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ABSTRACT

Context. High-resolution imaging in scattered light has revealed complex morphologies in protoplanetary disks. Measuring their ver-
tical height is key to understanding disk structure, evolution, and the properties of embedded dust.

Aims. This work develops a robust method for fitting elliptical shapes to scattered-light images of protoplanetary disks in order to
extract vertical height profiles of the dust-scattering surface (r = 1) across a large and morphologically diverse disk sample. The
dataset comprised 92 unique near-infrared polarimetric images of individual systems obtained with VLT/SPHERE. The goal was to
identify trends in vertical structure across morphologies and test for correlations with stellar mass, age, and disk dust mass. Using the
height profiles, we also investigated the implications of the constrained height for the masses of potential embedded planets.
Methods. We implemented a structure extraction and ellipse fitting (SEEF) algorithm using edge detection and Gaussian fitting to
locate the structure within protoplanetary disks. Fitting ellipses to the structure revealed spatial offsets from the centre of the ellipse
and the star, which we interpreted as the vertical height assuming a circular ring geometry. We also derived the disk inclination, posi-
tion angle, and aspect ratio (h.-/r).

Results. The SEEF algorithm obtained successful vertical height measurements for 92 unique disks, revealing variations in height
profiles consistent with flared disk geometries. Analysis of the full sample showed that the vertical height profile cannot be confidently
described by a single power-law relation. Subdivision of the sample by disk morphology revealed no strong correlations within most
categories, with the exception of extended disks (rouer = 150 au), which exhibited a strong correlation with a single power-law trend.
Investigation into underlying disk properties revealed no correlation for its effect to the vertical height structure.

Conclusions. We present a consistent method for measuring the vertical structure of circumstellar disks using ellipse fitting on
scattered-light images. While trends in height structure remain weakly correlated for the full sample and many disk morphologies,
extended disks (rouer = 150 au) stand out as the only subgroup showing a clear power-law flaring trend. The lack of a strong correlation
across other morphologies and with system properties such as stellar or dust mass suggests that either differing disk morphologies

exhibit different vertical height profiles or that another, unidentified factor affects the disk flaring.

Key words. techniques: polarimetric — planets and satellites: formation — protoplanetary disks — planet—disk interactions

1. Introduction

Circumstellar disks are the birthing grounds of planets. Obser-
vations with a high spatial resolution taken in the past decade
have revealed complex disk morphologies, such as multi-ringed
disks, spirals, and gaps, which are evidence of ongoing dynam-
ical processes. Understanding the physical geometry of these
disks is essential for constraining the disk evolution and the pro-
cesses that lead to planet formation. However, it still remains
unclear how the current observed planet population relates to the
disk properties. In this context, understanding the vertical height
structure of the dust is a necessary step towards linking observed
disk features to the mechanisms that shape planetary systems.
While several studies have measured the dust vertical height in
individual disks or small samples (de Boer et al. 2016; Ginski
et al. 2016; Avenhaus et al. 2018; Rich et al. 2021; Ginski et al.
2024), a large-scale analysis is needed to identify broader trends.

* Corresponding authors: byrnej77@tcd.ie;
christian.ginski@universityofgalway.ie;
capelleveen@strw.leidenuniv.nl

The first set of imaged protoplanetary disks mostly consisted
of Herbig Ae/Be stars (e.g. Grady et al. 1999; Fukagawa et al.
2006), which are traditionally divided into two groups: Group
I sources, whose spectral energy distributions show strong far-
infrared excesses that are interpreted as flared disks with large
inner cavities, and Group II sources, which display weaker far-
infrared emission that corresponds to flatter disks with small or
no inner cavities (e.g. Garufi et al. 2014; Honda et al. 2015).
These two groups led to the long-standing study of the corre-
lation between a disk cavity and its effect on the disk height.
Group II disks have been found to be inherently faint in scattered
light (Grady et al. 2005), and thus, any large sample is system-
atically biased towards their exclusion, making a comparison in
scattered light difficult. However, by investigating the dust verti-
cal height structure for different categories of disk morphology,
it is possible to identify trends that may indicate the presence or
absence of a cavity.

Further, the disk height may be affected by other properties
of the disk. The degree of disk flaring is expected to correlate
with the total disk mass. The disk becomes more optically thick
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Fig. 1. Gallery of representative disks from the sample, grouped by morphological geometry. The ellipse fits we made to the scattered-light disk
structures are overplotted. The scale bar in each panel denotes 1 arcsecond.

with an increase in total dust mass, and observations of the opti-
cally thick scattering layer therefore trace higher layers within
the disk. Therefore, a relation between dust mass and the mea-
sured aspect ratio is physically motivated. Over time, the disk
aspect ratio is expected to decrease as the system evolves. This
reflects the physical processes that cause the disk to become geo-
metrically thinner, such as radiative cooling, mass depletion due
to accretion or expulsion from the system, and reduced verti-
cal support from a lack of gas pressure, resulting in a smaller
dust vertical height relative to the radius. If this is correct, the
aspect ratio should decline with increasing stellar age. Alterna-
tively, the clearing of the cavity observed in older (transition)
disks might enhance the irradiation of the outer disk, heating
it more strongly and thereby increasing its flaring. Lastly, the
vertical height of the dust may correlate with stellar mass (see
Appendix G for the dependence derivation), since the classical
mass-luminosity relation (MLR) established for main-sequence
stars is not expected to hold during the pre-main-sequence phase
(e.g. Baraffe et al. 2002) characteristic of protoplanetary disks.
Further, Eker et al. (2018) proposed that the MLR for main-

sequence stars might be described by L o MP, with differing
values for 8 depending on stellar mass, reflecting transitions in
the dominant energy transport mechanism. Therefore, vertical
height and stellar mass might be correlated.

We present a large-sample analysis of the vertical height
structure of the optically thick dust-scattering surface (7 = 1)
within 92 protoplanetary disks (examples shown in Fig. 1),
comprised of polarimetric near-infrared (NIR) scattered-light
observations. This sample represents a substantial fraction of
all NIR scattered-light images of protoplanetary disks currently
available.

This paper is organised as follows. In Sect. 2 details of
the dataset used throughout this work are presented. Section 3
outlines the methods used to extract the disk vertical height
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Fig. 2. Distribution of year and filter within the initial dataset (totalling
294 images), showing a greater tendency towards H-band images.

structure. Finally, Sect. 4 contains the results and discussion of
the full dataset, two example individual systems, multi-ringed
systems, an investigation into system properties that may affect
the dust vertical height structure, and the calculation of planet
masses opening gaps, a use case for the constraint of the dust
vertical height structure.

2. Observations

The dataset we used comprises the full set of protoplanetary
disk observations available in the European Southern Observa-
tory (ESO) archive from the Very Large Telescope using the
Spectro-Polarimetric High-contrast Exoplanet REsearch instru-
ment (VLT/SPHERE; Beuzit et al. 2019) as of September,
2024, representing a substantial fraction of all existing polarised
scattered-light images of protoplanetary disks to date. The
dataset consists of 186 unique disks with 294 total images,
observed with VLT/SPHERE using the Infra-Red Dual-beam
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Imager and Spectrograph (IRDIS; Dohlen et al. 2008) subsys-
tem. The dual-beam polarimetric imaging (DPI; Langlois et al.
2014) mode was used in each case, measuring linear polarised
light corresponding to the scattered light from the dust-scattering
surface. The dataset comprised J- (1.1-1.4 um), H- (1.5-1.8 pm),
and Ks- (2.0-2.4 um; hereafter K-band) band images taken
between 2015 and 2024 (see Fig. 2). All data were reduced using
IRDIS Data reduction for Accurate Polarimetry (IRDAP), which
is described in detail in van Holstein et al. (2020). The reduction
included a model-based correction for instrumental polarisation
and crosstalk between optical components.

To differentiate signal strength in the images and to eval-
uate the disks’ suitability for the structure extraction/ellipse
fitting (SEEF) algorithm (see Sect. 3), they were classified as
high-confidence, moderate-confidence or low-confidence cases.
High-confidence disks required little to no user intervention,
moderate-confidence disks presented challenges such as asym-
metries or spiral features, and low-confidence disks were domi-
nated by noise or exhibited insufficient disk signal for reliable
detection. 71 disks were categorised as high-confidence, 21
as moderate-confidence, and 92 as low-confidence. Thus, the
SEEF algorithm was run for 92 disks total (high- and moderate-
confidence disks), using 1 image per disk (as many disks had
observations in two or more filters). The image with the least
distortions within the field-of-view was chosen.

3. Methods

Following de Boer et al. (2016), to extract the vertical height
profile of the optically thick dust-scattering surface of the disk,
ellipses are fit to the observed structures to measure the offset,
u, between the centre of the fitted ellipse and the stellar position
along the minor axis. Shown in Fig. 3, the height of the scatter-
ing surface of the dust, where the disk becomes optically thick to
the wavelength of light (h.-;, hereafter simply /), is calculated
as h = u/ sin(i), where i is the inclination of the disk. The sepa-
ration, inclination, and position angle (PA) are also derived from
the ellipse fit.

The algorithm! created to fit ellipses and measure the vertical
height structure consists of two main stages: structure extraction

! The SEEF algorithm is public and available to download at https:

//github.com/JakeByrne7/SEEF

. A&A, 710, A38 (2026)

Fig. 3. Schematic illustration of the projected
geometry of an inclined multi-ringed circum-
stellar disk (this also holds for continuous
disks). When viewed at an inclination angle 7,

... the disk’s intrinsically (and assumed) circular
structure appears elliptical due to projection.
The offset u between the star position and the
centre of the ellipse arises from the projected
height of the disk surface along the semi-
minor axis. This geometric offset becomes
observable in scattered-light images and is
used to infer the disk height structure.

and ellipse fitting (SEEF). In the first stage, positional informa-
tion of the disk structure is extracted from the image (Sect. 3.2).
In the second stage, elliptical models are fitted to this information
to characterise the geometry (Sect. 3.3).

3.1. Pre-processing

Pre-processing of the images was often required to increase the
algorithm capability of structure extraction. Firstly, the image is
rotated to an optimal starting position for outlier removal (see
Appendix C). Optionally, a high pass filter, specifically unsharp
masking (Malin 1977), may be applied to enhance structures.
A smoothed representation was generated by convolving with a
Gaussian kernel (o = 5 pixels). The high-frequency component
was obtained by subtracting the smoothed image from the origi-
nal. This residual was then added back to the original image with
a gain factor of 2. This step was used only for disks with high S/N
and relatively smooth edges (e.g. high-confidence images with
edges of S/N > 5). For disks containing faint features, unsharp
masking can alter the apparent structure due to the low contrast
between signal and noise. The high-pass filter was therefore used
primarily to aid edge detection, but not for Gaussian fitting, as it
often disrupted the intrinsic shape of the signal profile.

The second optional pre-processing tool is an interactive
ellipse-based masking tool, developed in Python? to isolate spe-
cific regions of interest, specifically, for use during structure
extraction in this work. The tool allows the user to define ellip-
tical regions directly onto images using mouse-driven selection,
with support for three masking modes: masking the interior of a
single ellipse (inner), the exterior (outer), or the annular region
between two ellipses (ring). Users can toggle between modes,
zoom in and out, interactively adjust the position and size of
ellipses, and apply or reset masks in real time. Once finalised,
the tool outputs the masked image to the SEEF algorithm, effec-
tively enabling precise control over which regions of the disk are
included or excluded in subsequent measurements. The tool was
used for structures within multi-ringed disks where signal from
adjacent rings interfered with extracting the target structure or
for images containing artifacts that required masking.

2 Development of the tool was assisted by Al and is also publicly
available at https://github.com/JakeByrne7/SEEF
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Fig. 4. Left: idealistic example of the edge detection method using a synthetic circumstellar disk with added Gaussian background noise. The
radial cuts (dashed white lines) sample intensity profiles iteratively. Magenta dots mark detected disk edges where intensity first (measured inwards
towards the star) exceeds a S0~ noise primary threshold and passes the step function criteria. Edge labels are shown only on the right side of the disk
(angles between 0° and 180° clockwise) for clarity. Background noise level (o) and primary threshold (50) are annotated in the figure. Right: radial
intensity profile extracted at 180° from the centre of GM Aur in H-band, comparing the real high-S/N case (blue) and a synthetically degraded
low-S/N case (orange). Horizontal dashed lines indicate the 50~ and 30~ primary thresholds used for edge detection. Step points used to confirm
edge detection are marked with red crosses, and the final detected edge locations are indicated by vertical dashed-dotted lines and filled circles.
The low-S/N profile shows degraded detection performance and premature truncation due to the outer edge being buried in noise.

3.2. Structure extraction

Two structure-extraction methods are available for use within the
SEEF algorithm, edge detection and Gaussian fitting, following
and building on methods described by Ginski et al. (2024).
Edge detection is performed by placing a radial cut through
the image to detect the outer disk edge. The most outward
point along the radial cut with intensity above a user-defined
threshold (hereafter called the primary threshold) is stored as a
signal point (see Fig. 4). The direction of the radial cut is then
rotated through the centre and the process repeated azimuthally
in 1° steps. Binning is applied based on the radial extent of the
feature, where features at larger radii (r > 75 px/0.92”) are left
unbinned to avoid undersampling. For features within approxi-
mately 100 px, Nyquist sampling is achieved, whereas extended
features (r > 100 px/1.22”) are undersampled, resulting in the
loss of minor fine structure along the disk edge. Nonetheless,
this level of sampling is sufficient for accurately extracting the
disk edge location. The primary threshold is defined relative
to the background standard deviation (o), with 50 used as a
standard primary threshold for the majority of disks, with lower
o primary thresholds used for faint structures when required.

To address the issue of single-pixel high-intensity noise, a
step-function was implemented. In this technique, the algorithm
checks the next n pixels along the radial direction, and if their
intensities also exceed the set primary threshold, the point is
marked as a valid signal point. The choice of # is a user-defined
parameter and dependent on the target structure: if set too high,
narrow features may be overlooked or true signal points dis-
carded due to individual noisy pixels, whereas setting it too low
makes the method more susceptible to positive noise. Following
Ginski et al. (2024), the radial uncertainty (Ar) is calculated as

3
Ar = g

o))

b
Mprofile

where mpofie 18 the slope of the step function n pixels calculated
along the radial cut.
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The effect of the scattering phase function (i.e. a brighter
forward-scattering and fainter back-scattering side of the disk)
must be considered when using the edge detection technique.
Using a fixed, user-defined azimuthal threshold on inclined disks
can cause the algorithm to trace different physical regions of the
disk surface due to strong azimuthal intensity variations. This
represents a significant methodological caveat of the approach.
The impact of the scattering phase function on this method
is examined in detail by Ginski et al. (2024), who apply the
technique to two sets of radiative transfer models with differ-
ing degrees of flaring (¢ = 1.09 and @ = 1.30), with both sets
spanning a range of inclinations. By comparing the recovered
inclination, position angle, and aspect ratio to the known model
inputs, they show that the measured parameters remain consis-
tent with the true values within the uncertainties. Notable caveats
include a systematic offset of approximately 0.05 of the aspect
ratio for the higher flaring case (¢ = 1.30), where the measured
values were systematically lower than the true model values.
Disks with inclinations(i > 65°) were not included in this anal-
ysis and for lowly inclined disks (i < 10°), the uncertainties on
PA and inclination were large, making the measurements unreli-
able. Further, as discussed in Appendix C, the SEEF algorithm
permits the manual exclusion of azimuthal bins; for inclined
disks (i > 45°), bins on the back-scattering side were frequently
excluded to mitigate the effects of azimuthal intensity variations
introduced by the scattering phase function.

The edge detection method is well-suited for identifying the
boundaries of continuous disks and faint extended structures,
where the target is resolved and exhibits a distinct edge as it
detects the most outward signal and the user-defined threshold
can be adjusted depending on the S/N of the target, with a higher
threshold level for higher S/N disks. However, for inclined disks,
the method is sensitive to azimuthal intensity variations intro-
duced by the scattering phase function, which can cause the
detected edge to correspond to different physical regions of the
disk surface in forward- and back-scattering directions. It is also
not effective for detecting radially thin ring-like features.
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Gaussian fitting was implemented as a complementary tech-
nique (shown in Fig. 5). This technique leverages the signal
strength and the shape of the intensity profile as criteria for
extracting the ring location. The implementation involved sam-
pling intensity profiles along a window of a radial cut and fitting
a Gaussian function of the form

2

(x - ,u)z)
32 )

I(x) = Aexp (—

where A is the amplitude, u is the centre (peak position), and X
is the standard deviation (related to the profile width). A sliding-
window technique was used to scan through each profile in fixed-
size segments.

To filter meaningful detections, the algorithm enforced sev-
eral constraints: the peak amplitude A had to exceed a user-
defined minimum (generally a more liberal 30 of the back-
ground), and the fitted width X had to fall within reasonable
physical bounds, based on the width of the ring structure.
For a ring structure approximately 10 pixels wide, this corre-
sponds to X ~ 4.25 pixels, since the full width at half maximum
(FWHM) is related to £ by FWHM = 2.355 - X. Therefore, the
bounds for acceptable fits were chosen to bracket this value,
typically between 2 and 7 pixels, to allow for moderate vari-
ation while excluding unrealistically narrow or broad features.
This helped suppress noise and false, narrow peaks. On ful-
filling this criteria, the peak of the Gaussian is stored as the
detected point. Following Ginski et al. (2025), an uncertainty
estimate was derived as the FWHM divided by the S/N, where
the S/N was defined as A divided by the standard deviation of the
background.

Unlike edge detection, which identifies the location of sharp
intensity changes to define the outer edge of a ring, Gaus-
sian fitting targets the centre of the intensity profile, effectively
detecting the brightest point in the emission rather than the
boundary. While this makes it conceptually different from edge
detection, the resulting measurements of vertical height (see
Table A.1) are functionally equivalent. Gaussian fitting also mit-
igates the impact of the scattering phase function compared
to edge detection by providing a centroid estimate rather than
relying on raw intensity. However, the stricter criteria and the
additional complexity of fitting often result in fewer valid detec-
tions overall, especially in low S/N regions or when the profile
deviates from a clean Gaussian shape.

Following the extraction of data points, a series of outlier
removal steps were performed on the data and are explained in
detail in Appendix C.

100 200 300 400 500 100 120 140
Position along sampled line (Pixel)

o extracted intensity profile along the window
VV N and the Gaussian fit (dashed red line) mod-
160 180 200

position indicated by the vertical green line.
Note: here, oo = X in the main text.

3.3. Ellipse fitting

Two forms of ellipse fitting were employed: a constrained and a
free version of the least-squares method.

The free ellipse fitting algorithm employed is the direct least-
squares (DLS) method, introduced by Fitzgibbon et al. (1999).
The method minimises the algebraic distance between the set
of points derived from structure extraction and a fitted conic,
subject to a quadratic constraint (4ac — b> = 1) to ensure the fit-
ted conic is an ellipse, avoiding degenerate solutions. It reduces
to solving a generalised eigenvalue problem, making it fast and
numerically stable.

It is important to note that the DLS fitting algorithm inher-
ently biases the solution toward smaller ellipses due to its use
of algebraic distance as the objective function, rather than the
true geometric (orthogonal) distance between data points and the
ellipse. While algebraic distance offers computational efficiency
and enables a closed-form solution under certain constraints, it
does not uniformly penalise deviations across the ellipse and dis-
proportionately favours solutions with smaller semi-axes. This
issue has been discussed in detail by Kanatani (1994), who
demonstrated that minimising algebraic distance introduces a
systematic bias that is not easily corrected.

The constrained fit is built upon the SciPy least_squares
function (Virtanen et al. 2020) which utilises the Levenberg-
Marquardt (LM) algorithm (Moré 1978). The constrained ver-
sion of the algorithm incorporates prior measurements of PA and
inclination by initialising the solution with values obtained from
previous ALMA observations, thereby anchoring the fit in physi-
cally motivated bounds and improving convergence in cases with
noisy edge data, particularly when only a limited arc of the struc-
ture is visible. This technique enforces the conic constraint to
ensure that the solution represents a valid ellipse that realistically
defines the unseen structure. Although PA and inclination could
be fixed, they were instead provided as initial guesses for the
least-squares function rather than hard constraints. This allows
the fit to remain flexible and account for uncertainties in those
parameters. This form of the ellipse fit is suitable for cases with
limited edge coverage (see Appendix D for further details on the
coverage required for each ellipse fit form) and to address the
free fit tendency towards the minimum solution. Therefore, for
systems with prior available measurements of inclination and PA
from ALMA-based observations, the constrained ellipse fit was
always used (Table A.l indicates which form was used for each
system).

Uncertainty estimation for the fitted ellipse parameters dif-
fers depending on whether constraints are applied. In the con-
strained case, errors are derived analytically from the Jacobian

A38, page 5 of 22
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Fig. 6. Aspect ratio (h/r) vs. separation
(r) for the structures within the 92 disks,
with 133 measurements (rose). A power-

law model of the form h/r = A (ﬁ)a_l

was fit to the data using least squares
(black). (R?) is shown in the bottom right
corner. For comparison, power-law fits

from Avenhaus et al. (2018) and Ginski

et al. (2016) are overlaid along with their
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matrix returned by the LM optimisation. For the free fit, a non-
parametric bootstrap method is used. This involves repeatedly
resampling the edge point data with replacement and re-fitting
the ellipse in each iteration (we used 100000 iterations). The
distribution of recovered parameters across bootstrap trials pro-
vides empirical estimates of the standard deviation, which are
taken as the uncertainty on each fitted parameter. Most disks are
adequately sampled near the Nyquist limit; however, extended or
low-contrast disk structures are often undersampled in specific
azimuthal directions. As a result, uncertainty estimates from the
Jacobian-based least-squares fitting and non-parametric boot-
strap resampling may be dominated by well-sampled regions
of the disk and may underestimate errors on global shape
parameters.

The offset (used to calculate the height, /), inclination, radial
separation (semi-major axis, r) and PA (see Appendix D for the
PA convention we used) are measured directly from the ellipse
fit. The aspect ratio (h/r) is then calculated as a measure of the
disk flaring, which can be described by a power law,

h ho(r\"!
r a ro \ro ’
where hy describes the height at radius ry, and « is the flaring

index, which quantifies the degree of flaring found within the
disk.

3)

4. Results and discussion

The properties measured for each of the 92 disks can be found in
Table A.1 and the images with ellipses overlaid in Appendix B.
A series of plots are presented within this section, showing
h versus r and h/r versus r, illustrating the vertical structure of
disks. The coefficient of determination, R2, is used to evaluate
how well the fitted models reproduce the observed data. A value
of R?> = 1 indicates a perfect fit, while R> = 0 implies that the
model explains none of the variance in the data. Negative val-
ues of R? can occur when the model fits the data worse than a
horizontal line at the mean, meaning the sum of squared residu-
als from the model exceeds the variance of the data. For vertical
height, a power-law of the form h = A - (Tzu) is fit to the dataset,
where « is the flaring index and A is the scaling parameter, with
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corresponding data points in grey and
light blue, respectively.

R? used to quantify how well this curve captures the observed
spread. For the aspect ratio, R? is computed using a fitted power-

law model of the form i/r = A - <ﬁ)a 1. In both cases, higher R?
values indicate stronger agreement between model predictions
and data, serving as a comparative metric.

The R? value for aspect ratio versus radius is lower than
that for height versus radius because dividing by r suppresses
large-scale radial trends and reduces the variance of the depen-
dent variable, inherently limiting the fraction of variance that
can be explained by a power-law model in radius. However, by
removing global radial scaling, //r suppresses the dominance of
large-radius points in unnormalised fits. Since this analysis com-
pares many different disks, parameters A and « from h/r fits are
adopted as less biased, more consistent measures of disk flaring.
Accordingly, the R?> from aspect ratio space is reported as the
meaningful measure of conformity.

4.1. The full sample

To evaluate trends across the dataset, the full sample of disks is
analysed collectively. By combining the measured vertical height
structures from all systems, patterns arising from disk properties
or morphology can be identified.

The plot of aspect ratio vs. the separation is shown in Fig. 6.
The resulting value of R> = 0.158 indicates that a single power-
law model explains only a small fraction of the variance in the
observed aspect ratios. This suggests a weak correlation between
h/r and radius across the sample, and implies that disk flaring
may not follow a homogenous power-law relation for all disk
morphologies. Given the low overall correlation, reflected in the
weak R? value of 0.158, a single flaring (this plot yields & = 1.31)
relation for the full-disk sample may not adequately capture the
diversity in disk structures. The disk flaring is compared against
two previous studies with height measurements; Ginski et al.
(2016) measured the rings and gaps of a single multi-ringed disk
HD 97048, while Avenhaus et al. (2018) measured the heights of
structures within five disks around T Tauri stars. Our measured
trend closely follows that of Avenhaus et al. (2018) who find a
flaring index a = 1.22, but with a lower overall mean height.
Compared to Ginski et al. (2016), we found a stronger flaring
at small separations (r < 60 au), while their larger flaring index
(@ = 1.73) leads to greater flaring at larger separations.
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To investigate whether underlying trends exist within sub-
sets of the population, the disks were classified into distinct
morphological categories based on observed structure. The cat-
egorisation morphological criteria was as follows: those with a
total radius exceeding 150 au were classified as extended; disks
with an inclination greater than 70° were labelled as inclined;
disks with an inclination lower than 15° were labelled as face-
on; systems exhibiting visible spiral arms were identified as
spiral disks; and those with a radius smaller than 50 au were
designated as compact. Disks not meeting the criteria for the
specific groups were assigned to the uniform category. These
disks exhibit a mostly smooth, axisymmetric morphology with
no distinct features that would allow further classification.

Three groups that posed a challenge to the fitting routine
due to their morphology and the effect of the scattering phase-
function as detailed in Sect. 3.2 were identified: spiral, inclined
and face-on. This is primarily due to their distinct structural char-
acteristics and the limitations of the fitting procedure. Spiral
disks often exhibit non-axisymmetric features, such as arms or
warps, that deviate from the smooth elliptical morphology of a
typical protoplanetary disk, introducing challenges that can com-
promise structure detection. Highly and lowly inclined disks both
show a common sensitivity issue: any slight deviation in the fit-
ted ellipse parameters leads to a disproportionately large change
in the inferred offset, owing to the strong dependence of the off-
set term on the inclination angle. For highly inclined systems,
this effect is amplified because projection effects stretch the disk
along the major axis, making the semi-minor axis, and thus the
height measurement, extremely sensitive to even small fitting
errors. For lowly inclined systems, the offset is intrinsically small
because sin i = 0. The offset is therefore nearly undetectable in
the image, and any deviation in the measurement will cause a
large relative change in the height measurement.

Excluding the aforementioned categories and plotting the
remaining groups together as a restricted dataset (totalling 79
unique disks and 107 measurements), namely the extended, com-
pact, and uniform disks, is shown in Fig. 7. The restriction
results in a negligible increase in the coefficient of determination
(R? = 0.166). This increase suggests that even when the difficult-
to-fit disks are removed, the scatter is still present. An R? value of
0.166 implies that 16.6% of the variance in the observed aspect
ratios can be explained by the model and while this is still a rel-
atively weak correlation, it indicates that the power-law trend is
not entirely absent but that a single flaring prescription is insuf-
ficient to capture the full diversity of vertical structures in the
entire population.

When plotting the same graphs for extended disks only (see
Fig. 8), R? increases significantly across both representations

(Rﬁeight = 0.938 and R} ,» = 0.732). This stronger correlation

indicates that extended disks more closely follow the expected
power-law flaring behaviour, consistent with theoretical models
(Chiang & Goldreich 1997; Kenyon & Hartmann 1987). This
subset thus provides the clearest empirical support for a flared
disk geometry which may be confidently described by a single
power-law, among all morphological classes analysed.

The power-law fit to the extended disk category gives a flar-
ing index of 1.70 with A = 0.0043, which is in close agreement
with the flaring index of 1.73 reported by Ginski et al. (2016),
though the scaling factor is slightly lower than their value of
A = 0.0064. This suggests that while the overall radial depen-
dence of the vertical height in the extended disk subsample is
consistent with previous findings, the vertical heights are system-
atically smaller. This discrepancy in A could reflect differences
in the sample selection (this work includes 11 unique disks,
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Fig. 7. Two-panel visualisation of the disk vertical height (%) and aspect
ratio (h/r) as a function of separation (r) for the restricted dataset,
without spiral and highly or lowly inclined disks. Leaving extended,
compact, and uniform disk types totalling 107 measurements. R? is
shown in the bottom right corner of each plot. Top: power-law fit to
h vs. r shows an increasing vertical structure consistent with flaring.
Bottom: h/r vs. r with power-law fits overlaid for this work (black), and
comparison to Avenhaus et al. (2018) and Ginski et al. (2016) in grey
and light blue respectively.

whereas Ginski et al. (2016) analysed only a single disk) or
fitting method. Nonetheless, the agreement in the flaring expo-
nent reinforces the presence of a broadly similar underlying disk
geometry. Compared to the full sample shown in Fig. 6, which
follows a trend similar to Avenhaus et al. (2018), the extended
disk sample trend more closely resembles the results of Ginski
et al. (2016), whose measurements were based a single extended
disk. Considering Avenhaus et al. (2018) had a more varied
dataset (containing disks that are classified as extended and uni-
form), this may have introduced a similar trend to that found in
Fig. 6.

The vertical scale height of millimetre-sized dust grains has
been measured in multiple ALMA studies (e.g. Villenave et al.
2020; Doi & Kataoka 2021; Jiang et al. 2025), consistently yield-
ing values of a few au at radii equal to 100 au, corresponding
to an aspect ratio of approximately 0.05 or lower. Independent
JWST/MIRI observations (Villenave et al. 2024; Tazaki et al.
2025), which estimate the widths of dark lanes in edge-on disks,
are consistent with these values and find similar aspect ratios.
Equivalently, this work finds the aspect ratio to be approximately
0.1 at 100 au, suggesting the micron-sized dust is better coupled
to the gas and are distributed at higher layers when compared
to millimetre-sized dust which tends more towards the midplane
of the disk. This further demonstrates that infrared observations
predominantly trace the optically thick upper layers of the disk
rather than the bulk dust mass.

4.2. Multi-ringed systems and WISPIT 2

This section explores the entire multi-ringed population and
WISPIT 2 (TYC 5709-354-1; van Capelleveen et al. 2025), a
multi-ringed disk recently resolved in the NIR for the first time.
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Fig. 8. Two-panel visualisation of the disk vertical height (4) and aspect
ratio (h/r) as a function of separation (r) for extended disks only (with a
total extent of >150 au). R? is shown the in bottom right corner of each
plot. Top: power-law fit to / vs. r shows an increasing vertical structure
consistent with flaring. Bottom: h/r vs. r with power-law fits overlaid
for this work (black), and comparison to Avenhaus et al. (2018) and
Ginski et al. (2016) shown in grey and light blue respectively.

From Fig. 10, a range of different flaring profiles is observed
for multi-ringed disks, which all show an increase in h/r with
separation (except for WRAY 15-788 (Bohn et al. 2019), which
contains a significantly high error for the outermost ring).
Excluding WRAY 15-788, IM LUP (Pinte et al. 2008) exhibits
the lowest flaring index (o = 1.32) but the highest overall
flaring, with HD 97048 having the lowest flaring at large separa-
tions. V4046 Sgr (Sissa et al. 2018) exhibits the steepest flaring
index (@ = 3.15), although this value should be interpreted with
caution due to the disk’s limited radial extent.

RXJ 1615 (@ = 1.80; de Boer et al. 2016), TW HYA (a =
1.70; van Boekel et al. 2017), and WISPIT 2 (in H-band;
a = 1.79) align with the flaring index found for extended disks
(a = 1.72) and Ginski et al. (2016) for HD 97048 (a = 1.73).

An interesting comparison case for multi-ringed systems
is the newly identified disk around the young (approximately

5 Myr) solar-mass star WISPIT 2 (mass = 1.087095 M), recently

resolved for the first time as part of the WISPIT (Wlde Separa-
tion Planets In Time) survey. A detailed description of the system
and its discovery is presented in van Capelleveen et al. (2025).
Unlike the rest of the sample, for which geometric measurements
were obtained in a single filter for each disk, WISPIT 2 was fitted
in the H and K bands. This allows a more direct comparison of
wavelength-dependent structure (see Appendix E for the wave-
length dependence analysis of the full sample), in which it is
expected that longer wavelengths probe deeper scattering layers
of dust within the disk. This makes WISPIT 2 a valuable case
for detailed analysis, serving as a reference point for comparison
against the general disk population.

The geometric fits and the resulting properties measured can
be found in van Capelleveen et al. (2025). The rings exhibit a
mean inclination of i = 43.99 +£0.87° and a PA of 358.7 £ 1.1° in
the H-band with i = 45.86 +1.27°, PA = 359.3 +2.3° in K-band.
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Fig. 9. Vertical structure of the WISPIT 2 disk. Top: h vs. r for H-band
(blue) and K-band (orange). A power-law fit derived from the extended
disk sample is overlaid (black). Bottom: h/r vs. r. The extended disk
power law is again shown for comparison (black), and the trends found
by Ginski et al. (2016), and Avenhaus et al. (2018) are also plotted in
light blue and grey, respectively. The R? values for both filter bands are
shown to quantify the agreement with the extended disk trend for the
height and aspect ratio. Note: in K band, Ring 0 was not detected.

Since the disk was only recently discovered and no prior ALMA
measurements are available, the free ellipse fit was adopted. All
structures were fitted in the H-band. In the K-band image, Ring
0 (the outermost ring) was too faint to be detected.

Notably, Ring 3 exhibits a significant asymmetry, with excess
signal concentrated along the minor axis in the western direction
and within the forward scattering section of the disk (investi-
gated in detail in van Capelleveen et al. 2025). This localised
brightness enhancement does not appear in the other rings. A
similar signal excess is observed in R1 of RXJ 1615 (see Fig. F.1)
and Ring 2 of HD 97048 (Ginski et al. 2016), which are both
also located along the disk minor axis. These signal excesses
are shown and further explored in Appendix F. Whether these
asymmetries arise from intrinsic structural variations within the
disk or result from the effects of polarimetric imaging remains
uncertain. In the case of WISPIT 2, the discovery of WISPIT 2b
adjacent to the excess suggests that the excess may be associated
with the presence of a companion. Excesses pose clear chal-
lenges for edge detection if not properly identified and addressed
during fitting. The SEEF algorithm can address this issue by
allowing for the exclusion of specific azimuthal sections dur-
ing analysis or by increasing the primary threshold level used.
Since the algorithm is not fully automated and occurs iteratively,
presenting the geometric detection output directly to the user
for each pass, such aberrations are readily identifiable and were
manually accounted for in the fitting process of the main sam-
ple. However, for Ring 3, Gaussian fitting failed to produce an
azimuthally stable fit. To address this, the edge detection method
was modified to identify the peak signal within the ring region
(isolated via masking) rather than the outermost edge, effectively
circumventing the issue.

Figure 9 shows the heights and aspect ratios of each
ring structure, plotted for both filters to assess their consis-
tency/differences with the trend found for extended disks in
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Sect. 4.1. In the H band, the height and the aspect ratio show
an exceptionally strong positive correlation to the extended disk
trend, yielding coefficients of determination of Rﬁ = 0.993 and
Rﬁ = 0.975, respectively. In contrast, the K band shows a mod-
erate correlation for height (Rf1 = 0.501), but the aspect ratio
exhibits a weak negative correlation with radius (Rﬁ = —0.155),
suggesting that the K-band image is more affected by noise, as
evident from the lower S/N and the reduced number of detected
structures. Limited radial coverage weakens the reliability of any
inferred geometric trends in the absence of a measurement of
Ring 0. In addition, opacity effects play a significant role: the
longer wavelength of the K-band allows it to probe deeper into
the disk, closer to the midplane, where the vertical height is
intrinsically smaller. As seen in Fig. 9, the measured heights
and aspect ratios in K band are systematically lower compared to
the H band, which traces higher scattering layers. This trend is
clearly visible in the plots and aligns with expectations, support-
ing the interpretation that different wavelengths probe distinct
vertical layers within the disk.

The wavelength dependence of disk height and aspect ratio is
a critical factor in interpreting the results of this study. To assess
this effect, the analysis was repeated using only the H-band
observations (see Appendix E), which showed no significant
impact on the overall sample. However, as demonstrated by
the results for WISPIT 2, this dependence must be considered
in individual studies that include multi-wavelength data when
comparing measurements.

The evident flaring for multi-ringed disks and extended disks
(with most multi-ringed disks also being extended disks) sug-
gests that the outer rings remain illuminated and observable,
rather than being shadowed by the inner disk regions. If there
is a population of disks that are not flared, the outer rings could
be shadowed by the inner regions and therefore might not be
observable in scattered light with current limitations. This sug-
gests that the presence of multiple visible rings provides indirect
evidence for a flared geometry across these disks.

4.3. System properties affecting the vertical height structure

To explore whether disk flaring correlates with broader system
properties, the aspect ratios derived for the full sample (see

(2016) and Avenhaus et al. (2018), in
light blue and grey respectively.

Appendix A for all measured values) were compared against
dust mass, stellar age, and stellar mass. These stellar and disk
properties were computed by Garufi et al. (in prep.), follow-
ing the method described in Garufi et al. (2024). The spectral
energy distribution and effective temperature was collected for
each source through Vizier. Following this, the stellar luminos-
ity was calculated from a de-reddened Pheonix model of the
stellar photosphere (Hauschildt et al. 1999). The stellar age and
mass were then constrained from isochrones (Siess et al. 2000;
Bressan et al. 2012; Baraffe et al. 2015). The dust mass was
directly from the observed millimetre photometry of each source
with standard assumptions on optically thin emission and dust
opacity (Beckwith et al. 1990). Not all disks within our dataset
are represented in the analysis by Garufi et al. (in prep.). Stellar
masses and ages were available for 61 out of the 92 unique disks,
while dust masses were reported for 46 disks.

Ideally, all measurements should be taken at similar radial
distances since &/r increases with radius, comparing measure-
ments at different radii can introduce scatter unrelated to the
investigated property. The plot shown in Fig. 11 explores the
potential relation between aspect ratio and dust mass, using only
measurements within a radius range between 40 and 60 au, as
this bracket contained the most measurements (15 unique disks
out of 46 in the total sample). However, for all brackets with
a reasonable number of data points (n > 5), no correlation has
been found.

This dataset includes too few data points at common radial
distances (ideally within 5 au of each other) to construct a
meaningful comparison. Another factor to consider is the high
uncertainty in the calculation of the dust mass. A gas-to-dust
mass is assumed to be the same as the interstellar medium
(ISM) with a ratio of 100 (Bohlin et al. 1978). However, if the
gas/dust ratio varies between disks, the aspect ratio/height pro-
file is expected to vary also. Williams & Best (2014) found a
wide range of inferred gas/dust ratios for nine class II disks with
a mean ratio value of 16, with all ratios below the assumed ISM
ratio. Further, the dust mass calculation assumes the dust is opti-
cally thin. In reality, a significant fraction of the disk can be
optically thick at millimetre wavelengths (Garufi et al. 2025).
This particularly affects compact disks as a larger fraction of the
material along the line of sight is concentrated in a small area,
leading to an underestimation of dust mass that is stronger for
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Fig. 11. Aspect ratio (h/r) vs. disk dust mass (in Earth masses) for all
measurements within a separation bracket of 40-60 au.
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Fig. 12. Aspect ratio (h/r) plotted against stellar age (Myr) for four
separation brackets to examine how the disk vertical structure evolves
with age.

smaller disks. Thus, the results presented in Fig. 11 may contain
a trend that is concealed by the effect of the opacity.

Figure 12 shows the aspect ratio vs. the stellar age for four
different radial distance brackets of 10 au. Stellar age is assumed
to represent the time since disk formation, with the underly-
ing premise that the circumstellar disk forms simultaneously
with its host star. The aspect ratio of protoplanetary disks is
expected to decrease with stellar age as the disk cools and its
dust and gas dissipate, leading to reduced pressure support and
less flared geometries. Figure 12 reveals no significant correla-
tion found between stellar age and aspect ratio for any single
bracket. However, while understanding that this sample repre-
sents small number statistics and the correlation is weak, it is
noted that the lowest aspect ratios are found for the youngest sys-
tems and the older systems typically have larger aspect ratios. A
plausible explanation for this is the effect of self-shadowing.

Self-shadowing is a geometric effect in circumstellar disks
where the inner regions block starlight from reaching the outer
parts of the disk. This typically occurs when the disk has a
puffed-up or vertically extended inner rim, often caused by direct
irradiation, which casts a shadow over the outer disk (Natta
et al. 2001; Dullemond et al. 2001). As a result, the shadowed
region receives lower stellar flux, leading to lower temperatures
and flatter structures. Self-shadowing can significantly alter the
observed brightness, thermal emission, and vertical structure of
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a disk, and is a key factor in explaining non-uniform illumina-
tion patterns seen in scattered-light images. Assuming as the
disk evolves, through planet formation carving gaps or other
effects such as photoevaporation or accretion, the disk begins
to carve an inner cavity (i.e. a transition disk), the disk would
become less self-shadowed and the temperature of the outer
regions of the disk would increase leading to a greater aspect
ratio for older systems. Garufi et al. (2018) found that younger
disks (<5 Myr) are systematically fainter than older disks in scat-
tered light and Garufi et al. (2022) did not find a significant trend
but noted that young sources (<2 Myr) were averagely fainter
than older sources. Should this increase in brightness in older
systems be caused by the reduction of self-shadowing, this would
lead to greater aspect ratios in older disks in agreement with the
weak correlation between aspect ratio and stellar age found here,
despite the relation of a decreasing dust mass with age (Garufi
et al. 2018).

Considering heights were measured at the most outward
radial extent with the edge detection method and this method
was applied to all continuous disks not containing gaps (i.e. the
majority of disks with r £ 150 au), if self-shadowing plays a crit-
ical role in the aspect ratio scatter observed in Sect. 4.1, then this
could explain the large scatter found at these radial extents. As
Garufi et al. (2024) note, the inner rim is expected to lie within
0.02-2 au of the star; therefore, the measured feature cannot cor-
respond to the inner rim. However, if a moderate fraction of these
disks are partially self-shadowed, this effect could explain the
wide spread in measured aspect ratios at radii $150 au. Extended
disks do not exhibit this scatter, suggesting that if self-shadowing
is indeed responsible, it is not present in these systems. This is
consistent with the interpretation that such disks have cleared
their inner cavities (i.e. Group I or transition disks), reducing
shadowing and allowing for more uniform flaring, in agree-
ment with theoretical expectations (Natta et al. 2001). These
systems may have evolved beyond the self-shadowed phase (i.e.
cleared the inner region), or never experienced it to a significant
degree. Conversely, more compact disks may be preferentially
affected by self-shadowing, suppressing/increasing the aspect
ratio significantly because their intrinsic size is smaller, and this
introduces the observed scatter at small separations (r < 50 au).
Further investigation of the role of self-shadowing would con-
firm whether this is indeed a factor within the observed scatter
in vertical height between the disks in this dataset.

The same analysis was repeated for stellar mass which is
expected to correlate with the vertical height (see Appendix G),
assuming that the classical MLR does not hold for pre main-
sequence stars. However, similar to the stellar age, no correlation
was found for aspect ratio vs. stellar mass.

For all of these previous analyses, a key limitation is the
need to measure aspect ratios at a consistent radius across sys-
tems, which drastically reduces the sample size for each analysis,
leading to small-number statistics. Additionally, if varying disk
morphologies exhibit different aspect ratios, this would compli-
cate any simple relation between the dust mass, stellar age or
stellar mass and the disk geometry.

4.4. Planets opening gaps

The formation of gaps in protoplanetary disks by embedded
planets is a well-established outcome of planet-disk interac-
tions, driven by the exchange of angular momentum between the
planet and the disk gas (Lin & Papaloizou 1979; Goldreich &
Tremaine 1980; Lin & Papaloizou 1993). The relation between
planet mass and gap width has been extensively explored through
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hydrodynamic simulations (Kanagawa et al. 2016; Dong & Fung
2017; Zhang et al. 2018). Because the gap width and aspect ratio
are measured through ellipse fitting and are key parameters in
planet-disk interaction models, the results of the SEEF algorithm
provide a natural foundation for exploring the theoretical masses
of planets responsible for opening these gaps.

We applied the empirical model developed by Kanagawa
et al. (2016) to estimate the planet masses from observed gap
widths, assuming the gap is opened by a single planet located at
the gap centre,

M, Agy 2 h : Qyise \2
=21x 107322 [ 2 ( °) , 4
M. ( R, ) (0.0SR,, 10-3 @

where M, R, and h,,/R,, are the planet mass, orbital radius, and
local disk aspect ratio of the gas pressure scale height, respec-
tively; M. is the stellar mass; and a5 is the disk viscosity
parameter (Shakura & Sunyaev 1973). Following Ginski et al.
(2016); Ginski et al. (2025), the gas pressure scale height is esti-
mated from the dust-scattering surface height by dividing by
a factor of 4, under the assumption that gas and dust are well
mixed (Chiang et al. 2001). We note that the conversion between
the scattering-surface height and the gas pressure scale height
(here assumed to be a factor of four) is uncertain and depends
on the dust optical depth and vertical dust distribution, introduc-
ing a systematic uncertainty in the inferred gas scale height, and
consequently in the estimated planet masses. For each gap, the
table lists the gap width (Ag,p), the corresponding planet’s semi-
major axis (Rp), and the local disk aspect ratio, derived from
observations. The gap width was calculated as Ry — R;, where
Ry and R; are the radii of the adjacent rings, measured along
the major-axis and Ry is the most outward ring of the pair. This
definition formally describes the gas gap; throughout this work,
we assume that the dust is sufficiently well coupled to the gas
that the measured dust ring locations trace the underlying gas
structure, consistent with the assumptions adopted in Kanagawa
et al. (2016). This assumption neglects the fact that gaps seen
in scattered light may also be shaped by shadowing and by the
geometry of the disk scattering surface. The planet is assumed to
orbit at the midpoint of the gap. The aspect ratio was calculated
using the scale parameter A and flaring index « derived from the
power-law fits for individual systems (see Fig. 10). For systems
with fewer than three height measurements, the extended disk
trend was adopted instead (see Sect. 4.1). For WRAY 15-788
with three measurements, which had a large uncertainty for the
outermost ring, the extended disk trend values were used. These
values were then applied using the power-law relation

a-1
hy _ A(&) . (5)

lau

Planet masses are calculated under the assumption that the
gaps are opened by single planets and are reported for three val-
ues of the disk viscosity parameter ayis. = 1072, 1073, and 107*
to reflect different plausible disk conditions. Uncertainties were
estimated as follows: the gap width uncertainty reflects the prop-
agated uncertainties in the positions of the adjacent rings; a 10%
uncertainty was assigned to the stellar mass; and a fixed uncer-
tainty of 0.05 was adopted for the aspect ratio, consistent with
the scatter observed in the extended disk population (see Fig. 8).
These estimates provide a comparative view of how inferred
planet masses vary with assumed disk viscosity. Figure 13 shows
the inferred planet masses for the sample of multi-ringed disks
for the three values of disk viscosity.
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Fig. 13. Top: planet mass (Mjy) vs. separation of the inferred planet (R,
au) for three different values of the disk viscosity parameter @;s.. The
top left panel shows all @, values overlaid together. The remaining
panels show individual plots for @y, = 1072, 107, and 107, respec-
tively. The error bars represent uncertainties in the inferred planet mass
and the measured gap radius. The plot highlights the dependence of
inferred planet mass on ay;s., with lower viscosity requiring lower planet
masses to carve equivalent gaps. Bottom: distribution of detected exo-
planets plotted as mass (Mj) vs. separation (au). Blue points represent
confirmed exoplanets from the exoplanet.eu database, where true
masses are used when available and minimum masses (M X sini) are
used otherwise. Other coloured points correspond to the planet masses
we inferred for different viscosities.

The bottom panel of Fig. 13 presents the inferred planet
masses and separations derived, overlaid on the broader popu-
lation of detected exoplanets for reference. Among the models
explored, the high viscosity e, = 1072 case aligns most closely
with the current exoplanet detections in the mass-separation
plane yet still below current detection limits. However, this
apparent agreement should be interpreted with caution, as planet
migration may shift planets inward from their original forma-
tion locations, meaning that the observed disk gaps may not
correspond directly to current orbital positions (Goldreich &
Tremaine 1980; Fernandez & Ip 1984). In the low-viscosity cases
(@yise = 1073 and 107%), the inferred planets occupy a largely
unexplored region of parameter space, potentially due to sig-
nificant inward migration after formation. It is noted that this
region of the mass-separation plane aligns with the popula-
tion of debris-inferred exoplanets using sculpting and stirring
arguments (Pearce et al. 2022).

For disk viscosity parameters between 1072 and 107*, the
range of inferred planet is between approximately 2 M; and
0.2 Mj for larger gaps or 0.02 Mj and 0.2 M; for smaller
gaps. Observationally, current detection limits within disk gaps
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are primarily constrained by achievable contrasts. Ginski et al.
(2025) derived a limit of approximately 5 M; for the gap
in 2MASS J1612, while Asensio-Torres et al. (2021) reported
a range of detection limits from 9 M, at close separations
(approximately 10 au) down to 4 Mj,, at wider separations
(approximately 100 au), highlighting how sensitivity improves
with increasing orbital radius. Considering the detection lim-
its, then all the inferred planets would not be directly detectable
by current limitations. However, the large uncertainties in the
inferred planet masses (see Table H.1), often exceeding the nom-
inal values, arise primarily from the +0.05 uncertainty in the
aspect ratio, so these results should be interpreted more as an
investigation into the dependence of the inferred planet masses
on the viscosity parameter than an estimate of the true planet
masses.

5. Summary and conclusions

We analysed the vertical height structure for a sample of 92 class
II systems containing disks. This expands on the samples in the
literature for vertical height measurements (de Boer et al. 2016;
Ginski et al. 2016; Avenhaus et al. 2018; Rich et al. 2021; Ginski
et al. 2024). We also presented a method that expands the meth-
ods introduced by Ginski et al. (2024) for robustly measuring the
vertical heights and aspect ratios for differing morphologies of
protoplanetary disks. The vertical heights, aspect ratios, separa-
tions, inclinations, and position angles of the structures with the
92 disks are listed in Table A.1.

For the full sample, including the investigation into remov-
ing spiral, face-on, and inclined disks and further, limiting the
dataset to H-band filter images alone (see Appendix E), we
found that the vertical height structure cannot be confidently
described by a single power law. This is evidenced by the scatter
and the moderate to low correlation observed in the h/r ver-
sus r distributions. The impact of observational filter used on
the inferred flaring was found to be significant, as seen in the
case of WISPIT 2, and it must be considered when comparing
vertical height measurements made using different filters. How-
ever, in this work, where the majority of images were in H band,
the choice of filter did not significantly affect the trends we pre-
sented. The low correlations suggest that either (1) different disk
morphologies intrinsically follow distinct vertical structures, or
(2) an additional, unidentified factor contributes to the scatter
across the population. Notably, the categorical breakdowns and
system properties (Sect. 4.3) we explored revealed no significant
trends within any underlying factor or subgroup, except for the
extended disks, which remain the only category that consistently
follows a well-defined flaring power law.

Extended disks (ryuer = 150au) were found to be well
described by a single power law,

F 170
h:0.0043(m) , ©6)

suggesting that some underlying physical property of these sys-
tems is resilient to the factors driving the observed spread in
flaring among other disk categories. This consistency implies
that extended disks might occupy a distinct evolutionary or struc-
tural regime in which processes such as dust settling, turbulence,
or self-shadowing are either stabilised or play a diminished role
in shaping the vertical structure.

While no statistically significant correlation was found
between aspect ratio and disk properties such as stellar mass,
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age, or dust mass, a trend was noted in which the youngest sys-
tems exhibit the lowest aspect ratios, with older systems showing
higher values. If self-shadowing plays a dominant role in shap-
ing vertical height and disk flaring, this trend would be consistent
with older disks clearing their inner region, that is, Group I disks.
However, the investigation of these dependences is strongly
limited by small-number statistics. Disk self-shadowing might
contribute to the observed scatter in vertical height, regardless
of stellar mass, age, disk category, or dust mass.

Using the vertical height trends, we estimated the masses of
gap-opening planets. The inferred planet masses span approx-
imately 0.2-2 M; for larger gaps and 0.02-0.2 M; for smaller
gaps, depending on the assumed disk viscosity parameter (@yisc)-
These planets remain below current direct-detection limits.
Given the large uncertainties in these estimates, the derived val-
ues should therefore be regarded as tentative. With reference to
the detected exoplanet population (Fig. 13) and assuming the
traced disk gaps are predominantly opened by planets form-
ing gaps, our analysis suggests two potential scenarios. If the
planets remain at their current location in the mass-separation
plane, then the disk structures trace an entirely new and lower-
mass population of wide-separation planets compared to those
previously detected. Alternatively, these planets might still be
undergoing significant inward migration within the disk, in
which case these may be precursors to the lower separation
planet population detected with indirect methods.

Data availability

A copy of the reduced images is available at the CDS via
https://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/
710/A38.
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+y axis to the first instance of the major axis counter-clockwise,
as the front scattering side could not be determined.

Appendix A: Table of results

Table A.1 details the height (au), inclination (degrees), separa-
tion (au), aspect ratio (h/r), PA (degrees), and whether the ellipse
fit had prior estimates of the inclination and PA for the con-
strained ellipse fit (Constr?) for all measured disks. The region
of the ellipse fit is noted to differentiate between substructures
of the same disk, where inner (2) and (3) refer to inner rings at a
greater radial extent than the most inner structure which is sim-
ply referred to as inner. (¥) The PA shown is measured from the

Table A.1. Geometrical parameters of the disks.

Disk Region Height (au) Incl (deg) Separation (au) h/r PA (deg) Constr?
J13342461-6517473  Inner 2.36 £0.52 43.68 +1.94 28.99 + 0.80 0.08 +0.02 114.14 + 3.59 No
J16042165-2130284  Inner 9.25+0.76 15.10 £ 0.01 78.24 +£0.16 0.12 £ 0.01 352.10+3.22 Yes
Outer 8.64 + 3.68 10.57 £0.04 113.16 +£0.57 0.08 +£0.03 343.63 +23.23 Yes
J16082324-1930009  Outer 3.28 +0.84 70.16 + 1.23 61.51+1.76 0.05 +£0.01 303.88 + 0.88 No
J16083070-3828268  Outer 18.39+0.54 73.93+0.31 14557 +1.65 0.13+0.00 287.42 +0.27 No
J16090075-1908526  Inner 1.36 £+ 0.44 52.46 +2.01 39.29 +1.25 0.04 +0.01 144.13 + 3.97 No
J16120668-3010270  Inner 293 +1.54 12.31 +£3.04 29.97 +£0.23 0.10 £ 0.05 227.25 +33.18 Yes
Middle 1693+096 3542+0.92 75.09 +£0.39 0.23 +£0.01 221.04 +1.58 Yes
J18521730-3700119 Inner 1.25 +£0.21 38.76 + 0.63 24.50 +0.11 0.05 +£0.01 299.08 = 0.71 Yes
Outer 3.37 +£0.79 34.74 + 1.03 54.16 +£0.36 0.06 +0.01 300.36 = 1.60 Yes
J19005804-3645048  Outer 0.44 +£0.07 65.61 +0.75 36.72 £ 0.55 0.01 £0.00 100.67 = 88.75 (*) No
AK Sco Outer 3.24+1.91 63.53 +£5.27 29.45 +1.01 0.11 £ 0.07 231.36 + 1.08 Yes
AS 209 Inner 6.60 = 1.61 36.81 +4.44 35.67 +£0.78 0.18 £ 0.04 105.67 £ 35.93 Yes
AT Pyx Inner 2141 +190 36.39+1.22 17997+0.73 0.12+0.01 129.37 £ 0.78 (*) No
BD-06 1178 Outer 1751 £0.79 61.07 +£0.89 79.12 + 1.15 0.22 +0.01 30.68 + 0.93 No
BD-08 1115 Inner 2249 +1.22 63.54+1.78 63.15 +0.76 0.36 +£0.02 24791 +0.34 Yes
BN CrA Inner 5.83+1.18 66.60 = 0.68 71.52 +1.51 0.08 + 0.02 298.09 + 0.55 No
CD-38 4381 Outer 11.96 +2.16 28.11 +1.85 86.94 + 1.09 0.14 £0.03  66.38 = 50.00 (*) No
CM Cha Outer 19.90 +7.05 18.83 +3.41 72.28 +£0.92 0.28 £0.10 123.45 + 26.84 Yes
CQ Tau Inner 4.78 £ 0.48 50.15 +0.97 4293 +0.32 0.11 +£0.01 56.06 + 0.51 Yes
CS Cha Inner 3.64 +1.45 28.81 +1.35 53.62 +£0.78 0.07 £0.03 74.61 +7.88 Yes
CT Cha Outer 6.73 £1.16 48.77 £ 3.13 41.77 £1.03 0.16 +£0.03 58.78 £ 1.96 Yes
CV Cha Inner 8.82 +0.83 3593 +1.88 48.00 + 0.53 0.18 +£0.02 312.78 +£3.43 Yes
DG CrA Outer 748 +1.04 36.94 +0.83 170.03+0.75 0.04 +0.01 279.08 + 28.36 No
DG Tau Outer 31.64 +£10.62 2559+487 15441352 0.20=+0.07 132.97 + 4.38 Yes
DH Tau Inner 1.72 +1.19 25.14 +3.54 35.59 +0.76 0.05+0.03 131.45+14.65(*) Yes
DL Tau Outer 1.70 +£0.72 43.07 +7.88 48.72 +2.09 0.04 +0.01 52.14 + 6.57 Yes
DM Tau Inner 693 +1.84 33.59+1.95 48.38 +0.60 0.14 £ 0.04 155.99 +4.83 Yes
DO Tau Outer 33.25+1.13 36.17+1.09 58.85 +0.59 0.56 + 0.02 156.19 + 16.36 No
DoAr 44 Outer 1253 +2.08 4949 +3.11 42.52 +1.00 0.29 + 0.05 5747 £1.76 (%) Yes
DQ Tau Inner 1.22 +£0.20 4530 +2.47 32.73 £0.55 0.04 +£0.01 38.33+£1.99 Yes
DW Aur Outer 4.15 +£0.50 62.29 +1.75 4991 +1.02 0.08 + 0.01 307.50+1.79 No
EM AS 218 Inner 2.50 +£0.25 24.41 +0.97 34.29 +0.21 0.07 £0.01 66.93 + 3.00 No
Outer 5.89 £9.23 31.59 £ 1.40 76.51 +£0.63 0.08 £0.12 58.95 £ 3.56 No
EM LkCa 15 Inner 5.72+042 40.82 +1.79 38.08 = 0.31 0.15 +£0.01 66.67 +0.71 Yes
EM LkHA 330 Outer 2330+2.20 41.05+057 14589+0.80 0.16=+0.01 231.72 +1.36 Yes
EM LkHA 345 Outer 8.35+0.96 29.30 £ 1.96 39.72 £ 0.46 0.21 +£0.02 160.61 = 5.14 No
EM SR 21A Outer 18.16 190 19.10+1.20 75.86 + 0.38 0.24 +0.03 30.99 £ 5.95 (%) Yes
EM SR4 Outer 12.85+2.72 27.22+4.53 48.81 +£0.58 0.26 +0.06 20.21 £9.44 No
Gaia DR2 58548- Inner 6.99 + 0.64 3497 +1.11 27.05 +£0.24 0.26 +£0.02 199.41 +2.92 No
97321965963264
GG Tau A Outer 4142 +£1.88 39.24+0.59 207.79+093 0.20+0.01 104.36 = 0.78 Yes
GM Aur Outer 13.06 £2.06 60.87+3.47 10478 «1.25 0.12+0.02 57.85 +£0.81 Yes
Haro 1-1 Outer 6.12+1.79 50.08 = 0.79 75.87 £ 0.62 0.08 + 0.02 225.14 £ 1.56 No
Haro 5-34 Outer 299 +1.41 11.34 +4.72 12850+ 1.30 0.02+0.01 27.65 + 40.64 No
HD 100453 Outer 7.01 £0.17 31.58 +0.38 42.18 £0.12 0.17 £ 0.00 2.06 £0.91 No

Continued on next page
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Disk Region Height (au) Incl (deg) Separation (au) h/r PA (deg) Constr?
HD 100546 Inner 1835+1.69 4924 +226 10041 +1.09 0.18+0.02 324.01 = 1.33 Yes
HD 143006 Outer 3.67+1.77 16.25 +7.67 85.82 +£2.92 0.04 +£0.02 346.52 +2.59 Yes
HD 135344B Outer 14.80+£0.90 25.09+1.12 86.21 = 0.51 0.17 £ 0.01 26.49 +2.48 No
HD 139614 Outer 50.31 847 2579224 173.72+2.14 029 +0.05 137.09 + 7.68 Yes
HD 142527 Outer 4728 +1.75 26.85+0.63 174.19 £ 0.53 0.27 £0.01 10.35 +2.44 Yes
HD 163296 Outer 13.50 +0.46  45.96 + 0.58 82.59 + 0.25 0.16 £ 0.01 129.86 = 0.49 Yes
HD 169142 Inner 1.28 + 0.07 18.52 + 0.48 35.27 £0.07 0.04 = 0.00 242.80 +2.32 Yes
Outer 1251 +2.76  19.61 +£1.15 68.50 + 0.30 0.18 £ 0.04 249.01 = 4.09 Yes
HD 179218 Outer 5.65 +3.87 3824 +1.29 123.13+1.22 0.05+0.03 201.09 = 2.36 No
HD 290380 Outer 7.84 £1.69 25.25 +4.62 58.06 + 1.66 0.14 £ 0.03 6.89 £ 13.16 No
HD 294260 Outer 34.12+2.97 1652+1.10 133.74+0.56 0.26 +0.02 8.33 + 84.85 Yes
HD 31648 Inner 4.37 +£0.55 34.46 +1.14 53.05 +£0.37 0.08 £0.01 320.20 = 2.32 No
HD 34282 Inner 20.75+142 6586237 175.03+1.08 0.12+0.01 293.52 +£0.23 Yes
Middle 5824 +237 6097+193 231.50+1.54 0.25+0.01 294.77 + 0.45 Yes
Outer 112.68 £9.97 59.13+4.21 32737+499 0.34+0.03 297.03 +1.32 Yes
HD 34700 Outer 20.65+0.59 40.89+0.32 169.86+0.44 0.12+0.00 78.53 £ 0.66 Yes
HD 36112 Outer 10.73 +£0.32  28.85+0.62 79.23 +0.19 0.14 +£0.00 178.50 +2.13 No
Inner 8.94 +0.23 23.79 + 0.50 48.86 +0.18 0.18 £ 0.01 93.44 + (0.88 No
HD 97048 Inner 8.89 +0.82 4131 £0.52 11647 +0.44  0.08 £0.01 11.94 +1.13 Yes
Inner (2) 31.51+1.53 4091+046 196.59+0.70 0.16+0.01 6.99 +0.74 Yes
Middle 2553 +10.88 44.17+2.11 28597 +2.03 0.09 +£0.04 0.11 £4.09 Yes
Outer 56.36 £8.39 3978 +1.31 37227 +2.68 0.15+0.02 357.08 =2.83 Yes
Hen 3-545 Outer 6.75+1.27 33.82+1.76 83.36 £ 1.13 0.08 +0.01 36.00 = 3.82 No
HP Cha Inner 8.48 +2.31 34.53 +0.86 68.77 £ 0.46 0.12 +£0.03 131.26 +2.24 Yes
IM Lup Inner 18.09+£0.57 53.87+1.00 10621+042 0.17+0.01 325.15+0.39 Yes
Inner (2) 3414 +0.55 4928 +040 171.63+0.32 0.20+0.00 315.43 £0.26 Yes
Middle 56.50+4.75 49.10+1.00 24373 +2.25 023+0.02 327.66 + 1.64 Yes
Outer 91.18 £4.75 50.58+1.94 36285272 0.25+0.01 321.39+1.53 Yes
IP Tau Outer 9.03+1.48 24.57 +2.81 39.87 £ 0.53 0.23 £0.04 166.32 +7.24 Yes
KK Oph Outer 10.40 +£1.20 45.06 =2.30 7591 +£1.24 0.14 £ 0.02 60.76 = 2.31 No
PDS 66 Middle 12.12+1.55 25.05+1.12 75.92 £0.29 0.16 £ 0.02 193.85 +3.95 Yes
PDS 70 Outer 19.77+1.70  54.62+2.06 11095+094 0.18+0.01 339.88 + 1.04 Yes
RU Lup Inner 6.18 +1.32 23.30 +2.49 61.51 £ 0.65 0.10 £ 0.02 142.46 = 9.29 Yes
Outer 1747 +7.17 20.37 +£2.85 120.00+1.29  0.15 +0.06 136.01 = 10.80 Yes
RXJ1615-3255 Inner 4.30+0.72 48.29 + 0.35 69.82 +0.21 0.06 + 0.01 144.99 + 0.36 No
Inner (2) 27.30+3.38 44.10+1.27 14576+1.18 0.19 +£0.02 146.72 + 1.32 No
Middle 31.93+2.07 4645+092 203.79+0.54 0.16+0.01 146.24 + 0.48 No
Outer 53.29+2.35 4725+067 27749+1.62 0.19+0.01 148.26 = 3.01 No
RY Lupi Outer 16.52 +1.07 64.84 +2.81 102.79 +£0.78 0.16 £0.01 107.25 £ 0.43 Yes
RY Tau Outer 1223 +091 66.72 +£3.46 64.36 = 0.45 0.19 £ 0.01 202.54 £ 0.54 Yes
S7Z 111 Outer 2572 +2.38 47.68 £2.19 10499+1.21 0.24+0.02 22590 +1.82 Yes
Sz 68 Outer 7.28 +1.64 37.46 £ 2.16 68.13 £ 1.65 0.11 +£0.02 171.07 £ 2.83 (%) Yes
SZ Cha Middle 12.72+0.35 4533 +0.46 77.95 £0.18 0.16 = 0.01 340.30 = 0.38 Yes
Outer 24.82+0.97 4544+094 13996+0.56 0.18=+0.01 340.88 + 0.97 Yes
TW Hya Inner 0.84 +£0.12 15.04 +1.92 21.92 +0.17 0.04 +£0.01 58.17 +7.91 No
Inner (2) 1.73 £0.36 19.80 = 2.35 36.23 +£0.29 0.05+0.01 42.05 + 8.80 No
Inner (3) 3.68 +0.58 10.45 + 1.30 48.24 +0.17 0.08 £0.01 63.34 +12.53 No
Middle 426 +1.02 10.51 +£1.97 69.22 +0.27 0.06 = 0.01 52.57 £41.73 No
Outer 15.03 £7.01 8.86 +3.81 110.33+£0.58 0.14 +0.06 339.07 +31.38 No
Outer (2) 21.94+7.04 1519+3.58 15848 +1.43 0.14 +£0.04 22.19 + 18.56 No
TYC 6213-1122-1 Outer 5.05+£0.29 62.22 +0.31 89.88 + 0.74 0.06 = 0.00 35.13 +0.31 No
T Cha Outer 9.45 £ 1.66 60.11 +2.17 56.33 £2.29 0.17 £0.03 117.54 £ 1.99 No
UX Tau A Outer 8.07+£1.62 40.60 + 1.57 89.85 +0.62 0.09 +0.02 166.27 + 1.92 Yes
UZ Tau Inner 3.92 +£0.56 66.24 + 5.06 54.34 +£0.70 0.07 £0.01 257.22 +44.01 Yes
V1094 Sco Outer 654 £1.72 59.42 +3.30 64.79 £ 0.70 0.10+£0.03 108.04 = 0.76 Yes
V1098 Sco Outer 11.13+1.61 32.77+094 102.60+0.82 0.11+0.02 14.28 +2.39 No
V1247 Ori Outer 3445 +1.37 4187120 15240+1.08 0.23+0.01 111.06 = 1.32 Yes
V351 Ori Inner 5775+1.59 66.57+028 26039+261 0.22+0.01 138.16 = 0.29 No
Outer 9572 +£3.97 64.81+0.72 369.83+549 0.26=+0.01 14091 = 1.05 No

Continued on next page
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Disk Region Height (au) Incl (deg) Separation (au) h/r PA (deg) Constr?
V4046 Sgr Inner 0.59 +0.09 31.64 £1.12 17.61 = 0.06 0.03 +£0.01 76.68 +1.05 Yes
Middle 0.49 +0.06 32.17 £ 0.98 31.90 + 0.07 0.01 £0.00 75.23+0.95 Yes
Outer 5.00 £1.22 35.89 + 1.69 53.25 +0.53 0.09 £0.02 77.99 +2.69 Yes
V409 Tau Outer 7.65 +0.85 68.04 +£5.42 61.18 +0.71 0.12+0.01 4471 £0.72 Yes
V599 Ori Outer 4558 +1.28 59.45+049 226.67+136 0.20+0.01 316.80+0.63 No
V710 Tau Outer 10.65 +£0.70  49.07 = 1.83 51.74 £ 0.43 0.21 £0.01 264.03+1.04 Yes
V721 CrA Outer 33.82+1.98 61.85+0.81 12430+ 1.81 0.27+0.02 286.05+0.99 No
V836 Tau Outer 4.72 +0.86 4277 +£3.23 44.25 + 0.80 0.11+0.02 115.11 +£3.47 Yes
V935 Sco Outer 8.72 +0.57 48.25 +2.44 54.19 = 0.72 0.16 £ 0.01 83.92 +14.66 Yes
WISPIT 2 (H-Band) Inner 1.70 £ 0.15 4495 + 0.39 38.44 +0.08 0.04 +0.00 1.54 £0.28 No
Inner 2) 1044 +0.62 41.81+0.56 96.73 + 0.63 0.11+£0.01 357.10+1.55 No
Middle 2405+ 1.15 4540+1.07 163.54+293 0.15+0.01 356.51 +1.31 No
Outer 76.08 £+6.32 43.62+154 31636+450 024+0.02 357.81+1.56 No
WISPIT 2 (K-Band) Inner 1.09 + 0.48 43.97 + 0.88 37.22+0.12 0.03+0.01 0.243+0.48 No
Inner (2) 6.62 +£1.58 4264 +£1.27 10275+ 1.36 0.06 £0.01 359.34 +4.46 No
Middle 1793 +£2.73 4752+127 15630+1.76 0.12+0.02 356.82 +1.50 No
WRAY 15-1384 Inner 0.53 +0.21 58.27 £ 0.96 70.63 +1.28 0.01 £0.00 53.72+1.21 No
WRAY 15-1400 Inner 6.34 +0.94 41.32 +2.08 66.31 +1.27 0.10 £0.01 330.44 +2.86 No
WRAY 15-1880 Inner 6.74 £0.73 4194 +1.38 56.46 + 0.88 0.12+0.01 221.00 +2.88 No
WRAY 15-788 Inner (2) 6.30+1.78 26.25 +5.05 56.59 + 0.55 0.11 +£0.03 57.56 +58.14 No
Middle 11.92+1.83 27.00+1.13 98.82 + 0.67 0.12 +£0.02 40.50+3.18 No
Outer 13.79+16.82 3197+9.13 166.00+5.88 0.08+0.10 61.21 +10.07 No
WW Cha Inner 7.98 +3.32 45.36 + 3.56 63.29 + 0.53 0.13+0.05 31.25+497 Yes
Outer 18.84 +0.67 43.58+0.77 11823+043 0.16+0.01 34.35+1.50 Yes

Appendix B: Figure of ellipse fits for all disks

Shown below is the figure containing all the ellipse fits derived
through this work, overlaid on their respective image. The
ellipse fit shown is the constrained fit if available and the free
fit otherwise. The disks are sorted into their respective disk
morphologies defined in Sect. 4.1 for comparison.
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Uniform Inclined/Face-On

Fig. B.1. Ellipse fits described in Sect. 3.3 overlaid on all 92 unique disks, categorised by the disk type defined in Sect. 4.1. Scattered-light images
are displayed using either a logarithmic stretch or a linear scale with fixed vy, and vy, to optimise visibility of disk structure. The scale bar in each
panel denotes 1 arcsecond.

A38, page 17 of 22




Byrne, J., et al.: A&A, 710, A38 (2026)

Appendix C: Outlier removal

Due to the faint and noisy nature of the images, the detected
points are often irregular and inconsistent, with spurious detec-
tions occurring across closely spaced radial passes. Several
stages of outlier removal are implemented within the algo-
rithm to combat clear outliers, hereafter also referred to as false
detections.

First, extreme outliers are removed by computing the radial
distance of each detected point from the image centre (i.e. the
coronagraph position) and discarding those exceeding the mean
radial distance of all points by a user-defined threshold (typi-
cally >50 pixels), which changes depending on whether one is
extracting information from a feature close (smaller threshold)
or distant from the centre (larger threshold).

The points were then spatially binned based on azimuthal
angle. High S/N disks with well-defined edges require little to
no binning, while poorly defined or noisy edges benefit from
binning to suppress spurious structure. Binning reduces the total
number of data points and smooths out local irregularities, but
it may interfere with other outlier removal processes, and their
user-defined parameters must be adjusted to account for the
decrease in points and for the increase in distance between them.
Therefore, the bin angle selected varies between disks, with lit-
tle/no binning for extended structures and greater degrees of
binning for compact, rough-edged disks. It is noted that one
must consider that using a large binning angle (> 5°) causes the
averaged coordinates to systematically truncate inward, since the
binned points approximate a curved structure, as illustrated in
Fig. C.1.
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Fig. C.1. Illustration of point binning with excessive angular bin size.
When the bin angle is too large, true edge points (blue) are truncated,
and the resulting averaged point (red) no longer accurately represents
the underlying distribution.

An outlier removal step is now performed within each bin by
discarding points exceeding the mean radial distance of the bin
by a smaller threshold (typically 10 pixels), aiming to remove
extreme outliers from their local bin. After averaging each bin, a
final pass removes bins whose mean radius deviates from the
total mean of all bins by more than 20-30 pixels. This helps
eliminate bins comprised of entirely false detections but can
be relaxed for highly eccentric structures, where the disk edge
greatly varies in distance from the star azimuthally.

With global and binned outliers removed, to identify and
remove local outliers that deviate from the natural curve of the
structure along the extracted azimuthal profile, a two-stage filter-
ing process was implemented, visualised entirely in Fig. C.3.

In the first stage (shown in Fig. C.2 and together with stage
2 in Fig. C.3), data points were scanned sequentially using a
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sliding-window technique. Each point was compared to the local
mean radial distance, obtained from the trimmed mean of the
previous ten points (central eight by value) to reduce outlier
influence. Naturally, the first ten points were excluded from this
removal step (see Fig. C.3); therefore the image must be rotated
to an angle where the edge is smooth and well-defined (e.g. the
forward-scattering side). Points deviating beyond the trimmed
mean plus a fixed threshold (we used 10 pixels) were identified
as false detections. To handle structural discontinuities (e.g. gaps
or disk breaks due to shadowing or faint signal on the back-
scattering side), a new section was initiated once the number
of consecutive outliers exceeded a predefined ‘bridge’ threshold
(typically 20 rejections), preventing over-rejection near features
such as the noisy back-scattering side.

In the second stage of the local outlier removal (shown
alongside stage 1 in Fig. C.3), each section was independently
processed using 1.50 clipping around its mean radial distance to
remove residual outliers. This targets clusters of false detections
that passed initial filtering, especially in low S/N regions where
noise near the disk edge can bias binned averages outward. These
biased bins inflate local standard deviations, reducing the effec-
tiveness of earlier filtering. To prevent over-rejection, the first
(typically largest) section on the high S/N front-scattering side is
exempt, as strict clipping would wrongly exclude points near the
curve ends due to natural curvature.

Outside of the previously mentioned, predominately auto-
matic outlier removal steps, the algorithm allows for the manual
exclusion of bins within specific angular ranges. These user-
defined removals can be applied either before or after the outlier
rejection process. When applied beforehand, they prevent prob-
lematic regions, such as regions of consistently poor signal (e.g.
the back-scattering side), from influencing the initial threshold-
based or rolling average calculations. When applied after outlier
rejection, they allow for a targeted clean-up of residual artefacts,
particularly in edge cases where structured noise or imaging
artefacts remain.
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Fig. C.2. Diagram illustrating the first step of local outlier removal,
where points are identified as outliers if their radial distance exceeds the
standard deviation of the previous ten points plus a defined threshold.

Appendix D: Coverage and PA convention

To evaluate how azimuthal coverage of the extracted points from
the structure extraction step of the algorithm impacts the accu-
racy of free ellipse fit, two configurations were tested on the
same model disk, shown in Fig. D.1. In each case, edge points
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Fig. C.3. Diagram illustrating the two-
step local outlier removal process. The
elliptical disk is divided into angular
sections based on series of outlier rejec-
tions from step 1. Section 1 (green)
spans the bright, front-scattering side
and undergoes step 1 filtering. Sec-
tions 2 (yellow) and 3 (purple) lie on
the fainter, back-scattering side and are
targeted by the second-stage rejection
(black crosses). Red arcs (a bridge) mark
angular gaps where the local standard
deviation is inflated due to lower S/N,
preventing the sliding window from
identifying outliers. Defining new sec-
tions in these regions enables localised
standard deviation recalculation, allow-
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ing for successful outlier detection
across the back-scattering side.

were incrementally added until the ellipse solution converged.
For the first configuration, convergence occurred after accumu-
lating 270° of continuous coverage on one side of the disk. In the
second configuration, convergence was achieved with only 40°
of total azimuthal coverage, where the points were distributed
equally on opposing sides of the ring. This result demonstrates
that accurate ellipse fitting depends more critically on azimuthal
distribution than on total angular span. Even limited angular
coverage can constrain the fit effectively, providing the points
sample diverse regions of the disk geometry.

The PA obtained directly from the ellipse fit is measured
counter-clockwise from the positive x-axis to the first instance
of the major axis. To make this consistent with the typical con-
vention, which is illustrated in Fig. D.2 and used throughout this
work. The typical convention for PA is measured from north
through east to the first instance of the major axis such that the
forward-scattering side lies between this axis and its opposite
counterpart. To correct the PA measured from the ellipse fit, an
offset of 90° was added to convert the measurement to start from
the +x axis to +y axis. If this angle did not contain the forward
scattering side, then an additional offset of 180° was added, giv-
ing offset options of 90° and 270°. The forward-scattering side
was identified by comparing phase functions derived for each
offset, inspecting the corresponding disk-region overlay fits, and
assessing the global disk geometry and brightness distribution

Rotation = 270 deg

Rotation = 40 degrees

200 250

X Pixel

200 250

X Pixel

Fig. D.1. Example of two free ellipse fits (cyan) applied to the same
model disk, where edge points (red) were extracted at increasing
azimuthal angles in one direction. Left: the detected edge points span
270° of a single side of the ring. Right: points span only 40° but are
located on opposing sides of the ring. The two ellipses accurately map
the underlying structure, showing the importance of extracting informa-
tion from various azimuthal regions of the disk.
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Fig. D.2. Diagram showing the PA convention. The PA is measured
north to east, counter-clockwise, and to the major-axis containing the
forward-scattering region of the disk.

for each side of the disk to determine which side is the forward
and back scattering region (further discussed in Coyne et al., in
prep.).

When the forward-scattering side was ambiguous, a vector
was drawn from the stellar position to the centre of the fit-
ted ellipse; for an inclined disk this vector should point toward
the back-scattering side, since the star appears offset toward the
forward-scattering side in the image plane. In some cases, the
vector lay approximately along the major axis and was therefore
unreliable. For these systems, the reported PA is defined simply
as the angle from north to the first occurrence of the major axis,
independent of any forward-scattering determination.

Appendix E: Wavelength dependence analysis

The dataset includes observations in the J (1.1 - 1.4 um), H (1.5
- 1.8 pm), and K (2.0 - 2.4 um) bands, each sampling slightly
different heights in the disk surface. To assess the impact of
this wavelength dependence on the derived aspect ratios, the
analysis was repeated using only the H-band subset, with the pre-
viously identified difficult-to-fit groups removed (see Sect. 4.1),
as shown in Fig. E.1 (totalling 40 unique disks and 58 mea-
surements). Since H-band observations constitute the majority
of the dataset, the resulting correlations remained mostly consis-
tent, suggesting that band-dependent effects do not significantly
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influence the overall trend. The coefficient of determination R?
decreased from 0.166 to 0.139, indicating a slight, but not sig-
nificant, decrease in correlation when limiting the sample. This
decrease contrasts with the expected improvement following
dataset standardisation, although the decrease is minor.
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Fig. E.1. i (Top) and h/r (Bottom) versus separation (r) for the
restricted dataset, excluding spiral and lowly or highly inclined disks
and now including only H-band observations. As the majority of the
dataset consists of H-band images, the resulting distributions and fitted
trends show minimal deviation from the restricted dataset containing all
filters.

As seen from the analysis on WISPIT 2 (Sect. 4.2), wave-
length dependence does indeed play a significant role for individ-
ual systems imaged in different filters and would also influence
datasets with a more evenly spread filter distribution. However,
since the dataset contains predominately H-band images, the
effect does not substantially contribute to the scatter observed
in the h/r versus r relations presented here.

Appendix F: Signal excesses found in multi-ringed
systems

For three multi-ringed systems RXJ 1615, HD 97048, and
WISPIT 2, an excess emission has been observed along the
minor axis. It is found within the forward scattering region for
RXJ 1615 and WISPIT 2 and the back scattering region for
HD 97048. The excess signal for WISPIT 2 is discussed in
Sect. 4.2 and in detail by van Capelleveen et al. (2025). To the
best of our knowledge, there has been no previous discussion of
the signal excess within RXJ 1615.

For HD 97048, Ginski et al. (2016) noted excess emission
along the eastern (back-scattering) side of Ring 2, which they
attributed to a partially illuminated inner wall of the structure.
Their fitting technique, which targets the peak flux, is largely
insensitive to this extended signal at the ring’s edge. In con-
trast, this work employs an edge-detection method that traces the
outer boundary of the emission (Gaussian fitting was not used
for Ring 2 due to a lack of retained points during extraction),
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thereby including the excess flux in the fit. If this extended emis-
sion indeed originates from a vertical wall rather than the true
disk signal, the resulting ellipse fit, offset, and inferred verti-
cal profile may not reflect the true geometry of the ring. Rich
et al. (2021) investigated this scenario by generating scattered-
light radiative transfer models using TORUS (Harries et al.
2019) for single-ring and two-ring disk geometries, with radial
extents comparable to the inner disk and Ring 2 of HD 97048.
In the single-ring case, the ring is fully illuminated, producing
a bright wall-like feature. In contrast, the two-ring configura-
tion (as observed in HD 97048) experiences shadowing from the
inner disk, and no such wall is observed. Following this, Rich
et al. (2021) fitted an ellipse to Ring 2 with 2z = 32.3 £ 1.5 au
at r = 172 + 4 au, which results in 4/r = 0.188, a higher flar-
ing than this work (2/r = 0.160) but significantly lower than the
aspect ratio reported by Ginski et al. (2016, h/r = 0.307).

Appendix G: Deriving the stellar mass and vertical
height correlation

Further to Sect. 4.3, we explicitly derived the expected depen-
dence of the disk vertical scale height on stellar mass to
demonstrate that if luminosity is not proportional to M*, the
cancellation between the sound speed and Keplerian frequency
no longer holds. In this case, the disk scale height acquires an
explicit dependence on stellar mass through the mass-luminosity
relation, such that variations in stellar luminosity at fixed mass,
as expected for pre—main-sequence stars, may introduce trends
in the disk aspect ratio.

The vertical scale height of a disk in hydrostatic equilibrium
is given by

(G.1)

where ¢, is the isothermal sound speed and Qy is the Keplerian
angular frequency. The Keplerian frequency scales as

[GM,
QK = G_3 o M*l_/z,
r

(G.2)
at fixed radius. The sound speed is given by
kgT
Cs = A2 o T2, (G.3)
Hmy

Assuming the disk temperature is dominated by stellar irradia-
tion,

T o LV4, (G.4)
For a general mass—luminosity relation of the form

L. o M?, (G.5)
the sound speed scales as

ey o« MP, (G.6)
Combining these relations yields

h o é—K o« MBI, (G.7)

For the classical main-sequence case where 5 = 4, the stellar-
mass dependence cancels exactly. For pre-main-sequence stars,
where £ is not fixed, an explicit dependence of the disk scale
height on stellar mass is expected.
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Fig. F.1. WISPIT 2 (left) and RXJ 1615 (right) with the excess signal annotated for each image. Both signal excesses appear along the minor axis

and on the forward scattering side of the disk.

Appendix H: Table of planets opening gaps

Table H.1 summarises the inferred planet masses associated with
observed gaps in multi-ringed disks within the sample, based on
the gap-opening model of Kanagawa et al. (2016) and as dis-
cussed in Sect. 4.4. The gap width is measured as the midpoint
between the two adjacent rings/disk, where the point is measured
at the peak of the Gaussian or at the edge of a disk, depending
on whether Gaussian fitting or edge detection was used. While
the two methods measure different points within their respective
structure, the signal (and distance) added or lost from the differ-
ence in the location of the points is negligible compared to the
total gap width. R, denotes the separation of the inferred planet
(e.g. the midpoint of the gap), the aspect ratio was calculated
using the scale parameter A and flaring index a derived from
the power-law fits for individual systems in Sect. 4.2 and where
measurements were not made, the extended disk trend parame-
ters (see Sect. 4.1) were used instead. Finally, the planet masses
are listed for the three considered viscosity parameters.
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Table H.1. Estimated planet masses for each observed gap using the Kanagawa et al. (2016) model.

Gap Width R, ) M, (M) M, (M) M, (My)
(au) (au) PP (e = 1072) (@i = 107%)  (@iee = 107%)
J16120668-3010270 61.4+0.6 61.1+£0.3 0.019 1.11 £ 1.13 0.35 £ 0.36 0.11 £0.11
J18521730-3700119 343 +0.5 485+ 0.2 0.016 0.61 +£0.73 0.19+0.23 0.06 = 0.07
HD 97048 802+1.2 156.2+ 0.6 0.026 1.73 £ 1.26 0.55+0.40 0.17+0.13
75.0+6.7 233.8+3.3 0.030 0.83 +0.55 0.26 +0.17 0.08 = 0.05
97.1+10.0 3199+5.0 0.033 0.87 +£0.53 0.28 +0.17 0.09 = 0.05

System

HD 169142 33.1+04 51.8+02 0.016 0.89+1.02 0.28 £0.32 0.09 £0.10
HD 34282 585+22 2014+1.1 0.044 0.76+£0.34 0.24 £0.11 0.08 +0.03

86.3+52 273.8+2.6 0.054 1.25 +0.47 0.39 £ 0.15 0.12 £ 0.05
IM Lup 65.8+05 138.6+0.2 0.047 1.42 £ 0.59 0.45+0.19 0.14 +£0.06

61.8+27 2024+14 0.053 0.71£0.27 0.22 +0.08 0.07 £ 0.03
121.7+£48 2942+24 0.060 1.55+0.53 0.49 £ 0.17 0.15 + 0.05
RXJ1615-3255 759+12 107.8+0.6 0.023 1.17+0.97 0.37 £0.31 0.12 £ 0.10
580+13 1748+0.6 0.034 0.47+0.26 0.15 £ 0.08 0.05 £ 0.03
73.7+17 240.6+09 0.043 0.58+0.26 0.18 + 0.08 0.06 + 0.03
TW Hya 143+03 29.1+£0.2 0.011 0.14 £ 0.24 0.05 £ 0.08 0.01 £0.02
120+03 422+02 0.015 0.07+0.09 0.02 +0.03 0.01 £0.01
21.0+03 58.7+02 0.018 0.16+0.16 0.05 £ 0.05 0.02 £ 0.02
411+06 89.8+03 0.025 040+0.31 0.13+£0.10 0.04 £ 0.03
482+15 1344+0.8 0.033 0.38+0.22 0.12 £ 0.07 0.04 £ 0.02
V4046 Sgr 143+0.1 247+0.0 0.004 0.11+0.46 0.03 £0.15 0.01 £0.05
208+06 423+03 0.014 0.44+0.60 0.14 £0.19 0.04 £ 0.06
WISPIT 2 (H-band) 583 +0.6 67.6x03 0.018 1.20+ 1.26 0.38 £ 0.40 0.12+0.13
66.8+3.0 130.1+15 0.030 0.93+0.59 0.29 £0.19 0.09 = 0.06
1528 £54 240.0+27 0.049 294+1.19 0.93 +0.38 0.29 £0.12
WISPIT 2 (K-band) 655+14 70.0+0.7 0.011 0.66+1.15 0.21 £0.36 0.07+£0.12
53.6+22 1295+1.1 0.023 0.39+0.33 0.12 £0.10 0.04 £ 0.03
WRAY 15-788 422+09 77.7+04 0022 0.76 £0.65 0.24 £0.21 0.08 £ 0.07
672+59 1324+3.0 0.032 1.17+0.72 0.37 +£0.23 0.12 £ 0.07

Notes. The gap locations, planet semi-major axes (R,) and aspect ratios are calculated based on the fitting procedure. Planet masses (in Jupiter
masses) are computed assuming three different values of the disk viscosity parameter @yis.
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