. Assuming
grains emit and absorb in a manner similar to black bodies, the
dust temperature is then

Tdust (r) =
( L∗
16πσd2

) 1
4

, (4)

where σ is the Stefan-Boltzmann constant.
The density structure ρ(r, z) of the disk is defined by two

components: a radial profile form and a vertical profile form.
Careful treatment of the radial structures is critical, as they can
be degenerate with the vertical structure of the disk. Thus, the
set of radial functional forms applied for the vertical paramet-
ric modeling presented here was informed by the ARKS radial
structure analysis (Han et al. 2026). Most of our models use
either a radial double power law or a radial double Gaussian;
the functional forms and associated free parameters are shown in
the top section of Table 1. For a more complete examination of

2 https://github.com/kevin-flaherty/disk_model3
3 While some ARKS debris disks are known to contain gas, we do not
calculate hydrostatic equilibrium or the velocity field as we expect the
dust mass to dominate over the gas mass.

the disk radial structures and functional forms, refer to Han et al.
(2026).

For the disk vertical structure, we parameterize the disk scale
height according to Eq. (1), such that the vertical aspect ratio h
is constant throughout the disk in order to minimize additional
free parameters. We discuss this assumption and its implications
in Sect. 5.6. The vertical functional forms used in this study are
shown in the bottom section of Table 1, and are motivated by
the array of vertical functional forms used in other debris disk
studies (e.g., Golimowski et al. 2006; Lagrange et al. 2012; Apai
et al. 2015; Matrà et al. 2019).

3.2.1. Radiative transfer

Once the temperature and density structures of the disk have
been defined, we compute the flux throughout the disk in order
to obtain a model image of the disk with projected major axis x,
projected minor axis y, and distance from disk center along the
line of sight s. The intensity of the dust emission is

Iν(x, y) =
∫ ∞

0
S ν(x, y, s) exp

[
−τν(x, y, s)

]
Kν(x, y, s)ds, (5)

where S ν(x, y, s) is the source function, τν(x, y, s) is the optical
depth, and Kν(x, y, s) is the absorption coefficient. We approxi-
mated the source function with the Planck function:

S ν(x, y, s) =
2hpν

3

c2

1

exp
[ hpν

kBT (x,y,s)

]
− 1

, (6)

where hp is Planck’s constant, c is the speed of light, and kB is
the Boltzmann constant.

The optical depth is

τν(x, y, s) =
∫ s

0
Kν

(
x, y, s′

)
ds′. (7)

We assumed

Kν (x, y, s) = κνρ (x, y, r) , (8)

where κν is the dust mass opacity. We adopted κν =1.9 cm2 g−1

at 0.89 mm and κν =1.3 cm2 g−1 at 1.3 mm as in Marino et al.
(2026), who assumed a power law grain size distribution with a
slope of –3.5, and a composition of astrosilicates (70%), crys-
talline water ice (15%), and amorphous carbon (15%) by mass
(Draine 2003; Li & Greenberg 1998).

After generating the model disk image and multiplying it
by a Gaussian approximation of the primary beam4, we used
galario to obtain synthetic visibilities sampled at the same spa-
tial frequencies as the data (Tazzari et al. 2018). The stellar flux
is added to the image in the visibility domain at the disk cen-
ter, which is set by free parameters that enable offsets in right
ascension (dRA) and declination (dDec) from the phase center.

3.2.2. Model parameters

We fit the synthetic model visibilities to the observed visibili-
ties using Markov Chain Monte Carlo (MCMC) methods. We
used the affine-invariant MCMC implementation in emcee to

4 The archival Band 6 observations of HD 39060 are mosaicked. For
this source, we apply a primary beam correction at each location in the
mosaic field.
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Table 1. Summary of the density functional forms used in the parametric modeling.

Radial Form Surface Density Profile Free Parameters

Double Power
Law (DPL) Σ(r) = 10Σc

[(
r

Rc

)−αinγ

+

(
r

Rc

)−αoutγ]−1/γ

Rc, αin, αout, γ, Σc

Double Gaussian
(DG) Σ(r) = 10Σc

C1 exp
−(r − R1)2

2σ2
1

 + (1 −C1) exp
−(r − R2)2

2σ2
2

 R1, R2, σ1,
σ2, C1, Σc

Error Function +
Power Law (Erf) Σ(r) = 10Σc

[
1 − erf

(
Rc − r
√

2σinRc

)] (
r

Rc

)−αout

Rc, σin, αout,Σc

Asymmetric
Gaussian (AG) Σ(r) =


10Σc exp

− (r − Rc)2

2σ2
in

 if r < Rc

10Σc exp
[
−

(r − Rc)2

2σ2
out

]
if r ≥ Rc

Rc, σin, σout,Σc

Triple Power
Law (TPL)

Σ(r) = 10Σc

(
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,

γout, Σc

Gaussian (G) Σ(r) = 10Σc exp
[
−

(r − R)2

2σ2

]
R, σ,Σc

Vertical Form Density Profile Free Parameters

Gaussian (vG) ρ(r, z) = Σ(r) ×

exp

−1
2

(
z

Hσ(r)

)2 /√2πHσ(r)

 hHWHM

Exponential (vE) ρ(r, z) = Σ(r) ×
exp

−1
2

(
|z|

Hσ(r)

)ζ  /√2πHσ(r)
 hHWHM, ζ

Double Gaussian
(vDG) ρ(r, z) = Σ(r) ×

Cvert exp
[
− 1

2 (z
/
Hσ1(r))2

]
√

2πHσ1(r)
+

(1 −Cvert) exp
[
− 1

2 (z
/
Hσ2(r))2

]
√

2πHσ2(r)

 hHWHM1, hHWHM2, Cvert

Lorentzian (vL) ρ(r, z) = Σ(r) ×
1
π

HHWHM(r)
z2 + HHWHM(r)2 hHWHM

Notes. Top: Radial forms and free parameters. Bottom: Vertical forms and free parameters. For all radial DPL models, we fix γ = 2. We note that
while the vertical aspect ratio free parameters are all listed as hHWHM, some vertical forms are more conveniently expressed in terms of Hσ. The
conversion to hHWHM is described by Equations (2) and (1). In addition to the parameters shown in the table, all models fit for the disk inclination,
PA, and stellar flux, as well as RA and declination offsets.

obtain best-fit model parameters and their posterior distribu-
tions (Foreman-Mackey et al. 2013). For each disk model, the
free parameters included the disk inclination (i), position angle
(PA), surface density normalization (Σc), stellar flux (F⋆) at the
observing wavelength5 (F∗), and offsets from the phase cen-
ter (dRA and dDec). The additional free parameters for each
model depend on the choice of radial and vertical density forms,
presented in Table 1.

For each model, we initialized the MCMC with a 64 walker
ensemble (more than double the number of free parameters for
each model). To ensure that the parameter space was sufficiently
sampled, we required at least 105 samples after convergence,
which corresponds to approximately 1500 steps for each of the
64 walkers. Convergence was determined by visually inspect-
ing the evolution of all walkers in both parameter space and

5 AU Mic exhibited significant variations in the stellar flux across the
three observations used here. Thus, we fit three separate stellar flux
values as in Daley et al. (2019).

log-likelihood space. We identified convergence once the log-
likelihood stabilized and the walkers fluctuated around consis-
tent parameter ranges, discarding earlier steps as burn-in. We
further discarded walkers with log-likelihood values at least 5σ
lower than the maximum log-likelihood value in order to prevent
individual unconverged walkers from affecting the results.

The log-likelihood is proportional to −0.5χ2, where the
model and data are compared using a χ2 metric6:

χ2 =

N∑
j=1

w j

[(
ReVobs j −ReV mod j

)2
+

(
ImVobs j − ImV mod j

)2
]
,

(9)

where w j are the visibility weights and Vobs j and V mod j are the
observed and model visibilities, respectively.

6 Using galario.double.chi2Image()
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3.2.3. Model comparison

We tested several model parameterizations for each source, typ-
ically beginning with two simple cases: a vertical Gaussian with
a radial double power law, and a vertical Gaussian with a radial
double Gaussian (Tables 1 and A.1). If radial parametric mod-
eling results favored a different radial density distribution, we
included additional models (see Han et al. 2026). After running
the initial suite of models with a vertical Gaussian density dis-
tribution, we expanded the range of models to include additional
vertical complexities.

We compared different model parameterizations using the
Akaike and Bayesian Information Criteria (AIC and BIC, respec-
tively), which quantify the trade-off between how well the
different models fit the data and how many free parameters are
needed (e.g., Akaike 1974; Schwarz 1978; Burnham et al. 2002;
Liddle 2007). These criteria are defined as

AIC ≡ −2 lnLmax + 2k, (10)
BIC ≡ −2 lnLmax + k ln N,

whereLmax is the maximum likelihood achievable by the model,
k is the number of parameters of the model, and N is the number
of data points (in this application, the number of visibilities).

The set of model parameterizations tested for each source are
shown in Table A.1, including the AIC and BIC comparisons.
These criteria were computed such that

∆AICi = AICi − AICmin, (11)
∆BICi = BICi − BICmin,

where AICmin and BICmin are the minimum values of the crite-
ria across the full suite of models, indicating the best fit to the
data. Thus, for both ∆AIC and ∆BIC, a value of 0 indicates a
best-fit model. AIC comparisons can be converted to a relative
likelihood, which is defined as pi = exp [−∆AICi/2]. Assuming
a normal distribution with a mean of 0, we compute a symmet-
ric interval which contains probability 1 − pi. We present AIC
comparisons using the upper bound of this interval, which gives
the relative likelihood in terms of a confidence level σ. BIC
results are directly presented as ∆BIC. Generally, ∆BIC > 10
is regarded as strong evidence against a particular model (>99%
confidence, see Kass & Raftery 1995; Raftery 1995).

We use the AIC and BIC to identify a fiducial model for
each source. When the ∆AIC and ∆BIC are minimized for the
same model, this model is selected as the fiducial model. When
the ∆AIC and ∆BIC are minimized for different models, the
model which is least strongly ruled out by the AIC and BIC
(AIC confidence < 3σ and ∆BIC < 10) is selected as the fiducial
model.

3.3. Nonparametric modeling

Vertical information can also be extracted using nonparametric
methods. We used both frank, which operates in the visibility
domain, and rave, which operates in the image domain. Each is
briefly summarized below. (For more detailed descriptions in the
context of radial profile recovery, see Han et al. 2026.)

3.3.1. frank

frank is an open-source code which reconstructs the
1D (azimuthally averaged) radial intensity profile of a
disk by fitting the visibilities with a Fourier-Bessel series

(Jennings et al. 2020). While frank is primarily a tool for
extracting radial profiles, we use an extension which enables
constraints to be placed on the vertical aspect ratio of the disk
(originally implemented in Terrill et al. 2023). The specific
implementation of frank used for analyzing the ARKS sample
(arksia, Jennings et al. 2024) is publicly available7.

For all fits, we adopt the position angle, inclination, and RA
and declination offsets presented in Marino et al. (2026). We
assumed the disk to be vertically Gaussian, with the scale height
Hσ proportional to the radius, thereby defining an aspect ratio of
hσ = Hσ(r)/r. Following the approach in Terrill et al. (2023), we
repeated the radial profile fit over a range of scale height assump-
tions, computing the χ2 value for each height and estimating its
likelihood as exp(−χ2/2). The radial profile fits are presented in
Han et al. (2026); here, we focus only on the vertical constraints
obtained with frank.

Starting from a wide range in hσ, we narrowed the height
grid to more densely sample the region of hσ in which the bulk
of the probability mass is centered. The sample points were then
interpolated quadratically to obtain a finer probability density
distribution (PDF). For approximately half of the disks, the PDF
exhibits a clear peak and approaches 0 or a value close to 0 on
either side of the peak, and the best-fit height was estimated with
the median and the uncertainties with the 16th and 84th per-
centiles. For the rest of the disks, the PDF does not approach 0
as hσ approaches 0. In such cases, an upper limit was estimated
with the 99.7th percentile if the PDF approaches 0 toward large
values of hσ. The fitted scale heights are listed in Table 3, and
the PDFs are shown in Fig. B.2.

3.3.2. rave

rave is an open-source package for recovering the radial bright-
ness profiles of edge-on disks by fitting models of concentric
annuli in the image domain (Han et al. 2022). Like frank, rave
also enables vertical height aspect ratio fitting. Assuming the
disk to be vertically Gaussian, the radial profile was fit at a range
of hσ assumptions including 0, and nine additional points spaced
uniformly in logarithmic space between 0.01 and 0.5. The χ2

value for the model fit at each height assumption was calculated
using the root mean square (rms) noise of the CLEAN image and
assuming the number of independent elements to be equal to the
number of beams in the region of the image containing disk flux
(defined as a rectangle within rmax from the star along the major
axis and ymax along the minor axis, as listed in the appendix of
Han et al. 2026). The likelihood of each height was estimated to
be proportional to exp(−χ2/2).

As with frank, the sample points were interpolated to obtain
a finer PDF. For disks with PDFs that show a clear peak, the
best-fit height was estimated with the median and the lower and
upper uncertainties were estimated with the 16th and 84th per-
centiles. For the remainder of disks, the PDF does not approach
0 even when hσ is 0. In such cases, if the PDF only drops to 0
at hσ ⪆ 0.3, we take the 84th percentile to be an upper limit on
hσ; otherwise, the height was unconstrained. The scale heights
fitted with rave are listed in Table 3, and the PDFs are shown in
Fig. B.3.

4. Analysis

The fiducial parametric models are summarized briefly in
Table 2. The fiducial images and residuals for each disk are

7 https://github.com/jeffjennings/arksia
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Table 2. Summary of the fiducial parametric models for each source along with the best-fit and median values of hHWHM and inclination (errors
showing the 16th and 84th percentiles).

Source Radial
Form

Vertical
Form

hHWHM i

Best-fit 50th Percentile Best-fit 50th
Percentile

HD 9672 DPL vL 0.041 0.046+0.008
−0.008 80.03◦ 80.18◦+0.12

−0.14

HD 10647 DG vDG 0.052 (91%) 0.053+0.006
−0.007 (88 ± 6%) 78.74◦ 8.83◦+0.21

−0.180.226 (9%) 0.225+0.002
−0.002 (12 ± 6%)

HD 14055 DPL vG 0.059 0.053+0.007
−0.008 80.0◦ 80.0◦+0.2

−0.3

HD 15115 DG vL 0.021 0.022+0.002
−0.002 86.74◦ 86.79◦+0.05

−0.04

HD 32297 DPL vL 0.0098 0.0092+0.0012
−0.0012 88.48◦ 88.48◦+0.04

−0.03

HD 39060 DPL vL 0.112 0.112+0.002
−0.001 87.65◦ 87.66◦+0.17

−0.13

HD 61005 DG vL 0.0129 0.0143+0.0020
−0.0021 86.23◦ 86.24◦+0.03

−0.04

HD 76582 AG vL 0.193 0.192+0.009
−0.009 72.1◦ 72.6◦+0.7

−0.6

HD 109573 DG vG 0.0065 0.0082+0.0033
−0.0038 76.57◦ 76.62◦+0.09

−0.10

HD 131488 DG vG 0.0048 0.0059+0.0011
−0.0010 84.91◦ 84.87◦+0.05

−0.05
HD 131835 DG vL 0.017 0.022+0.007

−0.006 74.5◦ 74.6◦+0.2
−0.2

HD 161868 DPL vL 0.192 0.192+0.012
−0.016 66.7◦ 66.7◦+0.9

−0.9

HD 197481 DPL vL 0.0026 0.0028+0.0009
−0.0002 88.16◦ 88.13◦+0.08

−0.09

Notes. The full set of parametric modeling results, including all free parameters for the fiducial models and the AIC/BIC for each tested model, is
presented in Table A.1.

shown in Figure 1 using the same imaging parameters as in
Marino et al. (2026). For most sources the fiducial models
closely match the observations, with no positive or negative fea-
tures in the residuals at the 5σ level. Figure 2 shows the best-fit
vertical profile for each disk at its reference radius (see Table 4),
defined as the radial location of peak intensity in our mod-
els, which are axisymmetric. We find aspect ratios in the range
between roughly 0.003 ≤ hHWHM ≤ 0.19. We note that while we
present h in terms of the HWHM of the vertical distribution,
many previous studies (particularly those which assume a Gaus-
sian vertical distribution) present hσ, the standard deviation of
the vertical profile. For comparison with other studies, we have
converted the published hσ values mentioned in this work to
hHWHM values.

For each source, the aspect ratio is meaningfully constrained,
i.e., the posterior probability distribution of hHWHM values has a
nonzero peak (Figure 3). To determine whether the scale heights
are fully or marginally resolved, we take the difference between
the median and 16th percentile h values in order to approximate
a 1σ confidence interval (this difference is equivalent to a 1σ
confidence interval for a perfectly Gaussian posterior probability
distribution, though not all of the posteriors are Gaussian). We
use this interval to extrapolate to a 3σ confidence interval; for
sources with a hHWHM ≤ 0 at the 3σ lower bound, we consider
hHWHM to be marginally resolved, placing only an upper limit
on hHWHM. We apply this extrapolation because hHWHM ≤ 0 is
not allowed by our model. Therefore, the 0.15th percentile (cor-
responding to ∼3σ for a Gaussian distribution) will always be
positive and non-zero.

We additionally examine how well-resolved hHWHM is with
respect to the resolution of the observations. Importantly, the
beams shown in Figure 1 do not reflect the smallest scales resolv-
able in our analyses. Because our parametric modeling occurs
in the visibility domain, we retain spatial information up to the

nominal resolution of the interferometer, θmin = λobs/bmax, where
λobs is the observing wavelength and bmax is the longest baseline
in the array during the observations. As a result, hHWHM is more
easily resolved in Fourier space than in image space, and some
values of hHWHM may be resolvable even if the vertical extent
of the disk is on roughly the same scale as the CLEAN beam
(Figure 2). Furthermore, it is not necessary that θmin < hHWHM
in order to resolve the aspect ratio, as hHWHM does not rep-
resent the full vertical extent of the disk. Rather, hHWHM only
describes the distance from the disk mid-plane to the height at
which the disk has half of its peak density. Depending on the
vertical parametrization, the disk could thus host a substantial
amount of material at several times hHWHM.

For example, a vertical Gaussian distribution contains about
95% of the material within ±2 hσ from the midplane, equivalent
to ∼3.4 hHWHM. In this case, a scale height may not be resolved by
the observations if θmin > 3.4 hHWHM. A vertical Lorentzian dis-
tribution has thicker tails, with more disk material further from
the midplane: ∼95% within ∼25 hHWHM centered on the mid-
plane. In this case, a scale height may not be resolved by the
observations if θmin > 25 hHWHM. Measurements of hHWHM that
are limited by the data resolution are diskussed in the source-
specific sections, and values of θmin are provided in Table 4 for
reference.

4.1. Marginally resolved scale heights

4.1.1. HD 109573 (HR 4796A)

Parametric models in Han et al. (2026) suggest that the radial
density distribution of this source is well-fit by a double Gaus-
sian, assuming vertical Gaussian profile with a fixed vertical
aspect ratio of hHWHM = 0.015. Incorporating scale height as a
free parameter, we examined double power law, double Gaus-
sian, Gaussian, and asymmetric Gaussian radial profiles. We find
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Table 3. Scale height aspect ratios obtained from parametric modeling,
frank, and rave.

hHWHM values
Target Parametric frank rave

HD 9672 0.046+0.008
−0.008 0.061+0.004

−0.004 0.058+0.017
−0.024

HD 10647 0.053+0.007
−0.007 <0.008 0.040+0.016

−0.021
HD 14055 0.054+0.008

−0.008 0.037+0.010
−0.016 0.047+0.038

−0.031
HD 15115 0.022+0.002

−0.002 0.019+0.001
−0.001 0.022+0.002

−0.002
HD 15257 N/A Unconst. Unconst.
HD 32297 0.009+0.002

−0.001 0.010+0.001
−0.001 0.015+0.003

−0.004
HD 39060 0.112+0.002

−0.001 0.073+0.002
−0.002 0.086+0.005

−0.005
HD 61005 0.015+0.002

−0.003 0.019+0.001
−0.001 0.020+0.005

−0.007
HD 76582 0.192+0.010

−0.009 0.065+0.012
−0.012 <0.097

HD 84870 N/A Unconst. Unconst.
HD 92945 N/A 0.039+0.011

−0.013 <0.079
HD 95086 N/A Unconst. Unconst.
HD 107146 N/A 0.134+0.021

−0.022 <0.167
HD 109573 <0.0116 <0.012 <0.022
HD 121617 N/A 0.106+0.011

−0.011 0.074+0.039
−0.044

HD 131488 <0.0070 <0.008 0.016+0.005
−0.006

HD 131835 0.022+0.007
−0.006 0.039+0.006

−0.006 0.057+0.020
−0.028

HD 145560 N/A 0.070+0.015
−0.016 <0.103

HD 161868 0.19+0.02
−0.02 <0.097 <0.135

HD 170773 N/A <0.116 <0.143
HD 197481 0.0028+0.0009

−0.0002 0.023+0.002
−0.002 0.026+0.005

−0.006
HD 206893 N/A 0.113+0.034

−0.025 <0.212
HD 218396 N/A Unconst. Unconst.
TYC 9340 N/A Unconst. Unconst.

Notes. For all resolved scale heights, we show the median hHWHM,
with uncertainties showing the 16th and 84th percentiles. The para-
metric scale heights are from the fiducial models shown in Table 2;
sources marked with N/A do not have any vertical parametric models.
For scale heights fitted with frank and rave, we show upper limits if
the PDF only approaches zero at large hσ, and we note the aspect ratio
as unconstrained if the PDF does not approach zero at large hσ.

that the double Gaussian continues to outperform the other radial
density distributions even when incorporating vertical flexibility
into the model. We then modeled HD 109573 with a radial dou-
ble Gaussian density distribution and the four different vertical
parameterizations presented in Table 1.

The AIC and BIC strongly favor the vertical Gaussian and
vertical Lorentzian models over the other vertical forms, with the
vertical Gaussian model preferred over the vertical Lorentzian
only at low confidence (AIC σ = 0.09). However, the poste-
rior probability distributions are broad, with a vertical aspect
ratio of hHWHM = 0.0082+0.0033

−0.0038 (vertical Gaussian) or hHWHM =

0.0049+0.0016
−0.0014 (vertical Lorentzian). Both of these models exhibit

a non-Gaussian posterior probability distribution for hHWHM,
truncating near zero. As a result, we only marginally resolve
the scale height for HD 109573. We take the upper limit to be
the 84th percentile of the posteriors, hHWHM < 0.0116, using the
fiducial vertical Gaussian model. Nonparametric fitting also con-
strains only upper limits, with frank finding hHWHM < 0.012
and rave finding hHWHM < 0.022.

The vertical structure of HD 109573 has previously been
studied using Band 7 ALMA observations (∼0.′′17 resolution,
Kennedy et al. 2018). Kennedy et al. (2018) modeled the disk
with a radial Gaussian and a vertical Gaussian, finding HFWHM =
7 ± 1 au at the radial location of the ring (78.6 au), corre-
sponding to an aspect ratio of hHWHM = 0.045+0.006

−0.006. Matrà et al.
(2025) reanalyzed these observations, also modeling HD 109573
with radial and vertical Gaussians. At the radial ring location of
77.8 au, they obtain HHWHM = 5.3 au, or hHWHM = 0.068+0.002

−0.002.
Han et al. (2025) used fave, an extension of rave optimized for
less inclined disks, to fit the aspect ratio of HD 109573, finding
hHWHM = 0.057+0.016

−0.022. With the new Band 7 ARKS data (0.′′08),
we find a similar ring location (77.6 au), but a much smaller ver-
tical extent (HHWHM < 0.9 au). This discrepancy is likely due
to the lower resolution of previous observations combined with
the different best-fit functional form found here (double rather
than single Gaussian); the degeneracy between radial and ver-
tical structure makes it difficult to place strong constraints on
the scale height, and this issue is more pronounced with lower-
resolution data. Despite the improved resolution of the ARKS
observations, we may still be limited by the data resolution of
the data (θmin = 3.63 au). At a reference radius of 77.6 au (the
location of peak brightness in the fiducial model), we obtain
HHWHM = 0.636 au. For a vertical Gaussian profile, 95% of the
disk material would then lie within 2.16 au centered on the disk
midplane, about 60% of the distance that could be resolved by
the observations.

4.1.2. HD 131488

Parametric models in Han et al. (2026) suggest that the radial
density distribution of this source is best fit by a double Gaus-
sian, assuming a vertical Gaussian profile with a fixed vertical
aspect ratio of hHWHM = 0.005. We find that a double Gaussian
radial density distribution is strongly preferred over a double
power law or single Gaussian, assuming a vertical Gaussian
profile with the vertical aspect ratio as a free parameter. We
additionally modeled HD 131488 using a radial double Gaussian
density distribution and both a vertical exponential and a vertical
Lorentzian.

We find that the vertical Gaussian model performs best when
considering both the AIC and BIC (AIC σ = 0.90 over the expo-
nential, ∆BIC = 0), so we select this as the fiducial model for
HD 131488. The radial double Gaussian with a vertical expo-
nential is most strongly favored by the AIC, but disfavored by
the BIC (∆BIC = 11.63). The radial double Gaussian with a
vertical Lorentzian form is not strongly ruled out by either the
AIC or BIC tests (AIC σ = 1.26, ∆BIC = 1.14), but because
the fiducial Gaussian model provides a better fit with the same
number of parameters, we do not increase model complexity any
further (i.e., we do not run a vertical double Gaussian model,
which could have a similar vertical profile to the Lorentzian
model at the cost of two additional free parameters). The
aspect ratio is well-constrained, with hHWHM = 0.0059+0.0011

−0.0010.
The aspect ratio constraints from frank and rave are in agree-
ment, finding hHWHM < 0.008 and hHWHM = 0.016+0.005

−0.006, respec-
tively. These values are consistent with the uncertain constraint
reported in Worthen et al. (2024), hHWHM = 0.09+0.05

−0.05, which
was derived from Band 6 ALMA observations of HD 131488
(∼0.′′5 resolution).

We note that while our measurements of hHWHM are con-
strained according to the posterior probability distributions, the
interpretation of our measured values of hHWHM may be limited
by the resolution of the data. The observations of HD 131488

A197, page 7 of 30



Zawadzki, B., et al.: A&A, 705, A197 (2026)

Fig. 1. Gallery of the data (left), models (center), and residuals (right, with model contours overplotted for reference) for the fiducial parametric
vertical structure models for each source (models shown in Table 2). The effective beam is denoted by the shaded ellipse in the bottom-left corner
of each panel, and the scale bars in the bottom right of each panel are 50 au in length. In the data and model panels, contours show three, five,
seven, and nine times the rms (positive in light gray, negative in dark gray). In the residual panels, the purple and orange contours show +3 and −3
times the rms, respectively, though none of the sources show significant structure in the residuals. For each source, the data and model images are
plotted on the same color scale, which spans the full dynamic range of each data image.
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Fig. 2. Comparison of the fiducial vertical profiles for each disk at the
reference radius Rref , defined as the location of peak intensity in the fidu-
cial model (Table 4). Sources are ordered by HHWHM(Rref) and divided
into two panels for visual clarity, with disks with HHWHM(Rref) < 15 au
in the top panel and disks with HHWHM(Rref) > 15 au in the bottom
panel. We denote extended or multi-component vertical profiles with
asterisks (one asterisk for a Lorentzian profile, and two asterisks for a
double Gaussian vertical profile). The remaining sources have Gaus-
sian vertical profiles. Colored lines and the shaded regions denote the
median profile ±1σ, while the dashed black lines show the best-fit
model. The thick horizontal black bars show the nominal resolution of
the interferometer, λobs/bmax, where λobs is the observing wavelength
and bmax is the longest baseline in the array. The thin horizontal black
bars show the width of one beam along the vertical axis of the disk using
the images shown in Figure 1.

have a nominal resolution of θmin = 3.32 au. At a reference
radius of 90.8 au, we obtain HHWHM = 0.536 au. For a vertical
Gaussian profile, 95% of the disk material would then lie within
1.82 au centered on the disk midplane, nearly half the distance
that could be resolved by the observations. We take the upper
limit of hHWHM to be the 84th percentile of the posteriors for the

fiducial model, hHWHM < 0.0070, though follow-up observations
at higher resolution are necessary to confirm this measurement.

4.2. Resolved Gaussian scale heights: HD 14055

The only source in our sample which is best fit with a verti-
cal Gaussian distribution and has a fully resolved scale height
is HD 14055. Parametric models in Han et al. (2026) suggest
that the radial density distribution of this source is well-fit by a
double power law, though a double Gaussian is not ruled out at
high confidence. In the radial models, a vertical Gaussian profile
was used with a fixed vertical aspect ratio of hHWHM = 0.0475.
Incorporating scale height as a free parameter, we examined dou-
ble power law and double Gaussian radial density distributions
with a vertical Gaussian. The AIC favored the double Gaus-
sian model, while the BIC favored the double power law model,
so we modeled both radial double power law and radial dou-
ble Gaussian density distributions with the four different vertical
parameterizations presented in Table 1. Of these eight models,
we select the radial double power law with a vertical Gaussian
as the fiducial model, as it is favored at high confidence with the
BIC and not strongly ruled out with the AIC (σ = 0.56 over a
radial double Gaussian with a vertical Gaussian).

We measure hHWHM = 0.053+0.007
−0.008 with the fiducial para-

metric model, using the 0.′′23 ARKS observations in Band 7.
The vertical aspect ratio is also resolved with frank and rave:
frank finds hHWHM = 0.037+0.010

−0.016, while rave finds hHWHM =

0.047+0.038
−0.031. These values are in agreement with Terrill et al.

(2023), Matrà et al. (2025), and Han et al. (2025), who used
Band 6 observations (∼2′′ resolution) of HD 14055 to find limits
of hHWHM < 0.12, hHWHM = 0.04+0.02

−0.02, and hHWHM = 0.131+0.073
−0.075,

respectively.

4.3. Resolved complex structures

In this section we present sources that are consistent with hav-
ing an extended or multi-component millimeter vertical emission
profile (i.e., statistically preferred models use either a Lorentzian
or a double Gaussian). We note that while we report a single
hHWHM for each vertical Lorentzian model, the broad tails of
a Lorentzian can approximate a combination of broad and nar-
row components with different widths (see Sect. 5.1, where we
also discuss the possible mechanisms that could generate these
distributions).

4.3.1. HD 9672 (49 Ceti)

Parametric models in Han et al. (2026) suggest that the radial
density distribution of this source is best fit by a double power
law, assuming a vertical Gaussian profile with a fixed vertical
aspect ratio of hHWHM = 0.07. We modeled HD 9672 using a
radial double power law density distribution and the four dif-
ferent vertical parametrizations presented in Table 1, as well as
with a radial double Gaussian and vertical Gaussian. We find
that the vertical Lorentzian model is most favored by the BIC,
and not strongly ruled out by the AIC (σ = 0.27). The ver-
tical double Gaussian model is most strongly favored by the
AIC, and disfavored by the BIC (∆BIC = 25.81). We iden-
tify the vertical Lorentzian model as the fiducial model for
HD 9672.

We obtained a vertical aspect ratio of hHWHM = 0.046+0.008
−0.008

for the fiducial model. As the double Gaussian model is only
disfavored by the BIC, which penalizes additional parameters
more heavily than the AIC, we may tentatively resolve two
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Table 4. Stellar, disk, and parametric model properties with derived solid mass and stirring estimates.

Source M⋆

[M⊙]
θmin
[au]

Rref
[au]

HHWHM(Rref)
[au]

Mmm
[M⊕]

Mdisk
[M⊕]

Mstir
[M⊕]

Rstir
[km]

Tstir
[Myr]

HD 9672 2.00 4.16 110.1 5.06 4.95 × 10−1 86.6 ± 15.5 3.11+1.85
−1.34 × 10−4 606+102

−104 1.23
HD 10647 1.12 3.67 88.2 4.67 4.07 × 10−2 19.8 ± 2.6 2.72+1.10

−0.97 × 10−4 579+69
−79 0.43

HD 14055 2.19 3.09 160.6 8.51 5.56 × 10−2 25.3 ± 4.2 3.18+1.53
−1.18 × 10−4 609+85

−88 40.0
HD 15115 1.43 3.05 97.9 2.15 6.17 × 10−3 3.72 ± 0.26 2.51+0.48

−0.46 × 10−5 261+16
−17 13.5

HD 32297 1.57 2.85 107.3 0.987 1.22 × 10 0 21.9 ± 3.0 1.81+0.83
−0.61 × 10−6 109+15

−14 76.6
HD 39060 1.72 3.46 116.1 13.0 1.83 × 10−1 104 ± 5 3.32+0.12

−0.12 × 10−3 1333+16
−16 0.10

HD 61005 0.95 2.81 70.0 1.00 1.26 × 10−1 10.2 ± 1.7 6.02+2.94
−2.28 × 10−6 163+23

−24 6.38
HD 76582 1.61 18.51 188.5 36.2 2.25 × 10−1 114 ± 12 7.26+1.12

−0.96 × 10−3 1730+85
−80 1.20

HD 109573 2.14 3.63 77.6 0.636 4.68 × 10−2 7.21 ± 3.1 3.31+5.92
−2.80 × 10−6 133+54

−62 6.86
HD 131488 1.81 3.32 90.8 0.536 2.75 × 10−1 9.01 ± 1.64 7.41+4.80

−3.18 × 10−7 81+15
−14 70.5

HD 131835 1.70 9.75 69.2 1.52 4.08 × 10−1 49.7 ± 15.3 5.30+6.53
−3.12 × 10−5 330+105

−90 0.07
HD 161868 2.11 11.57 141.9 27.2 2.29 × 10−2 87.1 ± 27.0 1.68+0.33

−0.39 × 10−2 2288+143
−190 0.10

HD 197481 0.61 1.86 36.3 0.102 1.49 × 10−2 0.830 ± 0.179 6.01+7.62
−1.38 × 10−8 35+11

−3 117

Notes. Left: The stellar mass M⋆, nominal data resolution θmin, reference radius Rref , scale height HHWHM, and millimeter dust mass Mmm for each
source. Rref is the location of peak brightness in the fiducial parametric model, and the location at which we report the fiducial scale height. Mmm
is obtained from our fiducial parametric models. Right: Estimated total mass of disk solids Mdisk assuming only internal processes (self-stirring,
damping, etc.) are derived from the Pan & Schlichting (2012) collisional cascade model. Estimates on the lower limits of the largest stirring bodies
in the disks (Mstir and Rstir) are obtained from Eqs. (12) and (13). The stirring timescale Tstir is computed as described in Sect. 5.2.

distinct dynamical populations within the disk. The first has
a measured aspect ratio of hHWHM = 0.031+0.022

−0.013 containing
68+11
−15% of the dust mass, and the other has an aspect ratio

of hHWHM = 0.105+0.021
−0.040 containing the rest of the mass. The

nonparametric aspect ratios fall in between, with hHWHM =
0.061+0.004

−0.004 from the frank fit and hHWHM = 0.058+0.017
−0.024 from the

rave fit.
The aspect ratio measured for the dynamically cooler pop-

ulation of the parametric vertical double Gaussian model is in
agreement with the values reported in Delamer (2021) from
an analysis of Band 8 (614 µm, ∼0.′′25 resolution) and Band 7
(868 µm, ∼0.′′13 resolution) continuum emission of HD 9672
(hHWHM = 0.088+0.005

−0.005 and hHWHM = 0.081+0.006
−0.008, respectively),

assuming a Gaussian vertical profile.
With the same Band 8 observations, Terrill et al. (2023)

found hHWHM = 0.059+0.008
−0.008 and Han et al. (2025) found

hHWHM = 0.039+0.016
−0.021, with both studies using a nonparametric

model with an assumed Gaussian vertical density distribu-
tion. Matrà et al. (2025) reanalyzed the Band 7 observations
with radial and vertical Gaussians, finding an aspect ratio of
hHWHM = 0.089+0.011

−0.011. Finally, Delamer (2021) also analyzed
Band 6 (1.33 mm, ∼0.′′85 resolution) observations, finding a
slightly larger aspect ratio of hHWHM = 0.18+0.02

−0.02.
These differences could be partially driven by the range of

observations represented, as the dust scale height may vary with
observing wavelength. However, the variation among aspect
ratios derived from Band 7 observations is likely driven by
the fact that a Lorentzian or two Gaussians have broader tails,
while a single Gaussian drops off more quickly away from the
midplane. When fitting the disk with only one vertical Gaus-
sian, the model may settle on a larger value of hHWHM as it
attempts to capture the more dynamically active population in
the disk. HD 9672 also hosts a likely warp asymmetry, discussed
in detail in Lovell et al. (2026). While we do not see signifi-
cant features in the residual map (Fig. 1), we note that a subtle

warp feature could bias our axisymmetric models to larger scale
heights.

4.3.2. HD 10647

Parametric models in Han et al. (2026) suggest that the radial
density distribution of HD 10647 is well-fit by a double Gaus-
sian, assuming a vertical Gaussian profile with a fixed vertical
aspect ratio of hHWHM = 0.055. We modeled the disk using radial
double power law and double Gaussian density distributions
with the four different vertical parametrizations presented in
Table 1. The AIC strongly favors the model with both radial and
vertical double Gaussian density distributions, while ∆BIC =
9.042. The BIC favors the radial double power law with a ver-
tical Lorentzian, though the AIC strongly disfavors this model
(AIC = 6.151σ). We thus identify the radial and vertical double
Gaussian model as the fiducial model.

We resolve two distinct dynamical populations with the fidu-
cial model of HD 10647, one with a measured scale height of
hHWHM = 0.053+0.006

−0.007 containing 88+6
−6% of the dust mass, and

the other with a scale height of hHWHM = 0.225+0.002
−0.002 containing

the rest of the mass. This is in line with the constraint from rave,
hHWHM = 0.040+0.016

−0.021. However, the upper limit derived from the
frank fit is much smaller, hHWHM < 0.008. While we do not see
significant features in the residual map of HD 10647 (Fig. 1), this
source has a major axis asymmetry that could bias the results of
our axisymmetric modeling (Lovell et al. 2026).

Several studies have already made measurements which are
in agreement with our measurement of the dynamically cooler
population of the fiducial model (which contains most of the disk
mass): Lovell et al. (2021) found the scale height to be consistent
with hHWHM = 0.05+0.01

−0.01, while Han et al. (2025) found hHWHM =

0.054+0.011
−0.012. Terrill et al. (2023) and Matrà et al. (2025) found

marginal measurements of hHWHM = 0.044+0.009
−0.008 and hHWHM =

0.06+0.01
−0.01, respectively.
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Fig. 3. Posterior distributions of the vertical aspect ratios for the fiducial parametric models. The histograms and KDEs are shown in light and
dark purple, respectively. The median hHWHM is shown by the vertical black line. The dark blue dashed line shows the 16th and 84th percentiles
(equivalent to 1σ for Gaussian distributions), while the light blue dotted line shows the 0.15th and 99.85th percentiles (equivalent to 3σ for Gaussian
distributions). Since the fiducial model for HD 10647 has two distinct vertical components, we show the posterior distributions for both hHWHM1
(top center panel) and hHWHM1 (top right panel).

4.3.3. HD 15115

The parametric modeling in Han et al. (2026) shows that
HD 15115 is well-represented by a double Gaussian radial
density distribution, assuming a vertical Gaussian profile
with a fixed vertical aspect ratio of hHWHM = 0.02. We
modeled HD 15115 using a radial double Gaussian density

distribution and the four different vertical parametrizations pre-
sented in Table 1. We identify the vertical Lorentzian model as
the fiducial model for HD 15115, as it is strongly favored by both
the AIC and BIC. The scale height is well-constrained, with a
vertical aspect ratio of hHWHM = 0.0222+0.0013

−0.0015 for the vertical
Lorentzian model. The frank and rave values are comparable,
hHWHM = 0.019+0.001

−0.001 and hHWHM = 0.022+0.002
−0.002, respectively.
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MacGregor et al. (2019) found that HD 15115 is not vertically
resolved in 0.′′6 (29 au) Band 6 observations. Using the same
Band 6 observations, Matrà et al. (2025) marginally detected the
scale height (hHWHM = 0.06+0.01

−0.02) by modeling the disk with a
radial and vertical Gaussian. This is in good agreement with
results from Terrill et al. (2023) and Han et al. (2025), who
used nonparametric methods with a vertical Gaussian assump-
tion to measure hHWHM = 0.056+0.008

−0.008 and hHWHM = 0.079+0.035
−0.040,

respectively. The differences between these values from previous
observations and our measurement are likely due to the improved
resolution of the ARKS data (0.′′12), which is 5 times higher
than the previous observations of HD 15115, combined with the
different assumed radial and vertical distributions. In addition,
there is evidence that HD 15115 is eccentric (Lovell et al. 2026),
though this may be compensated for by the offset parameters
dRA and dDec in our modeling (see Table A.1).

4.3.4. HD 32297

Parametric models in Han et al. (2026) suggest that the radial
density distribution of HD 32297 is well-fit by a double power
law, assuming a vertical Gaussian profile with a fixed vertical
aspect ratio of hHWHM = 0.012. We modeled the disk using a
radial double power law density distribution and the four differ-
ent vertical parametrizations presented in Table 1. The vertical
Lorentzian model is favored by both the AIC and BIC, so we
select it as the fiducial model. The aspect ratio of the fiducial
model is well-constrained (hHWHM = 0.0092+0.0012

−0.0012) and in line
with fits from frank (hHWHM = 0.010+0.001

−0.001) and rave (hHWHM =

0.015+0.003
−0.004).

The AIC score of the vertical double Gaussian model indi-
cates that it also reproduces the data well (σ = 0.97); how-
ever, due to the additional parameters in the vertical double
Gaussian model, the BIC score is significantly worse com-
pared to the Lorentzian model (∆BIC = 27.95). Nevertheless,
we marginally resolve two independent dynamical popula-
tions within HD 32297: one with a scale height of hHWHM =
0.0083+0.0018

−0.0034 containing 92+2
−3% of the dust mass, and another

with a scale height of hHWHM = 0.146+0.027
−0.047 containing the

remainder.
There exist several previous scale height measurements for

HD 32297 at ∼millimeter wavelengths. Terrill et al. (2023)
and Han et al. (2025) use nonparametric methods (assuming a
Gaussian vertical distribution) to find hHWHM = 0.09+0.01

−0.01 and
hHWHM = 0.139+0.041

−0.052, respectively. Worthen et al. (2024) find
hHWHM = 0.018+0.002

−0.002 and Matrà et al. (2025) find hHWHM =

0.09+0.01
−0.02, both modeling the disk with Gaussian radial and ver-

tical density distributions. Our measured hHWHM is smaller than
all of the above, likely due to several factors. First, the ARKS
data have a higher angular resolution (0.′′06). Second, the verti-
cal and radial distributions of disk material can be degenerate
with disk inclination; uncertainties in the disk inclination make
it more difficult to constrain the scale height and belt width, and
all of the above studies find/use smaller inclinations than the
value we obtain from our fiducial model (i = 88.48◦+0.04

−0.03, which
does not appear to be affected by this degeneracy). We find that
HD 32297 is best modeled with a vertical Lorentzian profile
and a radial double power law profile; the common assump-
tion of vertical and/or radial Gaussian profiles used for previous
scale height measurements may be biasing the measurement of
hHWHM, resulting in artificially high values. Lastly, there is evi-
dence that HD 32297 is eccentric (Lovell et al. 2026), though

this may be compensated for by the offset parameters dRA and
dDec in our modeling (see Table A.1).

4.3.5. HD 39060 (Beta Pic)

Parametric models in Han et al. (2026) suggest that the radial
density distribution of this source is well-represented by a dou-
ble power law, assuming a vertical Gaussian profile with a fixed
vertical aspect ratio of hHWHM = 0.0445. We modeled HD 39060
using a radial double power law density distribution and the four
different vertical parametrizations presented in Table 1. The ver-
tical Lorentzian (AIC σ = 1.55, ∆BIC = 0) and vertical double
Gaussian (AIC σ = 0, ∆BIC = 22.85) models are both good
fits to the data. For the fiducial vertical Lorentzian model, the
aspect ratio is well-constrained with, hHWHM = 0.1122+0.0013

−0.0013.
The frank fit yields hHWHM = 0.073+0.002

−0.002, while rave finds
hHWHM = 0.086+0.005

−0.005.
We identified two distinct dynamical populations within the

disk with the vertical double Gaussian model; the first has a
measured aspect ratio of hHWHM = 0.046+0.005

−0.003 containing 58+4
−3%

of the dust mass, and the other has a scale height of hHWHM =
0.212+0.002

−0.003 containing the rest of the mass. Matrà et al. (2019)
also measured two distinct aspect ratios for this source, finding
hHWHM = 0.130+0.009

−0.007 containing 80+4
−5% of the dust mass, and

hHWHM = 0.016+0.007
−0.007 containing the rest of the mass.

The differences are likely partially driven by the choice in
radial density distribution. Here we use a double power law, find-
ing a relatively shallow slope in the inner disk (αin = 1.78+0.14

−0.10)
with a sharper decrease in density in the outer disk (αout =
−5.2+0.6

−0.5). Matrà et al. (2019) use a radially Gaussian density dis-
tribution with σ = 36.7+1.0

−1.3 au. Interestingly, Matrà et al. (2019)
find that the broad component contains most of the disk mass,
while we find that the narrow component contains slightly more
mass. Matrà et al. (2019) also find marginal evidence of a radi-
ally varying aspect ratio in HD 39060, with h(r) = h0(r/r0)β−1

and β = 0.7+0.2
−0.2, which our model specification does not account

for.
Asymmetries in the disk could also contribute to differences

in the measured scale heights. Though the models presented both
here and in Matrà et al. (2019) are axisymmetric, there is evi-
dence of asymmetric structures in the millimeter emission of
HD 39060 (Lovell et al. 2026). An asymmetric feature at the
∼3σ level can be seen in the northeast of the residual map in
Figure 1.

4.3.6. HD 61005

The parametric modeling in Han et al. (2026) shows that
HD 61005 is well-represented by a double Gaussian radial
density distribution, assuming a vertical Gaussian profile with
a fixed vertical aspect ratio of hHWHM = 0.02. We modeled
HD 61005 using a radial double Gaussian and the four dif-
ferent vertical parametrizations presented in Table 1. We find
that the vertical Lorentzian model is favored by both the AIC
and the BIC at high significance, corresponding to an aspect
ratio of hHWHM = 0.0143+0.0020

−0.0021. Compared to the vertical dou-
ble Gaussian model, the AIC only favors the Lorentzian model
at 1.31σ. We thus find marginal evidence of two resolved pop-
ulations in the disk; the first has a measured scale height of
hHWHM = 0.014+0.005

−0.006 containing 90+6
−12% of the dust mass, and

the other has a scale height of h = 0.117+0.043
−0.087 containing the

rest of the mass. Aspect ratio fits from frank and rave find
hHWHM = 0.019+0.001

−0.001 and hHWHM = 0.020+0.005
−0.007, respectively.
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Assuming Gaussian radial and vertical density distributions,
Matrà et al. (2025) find hHWHM = 0.052+0.004

−0.005. Similarly, Terrill
et al. (2023) and Han et al. (2025) find hHWHM = 0.046+0.004

−0.005 and
hHWHM = 0.034+0.008

−0.011, respectively, using nonparametric meth-
ods and assuming a Gaussian vertical distribution. These values
may be inflated due to the models fitting a more dynamically
active disk to a simple vertical Gaussian, driving up the scale
height measurement to account for the material further from the
disk midplane.

It is also possible that asymmetries in the disk could bias
our axisymmetric model toward a vertical structure indicative
of multiple populations. While we do not identify structure in
our model residuals (see Figure 1), Lovell et al. (2026) find evi-
dence of asymmetry in HD 61005, which could affect the vertical
structure measurements presented here.

4.3.7. HD 76582

Parametric models in Han et al. (2026) suggest that the radial
density distribution of HD 76582 is well-fit by an asymmet-
ric Gaussian (which is defined by some central radius and two
different σ values inside and outside of the central radius),
assuming a vertical Gaussian profile with a fixed vertical aspect
ratio of hHWHM = 0.015. We examined the vertical structure of
HD 76582 by first modeling the vertical structure of the disk
with a Gaussian, and the radial structure with a variety of dif-
ferent radial forms. The best-fitting radial forms were a double
power law, asymmetric Gaussian, and error function. We mod-
eled HD 76582 using each of these radial density structures and
the four different vertical parametrizations presented in Table
1. The model with a radial asymmetric Gaussian and verti-
cal Lorentzian is favored by both the AIC and BIC, yielding
hHWHM = 0.192+0.009

−0.009; we thus selected this as the fiducial model
for HD 76582. The frank aspect ratio fit (hHWHM = 0.065+0.012

−0.012)
and the rave upper limit (hHWHM ≤ 0.097) are smaller.

The rave and frank results are in agreement with the upper
limits identified by Matrà et al. (2025) (hHWHM < 0.1) and Han
et al. (2025) (hHWHM < 0.180). All of these values were obtained
by assuming Gaussian vertical density distributions. Further-
more, it is likely that the radial Gaussian density distribution
assumed by Matrà et al. (2025) resulted in a biased scale height
value. We found that an asymmetric Gaussian yields a good fit
to the data, with substantially different widths on each side of
the Gaussian peak (σin = 45 ± 8 au and σout = 114+23

−15 au). This
corresponds to a FWHM of ∆R = 187+37

−27 au, while the Gaus-
sian model of Matrà et al. (2025) has ∆R = 210 ± 20 au. Our
asymmetric Gaussian model has its peak at R = 181 ± 11 au, in
contrast to R = 219+9

−8 au in Matrà et al. (2025). As the Gaussian
model of Matrà et al. (2025) is both marginally wider and signif-
icantly farther out compared to the best-fit asymmetric Gaussian
model presented here, it is likely that the scale height mea-
surement was underestimated to compensate for the extra radial
width in the model.

4.3.8. HD 131835

Parametric models in Han et al. (2026) suggest that the radial
density distribution of this source is well-fit by a double Gaus-
sian, assuming vertical Gaussian profile with a fixed vertical
aspect ratio of hHWHM = 0.015. We find that a radial double
Gaussian continues to perform significantly better than a radial
double power law or a radial triple Gaussian when the ver-
tical aspect ratio is included as a free model parameter. We

then modeled HD 131835 using a radial double Gaussian den-
sity distribution and the four different vertical parameterizations
presented in Table 1.

The AIC and BIC strongly favor the vertical Gaussian and
vertical Lorentzian models, with the Lorentzian model favored
at low confidence over the Gaussian model (AIC σ = 0.548,
∆BIC = 1.077). Therefore, we select the Lorentzian model as
the fiducial model for HD 131835. The posterior probability dis-
tributions are broad for both the fiducial and vertical Gaussian
model, with an aspect ratio of hHWHM = 0.022+0.007

−0.006 for the fidu-
cial Lorentzian model and hHWHM = 0.030+0.010

−0.010 for the vertical
Gaussian model. frank and rave find hHWHM = 0.039+0.006

−0.006 and
hHWHM = 0.057+0.020

−0.028, respectively.

4.3.9. HD 161868

Parametric models in Han et al. (2026) suggest that the radial
density distribution of this source is well-fit by a double power
law, assuming a vertical Gaussian profile with a fixed verti-
cal aspect ratio of hHWHM = 0.015. We modeled HD 161868
with a radial double power law and the four different vertical
parametrizations presented in Table 1. We find that the verti-
cal Lorentzian model is favored by the BIC (AIC σ = 1.255),
while the double Gaussian model is favored by the AIC (∆BIC =
20.786). We select the vertical Lorentzian model as the fiducial
model for HD 161868.

For the fiducial model, we measure a scale height of
hHWHM = 0.192+0.012

−0.016. The double Gaussian model is likely dis-
favored by the BIC more because of the additional parameters
in the model rather than due to a poor fit to the data, as evi-
denced by the AIC. We thus find evidence that we resolve
two distinct dynamical populations within the disk. The first
has a measured aspect ratio of hHWHM = 0.099+0.034

−0.045 containing
89+3
−2% of the dust mass, and the other has an aspect ratio of

hHWHM = 0.380+0.037
−0.023 containing the rest of the mass. Fits with

frank and rave yield only upper limits, finding hHWHM < 0.097
and hHWHM < 0.135, respectively.

Matrà et al. (2025) marginally resolve the scale height of
HD 161868, finding hHWHM = 0.15+0.05

−0.06 with a parametric fit
assuming Gaussian radial and vertical density distributions. By
nonparametrically fitting the visibilities and assuming a Gaus-
sian vertical density distribution, Terrill et al. (2023) find a
marginal measurement of hHWHM = 0.18+0.04

−0.05 and Han et al.
(2025) find hHWHM = 0.16+0.04

−0.05. All three of these measurements
are consistent with the aspect ratio of our fiducial model.

4.3.10. HD 197481 (AU Mic)

The parametric modeling in Han et al. (2026) shows that mod-
els of HD 197481 perform comparably well with a variety of
radial density structures, assuming a vertical Gaussian profile
with a fixed vertical aspect ratio of hHWHM = 0.015. We mod-
eled HD 197481 using both radial double power law and double
Gaussian density distributions with the four different vertical
parametrizations presented in Table 1. There is no single model
which stands out as a true best fit, but we identify the radial
double power law and vertical Lorentzian model as the fidu-
cial model due to its moderate AIC confidence (σ = 2.491) and
strong BIC (∆BIC = 0). For this model, we resolve an aspect
ratio of hHWHM = 0.0028+0.0009

−0.0002, the smallest in our sample.
The radial double Gaussian and vertical exponential model

was favored by the AIC (∆BIC = 23.328), yielding a scale
height measurement of hHWHM = 0.0338+0.0014

−0.0015 with a profile
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that drops off sharply (γ = 16+3
−3). frank and rave find simi-

lar aspect ratios: hHWHM = 0.023+0.002
−0.002 and hHWHM = 0.026+0.005

−0.006,
respectively. Lastly, our model with a radial double power law
and vertical double Gaussian density distribution also cannot be
ruled out (AIC σ = 1.196, ∆BIC = 15.567), corresponding to
two measured scale heights: one with hHWHM = 0.0009+0.0005

−0.0003
containing 78+9

−14% of the dust mass, and the other with hHWHM =

0.058+0.022
−0.017 containing the rest of the mass.

Many of these measurements are comparable to other aspect
ratio measurements of HD 197481; for example, Daley et al.
(2019) model the 1.35 mm observations with a radial power
law and vertical Gaussian, finding hHWHM = 0.037+0.006

−0.005. Vizgan
et al. (2022) repeated this analysis, with a resulting measurement
of hHWHM = 0.029+0.005

−0.006. They also analyze 450 µm observa-
tions of HD 197481, yielding a ratio of h1.35mm/h450 µm = 1.35
(hHWHM ≈ 0.022 at 450 µm). Recently, Matrà et al. (2025) rean-
alyzed the 1.35 mm data assuming a radially Gaussian belt
with a vertical Gaussian density distribution, finding hHWHM =
0.020+0.004

−0.004. Terrill et al. (2023) used a nonparametric approach
to fit the radial structure of the 1.35 mm observations; assum-
ing a vertical Gaussian profile, they find hHWHM = 0.024+0.002

−0.002.
Similarly, Han et al. (2025) find hHWHM = 0.026+0.004

−0.004.
The variety of measured hHWHM for HD 197481 suggest that

the characterization of its vertical structure is highly depen-
dent on the assumed density structure. Furthermore, while the
fiducial measurement of hHWHM – the smallest aspect ratio mea-
sured for this source – is resolved according to the criteria
outlined in Sect. 4, it remains unclear whether the data resolu-
tion is sufficient to fully resolve such a small aspect ratio. The
Band 6 observations of HD 197481 have a nominal resolution
of θmin = 1.86 au. At a reference radius of 36.3 au, an aspect
ratio of hHWHM = 0.0028 yields a scale height of HHWHM ≈ 0.1
au. A vertical Lorentzian profile with a HWHM of 0.1 au would
contain 95% of the disk material within 2.5 au centered on the
disk midplane. This is less than a factor of two larger than θmin;
while such small spatial scales could be supported by the longest
baseline observations, they cannot be resolved with two reso-
lution elements. Given the spread of measured hHWHM values
under different density distribution assumptions, higher reso-
lution follow-up observations may be helpful in breaking this
degeneracy.

5. Discussion
5.1. Non-Gaussian vertical distributions as the new norm

Previous debris disk studies commonly assume that the ver-
tical density structure follows a Gaussian distribution (e.g.,
Kennedy et al. 2018; Daley et al. 2019; Terrill et al. 2023;
Matrà et al. 2025). This common assumption arises because
self-stirring processes can generate a Rayleigh inclination
distribution (Ida & Makino 1992; Lissauer & Stewart 1993),
which corresponds to a Gaussian vertical density distribution
(Matrà et al. 2019). Furthermore, distinguishing between dif-
ferent vertical parameterizations may not have been possible in
studies analyzing lower-resolution data, particularly since the
radial dust distribution is also less certain in these conditions.

However, high resolution observations of debris disks have
enabled a more detailed exploration of the precise dust distri-
butions. We find that most sources analyzed here (10/13) are
significantly better fit with a thick-tailed vertical density distri-
bution (i.e., either a Lorentzian or a double Gaussian) compared
to a single Gaussian distribution. For each of the three remain-
ing disks, vertical Lorentzian models are not ruled out at high

Fig. 4. Top: Arbitrary Gaussian, Lorentzian, and double Gaussian pro-
files that demonstrate how a Lorentzian can mimic a double Gaussian
without the extra model parameters. The Gaussian (blue line) and
Lorentzian (black line) profiles have a FWHM of 2 au, while the dou-
ble Gaussian (orange dotted line) is composed of one Gaussian with a
FWHM of 1.7 au and another with a FWHM of 6 au. Bottom: Various
exponential forms with different ζ (colored lines, ζ values annotated on
the panel). The wings of the Lorentzian (black line) are closely matched
with an exponential with ζ = 1. All profiles are normalized to the same
maximum value.

confidence (HD 14055 with a radial double power law and verti-
cal Lorentzian, AIC σ = 1.616 and ∆BIC = 3.376; HD 109573
with a radial double Gaussian and vertical Lorentzian, AIC
σ = 0.090 and ∆BIC = 0.149; and HD 131488 with a radial
double Gaussian and vertical Lorentzian, AIC σ = 1.255 and
∆BIC = 1.141; see Table A.1).

Some studies have already used non-Gaussian vertical struc-
tures for debris disks, in particular for HD 39060 (β Pic). For
example, scattered light observations of HD 39060 have been
fit using two vertical Lorentzians (e.g., Golimowski et al. 2006;
Lagrange et al. 2012) and two vertical Gaussians (e.g., Apai
et al. 2015), though the authors emphasize that these parame-
terizations were not physically motivated, but rather chosen by
qualitatively assessing the suitability of different profiles. Sim-
ilarly, Matrà et al. (2019) find that modeling HD 39060 using
two vertical Gaussians provides a significantly better fit to the
1.33 mm dust observations than a single Gaussian, and use this
parameterization to find marginal evidence of a radially varying
vertical aspect ratio.

Now equipped with a larger sample of highly resolved debris
disk observations, we have begun teasing out trends in the ver-
tical dust distributions of disks. In our detailed modeling of
13 disks, we find evidence that the millimeter-sized dust typically
exhibits a more gradual decline from the midplane density com-
pared to the commonly used, steeper Gaussian profile. Rather,
the best models tend to have vertical dust distributions with the
heavy-tailed behavior seen in a Lorentzian distribution, or in
the combination of a narrow Gaussian with a broader Gaussian.
While we do not resolve two distinct scale height values in many
disks at high confidence (only HD 10647 is identified as having
a fiducial model with a vertical double Gaussian), we note that
a Lorentzian distribution can be qualitatively similar to 1) the
sum of two Gaussians with different widths and 2) an exponen-
tial distribution with ζ < 2, both of which are shown in Figure 4.
Thus, some disks that are best fit by a Lorentzian may have mul-
tiple dynamical populations even if we are unable to measure
multiple distinct scale heights at high confidence.
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When comparing a model with fewer free parameters (e.g.,
one with a Gaussian vertical density distribution) to a more com-
plex model like the vertical double Gaussian models presented
here, the choice of model selection criteria may have a large
impact on which model is identified as the best fit. Here, four of
the 13 sources (HD 9672, HD 10647, HD 39060, and HD 161868)
have a vertical double Gaussian model which is most strongly
favored by the AIC, while no sources have a vertical double
Gaussian model which is most strongly favored by the BIC.
As the BIC penalizes model complexity more aggressively than
the AIC, particularly for large datasets like ALMA observations
(Eq. (10)), it may be useful to employ multiple selection criteria
(e.g., both the AIC and BIC) to robustly evaluate model fit.

Multi-component fits have long been used for the classi-
cal Kuiper belt objects (KBOs), including double Gaussians,
a Gaussian and a Lorentzian, and two von Mises–Fisher func-
tions (Brown 2001; Kavelaars et al. 2009; Gulbis et al. 2010;
Van Laerhoven et al. 2019; Malhotra & Roy 2023). Single
Lorentzians have also been used to fit the classical KBOs
(Adams et al. 2014). The inclinations and eccentricities of KBOs
were likely inflated by Neptune’s outward migration during the
early history of the Solar System (e.g., Malhotra 1995; Hahn
& Malhotra 2005; Levison et al. 2008; Nesvorný 2015). There-
fore, one possible interpretation of the apparent preference for
Lorentzian or multi-component distributions in debris disks
is that Neptune-like migration histories are common in these
systems.

However, such structures can also arise from secular (i.e.,
long-term) planet-disk interactions without invoking plane-
tary migration. For instance, Farhat et al. (2023) find a two-
component inclination distribution emerges for the case of
HD 106906, accounting for the central binary star as well as
the known external planetary companion, while assuming a
massless disk. Sefilian et al. (2025) consider a scenario involv-
ing a massive, back-reacting (but not self-gravitating) debris
disk with an internal planetary perturber, finding that non-
Rayleigh inclinations and non-Gaussian vertical profiles emerge
naturally regardless of the disk mass. The range of disk pro-
cesses and conditions which could generate multiple vertical
populations is still an active area of study. For example, most
previous works on planet-debris disk interactions neglect at least
one or more of: the disk’s gravitational back-reaction and/or
self-gravity, self-stirring processes, the possibility of multiple
perturbers, and collisions within the disk. Gas-bearing debris
disks should also be treated with care, as gas effects can
also have a large impact on grain dynamics depending on the
uncertain gas densities (though this may not have an observ-
able effect on the vertical profile at millimeter wavelengths,
Olofsson et al. 2022b). Regardless of the mechanisms driving the
vertical grain distribution, non-Gaussianity appears to be nearly
ubiquitous.

Furthermore, if the vertical distribution of solids changes
with observing wavelength, then even a Gaussian vertical distri-
bution of solids could produce a non-Gaussian emission profile
(e.g., Terrill et al. 2023). This degeneracy could be broken by
modeling well-resolved observations at multiple wavelengths.
Currently, most debris disks which have been observed at
multiple wavelengths lack the resolution for detailed vertical
characterization at all wavelengths (Appendix C).

5.2. Constraints on the disk mass

The vertical thickness of debris disks can be influenced by
a number of mechanisms, including early stirring in the

protoplanetary disk phase (e.g., Walmswell et al. 2013; Booth &
Clarke 2016), stirring by one or more planetary perturbers (e.g.,
Mustill & Wyatt 2009; Pearce & Wyatt 2014; Jílková & Portegies
Zwart 2015; Dong et al. 2020; Chai et al. 2024, also see Sect.
5.5), or stellar flybys (e.g., Kenyon & Bromley 2002a; Lestrade
et al. 2011; Moore et al. 2020; Batygin et al. 2020). Here, we
primarily consider self-stirring of the disk, which is commonly
invoked as a key mechanism driving disk scale heights (e.g., Ida
1990; Ida & Makino 1993; Kenyon & Bromley 2008; Kennedy
& Wyatt 2010).

Under the assumption that the vertical thickness of disks
is set by only self-stirring, measured scale height values can
be used to place an upper limit on the mass of bodies stir-
ring the disk. Following Daley et al. (2019), we defined the
rms eccentricities and inclinations as ē =

√〈
e2〉 and ī =

√〈
i2
〉
,

respectively, where ⟨e2⟩ and ⟨i2⟩ are the eccentricity and inclina-
tion dispersions of the grain population. We assume that grains
are gravitationally excited isotropically in space such that ī = ē/2
(Inaba et al. 2001). At millimeter wavelengths, the inclination
of a self-stirred disk is related to the observed aspect ratio by
ī ∼
√

2hHWHM (Quillen et al. 2007). The relative velocities of
particles are then given by

⟨vrel⟩ ≈ vKep(r)
√

ī2 + 1.25ē2 ≈ 2
√

3vKep(r)hHWHM, (12)

where vKep(r) is the Keplerian velocity at radius r (Lissauer &
Stewart 1993; Wetherill & Stewart 1993; Wyatt & Dent 2002).

In the absence of significant damping, ⟨vrel⟩ will be excited
to roughly the escape velocity, vesc, of the largest bodies in the
system (which dominate the disk dynamics and drive most of
the stirring, e.g., Pan & Schlichting 2012; Schlichting 2014), at
which point collisions begin to dominate, limiting the growth of
⟨vrel⟩. The escape velocity is given by

vesc =

√
2πGD2ρd

3
(13)

for a spherical object of diameter D and bulk density ρd. By
equating ⟨vrel⟩ and vesc, we can obtain lower limits on the size and
mass of the largest bodies in the disk. We assumed a bulk density
of ρd = 2.0 g/cm3, corresponding to the bulk densities of trans-
Neptunian objects (Carry 2012). The minimum radii Rstir and
masses Mstir of the largest bodies stirring each disk are presented
in Table 4.

We also estimated the total mass of each disk using the
collisional cascade model of Pan & Schlichting (2012). The
model assumes a steady-state disk in which grains are stirred
by close encounters with large bodies and damped by dynami-
cal friction and collisions. Mass is conserved in all catastrophic
collisions, and we assumed efficient collisional damping such
that collisions with small bodies contribute significantly to the
velocity damping (see Sect. 2 of Pan & Schlichting 2012). We
adopted an eccentricity of 0.03 for all perturbing bodies. For
each disk, we used Eq. (12) to estimate the typical random
velocity of millimeter-sized grains within the disk, using the
fiducial scale height values presented in Table 2. We used the
stellar masses shown in Table 4, which were derived in Marino
et al. (2026). Solving for the steady-state sizes and velocity dis-
tributions enabled the dust characteristics obtained from our
parametric modeling (e.g., the millimeter dust mass and scale
height) to be extrapolated to estimate the total amount of mass in
the disk.
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Fig. 5. Stirring disk masses obtained from the (Pan & Schlichting
2012) stirring model with the fiducial hHWHM measurements for both
the gas-bearing (square) and gas-poor (circles) debris disks. The color
bar corresponds to the parametrically derived fractional widths (∆R/R)
presented in Han et al. (2026). We took the average ∆R/R for disks with
multiple reported rings (HD 15115 and HD 197481). The upper panel
shows a histogram of disk masses in our sample overlaid with a KDE
(purple line).

The derived masses, Mdisk, for each disk are presented in
Table 4 and plotted in Figure 5. The main panel shows the con-
nection between hHWHM and Mdisk (we note that the positive
correlation occurs due to the model specification, as hHWHM is
used to obtain the typical grain velocity, which directly affects
the derived disk mass), while the top panel shows a histogram of
the disk masses. Under half of the disks (5/13) contain less than
the mass of Neptune, while the more massive disks reach up to
several times the mass of Neptune. The color bar corresponds to
the parametrically derived fractional widths (∆R/R) presented in
Han et al. (2026). We find that belts which are vertically thicker
and radially wider tend to be more massive. Furthermore, we see
that the gas-bearing disks in the sample tend to be more massive
than gas-poor disks with similar scale heights; however, gas is
not considered in the collisional cascade model used to obtain
our estimates on Mdisk.

To verify whether the disk masses are large enough to stir
the disks to their observed morphologies within the age of the
system, we compute the stirring timescale Tstir using Eq. (28)
in Krivov & Booth (2018). This calculation requires assump-
tions about the maximum planetesimal radius, belt location and
fractional width, disk mass, stellar mass, bulk density, and frag-
mentation velocity vfrag. We use the values of Rstir, Rref , Mdisk,
and M⋆ in Table 4, and the ∆R/R values from Han et al. (2026).
As with our stirring mass estimates, we assume a bulk density of
ρd = 2.0 g/cm3. Because vfrag is not well-constrained, we adopt
the nominal value of vfrag = 30 m/s used in Krivov & Booth
(2018). Lastly, the equation includes the parameter γ, which
ranges from 1 ≤ γ ≤ 2 and bounds the upper and lower limits on
Tstir; we choose an intermediate γ = 1.5. The stirring timescales
are shown in Table 4. We find that all but three disks (HD 32297,

HD 131488, and HD 197481) could have been self-stirred within
the age of the system. The disks that cannot be explained solely
by self-stirring require an alternative mechanism, such as the
planet-disk stirring scenarios discussed in Sect. 5.5.

There exist other methods of estimating Mdisk. For example,
Krivov & Wyatt (2021, hereafter K21) compute a minimum disk
mass Mmin

disk contained within the collisional cascade by extrapo-
lating the observed mm-sized dust, assuming a power law size
distribution with q = 3.7 up to some maximum size at the top
of the cascade (smax, estimated using observables). The Pan &
Schlichting (2012) model employed here, on the other hand, esti-
mates the mass of the largest bodies driving the stirring within
the disk, which may not necessarily contribute directly to the col-
lisional cascade (as the collision timescale becomes larger than
the age of the system at these sizes). In this case, we assume that
the dust mass is negligible, such that Mdisk ≈ Mlarge.

These different modeling frameworks result in different mass
estimates; for many of the disks, our estimates of Mdisk are
incompatible with the minimum masses reported in K21. How-
ever, much of this difference may stem from the choice of
assumed millimeter dust mass, as the Mmin

disk estimates from K21
use different millimeter dust masses than found here. To miti-
gate this effect, we rescaled the K21 estimates of Mmin

disk to use
the millimeter dust masses derived from our fiducial models
(Table 4), finding that the estimates of Mmin

disk are compatible with
the estimates of Mdisk found using the Pan & Schlichting (2012)
model for four disks, and incompatible for the remaining three
disks. These results are presented and discussed in more detail
in Appendix D.

5.3. Comparison to other vertical measurements

The REASONS survey uniformly analyzed observations of
74 resolved debris disks (Matrà et al. 2025), many of which are
also present in the ARKS sample. The modeling and analysis
resulted in scale height measurements or constraints for many of
the disks, including 11 out of the 13 disks in the sample presented
here. In Figure 6, we compare the REASONS aspect ratios (cir-
cles) with the aspect ratios derived from the ARKS parametric
modeling (stars).

We find that some sources with well-resolved aspect ratios
from REASONS have significantly smaller (but still well
resolved) values derived from the ARKS parametric modeling.
The disks with the largest discrepancies tend to be some of the
thinnest disks in the sample, according to the parametric con-
straints presented in this work (e.g., HD 197481, HD 109573,
HD 32297). Some theoretical predictions suggest an increase
in inclination dispersion (or scale height) with age (e.g., with-
out considering damping and following

√〈
i2
〉
∝ t

1
4 as in Ida

& Makino 1993, assuming that stirrers form early in the disk
lifetime). While this trend was not resolved with the REASONS
sample, we find some evidence of an increase in ⟨i2⟩ with disk
age in the ARKS scale height measurements.

The large differences between the REASONS and ARKS
aspect ratios likely stems from differences in the model
parametrizations, data resolution, and observing wavelength.
Matrà et al. (2025) modeled each of the REASONS disks with
a simple model that assumes the disk is both radially and ver-
tically Gaussian. This had the advantage of enabling direct
comparison between disks across a large sample of debris disks,
including characterizing basic characteristics of the dust belts.
However, the ARKS radial analysis reveals a diverse set of belt
morphologies, very few of which are consistent with a Gaussian.
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Fig. 6. Aspect ratio hHWHM of the vertical profiles measured for the
ARKS data (stars) compared to the values derived from the REA-
SONS survey (circles, Matrà et al. 2025) with respect to host star age.
ARKS values are the best-fit values presented in Table 2; we note that
for HD 10647, two aspect ratios are plotted because the best-fit model
is composed of a vertical double Gaussian with two measured aspect
ratios. The corresponding rms inclination of dust grains assuming a
Rayleigh distribution of inclinations is shown on the right y axis. Purple
lines show the

√〈
i2〉 ∝ t

1
4 increase with age expected for planetesimal

belts stirred by large bodies (assuming that stirring bodies form early;
Ida & Makino 1993), with mass × surface density ΣM = 10−2 M2

⊕ au2

(top) and ΣM = 10−6 M2
⊕ au2 (bottom). Green dotted lines represent the

maximum rms inclinations expected from Moon-like, Pluto-like, and
140 km-sized stirring bodies (assuming the median stellar host mass
and belt radius of the REASONS sample, Matrà et al. 2025).

The work presented here further suggests that vertically, a Gaus-
sian dust distribution may not be representative of many debris
disks.

High resolution was not the focus of the REASONS sur-
vey, while the ARKS observing strategy focused specifically
on resolving the belts well enough to conduct a more detailed
analysis of each source (see Marino et al. 2026). On aver-
age, the resolution of the REASONS observations is several
times poorer than the ARKS observations of a given target. In
some cases, the angular resolution of the ARKS observations is
nearly an order of magnitude higher (e.g., HD 32297 is resolved
0.′′06 with ARKS and 0.′′5 with REASONS). This resolution
may have resulted in biased scale height measurements, even
if they appear to be well-constrained using the simple Gaus-
sian parametrization. Some of the aspect ratios recovered with
the ARKS data still appear to be limited by the data resolu-
tion to some extent (Figure 2); follow-up observations of the
thinnest disks at higher angular resolution may be useful to
fully understand the dependence of measured scale height on
resolution.

Lastly, variations in scale height with observing wavelength
have already been observed (e.g., for AU Mic in ALMA Bands
6 and 9, Vizgan et al. 2022). The REASONS sample includes
observations at 0.855 ≤ λ [mm] ≤ 1.36, so differences in
the observing wavelengths could contribute to differences in

Fig. 7. Comparison of ALMA hHWHM values (fiducial ARKS values,
red squares) with hHWHM constraints from scattered light observa-
tions (polarized intensity in black circles and total intensity in blue
diamonds). Gas-bearing disks are indicated with a shaded blue back-
ground.

measured aspect ratios. However, this is likely only a minor
contribution, as it is not clear that such a small difference in
wavelength would result in a measurable difference in h. A list of
ARKS targets with measured aspect ratios (both from this work
and previous studies) is available in Table C.1, along with the
corresponding data resolution and observing wavelength.

Many ARKS targets have also been detected in scattered
light; a detailed comparison of the scattered light and thermal
emission of these disks is presented in Milli et al. (2026). Here,
we briefly discuss the vertical profiles and scale heights from
the scattered light observations. The vertical profiles of the disks
modeled in scattered light are parametrized with a Gaussian
profile of standard deviation r tanψ linearly increasing with the
radius r, where ψ is the vertical opening angle of the disk. The
HWHM of such a vertical profile is therefore

√
2 ln 2 × r tanψ

and the corresponding aspect ratio is hHWHM =
√

2 ln 2 tanψ.
This quantity is plotted in Figure 7 together with the hHWHM

derived from the fiducial ARKS parametric models (Table 2).
Systems are plotted with increasing millimeter scale height, and
gas-bearing disks are highlighted with a light blue background.
We find that most disks have a similar scale height or are thicker
in scattered light compared to thermal imaging. HD 39060 has
a substantially larger scale height in both thermal emission and
scattered light compared to the rest of the targets.

Theoretical works predict the gas-bearing disks to have a
smaller scale heights caused by dust vertical settling (Olofsson
et al. 2022b). For second-generation gas present at a low level
(≲ 0.1M⊕, depending on the dust mass), this settling is expected
to be most visible in scattered light while the larger grains
seen in thermal images are less affected. On the other hand, we
expect larger quantities of gas (≳ 0.1M⊕) to cause significant
damping in both millimeter and scattered light observations.
In Figure 7, no clear trend emerges from the comparison of
the gas-bearing disks shown shaded in blue with the disks
containing no detectable amount of CO.

These comparisons come with several caveats. First, not all
disks are well resolved vertically in scattered light. For instance,
this is the case for HD 32297, as mentioned in Olofsson et al.
(2022a). Second, depending on the dataset used to model the
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disk vertical distribution in scattered light (the spectral filter for
HD 15115 or the choice between total or polarized light for most
other disks, see details in Milli et al. 2026), the scale height may
be different, mostly because the signal-to-noise of the scattered
light observations is not the same.

5.4. Theoretical implications

One way to probe which dynamical effects are at work in these
disks is to consider the ratio ⟨erms⟩/⟨irms⟩. In self-stirred disks
an energy equipartition between vertical and radial motion is
expected, such that ⟨erms⟩/⟨irms⟩ ∼ 2 (Ida & Makino 1992). If
a disk is stirred by a (nearly) co-planar planet, eccentricities
will be excited to a greater degree than the inclinations, and we
may expect that ⟨erms⟩/⟨irms⟩ > 1 (Pearce et al. 2024). Alterna-
tively, if a disk is pre-stirred (e.g., if the dynamical excitation
is set during the protoplanetary phase), and if the eccentric-
ity and the inclination distributions subsequently evolve due to
fragmentation-dominated collisional evolution, we may expect
that the ratio decreases to ⟨erms⟩/⟨irms⟩ < 1 with inefficient
collisional damping (Jankovic et al. 2024). The vertical and
radial constraints from this work and Han et al. (2026) enable
observational constraints to be placed on this ratio.

We used the upper limit estimates of ⟨erms⟩ presented in Han
et al. (2026), which assume a self-stirred disk (Marino 2021;
Rafikov 2023). For disks with no reported ⟨erms⟩, we estimated
the upper limit of ⟨erms⟩ using the belt fractional width ∆R/R as
in Marino (2021),

⟨erms⟩ ≤ 0.6∆R/R. (14)

For these sources, we adopted the median fractional widths
reported in Han et al. (2026). We estimated ⟨irms⟩ as described in
Sect. 5.2. We find that the majority of disks have an upper limit of
⟨erms⟩/⟨irms⟩ > 2, while four (HD 15115, HD 39060, HD 76582,
and HD 161868) have ⟨erms⟩/⟨irms⟩ ≲ 2 (Figure 8). While none
of the disks have an upper limit of ⟨erms⟩/⟨irms⟩ < 1, the true
ratio could be lower, so we cannot rule out that some disks
in the sample may be dynamically dominated by catastrophic
collisions.

We emphasize that the values of ⟨erms⟩ and ⟨irms⟩ shown in
Figure 8 should be taken as estimates. Because ⟨erms⟩ is derived
from the radial distribution of material in the disk, there is a
degeneracy between the semi-major axis distribution and the
eccentricity distribution in the disk. Thus, the true values of
⟨erms⟩ could be smaller. Similarly, while the errors on ⟨irms⟩

shown in Figure 8 stem only from uncertainties in the mea-
sured scale height, there is additional uncertainty stemming from
the approximations and assumptions used to compute ⟨irms⟩.
We calculate ⟨irms⟩ using the approximation from Quillen et al.
(2007), such that ⟨irms⟩ ∼

√
2hHWHM. Matrà et al. (2019), on the

other hand, assume a Rayleigh distribution of inclinations in a
self-stirred disk to derive ⟨irms⟩ =

√
2hσ. We note that hσ is

approximately 85% of hHWHM. However, the non-Gaussianity of
most vertical profiles means that neither of these equations are
strictly true for this application.

Another way to compare different theoretical models to the
observations is to consider how h varies with wavelength. If a
disk is fragmentation-dominated with no significant collisional
damping, h is expected not to vary with wavelength, in viscously
stirred disks (Kenyon & Bromley 2002b, 2004, 2008; Kennedy
& Wyatt 2010) as well as in pre-stirred disks (Jankovic et al.
2024). On the other hand, if h increases with wavelength, it could

Fig. 8. Eccentricity and inclination dispersions estimated from the
radial and vertical density distributions, respectively. Points with black
outlines use the upper limits on ⟨erms⟩ presented in Han et al. (2026),
while points with red outlines have ⟨erms⟩ estimated using Eq. (14).
Disks may be dynamically dominated by catastrophic collisions when
⟨erms⟩/⟨irms⟩ ≲ 1, rather than self-stirred or planet-stirred scenarios that
result in a larger ratio of ⟨erms⟩/⟨irms⟩. We note that the y-axis shows
upper limits of ⟨erms⟩, so we only find upper limits on ⟨erms⟩/⟨irms⟩.

be a sign of efficient collisional damping in the system (Pan &
Schlichting 2012).

We compiled ALMA measurements of hHWHM, shown in
Table C.1 and summarized in Figure C.1. A few systems show
a consistent increase in measured hHWHM: HD 15115, HD 32297,
HD 61005, and HD 131488. The remaining disks with mul-
tiwavelength constraints (HD 9672, HD 10647, HD 14055,
HD 107146, HD 161868, and HD 1974818) appear more con-
sistent with an aspect ratio that remains approximately constant
with wavelength. The remaining disks do not have measurements
in multiple ALMA bands.

The predictions come with the caveat that results are diffi-
cult to directly compare if the h measurements were obtained
with different methods or with different data resolutions. Unfor-
tunately, this makes it impossible to draw firm conclusions with
the current data and analyses. Follow-up measurements at simi-
lar resolutions to the ARKS observations could help to confirm
or rule out these tentative trends.

5.5. Constraints on planetary companions

In this work, we have assumed that disks have aspect ratios
which are driven by internal processes. However, there is a
rich literature exploring alternative scenarios in which planetary
(or stellar) companions drive the required dynamical excitation.
In these cases, the properties of the hypothetical planet(s) and
the disk-to-planet mass ratio (Mdisk/mpl) set the disk particles’

8 While not obvious here, there is evidence that HD 197481 is vertically
thicker in Band 6 observations compared to Band 9 observations at a
similar resolution (Vizgan et al. 2022).
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eccentricities and inclinations. For example, low mass disks may
have observable differences in their vertical structure depend-
ing on whether the planet’s orbit is inclined with respect to
the disk: a coplanar planet would excite the disk radially rather
than vertically (Pearce & Wyatt 2014). On the other hand, ini-
tially misaligned, low-inclination planets can generate warps that
propagate through the disk over time, causing the disk to settle
into a vertically inflated configuration. This can occur regardless
of whether the planet lies interior (Mouillet et al. 1997; Dawson
et al. 2011; Pearce & Wyatt 2014; Smallwood 2023) or exterior
to the disk (Nesvold et al. 2017; Farhat et al. 2023), assuming the
dynamics are not significantly affected by the disk gravity (typi-
cally requiring Mdisk/mpl ≪ 1; Sefilian et al. 2025). Assuming a
given configuration, one can then use the measured vertical scale
heights to infer the planet properties.

For relatively massive disks, the collective gravity of the
disk may be significant enough to resist planetary perturba-
tions, maintaining a low dispersion in both radial (Sefilian
2024) and vertical directions (Poblete et al. 2023; Sefilian et al.
2025). Alternatively, a massive disk could give rise to secular-
inclination resonances and localized warps (Sefilian et al. 2025).
This significantly complicates the interpretation of planetary
parameters inferred from massless disk models, which typically
result in artificially low planetary masses, particularly when the
planet lies close to the disk (Sefilian et al. 2025). A full explo-
ration of planet-driven dynamical excitation scenarios is outside
the scope of this study. However, a future study will provide a
detailed investigation on planetary inference in the ARKS sam-
ple, building on the vertical aspect ratio measurements presented
in this work (Jankovic et al. in prep).

5.6. Limitations

We have presented the modeling and analysis of the vertical
aspect ratios and dust distributions of the highly inclined ARKS
targets. However, the analyses presented here have several limi-
tations which could impact how the results are interpreted. First,
we consider only axisymmetric disks with vertical distributions
that peak at the disk midplane. The axisymmetric modeling
could obscure more complex structures both radially and ver-
tically. For example, the presence of a warp could bias the
axisymmetric models to larger scale heights in order to account
for the warped material sitting further from the midplane. An
analysis of the asymmetric features in the ARKS sample is
presented in Lovell et al. (2026).

Second, in this work we assume that aspect ratio is con-
stant with radius. Using a constant aspect ratio is beneficial for
enabling direct comparison with the majority of previous vertical
structure measurements (see Table C.1), as well as for mini-
mizing the number of free parameters in our models. However,
recent work has called the validity of this assumption into ques-
tion, as more disks with evidence of a variable h are identified.
For example, Matrà et al. (2019) parametrized the aspect ratio
of HD 39060 as h ∝ rβ−1. In this parametrization, β = 1 corre-
sponds to a constant aspect ratio (as in our Eq. (1)), β > 1 to
a flared disk, and β = 0 to a constant H. The model fit yielded
β = 0.7 ± 0.2, which is consistent with a constant h(r), but also
provides marginal evidence (at < 2σ) of a slowly increasing
scale height resulting in a radially varying h(r). This, however,
did not result in a significantly improved fit compared to models
assuming a constant h. Similarly, Terrill et al. (2023) allowed
for a varying aspect ratio with radius when fitting HD 9672
(49 Ceti), and found a loosely constrained value of β = 0.79+0.29

−0.35.

More recently, Han et al. (2025) fit H(r) nonparametrically,
finding several disks that are not consistent with a constant aspect
ratio. Some ARKS targets were included in this study: HD 14055
was found to be consistent with a constant aspect ratio, while
HD 32297, HD 61005, and HD 197481 were found to have a
steeper H(r) (scale height increasing more sharply with radius).
Interestingly, HD 15115 was found to have a decreasing H(r),
suggesting that the inner ring may be thicker than the outer ring.

From a theoretical perspective, Sefilian et al. (2025) find that
in debris disks perturbed by inner planets, the aspect ratio can
follow h(r) ∝ r−7/2, with the extent of this behavior depend-
ing on the disk-to-planet mass ratio, Mdisk/Mplanet. This effect
arises from the disk’s ability to mitigate planetary perturba-
tions (see also Sefilian 2024). When Mdisk/Mplanet ≳ 1, this trend
holds across the entire disk; for Mdisk/Mplanet ≲ 1, it applies
only in the disk’s outer regions, while the inner parts maintain
h(r) ≈ const. This suggests that planet-disk interactions can pro-
duce aspect ratios that vary and decrease with radius. The work
presented here only considers the case of a radially constant h,
but follow-up studies with nonconstant h would be beneficial
to fully understand how common scale height variability is in
debris disks.

Lastly, the specific radial and vertical density parametriza-
tions can impact the measured scale heights. A poor choice
of radial profile can result in biased vertical results, (and vice
versa). This may explain some of the differences between hHWHM
measurements derived from REASONS and ARKS (Figure 6).
Similar discrepancies can be seen in Figure C.1, which shows all
of the measured hHWHM listed in Table C.1. We have attempted
to address this issue by leveraging the extensive radial structure
analysis presented in Han et al. (2026) to ensure that we are
using the most appropriate parametrizations for the radial dust
distributions before extending the exploration to the vertical dust
structures. However, it is possible that the radial and/or vertical
density distributions adopted in this work do not fully capture
the morphology of certain sources.

6. Conclusions

In this paper we have presented the detailed vertical structure
analysis of the ARKS debris disks, including constraints from
parametric modeling, frank, and rave. We successfully mea-
sured the scale heights for the 13 most highly inclined targets
in the ARKS sample using all three methods, and we recov-
ered scale height constraints for a handful of moderately inclined
ARKS targets with frank and rave (Table 3). Our key results
are summarized here:

– Many disks are quite thin (hHWHM ≲ 0.01), while others host
millimeter-sized dust grains much farther from the midplane
(hHWHM ≳ 0.1);

– Lorentzian (or otherwise thick-tailed) vertical dust distri-
butions are common, suggesting that systems may com-
monly host multiple dynamical populations within the disk.
This could hint at Neptune-like migration histories in these
systems or could be a remnant of long-term planet-disk
interactions in general;

– We used our aspect ratio measurements to estimate the total
mass of solids in the disk, and we placed limits on the mass
of the bodies that could be gravitationally stirring the disks
(Table 4, Figure 5). We find that fewer than half of the disks
contain less mass than Neptune and that the most massive
disks also have the broadest belts radially;

– We measure much smaller aspect ratios (thinner disks) than
comparable measurements made with lower-resolution data
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at the same observing wavelength. As a result, we may
for the first time be observing the theoretically predicted
increase in scale height with disk age. However, because the
disks are so thin, follow-up observations at higher resolution
could help us better understand this trend;

– Aspect ratios obtained from scattered light observations tend
to be similar to or larger than the corresponding ALMA mil-
limeter aspect ratios (Figure 7). We do not observe a clear
trend when comparing the gas-bearing debris disks against
those with no detected gas, though several of the disks are
not well resolved vertically in scattered light.

These measurements provide new empirical constraints on the
vertical structures of debris disks and the range of dynamical
processes that are likely to sculpt them. Future high reso-
lution and multiwavelength observations will help to further
refine these measurements, strengthening our population level
understanding of the debris disk morphologies and dynamics.
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Appendix A: Summary of parametric modeling

Table A.1: Summary of the parametric modeling (combinations of radial and vertical functional forms and the number of free parameters Np) for
each source.

Fiducial Model Parameters

Source Radial
Form

Vertical
Form Np

AIC
Conf. ∆BIC Best-Fit 50th Percentile

HD 9672

αin = 2.11 αin = 2.13+0.17
−0.17

αout = −1.48 αout = −1.45+0.09
−0.09

DPL vG 10 7.52 60.62 Rc = 107 au Rc = 107+4
−4 au

DG vG 12 > 10 99.18 hHWHM = 0.041 hHWHM = 0.046+0.008
−0.008

DPL vE 11 7.76 77.54 Σc = −4.170 Σc = −4.175+0.009
−0.009

DPL vL 10 0.27 0 PA= 107.72◦ PA= 107.74◦+0.12
−0.09

DPL vDG 12 0 25.81 dRA= 0.′′039 dRA= 0.′′048+0.015
−0.016

dDec= −0.′′035 dDec= −0.′′037+0.006
−0.007

i = 80.03◦ i = 80.18◦+0.12
−0.14

F⋆ = 5.2 × 10−6 Jy F⋆ = 1.0+1.0
−0.6 × 10−5 Jy

HD 10647

R1 = 87.9 au R1 = 87.6+0.9
−0.6 au

R2 = 142.4 au R2 = 143+3
−3 au

σ1 = 10.4 au σ1 = 10.6+0.8
−0.8 au

DPL vG 10 > 10 > 100 σ2 = 36.3 au σ2 = 35+2
−3 au

DG vG 12 > 10 > 100 C1 = 0.650 C1 = 0.654+0.011
−0.013

DPL vE 11 > 10 > 100 hHWHM1 = 0.052 hHWHM1 = 0.053+0.006
−0.007

DG vE 13 > 10 > 100 hHWHM2 = 0.226 hHWHM2 = 0.225+0.002
−0.002

DPL vL 10 6.15 0 Cvert = 0.91 Cvert = 0.88+0.06
−0.06

DG vL 12 7.74 47.94 Σc = −4.406 Σc = −4.395+0.019
−0.019

DPL vDG 12 > 10 > 100 PA= 57.1◦ PA= 56.8◦+0.29
−0.19

DG vDG 14 0 9.04 dRA= 0.′′093 dRA= 0.′′092+0.010
−0.010

dDec= 0.′′016 dDec= 0.′′011+0.008
−0.009

i = 78.74◦ i = 78.83◦+0.21
−0.18

F⋆ = 146 × 10−6 Jy F⋆ = 145+0.8
−1.0 × 10−6 Jy

HD 14055

αin = 1.31 αin = 1.24+0.15
−0.12

DPL vG 10 0.56 0 αout = −3.43 αout = −3.2+0.7
−0.9

DG vG 12 0.27 25.92 Rc = 177 au Rc = 180+9
−12 au

DPL vE 11 1.12 14.83 hHWHM = 0.059 hHWHM = 0.053+0.007
−0.008

DG vE 13 0 38.72 Σc = −5.051 Σc = −5.068+0.017
−0.018

DPL vL 10 1.62 3.38 PA= 161.44◦ PA= 161.59◦+0.29
−0.16

DG vL 12 1.46 29.32 dRA= −0.′′066 dRA= −0.′′062+0.009
−0.009

DPL vDG 12 1.59 29.83 dDec= −0.′′064 dDec= −0.′′067+0.013
−0.011

DG vDG 14 1.07 54.50 i = 80.0◦ i = 80.0◦+0.2
−0.3

F⋆ = 1.00 × 10−4 Jy F⋆ = 1.01+0.1
−0.1 × 10−4 Jy
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Table A.1: continued.

Fiducial Model Parameters

Source Radial
Form

Vertical
Form Np

AIC
Conf. ∆BIC Best-Fit 50th Percentile

HD 15115

R1 = 97.83 au R1 = 97.88+0.05
−0.07 au

R2 = 65.94 au R2 = 66.0+0.60
−0.40 au

DPL vG 10 > 10 > 100 σ1 = 4.68 au σ1 = 4.59+0.18
−0.19 au

DG vG 12 6.94 52.55 σ2 = 1.88 au σ2 = 2.3+0.9
−0.8 au

DPL vE 11 > 10 > 100 C1 = 0.78 C1 = 0.81+0.04
−0.07

DG vE 13 6.05 54.77 hHWHM = 0.021 hHWHM = 0.022+0.002
−0.002

DPL vL 10 > 10 > 100 Σc = −3.427 Σc = −3.437+0.038
−0.028

DG vL 12 0 0 PA= 98.458◦ PA= 98.463◦+0.013
−0.014

DPL vDG 12 > 10 > 100 dRA= 0.′′038 dRA= 0.′′036+0.002
−0.003

DG vDG 14 2.05 34.56 dDec= −0.′′014 dDec= −0.′′014+0.001
−0.001

i = 86.74◦ i = 86.79◦+0.05
−0.04

F⋆ = 3.3 × 10−5 Jy F⋆ = 2.5+0.6
−0.6 × 10−5 Jy

HD 32297

αin = 71 αin = 66+22
−18

DPL vG 10 3.02 11.96 αout = −6.4 αout = −6.3+0.13
−0.11

DG vG 12 5.27 57.36 Rc = 105.2 au Rc = 105.4+0.5
−0.4 au

DPL vE 11 2.24 20.24 hHWHM = 0.0098 hHWHM = 0.0092+0.0012
−0.0012

DG vE 13 5.09 68.34 Σc = −2.709 Σc = −2.718+0.012
−0.016

DPL vL 10 0 0 PA= 47.50◦ PA= 47.50◦+0.02
−0.04

DG vL 12 4.33 47.98 dRA= 0.′′0201 dRA= 0.′′0202+0.0015
−0.0014

DPL vDG 12 0.97 27.95 dDec= 0.′′0152 dDec= 0.′′0151+0.0013
−0.0013

i = 88.48◦ i = 88.48◦+0.04
−0.03

F⋆ = 1.1 × 10−5 Jy F⋆ = 2.3+1.2
−1.2 × 10−5 Jy

HD 39060
(Beta Pic)

αin = 1.82 αin = 1.78+0.14
−0.10

αout = −5.4 αout = −5.2+0.6
−0.5

Rc = 125 au Rc = 125+2
−3 au

DPL vG 10 > 10 > 100 hHWHM = 0.112 hHWHM = 0.112+0.002
−0.001

DPL vE 11 > 10 91.82 Σc = −4.020 Σc = −4.031+0.014
−0.012

DPL vL 10 1.55 0 PA= 29.76◦ PA= 29.74◦+0.09
−0.09

DPL vDG 12 0 22.85 dRA= −0.′′021 dRA= −0.′′017+0.010
−0.009

dDec= −0.′′007 dDec= −0.′′001+0.015
−0.015

i = 87.65◦ i = 87.66◦+0.17
−0.13

F⋆ = 7.5 × 10−5 Jy F⋆ = 7.5+1.3
−1.2 × 10−5 Jy

HD 61005

R1 = 69.0 au R1 = 69.4+0.5
−0.4 au

R2 = 97 au R2 = 95+2
−2 au

σ1 = 7.8 au σ1 = 7.5+0.5
−0.4 au

DPL vG 10 6.81 25.66 σ2 = 29.4 au σ2 = 30.8+1.7
−1.5 au

DG vG 12 2.64 9.61 C1 = 0.839 C1 = 0.837+0.011
−0.012

TG vG 15 3.13 50.28 hHWHM = 0.0129 hHWHM = 0.0143+0.0020
−0.0021

DG vE 13 3.03 24.52 Σc = −3.351 Σc = −3.349+0.016
−0.015

DG vL 12 0 0 PA= 70.286◦ PA= 70.279◦+0.015
−0.020

DG vDG 14 1.31 28.36 dRA= 0.′′002 dRA= −0.′′001+0.006
−0.005

dDec= −0.′′017 dDec= −0.′′017+0.002
−0.003

i = 86.23◦ i = 86.24◦+0.03
−0.04

F⋆ = 2.3 × 10−6 Jy F⋆ = 2.0+8.0
−4.0 × 10−6 Jy
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Table A.1: continued.

Fiducial Model Parameters

Source Radial
Form

Vertical
Form Np

AIC
Conf. ∆BIC Best-Fit 50th Percentile

HD 76582

DPL vG 10 7.99 68.74

DG vG 12 8.08 93.10 σin = 47 au σin = 45+8
−8 au

Erf vG 10 7.92 67.28 σout = 113 au σout = 114+23
−15 au

AG vG 10 7.99 68.58 Rc = 182 au Rc = 181+11
−11 au

TPL vG 15 > 10 > 100 hHWHM = 0.193 hHWHM = 0.192+0.009
−0.009

Erf vE 11 3.81 29.44 Σc = −4.690 Σc = −4.692+0.019
−0.024

AG vE 11 3.50 27.01 PA= 103.2◦ PA= 103.9◦+1.0
−0.7

DPL vL 10 2.09 6.61 dRA= −0.′′029 dRA= −0.′′04+0.05
−0.05

Erf vL 10 1.63 4.52 dDec= 0.′′036 dDec= 0.′′04+0.03
−0.02

AG vL 10 0 0 i = 72.1◦ i = 72.6◦+0.7
−0.6

DPL vDG 12 2.98 35.04 F⋆ = 3.2 × 10−5 Jy F⋆ = 3.6+1.8
−1.6 × 10−5 Jy

Erf vDG 12 2.94 34.75

AG vDG 12 2.81 33.92

HD 109573

R1 = 77.63 au R1 = 77.61+0.03
−0.10 au

R2 = 84.46 au R2 = 83.0+1.9
−1.7 au

DPL vG 10 5.29 7.99 σ1 = 3.2 au σ1 = 3.0+0.2
−0.3 au

DG vG 12 0 0 σ2 = 24 au σ2 = 21+3
−4 au

G vG 9 > 10 42.41 C1 = 0.977 C1 = 0.972+0.007
−0.010

AG vG 10 7.68 39.63 hHWHM = 0.0065 hHWHM = 0.0082+0.0033
−0.0038

DG vE 13 0.95 14.06 Σc = −2.810 Σc = −2.784+0.023
−0.023

DG vL 12 0.09 0.15 PA= 26.52◦ PA= 26.52◦+0.03
−0.04

DG vDG 14 1.54 28.03 dRA= 0.′′0130 dRA= 0.′′0137+0.0008
−0.0008

dDec= −0.′′0400 dDec= −0.′′0397+0.0012
−0.0011

i = 76.57◦ i = 76.62◦+0.09
−0.10

F⋆ = 2.3 × 10−5 Jy F⋆ = 3.6+1.6
−1.5 × 10−5 Jy

HD 131488

R1 = 90.77 au R1 = 90.86+0.14
−0.10 au

R2 = 96.8 au R2 = 95.9+0.70
−0.50 au

DPL vG 10 > 10 > 100 σ1 = 1.03 au σ1 = 1.17+0.18
−0.12 au

DG vG 12 0.90 0 σ2 = 20.4 au σ2 = 19.8+1.6
−1.3 au

G vG 9 > 10 > 100 C1 = 0.968 C1 = 0.961+0.005
−0.006

DPL vE 11 > 10 > 100 hHWHM = 0.0048 hHWHM = 0.0059+0.0011
−0.0010

DG vE 13 0 11.63 Σc = −2.136 Σc = −2.131+0.035
−0.063 .

DPL vL 10 > 10 > 100 PA= 97.304◦ PA= 97.298◦+0.013
−0.023

DG vL 12 1.26 1.14 dRA= 0.′′0017 dRA= 0.′′0011+0.0007
−0.0006

dDec= −0.′′007 dDec= −0.′′007+0.0002
−0.0003

i = 84.91◦ i = 84.87◦+0.05
−0.05

F⋆ = 4.3 × 10−5 Jy F⋆ = 3.8+0.9
−0.8 × 10−5 Jy
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Table A.1: continued.

Fiducial Model Parameters

Source Radial
Form

Vertical
Form Np

AIC
Conf. ∆BIC Best-Fit 50th Percentile

HD 131835

R1 = 69.0 au R1 = 69.0+0.4
−0.3 au

R2 = 107.7 au R2 = 109.1+2.2
−1.9 au

σ1 = 4.7 au σ1 = 4.8+0.6
−0.6 au

DPL vG 10 > 10 > 100 σ2 = 42.7 au σ2 = 42.0+1.4
−1.8 au

DG vG 12 0.55 1.08 C1 = 0.877 C1 = 0.877+0.012
−0.012

TG vG 15 1.67 43.94 hHWHM = 0.017 hHWHM = 0.022+0.007
−0.006

DG vE 13 1.26 16.22 Σc = −2.915 Σc = −2.912+0.047
−0.043

DG vL 12 0 0 PA= 58.90◦ PA= 58.96◦+0.18
−0.18

DG vDG 14 1.46 30.01 dRA= 0.′′0007 dRA= 0.′′0018+0.0018
−0.0018

dDec= −0.′′0063 dDec= −0.′′0056+0.0014
−0.0014

i = 74.5◦ i = 74.6◦+0.2
−0.2

F⋆ = 4.3 × 10−6 Jy F⋆ = 1.0+1.2
−0.7 × 10−5 Jy

HD 161868

αin = 1.24 αin = 1.21+0.19
−0.15

αout = −5.3 αout = −5.3+1.8
−2.5

DPL vG 10 3.48 12.04 Rc = 160 au Rc = 160+11
−13 au

DG vG 12 3.29 34.57 hHWHM = 0.192 hHWHM = 0.192+0.012
−0.016

DPL vE 11 1.94 14.71 Σc = −4.896 Σc = −4.902+0.025
−0.029

DPL vL 10 1.26 0 PA= 57.8◦ PA= 57.3◦+1.0
−1.2

DPL vDG 12 0 20.79 dRA= −0.′′004 dRA= −0.′′01+0.03
−0.02

dDec= −0.′′08 dDec= −0.′′08+0.02
−0.02

i = 66.7◦ i = 66.7◦+0.9
−0.9

F⋆ = 1.7 × 10−4 Jy F⋆ = 1.6+0.2
−0.2 × 10−4 Jy

HD 197481

αin = 4.5 αin = 4.5+0.3
−0.2

αout = −12.2 αout = −12.2+1.6
−1.9

DPL vG 12 6.21 34.01 Rc = 37.4 au Rc = 37.2+0.6
−0.7 au

DG vG 14 3.35 26.87 hHWHM = 0.0026 hHWHM = 0.0028+0.0009
−0.0002

DPL vE 13 3.13 14.65 Σc = −3.756 Σc = −3.711+0.045
−0.052

DG vE 15 0 23.33 PA= 128.73◦ PA= 128.73◦+0.02
−0.02

DPL vL 12 2.49 0 dRA= −0.′′019 dRA= −0.′′021+0.007
−0.007

DG vL 14 2.95 24.17 dDec= −0.′′012 dDec= −0.′′009+0.006
−0.005

DPL vDG 14 1.20 15.57 i = 88.16◦ i = 88.13◦+0.08
−0.09

DG vDG 16 1.09 36.58 F⋆1 = 3.5 × 10−4 Jy F⋆1 = 3.5+0.2
−0.2 × 10−4 Jy

F⋆2 = 1.5 × 10−4 Jy F⋆2 = 1.5+0.3
−0.2 × 10−4 Jy

F⋆3 = 2.0 × 10−4 Jy F⋆3 = 2.0+0.2
−0.2 × 10−4 Jy

Notes. We use the AIC and BIC to identify a fiducial model for each source, shown in bold. We show the ∆AIC value in terms of a confidence
level from the best-fit AIC model (the model with ∆AIC= 0), and we show the ∆BIC as a difference from the best-fit BIC model (the model with
∆BIC= 0). The rightmost columns show the best-fit and 50th percentile values for the fiducial models, with errors showing the 16th and 84th
percentiles. The surface density normalization factor Σc is parametrized as an exponent; the units of 10Σc are g cm−2.
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Appendix B: frank and rave vertical inference
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Fig. B.1: Comparison between the scale height aspect ratios hσ fitted with frank and rave. Circular points indicate measurements with both
methods, while triangles indicate constraints that are only upper limits (leftward and downward triangles for upper limits with frank and rave,
respectively). The dashed line indicates where the fitted values from the two methods are equal.

0.04 0.05 0.07
0.0

0.2

0.4

0.6

0.8

1.0
HD9672

± 1
3  upper lim.

0.0001 0.0010 0.0100
0.0

0.2

0.4

0.6

0.8

1.0
HD10647

0.001 0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD14055

0.012 0.015 0.020
0.0

0.2

0.4

0.6

0.8

1.0
HD15115

0.001 0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD15257

0.005 0.010
0.0

0.2

0.4

0.6

0.8

1.0
HD32297

0.05 0.06 0.07
0.0

0.2

0.4

0.6

0.8

1.0
HD39060

0.01 0.02
0.0

0.2

0.4

0.6

0.8

1.0
HD61005

0.03 0.10
0.0

0.2

0.4

0.6

0.8

1.0
HD76582

0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD84870

0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD92945

0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD95086

0.05 0.10 0.20
0.0

0.2

0.4

0.6

0.8

1.0
HD107146

0.0001 0.0010 0.0100
0.0

0.2

0.4

0.6

0.8

1.0
HD109573

0.05 0.10 0.20
0.0

0.2

0.4

0.6

0.8

1.0
HD121617

0.0001 0.0010 0.0100
0.0

0.2

0.4

0.6

0.8

1.0
HD131488

0.01 0.05
0.0

0.2

0.4

0.6

0.8

1.0
HD131835

0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD145560

0.000 0.001 0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD161868

0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD170773

0.015 0.020 0.030
0.0

0.2

0.4

0.6

0.8

1.0
HD197481

0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD206893

0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
TYC9340-437-1

0.010 0.100
0.0

0.2

0.4

0.6

0.8

1.0
HD218396

Aspect ratio

PD
F 

(n
or

m
al

is
ed

 to
 p

ea
k)

Fig. B.2: Probability density distributions of hσ fitted with frank. The red dots indicate sample points where the frank model was fitted and the
squared residuals computed, based on which the distribution was interpolated to obtain the cyan lines. The vertical solid black lines and shaded
region indicate the median and 1σ uncertainty region for distributions with a clear peak, whereas black dotted lines indicate the 3σ upper limit for
disks where only an upper limit can be placed.
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Fig. B.3: Probability density distributions of hσ fitted with rave. The points in each panel indicate sample points where the rave model was
fitted and the squared residuals computed, based on which the distribution was interpolated. The vertical blue dotted black lines and shaded region
indicate the median and 1σ uncertainty region for distribution of each disk. An orange dashed line, when present in a panel, indicates the mode of
the distribution, and is used as the height assumption when fitting the final model where only an upper bound can be placed. A green dashed line
at hσ=0, when present in a panel, indicates the height is unconstrained and a flat disk was assumed when fitting the final rave model. For all other
disks, the median was used to estimate the scale height and fit the final rave model.

Appendix C: Summary of new and archival aspect ratio measurements

Table C.1: Compilation of h measurements for each source, along with the resolution and wavelength of the observations used.

Source hσ hHWHM hFWHM
Resolution

(arcsec)
λ

(mm) Reference

HD 9672

0.039 ± 0.007 0.046 ± 0.008 0.092 ± 0.016 0.16 0.89 This work (parametric)
0.051+0.004

−0.003 0.060+0.005
−0.004 0.120+0.009

−0.007 0.16 0.89 This work (frank)
0.051+0.033

−0.034 0.060+0.039
−0.040 0.120+0.078

−0.080 0.16 0.89 This work (rave)
0.075 ± 0.004 0.088 ± 0.005 0.177 ± 0.009 0.47 0.614 Delamer (2021)
0.050 ± 0.007 0.059 ± 0.008 0.118 ± 0.016 0.47 0.614 Terrill et al. (2023)

0.033+0.014
−0.018 0.039+0.016

−0.021 0.078+0.033
−0.042 0.47 0.614 Han et al. (2025)

0.069+0.005
−0.007 0.081+0.006

−0.008 0.162+0.012
−0.016 0.5 0.868 Delamer (2021)

0.076 ± 0.009 0.089 ± 0.011 0.179 ± 0.021 0.5 0.868 Matrà et al. (2025)
0.15 ± 0.02 0.18 ± 0.02 0.35 ± 0.05 0.85 1.32 Delamer (2021)
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Table C.1: continued.

Source hσ hHWHM hFWHM
Resolution

(arcsec)
λ

(mm) Reference

HD 10647

0.045+0.006
−0.005 0.053+0.006

−0.007 0.106+0.014
−0.012 0.43 0.89 This work (parametric) (a)

0.191 ± 0.002 0.225 ± 0.002 0.450 ± 0.004 0.43 0.89 This work (parametric) (b)

< 0.007 < 0.008 < 0.016 0.43 0.89 This work (frank)
0.036+0.023

−0.024 0.042+0.027
−0.028 0.085+0.054

−0.057 0.43 0.89 This work (rave)
0.048 ± 0.004 0.057+0.005

−0.005 0.113+0.009
−0.009 0.5 0.86 Lovell et al. (2021)

0.037+0.007
−0.008 0.044+0.008

−0.009 0.087+0.016
−0.019 0.5 0.86 Terrill et al. (2023)

0.05 ± 0.01 0.06 ± 0.01 0.12 ± 0.02 1.0 1.26 Matrà et al. (2025)
0.046+0.009

−0.010 0.054+0.011
−0.012 0.108+0.021

−0.024 0.5 0.86 Han et al. (2025)

HD 14055

0.045+0.006
−0.007 0.053+0.007

−0.008 0.106+0.014
−0.016 0.23 0.89 This work (parametric)

0.031+0.014
−0.008 0.037+0.016

−0.009 0.073+0.033
−0.019 0.23 0.89 This work (frank)

0.040+0.026
−0.032 0.047+0.031

−0.038 0.094+0.061
−0.075 0.23 0.89 This work (rave)

< 0.10 < 0.12 < 0.024 1.85 1.27 Terrill et al. (2023)
0.03 ± 0.02 0.04 ± 0.02 0.07 ± 0.05 1.85 1.27 Matrà et al. (2025)
0.111+0.062

−0.064 0.131+0.073
−0.075 0.261+0.146

−0.151 1.85 1.27 Han et al. (2025)

HD 15115

0.019+0.002
−0.002 0.022 ± 0.002 0.044+0.004

−0.004 0.12 0.89 This work (parametric)
0.016 ± 0.001 0.019 ± 0.001 0.038 ± 0.002 0.12 0.89 This work (frank)

0.018+0.007
−0.005 0.021+0.008

−0.006 0.042+0.016
−0.012 0.12 0.89 This work (rave)

0.048 ± 0.007 0.057 ± 0.008 0.113+0.016
−0.016 0.6 1.3 Terrill et al. (2023)

0.05+0.01
−0.02 0.06+0.01

−0.02 0.12+0.02
−0.05 0.6 1.3 Matrà et al. (2025)

0.067+0.030
−0.034 0.079+0.035

−0.040 0.158+0.071
−0.080 0.6 1.3 Han et al. (2025)

HD 32297

0.008+0.001
−0.002 0.009+0.002

−0.001 0.018+0.002
−0.004 0.06 0.89 This work (parametric)

0.009 ± 0.001 0.011 ± 0.001 0.021 ± 0.002 0.06 0.89 This work (frank)
0.012 ± 0.007 0.014 ± 0.008 0.028 ± 0.016 0.06 0.89 This work (rave)
0.08 ± 0.01 0.09 ± 0.01 0.19 ± 0.02 0.5 1.34 Terrill et al. (2023)

0.015 ± 0.002 0.018 ± 0.002 0.035 ± 0.005 0.5 1.34 Worthen et al. (2024)
0.08+0.01

−0.02 0.09+0.01
−0.02 0.19+0.02

−0.05 0.5 1.34 Matrà et al. (2025)
0.118+035

−0.044 0.139+0.041
−0.052 0.278+0.082

−0.104 0.5 1.34 Han et al. (2025)

HD 39060

0.095+0.001
−0.002 0.112+0.002

−0.001 0.224+0.002
−0.004 0.22 1.33 This work (parametric)

0.062 ± 0.002 0.073 ± 0.002 0.146 ± 0.005 0.22 1.33 This work (frank)
0.073 ± 0.011 0.086 ± 0.013 0.172 ± 0.026 0.22 1.33 This work (rave)
0.014 ± 0.006 0.016 ± 0.007 0.033 ± 0.014 0.3 1.33 Matrà et al. (2019) (c)

0.110+0.008
−0.006 0.130+0.009

−0.007 0.259+0.019
−0.014 0.3 1.33 Matrà et al. (2019) (d)

HD 61005

0.013+0.002
−0.003 0.015+0.002

−0.003 0.030+0.004
−0.006 0.15 0.89 This work (parametric)

0.017 ± 0.001 0.020 ± 0.001 0.040 ± 0.002 0.15 0.89 This work (frank)
0.016 ± 0.010 0.019 ± 0.012 0.038 ± 0.024 0.15 0.89 This work (rave)

0.039+0.003
−0.004 0.046+0.004

−0.005 0.092+0.007
−0.009 0.46 1.29 Terrill et al. (2023)

0.044+0.003
−0.004 0.052+0.004

−0.005 0.104+0.007
−0.009 0.46 1.29 Matrà et al. (2025)

0.029+0.007
−0.009 0.034+0.008

−0.011 0.068+0.016
−0.021 0.46 1.29 Han et al. (2025)

HD 76582
0.163+0.008

−0.008 0.192+0.010
−0.009 0.384+0.020

−0.018 0.56 0.89 This work (parametric)
0.055+0.011

−0.010 0.065+0.013
−0.012 0.130+0.026

−0.024 0.56 0.89 This work (frank)
< 0.116 < 0.137 < 0.273 0.56 0.89 This work (rave)
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Table C.1: continued.

Source hσ hHWHM hFWHM
Resolution

(arcsec)
λ

(mm) Reference

HD 92945
0.033+0.011

−0.010 0.039+0.013
−0.012 0.078+0.026

−0.024 0.40 0.86 This work (frank)
< 0.096 < 0.113 < 0.226 0.40 0.86 This work (rave)

HD 107146
0.113+0.019

−0.018 0.133+0.022
−0.021 0.266+0.045

−0.042 0.59 0.86 This work (frank)
< 0.184 < 0.217 < 0.433 0.59 1.00 (e) This work (rave)

HD 109573

< 0.0099 < 0.0116 < 0.0232 0.08 0.89 This work (parametric)
< 0.010 < 0.012 < 0.024 0.08 0.89 This work (frank)
< 0.025 < 0.029 < 0.059 0.08 0.89 This work (rave)

0.038 ± 0.005 0.045 ± 0.006 0.089 ± 0.012 0.17 0.88 Kennedy et al. (2018)
0.052 ± 0.003 0.061 ± 0.004 0.122 ± 0.007 0.17 0.88 Terrill et al. (2023)
0.058 ± 0.002 0.068 ± 0.002 0.137 ± 0.005 0.17 0.88 Matrà et al. (2025)

0.048+0.014
−0.019 0.057+0.016

−0.022 0.113+0.033
−0.045 0.17 0.88 Han et al. (2025)

HD 121617
0.090+0.010

−0.009 0.106+0.012
−0.011 0.212+0.024

−0.021 0.12 0.89 This work (frank)
0.071+0.046

−0.049 0.084+0.054
−0.058 0.167+0.108

−0.115 0.12 0.89 This work (rave)

HD 131488

< 0.0059 < 0.0070 < 0.014 0.04 0.89 This work (parametric)
< 0.007 < 0.008 < 0.016 0.04 0.89 This work (frank)

0.014 ± 0.008 0.016 ± 0.009 0.033 ± 0.019 0.04 0.89 This work (rave)
0.08 ± 0.04 0.09 ± 0.05 0.19 ± 0.09 0.54 1.33 Worthen et al. (2024)

HD 131835
0.019+0.006

−0.005 0.022+0.007
−0.006 0.044+0.014

−0.012 0.13 0.89 This work (parametric)
0.033 ± 0.005 0.039 ± 0.006 0.078 ± 0.012 0.13 0.89 This work (frank)

0.049+0.032
−0.031 0.058+0.038

−0.036 0.115+0.075
−0.073 0.13 0.89 This work (rave)

HD 145560
0.059+0.014

−0.013 0.069+0.016
−0.015 0.139+0.033

−0.031 0.09 0.89 This work (frank)
< 0.123 < 0.145 < 0.290 0.09 0.89 This work (rave)

HD 161868

0.163+0.010
−0.014 0.192+0.012

−0.016 0.384+0.024
−0.032 0.52 0.89 This work (parametric)

< 0.083 < 0.098 < 0.195 0.52 0.89 This work (frank)
< 0.187 < 0.220 < 0.440 0.52 0.89 This work (rave)
0.13+0.04

−0.05 0.15+0.05
−0.06 0.31+0.09

−0.12 1.4 1.27 Matrà et al. (2025)
0.15+0.03

−0.04 0.18+0.04
−0.05 0.35+0.07

−0.09 1.4 1.27 Terrill et al. (2023)
0.137+0.037

−0.042 0.161+0.044
−0.049 0.323+0.087

−0.099 1.4 1.27 Han et al. (2025)

HD 170773
< 0.099 < 0.117 < 0.233 0.33 0.89 This work (frank)
< 0.202 < 0.238 < 0.476 0.33 0.89 This work (rave)

HD 197481

0.0024+0.0008
−0.0002 0.0028+0.0009

−0.0002 0.0056+0.0018
−0.0004 0.35 1.35 This work (parametric)

0.019 ± 0.001 0.022 ± 0.001 0.045 ± 0.002 0.35 1.35 This work (frank)
0.021 ± 0.013 0.025 ± 0.015 0.049 ± 0.031 0.35 1.35 This work (rave)

0.031+0.005
−0.004 0.036+0.006

−0.005 0.073+0.012
−0.009 0.35 1.35 Daley et al. (2019)

0.025+0.008
−0.002 0.029+0.009

−0.002 0.059+0.019
−0.005 0.35 1.35 Vizgan et al. (2022)

0.017 ± 0.003 0.020 ± 0.004 0.040 ± 0.007 0.35 1.35 Matrà et al. (2025)
0.020 ± 0.002 0.024 ± 0.002 0.047 ± 0.005 0.35 1.35 Terrill et al. (2023)
0.022 ± 0.003 0.026 ± 0.004 0.052 ± 0.007 0.35 1.35 Han et al. (2025)

0.019+0.006
−0.001 0.022+0.007

−0.001 0.045+0.014
−0.002 0.23 0.45 Vizgan et al. (2022)

HD 206893
0.096+0.021

−0.029 0.113+0.025
−0.034 0.226+0.049

−0.068 0.45 1.35 This work (frank)
< 0.271 < 0.319 < 0.638 0.45 1.35 This work (rave)

Notes. The originally reported value is shown in bold, while conversions from this value are provided such that hσ, hHWHM, and hFWHM are shown
for each source. We note that for some entries, hσ may not strictly be a standard deviation if a standard deviation is undefined for the method used
(e.g., as in the parametric vertical Lorentzian fits shown in this work). For HD 10647, the contributions of the multicomponent fit contain (a)88± 6%
of the mass and (b)12 ± 6% of the mass. For HD 39060, the contributions of the multicomponent fit from Matrà et al. (2019) contain (c)20+5

−4% of
the mass and (d)80+4

−5% of the mass. (e)The rave analysis of HD 10746 used combined Band 6 and Band 7 observations.
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Fig. C.1: All values of hHWHM measured in this work and previous studies (Table C.1) with respect to observing wavelength. The gray shaded
region shows the wavelength range of ALMA Band 7. The color bar shows the angular resolution of the observations used for each measurement.
Triangular points indicate measurements which are upper limits, while circular points show the upper and lower 1σ uncertainties associated with
the measurement.

Appendix D: Comparison of disk mass estimates

Table D.1: Comparison of disk mass estimates from Pan & Schlichting (2012) (1) and K21 (2), as well as the assumed millimeter dust masses
Mmm used in each of these models.

Mdisk [M⊕] Mmin
disk [M⊕] Mmm [M⊕] Mmm [M⊕] Rescaled Mmin

disk Compatible?
Target (1) (2) (1) (2) [M⊕]
HD 9672 86.6 14.3 4.95 × 10−1 2.8 × 10−1 25.3 yes
HD 15115 3.72 7.0 6.17 × 10−3 8.5 × 10−2 0.51 yes, rescaled
HD 39060 104 5.5 1.83 × 10−1 7.9 × 10−2 12.7 yes
HD 61005 10.2 14.2 1.26 × 10−1 1.3 × 10−1 13.8 no
HD 131488 9.01 85.8 2.75 × 10−1 7.2 × 10−1 32.8 no
HD 131835 49.7 39.1 4.08 × 10−1 3.8 × 10−1 42.0 yes
HD 197481 0.830 1.8 1.49 × 10−2 1.4 × 10−2 1.92 no

Notes. We rescale the originally reported Mmin
disk to use the Mmm obtained from our fiducial models. The rescaled Mmin

disk are compatible with the
Mdisk obtained from the Pan & Schlichting (2012) model for HD 9672, HD 15115, HD 39060, and HD 131835, and incompatible for HD 61005,
HD 131488, and HD 197481. These discrepancies may stem from differences in model assumptions (see Sect. 5.2). For the Pan & Schlichting (2012)
model, difficulties constraining the scale height aspect ratio (which sets model parameter ⟨vrel⟩) may also contribute, particularly for HD 131488
and HD 197481 which are both noted to have h measurements limited by the resolution of the observations.
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